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DISSERTATION ABSTRACT  

 

Aaron W. Harding 

 

Doctor of Philosophy  

 

Department of Human Physiology  

 

September 2023  

 

Title: Exercise Interventions for Patients with Peripheral Arterial Disease 

 

Peripheral arterial disease (PAD) is atherosclerosis of the arteries outside of the 

heart and brain, particularly the lower extremities, and represents an advanced burden of 

cardiovascular disease. Patients with PAD have a high risk of morbidity and mortality. In 

addition, PAD leads to an accelerated decline in physical function and increased 

disability in both symptomatic and asymptomatic patients. Evidenced-based guidelines 

recommend walking in a supervised setting as the primary mode of exercise for patients 

with PAD. However, many patients are either unwilling or unable to tolerate the exercise 

due to the symptoms of claudication pain. The primary purpose of this dissertation was to 

expand on the standard practice and explore novel exercise and other training techniques 

that could improve the outcomes of patients with PAD. 

The study in chapter IV compared a novel combination treadmill and ambulation 

training protocol (COMBO) with a commonly used standard treadmill only training 

protocol (STAND) on patients with PAD. This was the first study to compare the 

difference between two training protocols on six-minute walk test (6MWT) performance 

in patients with PAD. The improvement in 6MWT total distance did not differ between 

the COMBO and STAND training protocols. However, both the 6MWT claudication 

onset distance and claudication onset time were greater in the COMBO group versus the 
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STAND group. The results of this study suggest that ambulation training may improve 

6MWT performance compared treadmill only training in patients with PAD.  

The study in chapter V investigated the effect of an active walking warm-up on 

the results of the 6MWT distance in patients with PAD. The study was the first to assess 

the effect of an active warm-up on the 6MWT in patients with PAD. The 6MWT total 

distance did not differ between the WARM-UP and NO WARM-UP conditions. 

Additionally, neither the 6MWT claudication onset distance nor claudication onset time 

differed between the WARM-UP and NO WARM-UP conditions. The results of this 

study suggest that an active warm-up of 10-12 minutes of walking on a treadmill at a 

workload between 1.4-2.1 METs may not be enough of a stimulus to increase 6MWT 

distance in patients with PAD. 

Chapter VI was a review article intended to explore novel exercise and other 

interventions that could challenge the current paradigm of exercise training for patients 

with PAD. This was accomplished by reviewing the literature showing improved 

outcomes, particularly 6MWT distance, with exercise in patients with PAD, discussing 

the current state of practice of PAD rehabilitation (SET for PAD), introducing 

overground ambulation in the supervised clinical setting, reviewing the literature on the 

effect of acute and chronic passive heating in patients with PAD, and discussing 

directions for future research with ambulation training and passive heating, two 

interventions that have shown improvement in 6MWT performance in patients with PAD.  
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CHAPTER I 

 

INTRODUCTION 

 

BACKGROUND 

 

Peripheral arterial disease (PAD) is atherosclerosis of the arteries outside of the 

heart and brain, particularly the lower extremities. Approximately 8.5 million Americans 

have PAD, including more than 14% of people over 70 years old (Selvin and Erlinger, 

2004) and 22% of people over 80 years old (Benjamin et al, 2017). This number will 

continue to grow and become a greater public health burden as the population ages. The 

major risk factors for PAD are the same as for other cardiovascular diseases with 

smoking and diabetes by far the most potent risk factors (Murabito et al, 1997; Benjamin 

et al, 2017).  

Since PAD represents an advanced burden of cardiovascular disease, patients with 

PAD have a high risk of morbidity and mortality. The risk of stroke, myocardial 

infarction (Agnelli et al, 2020) and mortality (Hirsch et al, 2008) is equivalent to or 

greater than the risk in patients with coronary artery disease. The 10-year mortality risk 

for patients with PAD ranges from 22-70% depending on age and severity of risk factors 

(Criqui et al, 1992; Feringa et al, 2007).  

In addition to a high risk of cardiovascular events, PAD leads to an accelerated 

decline in physical function and increased disability in both symptomatic and 

asymptomatic patients (McDermott et al, 2002; Gardner et al, 2007; McDermott et al, 

2008a). For symptomatic patients, the greatest limitation to activity is ischemic pain in 

the legs known as intermittent claudication. Claudication originating from PAD typically 

presents as a cramping or tightness sensation in the lower extremities caused by reduced 
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arterial blood flow that predictably waxes and wanes with exercise and rest. Claudication 

most often presents itself in one or both calves but can also occur in buttocks and thighs. 

This discomfort can also present itself in various other forms such as aching, muscular 

fatigue, weakness, burning, and numbness (AACVPR/VDF, 2010). 

It is estimated that only 10-15% of patients with PAD experience classical 

claudication symptoms (Hirsch et al, 2001; McDermott et al, 2001), yet asymptomatic 

patients show the same decline in functional status and have the same risk of morbidity 

and mortality as symptomatic patients. There could be something in the disease process 

itself that contributes to this decline or possibly the individual avoids activity that 

produces pain and only appears to be asymptomatic. Regardless, PAD contributes to 

functional decline and increased risk of adverse events in both symptomatic and 

asymptomatic patients (Gardner et al, 2008). 

The first line of treatment for patients with PAD, and without critical limb 

ischemia, is exercise and risk factor modification. Evidenced-based exercise guidelines 

for patients with PAD recommend weight-bearing exercise, specifically walking in a 

supervised setting (Parmenter et al, 2011). However, until recently, the opportunities for 

patients with PAD to participate in structured exercise programs were limited to patients 

who could self-pay or who participated in a research study. In 2017, the Center for 

Medicare and Medicaid Services announced a national coverage determination for 

Supervised Exercise Therapy (SET) for patients with symptomatic PAD (CMS Decision 

Memo, 2017). Most SET for PAD services are being provided within cardiac 

rehabilitation programs due to current infrastructure and staff skill set. To guide the 

clinician in treating patients with PAD, the American Association of Cardiovascular and 
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Pulmonary Rehabilitation and Vascular Disease Foundation developed a PAD Exercise 

Training Toolkit. The toolkit outlines and suggests using a standard training protocol of 

supervised treadmill walking (AACVPR/VDF, 2010).  

 

STATEMENT OF THE PROBLEM 

 

Multiple review articles and position statements support walking as beneficial and 

as the primary mode of exercise for patients with PAD (Gerhard-Herman et al, 2017; 

Hamburg and Balady, 2011; Askew et al, 2014). In a 1995 meta-analysis looking at 

exercise in patients with PAD, Gardner and Poehlman (1995) concluded that the optimal 

exercise program included intermittent walking at near maximal claudication pain. 

However, compliance is low and dropout rates are high with these types of exercise 

programs for patients with PAD (Bendermacher et al, 2007). Fortunately, a review by 

Fakhry et al (2012) has shown that similar benefits are achieved using low intensity 

treadmill walking programs for this population. 

The American College of Sports Medicine has published guidelines for 

prescribing exercise to patients with PAD (ACSM, 2022). In addition, the American 

Association of Cardiovascular and Pulmonary Rehabilitation and Vascular Disease 

Foundation developed a PAD Exercise Training Toolkit. The toolkit outlines and 

suggests using a standard treadmill training protocol (AACVPR/VDF, 2010). Both 

guidelines suggest the treadmill as the preferred mode of exercise for patients with PAD.  

Patients with PAD who participate in supervised treadmill exercise programs 

show greater increases in maximal treadmill walking distance versus patients who 

participate in unsupervised home-based walking programs or who receive walking advice 

(Hageman et al, 2018). McDermott et al (2009) have demonstrated that patients with 
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PAD show large improvements in maximal treadmill walking time (51%) when 

participating in supervised treadmill exercise interventions, yet only show minimal 

improvement (6.4%) in 6MWT distances. Conversely, patients with PAD who completed 

a home-based over ground walking program have shown an improvement (12%) in six-

minute walk test distances nearly double that shown in the treadmill training program 

(McDermott et al, 2013). This suggests there may be a specificity of the training mode 

such that patients who train on a treadmill show greater increases in treadmill 

performance measures and patients who train overground show greater improvement in 

the 6MWT distance.  

Treadmill only training protocols are beneficial but may not be the optimal 

training protocol for patients with PAD and intermittent claudication. The treadmill 

protocol in the PAD Exercise Training Toolkit (AACVPR/VDF, 2010) includes a short 

warm-up period of 4-5 minutes and then introduces a training workload that is at or near 

the ischemic (claudication) threshold. The limited warm-up period and sudden intensity 

in workload has the potential to compromise performance, increase symptoms, and 

decrease both compliance to and enjoyment of the exercise. In addition, this protocol 

focuses on increasing treadmill incline (up to 10% or more) over increasing walking 

speed. The rationale is that patients with PAD generally walk at slow speeds due to their 

claudication symptoms and would tolerate a change in incline over a change in speed. In 

over 20 years of working with this patient population in cardiac rehabilitation, I have 

observed that patients adapt just as well with speed changes if the increases in workload 

are gentle and progressive. Using treadmill only walking and including elevation changes 
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not seen in normal daily life may not translate as well to ground walking or to everyday 

functional capacity.  

An ideal exercise training protocol for a patient with PAD would include 

supervision, an extended warm-up period, progressive increases in workload and 

overground walking at speeds that mimic normal walking gait. The few studies that have 

reported the results of supervised ambulation training in the literature have included other 

modes of exercise in addition to supervised walking (Fahkry et al, 2012). Only one 

randomized controlled trial has included supervised walking as the exclusive mode of 

training but did not show any treadmill improvement in walking performance versus a 

control group (Gelin et al, 2001). Including ambulation training in a supervised setting 

for patients with PAD may have the potential to improve six-minute walk test distance 

and meaningful clinical outcomes to a greater extent than treadmill training alone. 

In addition to including supervised ambulation training, an extended warm-up 

period has the potential to improve the time and workload achieved by patients with PAD 

during each exercise session, and ultimately, enhance the improvement over the course of 

a training program. Specifically, an active walking warm-up may improve the results of 

the 6MWT distance on patients with PAD. Recent research has shown that acutely 

heating the lower extremities in patients with PAD significantly increases 6MWT 

distance (Pellinger et al, 2019). However, it is unknown how an active warm-up effects 

the 6MWT distance with any population.  

 

PURPOSES AND HYPOTHESES 

 

This dissertation was conducted with the following purposes and hypotheses: 
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1. In chapter IV, the purpose of this study was to compare a novel combination 

treadmill and ambulation training protocol (COMBO) with a commonly used 

standard treadmill only training protocol (STAND) on patients with PAD. It was 

hypothesized that the COMBO protocol would prove to be as good or superior to 

the STAND protocol when measuring the 6MWT distance outcome. 

2. In chapter V, the purpose of this study was to quantify the effect of an active 

walking warm-up on the results of the 6MWT distance on patients with PAD. It 

was hypothesized that an active walking warm-up of 10-12 minutes would 

improve 6MWT distance in patients with PAD. 

3. In chapter VI, the purpose of this project was to influence the current paradigm of 

exercise training for patients with PAD by introducing new techniques that could 

further improve patient outcomes. This was accomplished by writing a review 

article on novel training techniques for patients with PAD and including 

suggested directions for future research. 

 

SIGNIFICANCE 

 

The primary goal of this dissertation is to explore novel exercise and other training 

techniques that can improve the outcomes of patients with PAD. The 6MWT distance is 

highly correlated with mortality and cardiovascular events in many patient populations 

including patients with PAD (McDermott et al, 2008b; Olin, 2008; de Liefde et al, 2009; 

de Liefde, 2010; Schiano et al, 2006). Identifying strategies that can increase the 

functional capacity of patients with PAD has the potential to significantly decrease 

mortality and reoccurring cardiovascular events such as myocardial infarction and stroke. 

The results from the studies and the review article in this dissertation may help influence 
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clinical practice by developing and promoting new training techniques for vascular 

rehabilitation programs and improving the lives of patients living with PAD. 
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CHAPTER II 

 

REVIEW OF THE LITERATURE 

 

INTRODUCTION 

 

Peripheral arterial disease represents an advanced burden of cardiovascular 

disease and contributes to an accelerated decline in functional capacity, and an increase in 

disability, cardiovascular events, and mortality (Agnelli et al, 2020; Hirsch et al, 2008) in 

both symptomatic and asymptomatic patients (McDermott et al, 2002; Gardner et al, 

2007; McDermott et al, 2008a). Improving exercise performance in patients with PAD is 

important to offset the decreased physical activity seen in this population. This chapter 

will review the literature on walking and non-walking modes of exercise on functional 

capacity in patients with PAD, the use of the six-minute walk test as a measure of 

functional capacity and prognosis in patients with PAD, the effect of both an active and a 

passive warm-up on exercise performance, the use of passive heat on cardiovascular 

health and function, and the use of passive heat in patients with PAD. 

WALKING EXERCISE AND PERIPHERAL ARTERIAL DISEASE 

 

The first line of treatment for patients with PAD, and without critical limb 

ischemia, is exercise and risk factor modification. Multiple review articles and position 

statements support walking as beneficial and as the primary mode of exercise for patients 

with PAD (Gerhard-Herman et al, 2017; Hamburg and Balady, 2011; Askew et al, 2014). 

In a 1995 meta-analysis looking at exercise in patients with PAD, Gardner and Poehlman 

(1995) concluded that the optimal exercise program included intermittent walking at near 

maximal claudication pain. The literature on exercise walking programs for patients with 

PAD shows that supervised treadmill exercise programs significantly increase treadmill 
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walking distance and time, and that home-based walking exercise programs improve 

overground walking, specifically the 6MWT distance, to a greater extent than treadmill 

walking programs (McDermott, 2017). 

Supervised Treadmill Walking 

 Most studies looking at walking exercise programs for patients with PAD use 

supervised treadmill walking. Evidence-based exercise guidelines for patients with PAD 

recommend weight-bearing exercise, specifically walking in a supervised setting using a 

treadmill (Stewart et al, 2002; Parmenter et al, 2011), including patients without 

claudication symptoms (McDermott et al, 2009). Multiple societies have published 

guidelines for exercise training patients with PAD including the American College of 

Cardiology/American Heart Association (Hirsch et al, 2006; Gerhard-Herman et al, 

2017), the American Association of Cardiovascular and Pulmonary 

Rehabilitation/Vascular Disease Foundation (AACVPR/VDF, 2010), and the American 

College of Sports Medicine (ACSM, 2022). Each of these guidelines recommend using 

supervised treadmill walking to increase functional capacity and to decrease claudication 

symptoms in patients with PAD. 

 Multiple review articles have demonstrated that supervised treadmill walking 

programs significantly increase treadmill walking distance and pain-free walking distance 

in patients with PAD. A meta-analysis of 21 exercise rehabilitation programs for the 

treatment of claudication showed that the greatest improvement in pain-free walking 

distance was achieved in exercise programs using supervised treadmill walking (Gardner 

and Poehlman, 1995). In these studies, the distance to claudication onset (mean ± SD)  

increased 179% from 125.9 ± 57.3 meters to 351.2 ± 188.7 meters, and the distance to 



24 
 

maximal claudication increased 122% from 325.8 ± 148.1 meters to 723.3 ± 591.5 meters 

(Gardner and Poehlman, 1995). A review of 22 studies and over 1000 subjects compared 

supervised treadmill walking programs to usual care or placebo. The supervised treadmill 

training increased maximal treadmill walking time by over 5 minutes, the pain-free 

treadmill walking distance by over 82 meters and the maximal treadmill walking distance 

by over 113 meters (Watson et al, 2008).  

The aim of another review article was to evaluate the effectiveness of supervised 

walking therapy for patients with PAD by reviewing only randomized controlled trials 

(RCTs). This review, which included 25 RCTs and 1054 total patients, compared 

supervised walking therapy versus noninterventional controls (Fakhry et al, 2012). The 

supervised walking therapy showed an increase in maximal walking distance of 180 

meters and an increase in pain-free walking distance of 128 meters compared to controls 

(Fakhry et al, 2012). This review also suggested that protocols emphasizing lower 

intensity and shorter duration walking may be as beneficial as protocols that emphasize 

higher intensity and long duration walking. Additionally, similar improvements in total 

walking distance and in cardiovascular outcomes have been shown in both asymptomatic 

patients and in patients with atypical leg symptoms other than intermittent claudication 

(McDermott et al, 2009). 

Supervised Treadmill Walking Compared to Medical Treatments 

Supervised treadmill walking improves treadmill walking performance more than 

any other outcome (McDermott et al, 2014) and has also been shown to confer equal or 

greater improvements in treadmill walking distance compared to both pharmacological 

treatment and endovascular revascularization. Cilostazol, the only FDA approved 
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medication for the treatment of PAD, appears to improve treadmill walking distance by 

25-40% (Gerhard-Herman et al, 2017). Comparatively, supervised walking therapy 

improves treadmill walking distance by 50-100% (Fakhry et al, 2012).  

The CLEVER (Claudication: Exercise Versus Endoluminal Revascularization) 

trial has shown that a program of supervised treadmill exercise improves maximal 

treadmill walking time at 6-month follow-up in patients with PAD to a greater extent than 

endoluminal revascularization and both groups improved over controls (Murphy et al, 

2012). However, at 18-month follow-up supervised exercise walking was not 

significantly different than endoluminal revascularization, and both groups were still 

better than controls (Murphy et al, 2015).  

Supervised Versus Unsupervised Walking Therapy 

The efficacy of supervised exercise therapy has also been compared to 

unsupervised exercise therapy for patients with PAD. A 2013 Cochrane Database review, 

which included 14 studies and 1002 total patients, compared the outcomes of supervised 

versus unsupervised exercise therapy (Fokkenrood et al, 2013). All studies in the review 

used a treadmill walking test for the primary outcome measures. Patients in the 

supervised exercise programs showed a greater improvement in both pain-free walking 

distance and maximal walking distance at three and six months when compared to 

patients in an unsupervised exercise program. The difference in maximal walking 

distance between the two groups was approximately 180 meters (Fokkenrood et al, 

2013).  

There is also evidence that providing supervised exercise therapy in a community-

based setting is just as effective as supervised exercise therapy in a clinic-based setting. 
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The results of a cohort study of 56 patients with PAD participating in a community-based 

supervised exercise therapy program (Bendermacher et al, 2007) was compared to a 

Cochrane Database review of patients participating in supervised exercise programs in a 

clinic setting (Bendermacher et al, 2006). The exercise program consisted primarily of 

treadmill walking to maximal claudication pain (Bendermacher et al, 2007). Patients in 

the study increased their claudication onset distance by 187% at 3 months and 240% at 6 

months and increased their maximal walking distance by 142% at 3 months and 191% at 

6 months (Bendermacher et al, 2007). The study continued for 12 months but used 6-

month data because most of the studies in the review were limited to 6-month follow-up 

(Bendermacher et al, 2007). The improved treadmill walking outcomes in the 

community-based supervised exercise therapy program were at least as effective as the 

improvements shown in previous supervised exercise programs in a clinical setting 

(Regenteiner et al, 1997; Savage et al, 2001; Degischer et al, 2002; Cheetham et al, 

2004).  

Home-Based Walking 

 Since 2017, patients with PAD have had the opportunity to participate in 

medically supervised exercise programs, called Supervised Exercise Therapy (SET) for 

patients with symptomatic PAD, and have Medicare or commercial insurance cover the 

cost of the program (CMS Decision Memo, 2017). However, until referrals to SET for 

PAD becomes standard practice, home-based exercise programs have the potential to be 

become adjunctive treatment or the only treatment for patients who may otherwise not 

participate in SET for PAD.  
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 Many earlier studies showing supervised exercise therapy is superior to home-

based walking programs were small studies (Regenteiner et al, 1997; Savage et al, 2001; 

Degischer et al, 2002; Cheetham et al, 2004). Since 2011, three larger randomized trials 

have shown that home-based walking programs can improve walking outcomes in 

patients with PAD (McDermott et al, 2017). Gardner et al (2011) randomized 119 

patients with PAD into three groups: supervised treadmill walking, home-based walking 

or a control group. The exercise groups walked three times per week for up to 40-45 

minutes. At the 12-week follow-up, both exercise groups significantly improved pain-free 

and their maximal treadmill walking times but did not differ from each other. The control 

group did not improve and showed a trend toward decreasing both pain-free and maximal 

treadmill walking time (Gardner et al, 2011).  

 In another trial by Gardner et al (2014), 180 patients with PAD were also 

randomized into three groups: supervised treadmill walking, home-based walking or an 

attention control group that performed light resistance exercise primarily of the upper 

extremity. The walking groups walked three times per week for up to 40-45 minutes. At 

the 12-week follow-up, both walking groups significantly improved peak treadmill 

walking time and six-minute walk test (6MWT) performance over the control group. The 

supervised treadmill walking group significantly improved peak treadmill walking time 

over the home-based walking group, and the home-based walking group significantly 

improved 6MWT performance over the supervised treadmill walking group (Gardner et 

al, 2014), highlighting the specificity of training. 

 A third randomized trial of home-based walking included both symptomatic and 

asymptomatic patients with PAD (McDermott et al, 2013). The Group Oriented Arterial 



28 
 

Leg Study (GOALS) randomized 192 patients with PAD to a home-based exercise group 

with cognitive behavior intervention or to a control group. At six-month follow-up, the 

control group control had an 11.1-meter decrease in 6MWT distance while the home-

based walking with behavior intervention group showed a clinically significant 

improvement of 42.4 meters. This was a difference of 53.5 meters between the two 

groups. The home-based exercise with behavior intervention group also showed a 

significant improvement in pain-free and maximal treadmill walking time compared to 

the control group (McDermott et al, 2013).  

However, a fourth randomized trial showed no benefit to a home-based walking 

program when compared to an attention control group. Collins et al (2011) randomized 

145 patients with PAD and diabetes to a behavior intervention group or an attention 

control. The intervention group attended once weekly exercise sessions with an instructor 

and other participants and instructed to walk at home three times weekly for up to 50 

minutes. The intervention group received biweekly calls providing feedback on their 

walking progress. The control group received biweekly calls discussing blood pressure, 

blood glucose and cholesterol levels. At six-month follow-up, there was no difference in 

treadmill walking performance between the intervention and the control groups (Collins 

et al, 2011). Additionally, a more recent randomized trial using a combination of 

telephone coaching and a wearable activity monitor showed no change in 6MWT 

distance during a nine-month follow-up (McDermott et al, 2018). 

Although supervised exercise training has shown greater improvements in 

walking performance, home-based exercise programs may still provide some benefit to 

patients with PAD. The results of the three randomized trials that showed benefits of 
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home-based exercise programs have led the American Heart Association/American 

College of Cardiology practice guidelines to give home-based exercise for patients with 

PAD a Class IIa, Level of Evidence A recommendation (Gerhard-Herman et al, 2017). 

Supervised Ambulation Training 

 The literature on supervised walking therapy for patients with PAD includes 

almost exclusively treadmill training. Conversely, the research on overground walking 

training includes almost exclusively unsupervised, home-based training. Six randomized 

controlled trials have reported the results of overground ambulation training in a 

supervised setting and all used treadmill testing for the primary walking outcomes 

(Fakhry et al, 2012). Four of these studies used other modes of exercise training in 

addition to overground walking, including upper and lower body exercises, and including 

both active and passive leg exercises (Dahllof et al, 1974; Tisi et al, 1997; Hobbs et al, 

2006; Hobbs et al, 2007). One study used polestriding as the mode of exercise (Langbein 

et al, 2002). Including other modes of exercise or assistive devices with walking (e.g., 

polestriding) makes it difficult to truly measure the impact of supervised walking therapy. 

Lastly, only one trial used overground walking exclusively in a supervised setting (Gelin 

et al, 2001). This study compared a surgical intervention to supervised exercise and a 

control group. Only the surgical intervention group showed improvement in treadmill 

workload and distance, leg blood flow, and leg blood pressure. The supervised exercise 

and control groups did not improve in any of the outcome measures. The authors 

concluded that supervised exercise training offered no benefit compared to controls 

(Gelin et al, 2001). This study appears to highlight the importance of the specificity of 

training and using the appropriate outcome measure for functional capacity. 
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ALTERNATE EXERCISE INTERVENTIONS AND PERIPHERAL ARTERIAL 

DISEASE 

The term “supervised exercise therapy” in the literature is generally equated with 

or assumed to mean walking as the mode of exercise. It has been mentioned that the 

recommended mode of exercise for patients with PAD should be walking (Gerhard-

Herman et al, 2017; Hamburg and Balady, 2011; Askew et al, 2014). However, other 

modes of exercise training, including lower and upper limb ergometry and resistance 

training, have shown to improve patient outcomes (Treat-Jacobson et al, 2019). Passive 

stretching can also increase walking distance in patients with PAD (Hotta et al, 2019).  

Lower Extremity Ergometry 

 Three studies have assessed the effect of lower extremity ergometry on walking 

performance in patients with PAD (Sanderson et al, 2006; Walker et al, 2000; Zwierska 

et al, 2005). In each study, cycle ergometry was used as the mode of exercise. Sanderson 

et al (2006) randomized 41 patients with PAD into three groups: treadmill walking, leg 

cycling, or a control group. After six weeks, the treadmill walking group significantly 

improved treadmill walking performance compared to both the leg cycle group and the 

controls. Peak walking distance was 215 m, 43 m and 16 m and the claudication onset 

distance was 174 m, 16 m and 49 m in the treadmill walking group, the leg cycle group, 

and the controls, respectively (Sanderson et al, 2006).  

 Walker et al (2000) and Zwierska et al (2005) both used a shuttle walk test to 

measure walking performance and showed greater increases in peak walking distance 

(50% and 31%, respectively) and claudication onset distance (93% and 57%, 

respectively) in the leg cycle groups when compared to controls.  
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Upper Extremity Ergometry 

 Walker et al (2000) and Zwierska et al (2005) also included an upper extremity 

ergometry group in their leg cycling studies. Additionally, Tew et al (2009) compared 

arm cycling to a control group. In each of these studies, subjects in the arm ergometry 

group performed 20 minutes of exercise twice weekly for 12 to 24 weeks. Collectively, 

the arm ergometry groups showed an average increase of 30% in peak treadmill walking 

distance and 50% in claudication onset distance. 

 The Exercise Training for Claudication study (Bronas et al, 2011; Treat-Jacobson 

et al, 2009) randomized 41 patients with PAD to supervised treadmill walking or arm 

ergometry alone or in combination versus controls. The treadmill group showed the 

greatest improvement in peak treadmill walking distance compared to the arm cycle 

group and the controls (69%, 53% and 12%, respectively). However, the arm cycle group 

showed the greatest improvement in claudication onset distance compared to the 

treadmill group and the controls (82%, 54% and 3%, respectively).  

 Since the lower extremity and upper extremity cycle training were not specific to 

the task of walking, this would suggest that systemic cardiovascular adaptations play a 

role in contributing to the improvement in walking performance with these modes of 

exercise training in patients with PAD (Parmenter et al, 2015; Treat-Jacobson et al, 

2009). 

Resistance Training 

 Three studies have compared the effect of resistance training versus treadmill 

training on walking performance in patients with PAD. All three studies showed that 

resistance training improved treadmill walking distance. One study showed that treadmill 
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training was superior to resistance training (Hiatt et al, 1994). The two other studies 

showed no difference in treadmill or 6MWT maximal distance or claudication onset 

distance between training groups (McDermott et al, 2009; Ritti-Dias et al, 2010). 

Another study compared high-intensity resistance training (up to 80% of 1-repetition 

maximum) to low-intensity resistance training (up to 30% of 1-repetition maximum) and 

controls. After 26 weeks, only the high-intensity group improved 6MWT maximal 

distance and claudication onset distance (Parmenter et al, 2013). This study also showed 

that changes in 6MWT claudication onset was significantly and independently related to 

changes in bilateral calf endurance and changes in 6MWT maximal distance was 

significantly and independently related to changes in bilateral hip extensor endurance 

(Parmenter et al, 2013).  

Passive Stretching 

 In a recent study, Hotta et al (2019) evaluated the effect of passive calf stretching 

on walking performance and vascular function in patients with PAD. Thirteen patients 

with symptomatic PAD were randomized to either 4 weeks of passive stretching or 4 

weeks of no stretching, followed by cross-over to the other intervention. The passive 

stretching included ankle dorsiflexion splinting at home for 30 minutes 5 days per week. 

After 4 weeks of passive calf muscle stretching, flow-mediated dilation (FMD, a 

frequently used noninvasive assessment of endothelial function that is discussed in more 

detail below under “Microvascular Function”) and 6MWT maximal distance significantly 

improved compared to the control condition (Hotta et al, 2019).  
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SIX-MINUTE WALK TEST AND PERIPHERAL ARTERIAL DISEASE 

 

Improving exercise performance in patients with PAD is important to offset the 

decreased physical activity levels seen in this population, which strongly predicts a high 

all-cause mortality risk (Garg et al, 2006; Gardner et al 2008). Functional assessment 

tools, such as the six-minute walk test (6MWT) and treadmill walking time, are 

associated with risk of cardiovascular events and mortality in patients with PAD 

(McDermott et al, 2008b; Olin, 2008; de Liefde et al, 2009; de Liefde, 2010; Schiano et 

al, 2006). The six-minute walk test is more closely associated with daily physical activity 

levels than the treadmill test (McDermott et al, 2008c), and is also more sensitive to 

changes in functional mobility and decline (McDermott et al, 2011). There is very little 

day-to-day variability or learning effect with repeated 6MWT. Montgomery and Gardner 

(1998) conducted two 6-minute walk tests on patients with PAD one week apart. The 

distance covered was similar between tests (350m ± 78m vs. 360m ± 73m). They 

reported an extremely high reliability coefficient (R = 0.94) and a low coefficient of 

variability (10.4%). Gardner et al (2001) and McDermott et al (2008b) have also shown 

no learning effect with repeated 6MWT in patients with PAD.  

Patients with PAD respond well to exercise training with clinically meaningful 

improvement in 6MWT distance. Gardner and colleagues used two formulas to calculate 

the smallest threshold of change considered to improve a patient outcome. An increase of 

30m in 6MWT distance represents a moderate clinically meaningful improvement 

(Gardner et al, 2018). McDermott et al (2009) showed that 24-weeks of supervised 

treadmill exercise increased 6MWT distance 35.9m (range 15.3m to 56.5m) in patients 

with PAD compared with matched controls. In a population of patients with PAD, 
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McDermott et al (2011) have shown that changes in 6MWT distance correlate with 

clinically meaningful outcomes such as mobility loss and mortality. Patients with PAD 

completed a 6MWT at baseline, at 1 year and at 2 years. Patients were categorized into 

tertiles based on 6MWT distance changes. During follow-up at a median of nearly 4 

years, patients with the greatest decrease in 6MWT distance had the highest mobility 

loss, mortality, and cardiovascular disease.  

Collectively, these results demonstrate that interventions that increase functional 

capacity, specifically 6MWT distance, can decrease mortality and improve health 

outcomes in patients with PAD.  

WARM-UP AND EXERCISE PERFORMANCE 

 

 To offset the accelerated decline in physical function and increased disability seen 

in both symptomatic and asymptomatic patients with PAD (McDermott et al, 2002; 

Gardner et al, 2007; McDermott et al, 2008a), walking exercise appears to confer the 

greatest benefit (Gerhard-Herman et al, 2017; Hamburg and Balady, 2011; Askew et al, 

2014). Any opportunity to enhance the increase in functional capacity of patients with 

PAD could significantly improve the health outcomes in this deconditioned population. 

One potential strategy to optimize the benefit of walking training could be the inclusion 

of an effective warm-up. Warm-up prior to exercise can be categorized as either active or 

passive. 

Active Warm-Up 

Warm-up is universally practiced and thought to be critical for optimal exercise 

and athletic performance; however, the literature supporting this view is limited or 
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conflicting (Bishop, 2003a; Bishop, 2003b). Active warm-up includes exercise, such as 

jogging, cycling or calisthenics, and is the most common form of warm-up.  

Short-term exercise performance (<10 seconds), such as jumping, sprinting or 

tests of isometric strength, has been shown to improve most when warm-up increases 

muscle temperature, Tm, (Binkhorst et al, 1977; Ranatunga et al, 1987) but does not 

deplete high-energy phosphate stores (Hirvonen et al, 1987). Saltin et al (1968) showed 

that Tm rapidly increases within 5 minutes of exercise onset, plateaus after 10-20 minutes 

of exercise, and significantly drops 15-20 minutes after stopping exercise. In addition, 

when exercise intensity is kept below ~60% maximal oxygen uptake (VO2max), high-

energy phosphate depletion is minimal (Karlsson et al, 1971). Resynthesis of 

phosphocreatine stores to baseline happens within about 5 minutes after stopping exercise 

(Dawson et al, 1997). It appears that an ideal warm-up for short-term performance would 

include exercise at <60% VO2max for 10-20 minutes, with the recovery between warm-up 

and exercise at least 5 minutes and no more than 20 minutes (Bishop, 2003b). 

Intermediate (>10 seconds, but <5 minutes) and long-term (>5 minutes) exercise 

performance has been shown to improve most when warm-up increases VO2 above 

baseline but minimizes fatigue (Bishop, 2003b). A warm-up intensity of about 70% 

VO2max appears to be optimal for moderately trained athletes (Stewart and Sleivert, 1998; 

Bishop et al, 2001). However, for untrained individuals the optimal warm-up intensity 

may be slightly lower (Bruyn-Prevost and Lefebvre, 1980). Ozyener et al (2001) have 

shown that VO2 reaches steady state with 5-10 minutes of moderate to heavy intensity 

warm-up and returns to near baseline within 5 minutes of recovery. This is consistent 

with previous reports that exercise performance is enhanced with warming-up at 60-80% 
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VO2max for >10 minutes (Franks, 1983). However, multiple studies have shown no 

improvement in intermediate and long-term performance when recovery between warm-

up and exercise is >5 minutes (Grodjinovsky and Magel, 1970; Bruyn-Prevost and 

Lefebvre, 1980; Andzel, 1982; Genovely and Stamford, 1982). 

Most studies have shown that warm-up improves short-term, intermediate, and 

long-term performance. However, several studies have shown no improvement or 

decreased performance with warm-up prior to short-term (Margaria et al, 1971; Sargeant 

and Dolan, 1987; Hawley et al, 1989), intermediate (Bruyn-Prevost and Lefebvre, 1980; 

Genovely and Stamford, 1982) and long-term performance (Grodjinovsky and Magel, 

1970; Andzel, 1978; Gregson et al, 2002a). In many of these studies, the lack of 

improvement in performance can be attributed to the warm-up being low intensity 

(Andzel, 1982; Bruyn-Prevost and Lefebvre, 1980; Genovely and Stamford, 1982), 

depleting glycogen stores (Bergstrom et al, 1967), increasing thermoregulatory strain 

(Kozlowski et al, 1985), and/or the recovery period lasting too long (Bruyn-Prevost and 

Lefebvre, 1980; Genovely and Stamford, 1982). 

 Most of the research on the effect of active warm-up on performance has been 

conducted on athletes or apparently healthy populations. There are no known studies 

looking at the effect of an active warm-up on exercise performance in patients with PAD, 

nor on 6MWT performance in any population. 

Passive Warm-Up 

 Passive warm-up generally refers to passively increasing Tm or core temperature 

(Tc) prior to exercise or athletic performance. In studies comparing active warm-up to 

passive warm-up, exercise performance is enhanced to a greater extent with active warm-
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up (Dolan et al, 1985; O’Brien et al, 1997). This would suggest that improved 

performance with warm-up includes other factors in addition to increased temperature, 

such as elevated baseline VO2 (Andzel, 1982), residual metabolic acidemia (Gerbina et 

al, 1996), increased neuromuscular post-activation potentiation (Gullich and 

Schmidtbleicher, 1996; Young et al, 1998), and possible psychological influences 

(Massey et al, 1961). However, as early as 1945, most of the performance improvements 

associated with warm-up have been attributed to temperature-related mechanisms 

(Asmussen and Boje, 1945). Since then, research using passive warm-up has largely been 

used to elucidate temperature versus non-temperature effects on performance. 

 The effect of elevating Tm on short-term exercise performance depends on the 

type of exercise performed. The results of a few small studies have shown that increasing 

Tm above baseline appears to have little (Bergh et al, 1979) or no (Davies and Young, 

1983) effect on maximal isometric force. However, Tm improves dynamic force (Davies 

and Young, 1983) and maximal power as much as 5% per oC increase in Tm (Binkhorst et 

al, 1977). In addition, fast-twitch fibers appear to have a greater thermal dependance for 

maximal force velocity than slow-twitch fibers (Bennett, 1984). It has also been 

suggested that passive heating may be important in short-term performance to keep Tm 

elevated between active warm-up and performance (Bishop, 2003a). 

 Early research has observed that passive warm-up appears to have a beneficial 

effect on intermediate performance. Asmussen and Boje (1945) reported in two subjects 

that a hot shower for 10 minutes at 47oC raised both Tm and Tc, and improved work 

performance lasting 4-5 minutes. Other researchers have also reported that passive 

heating increases Tm and Tc, and subsequently, improves intermediate duration 
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performance (Muido, 1946; Carlile, 1956). Increases in Tc may be more important than 

increases in Tm for intermediate performance. When Tm was allowed to return to baseline, 

but Tc remained elevated, performance remained improved (Muido, 1946). In a more 

recent study, passive warm-up that increased Tm improved cycle performance at 120 

rpms but not at 60 rpms (Ferguson et al, 2002). This would suggest that the specificity of 

the task, or the rate of muscle contraction, may be a factor in whether passive warm-up 

improves intermediate performance.  

 Passive warm-up may have a neutral or negative impact on long-term 

performance due to impaired thermoregulation (Fortney et al, 1984; Nadel, 1987). In 

addition, other studies have shown a decrease in muscle endurance performance with 

passive heating (Clarke et al, 1958; Edwards et al, 1972; Kozlowski et al, 1985). More 

recent research has shown passive heating prior to exercise impaired intermittent 

(Gregson et al, 2002a) and continuous (Gregson et al, 2002b) run times to exhaustion 

when Tc was elevated to 38oC. In fact, the opposite has shown to have a beneficial effect. 

It has been demonstrated that cooling prior to endurance performance increases run time 

to exhaustion in trained runners (Lee and Haymes, 1995). Overall, it appears that passive 

warm-up may be detrimental to long-term performance.  

The effects of passive heating on cardiovascular health and function, and on 

exercise performance in clinical populations, including patients with PAD, will be 

discussed in the next two sections.  

PASSIVE HEAT AND CARDIOVASCULAR HEALTH AND FUNCTION 

The benefits of including walking exercise as the primary mode of treatment for 

patients with PAD are well established (Gerhard-Herman et al, 2017; Hamburg and 
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Balady, 2011; Askew et al, 2014). Generally, any walking will improve patient 

outcomes, but supervised exercise therapy is superior to unsupervised exercise therapy 

(Fokkenrood et al, 2013). However, compliance is low and dropout rates are high with 

these types of exercise programs because patients are either unwilling or unable to 

tolerate the exercise due to the symptoms of claudication pain (Bendermacher et al, 

2007). Finding alternative treatments for patients with PAD is critical to improve patient 

outcomes such as reduced cardiovascular events and mortality. Passive heat therapy has 

shown promise in improving cardiovascular health and function and may prove to be an 

important strategy in the treatment of patients with PAD. 

Historical Perspective 

Recent attention has been focused on the use of passive heat therapy to improve 

cardiovascular health and function. The impetus for this attention can be attributed to the 

results of a 30-year prospective study out of Finland showing that a lifetime of sauna use 

could reduce the risk of both cardiovascular-related and all-cause mortality (Laukkanen 

et al, 2015). Known as the Finnish Kuopio Ischemic Heart Disease Risk Factor Study, 

investigators recruited 2315 middle-aged men from the city and surrounding area of 

Kuopio in Eastern Finland. The subjects were assigned to groups based on both 

frequency and duration of sauna use. The risk of sudden cardiac death was significantly 

lower in subjects who used sauna baths 4-7 days per week compared to subjects who only 

used sauna baths once per week (10.1% vs 5.0%, respectively). Similarly, sauna sessions 

lasting >19 minutes conferred significant reduction in all-cause mortality risk compared 

to sessions less than 11 minutes (30.8% vs. 49.1%, respectively). The mechanisms 

underlying the cardioprotective effects of sauna use were not measured in this study so a 
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direct cause and effect could not be made. Also, the investigators recognize a couple of 

limitation to the study. First, the frequency and duration of sauna use was determined 

during a baseline questionnaire in the mid-late 1980’s and sauna usage may have changed 

due to changes in health or other factors before the end of the data collection period at 

death or 2011, whichever occurred first. Second, only men were recruited for this study  

and future research including women is needed to extrapolate the results to a large 

population. Regardless, the associative data between sauna use and health outcomes in a 

large population study is extremely promising.  

 This landmark study was built on previous work by others studying sauna use in 

Finland. In 1966, Dr. Hasan, Dr. Karvonen (exercise science pioneer, well-known for his 

target heart rate formula) and Dr. Piironen published a review on the physiological effects 

of extreme heat using Finnish sauna baths (Hasan et al, 1966). In this paper, the authors 

discuss the historical use of saunas in Finland and the purported statements of the health 

benefits with sauna use. The authors neither supported nor refuted these health claims but 

mentioned that more research was needed to show evidence of cause and effect. This 

review did show direct physiological evidence that sauna use increased sweat rate, 

cardiac output, and heart rate to similar levels seen with mild intensity exercise. Even at 

that time, the authors also were keenly aware that finding a control group would be 

difficult due to the prevalence of sauna bath use in Finnish culture.  

Cardiovascular Health 

 This earlier work has been followed-up by others investigating the cardiovascular 

benefits and changes with Finnish sauna use. Moderate temperature sauna bathing 

(approximately 80 degrees C) can increase heart rate to 100 beats/min and improve blood 
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pressure and left ventricle function similar to that shown with regular exercise (Luurila, 

1992; Hannuksela and Ellahham, 2001). Higher temperature sauna bathing (90-100 

degrees C) can elicit heart rates up to 150 beats/min, along with corresponding increases 

in plasma norepinephrine, growth hormone, and testosterone (Kukkonen-Harjula, et al, 

1989). Also, skin blood flow and sweat rate increase as sauna temperature increases with 

a secretion rate as high as 1.0 kg/hour with sauna temperatures of 90 degrees C (Vuori, 

1988). Additionally, a recent epidemiological study has shown reductions in 

cardiovascular deaths and all-cause mortality in the general Finnish male population with 

the combined effect of sauna use and high cardiorespiratory fitness (Kunutsor et al, 

2018). 

 In a recent review article of the cardiovascular and other health benefits of sauna 

bathing, the authors of the Finnish Kuopio Study recognize that there are different forms 

of passive heat therapy, such as hot water immersion, infrared sauna, and Waon therapy, 

but that their review would focus “only on the evidence from the traditional Finnish 

saunas because they are the most widely studied to date” (Laukkanen et al, 2018). They 

then proceed to cite the results of multiple studies using other forms of heat therapy, 

stating that there is a “biological plausibility” that the same outcomes seen in the other 

forms of heat therapy will be seen with the Finnish sauna baths. From here forward, for 

the sake of consistency and to include the results from studies using different forms of 

heat therapy, the term passive heat therapy will be used for the multiple approaches of 

delivering heat stress. 
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Microvascular Function 

 The literature on passive heat therapy is only recently beginning to include studies 

investigating the microvascular and macrovascular mechanisms leading to the 

cardiovascular and other health benefits seen in these previous studies. Microvascular 

impairment, often referred to as endothelial dysfunction, precedes the sequelae of events 

leading to inflammation and plaque formation in cardiovascular disease (Verma et al, 

2003). Endothelial function can be directly measured by endovascular ultrasound but this 

is expensive, invasive, and impractical for multiple measurements over time. Since 

endothelial dysfunction has been shown to be a systemic process that occurs similarly in 

the microvasculature throughout the body (Sax et al, 1987), noninvasive measurements in 

systemic vessels can identify individuals who have (Anderson et al, 1995) or who are at 

risk of developing (IJzerman et al, 2003) coronary artery or peripheral arterial disease. 

 A frequently used noninvasive assessment of endothelial function is flow-

mediated dilatation (FMD), a technique introduced by Celermajer and colleagues 

(Celermajer et al, 1992). It has been shown that nitric oxide (NO) synthesized and 

released from the endothelium is largely responsible for flow-dependent dilation of the 

microvasculature (Joannides et al, 1995) and measurement of arterial dilation and blood 

flow after a period occlusive ischemia can be an indirect assessment of endothelial 

function. Drs. Thijssen, Green, and other colleagues using FMD in their research have 

developed recommendations on the use of FMD in clinical trials (Thijssen et al, 2011). 

After a period of quiet rest, subjects should be placed in a supine position with the 

imaged artery at or near the heart level. Baseline artery diameter and blood velocity 

should be measured using duplex ultrasound for at least 1 minute prior to cuff inflation. 
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The cuff should be placed below the imaged artery and inflated for 5 minutes, since 

longer inflation times could elicit vasodilation from other mechanisms besides NO 

(Mullen et al, 2001). Post-deflation measurements should start before the cuff is released 

and be continuous for >3 minutes in upper limb arteries and >5 minutes in lower limb 

arteries. When reporting data, use peak blood velocity, report FMD in both absolute 

(mm) and relative change (%), and report the shear-rate stimulus (Thijssen et al, 2011). 

These guidelines will help ensure the accuracy and consistency of the reported data 

across different laboratories and solidify the prognostic value of FMD as a clinical tool 

for predicting future risk.  

 Although FMD has been used in many clinical trials across many patient 

populations (Inaba et al, 2010), there are few studies measuring FMD in trials using 

passive heat therapy. In 2001, Imamura and colleagues used a form of sauna treatment 

known as Waon therapy using 60 degrees C far-infrared sauna bath in patients with 

coronary risk factors. They showed that 15 minutes of sauna followed by 30 minutes of 

warming in bed daily for 2 weeks improved endothelial function by FMD (Imamura et al, 

2001). Even though the sauna treatment used far-infrared, the 60 degrees C temperature 

was significantly lower than the 80-100 degrees C seen in the Finnish sauna studies yet 

still showed significant vascular improvement. The next year, the same group of 

researchers used the same protocol to study patients with chronic heart failure. They 

showed improvement in endothelial function by FMD, which they suggested led to 

improved cardiac function as measured by a decrease in plasma levels of brain natriuretic 

peptide (Kihara et al, 2002). Of note, both studies showed significant microvascular 

improvement with only two weeks of therapy. This work was followed-up by Ohori and 
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colleagues, again using Waon therapy on patients with chronic heart failure. Although, 

the protocol was slightly different in that the treatments occurred 5 times per week for 3 

weeks. Again, this treatment was effective in increasing endothelial function in patients 

with chronic heart failure as measured by FMD. However, this time the increase in FMD 

was significantly and positively associated with increases in both 6-minute walk test 

distance and with peak oxygen uptake (Ohori et al, 2012). Carter and colleagues used 

direct lower-body heating to measure the vascular effects on the upper-body (Carter et al, 

2014). They showed that lower-limb heating at 40 degrees C, done 3 times per week for 8 

weeks, improved FMD midway through the study. However, FMD returned to baseline at 

8 weeks. Even though the FMD was not significantly different at the end of the study, the 

change at 4 weeks established this as the first study to show systemic benefits with local 

passive heating (Carter et al, 2014).  

 More recently, Brunt and colleagues conducted the first study to comprehensively 

measure both microvascular and macrovascular changes with repeated bouts of whole-

body passive heat therapy using hot water immersion (Brunt et al, 2016a). The sedentary, 

yet otherwise young and healthy, subjects in this study were immersed at shoulder-level 

in a hot tub set a 40.5 degrees C for nearly 30 minutes until rectal temperature reached 

38.5 degrees C, at which time the subjects sat in the hot tub at waist-level and maintained 

rectal temperature for 60 minutes. In addition to macrovascular improvements such as 

reductions in arterial stiffness, wall thickness and blood pressure, this study also showed 

significant and meaningful improvements in endothelial function as measured by FMD 

(Brunt et al, 2016a). In a separate study during the same timeframe, Brunt and colleagues 

published the first study exploring the mechanisms behind the improvements seen in 
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microvascular function with passive heat therapy (Brunt et al, 2016b). Using a similar 

heating protocol, they also locally heated the foreman and used microdialysis fibers to 

deliver either a control solution, a NO synthase inhibitor (to block NO production), or a 

superoxide dismutase inhibitor (to block the effect of oxidative stress or inflammation). 

They demonstrated that the improvement in endothelial function with passive heat 

therapy was due to improved NO-dependent dilation (Brunt et al, 2016b).  

 It appears that improvement in endothelial function may require repeated bouts of 

heat therapy. Thomas and colleagues compared an acute about of exercise (30-min 

treadmill running at 65-75% predicted maximal heart rate) to an acute bout of passive 

heat therapy (30-min seated at waist-level in water at 42 degrees C) in ten young and 

healthy subjects in a cross-over design. Shear rate in the superficial femoral artery 

increased in both groups with a greater increase during immersion. However, FMD 

remained unchanged during both interventions (Thomas et al, 2016). It may also be that a 

time course is necessary for endothelial adaptations to occur.  

Macrovascular Function 

 The literature on the assessment of macrovascular function with passive heat 

therapy is even more anemic than that for microvascular function. Macrovascular 

dysfunction, specifically arterial stiffness of the elastic arteries such as the aorta, is highly 

predictive of cardiovascular risk (Vlachopoulos et al, 2010). The most common 

technique for quantifying arterial stiffness is measurement of the pulse wave velocity 

(PWV) between the carotid and the femoral arteries (central or cfPWV) or between the 

carotid and the brachial arteries (peripheral or cbPWV). The PWV is calculated as the 

distance between the two arteries divided by the time difference between the pulses of 
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each artery (in m/s). Although both central and peripheral PWV measurements can assess 

arterial stiffness, the cfPWV is considered the gold standard because it directly measures 

the stiffness of the aorta and is more associated with risk of cardiovascular events than 

the peripheral PWV (Mitchell et al, 2010).  

 Ganio, Crandall, and colleagues were the first to show that an acute bout of 

passive heat stress can reduce arterial stiffness as measured by both peripheral and central 

PWV (Ganio et al, 2011). Eight healthy subjects were placed supine and dressed in full-

body water perfused suits heated to 49 degrees C. PWVs were measured when core 

temperature reached 0.5, 1.0 and 1.5 degrees C above baseline. When analyzed as group 

means, neither central nor peripheral PWVs significantly changed from baseline at any of 

the time points. However, there was a significant correlation between baseline central and 

peripheral PWVs and the percent change. Individuals with the highest resting PWV had 

the largest reduction in PWV with passive heating (Ganio et al, 2011). As previously 

mentioned, the comprehensive study by Brunt and colleagues also showed a reduction in 

arterial stiffness (Brunt et al, 2016a). In addition to measuring central PWV, the authors 

assessed arterial stiffness using measurements of carotid and femoral artery diameter and 

pulse pressures to calculate dynamic arterial stiffness and the beta-stiffness index. Also 

decreases in superficial femoral artery wall thickness, mean and diastolic blood pressure 

were demonstrated. The only other known study to show improved arterial stiffness with 

passive heat therapy was a recently published non-randomized study by the Finnish 

Kuopio Study researchers using Finnish sauna bathing. One hundred-two asymptomatic 

subjects with at least one cardiovascular risk factor received an acute bout of dry sauna 
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bath (30-min at 73 degrees C). Mean PWV decreased after sauna use and continued to 

remain below baseline 30 minutes into recovery (Lee et al, 2018).  

PASSIVE HEAT AND PERIPHERAL ARTERIAL DISEASE 

 

 The mechanisms underlying the cardiovascular and other health benefits of 

passive heat therapy are just now on the verge of discovery. In addition to the 

cardioprotective benefits to the apparently healthy population, many patient populations 

with cardiovascular disease may gain even greater benefit from passive heat therapy. 

Patients with peripheral arterial disease (PAD) often have extremely low functional 

capacities due to severe disease and/or significant flow limitations and leg pain with 

walking (intermittent claudication). Claudication pain with minimal activity can limit or 

discourage these patients from participating in exercise that could improve their health 

outcomes or quality of life. The 10-year mortality rate for patients with PAD is over 60% 

for men and 33% for women (Criqui et al, 1992). 

Clinical Outcomes 

There are a few published trials that have investigated passive heat interventions 

on patients with peripheral arterial disease. In 2007, Tei and colleagues published a 

research correspondence to the editor of the Journal of the American College of 

Cardiology purporting that the Waon therapy they developed years earlier for patients 

with heart failure was now showing benefits for patients with PAD (Tei et al, 2007). In 

this study they used Waon therapy as described previously, this time 5 days per week for 

10 weeks on 20 patients with PAD and an ankle-brachial pressure index (ABI) of <0.9. 

The results showed that resting leg pain decreased, walking distance increased, and 7 pre-

existing ulcers healed or significantly improved. Also, the ABI increased in almost every 
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subject, which is remarkable since this is typically not expected with exercise training 

(Parmenter et al, 2010; Harwood et al, 2016). A few years later, this same research group 

showed that 6 weeks of Waon therapy increased the mobilization of CD34+ cells in 

patients with PAD (Shinsato et al, 2010). Increased CD34+ cells. Characterized as 

endothelial progenitor cells, have been associated with improved vascular function and 

health. In one study, patients with PAD and critical limb ischemia avoided recommended 

amputation after injection of CD34+ cells (Subrammaniyan et al, 2011). 

Vascular Function  

 Studies investigating the cardiovascular responses to passive heat therapy on 

patients with PAD so far have only assessed acute bouts of heat therapy. Neff and 

colleagues used water-perfused pants at 48 degrees C for 90 minutes on sixteen patients 

with PAD (Neff et al, 2016). They demonstrated increases in popliteal artery peak blood 

flow velocity, average blood flow velocity, and a doubling of the average blood flow 

compared to baseline. In addition, circulating levels of the vasoconstrictor endothelin-1 

concentrations decreased and both mean systolic and mean diastolic blood pressure 

dropped 11mmHg and 6 mmHg, respectively (Neff et al, 2016). In the most recent study, 

Thomas and colleagues used lower-limb hot-water immersion to elicit cardiovascular 

changes in 11 patients with PAD and 10 controls (Thomas et al, 2017). Subjects were 

submersed at waist-level in hot water at 42.1 ± 0.6 degrees C for 30 minutes. The PAD 

group also performed a treadmill test for 3 minutes at 3 km/h at 10% grade. Shear rate 

increased in the popliteal (local) and brachial (systemic) arteries in both the PAD and 

control groups. In the PAD group, antegrade shear increased and retrograde shear 

decreased. The shear patterns in the PAD group during heat therapy was similar the shear 
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patterns observed during exercise, without the claudication that was reported during 

exercise. Both central and peripheral PWV was reduced in both groups after heat therapy. 

Another significant finding was the large drop in mean arterial blood pressure of 

approximately 22 mmHg, which continued to remain below baseline 3 hours after the 

intervention. (Thomas et al, 2017).  

Acute Heating and Exercise Performance 

Recent studies have shown that acute bouts of passive heating can improve 

exercise performance in patients with PAD. Pellinger et al (2019) studied six patients 

with PAD under three randomized treatments conditions 2-7 days apart: bilateral lower 

leg heating for either 15 or 45 minutes, or control. Six-minute walk test distance 

increased 10% and 12% after 15- and 45-minute bouts of heating, respectively, compared 

to the control condition. Both improvements were clinically significant. In addition, 

popliteal artery blood flow increased under both heating conditions (Pellinger et al, 

2019). More recently, Monroe et al (2021) randomized 16 patients with PAD in a 

crossover design to 90 minutes of lower-extremity heating or a sham treatment prior to a 

cardiopulmonary exercise test on a treadmill. Peak treadmill walking time improved in 

the heat therapy condition, but claudication onset time did not improve (Monroe et al, 

2021).  

Chronic Heating and Exercise Performance 

 The literature on the effects of chronic passive heat therapy on patients with PAD 

is small but gaining interest among researchers. Shinsato and colleagues (2010), in the 

same study that demonstrated improvements in ABI and CD34+ cells with Waon therapy, 

also showed a remarkable improvement in 6MWT distance of 81 m with only six weeks 
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of Waon therapy in patients with PAD. Akerman et al (2019) compared 12-weeks of heat 

therapy versus supervised exercise in patients with PAD. The heat therapy group used 

whole-body water immersion at 39 degrees C, 3-5 days/week for <30 minutes, followed 

by <30 minutes of calisthenics. The exercise group walked or engaged in other modes of 

exercise for <90 minutes 1-2 days/week. Both groups showed a 41 m improvement in 

6MWT distance, improvement in 6MWT pain-free walking distance, as well as decreases 

in resting blood pressure. There was no significant difference between groups in any of 

those three outcome measures (Akerman et al, 2019). Monroe et al (2020) studied the 

effect of 6 weeks of bilateral leg heat therapy with water-perfused trousers at 48 degrees 

C versus a sham treatment on 6MWT distance in patients with PAD. There was no 

difference between groups in the 6MWT distance; however, the heat therapy group 

reported a perceived improvement in physical function by scoring significantly higher 

than the sham group on the ’physical function’ subscale of the 36-item Short Form Health 

Survey (Monroe et al, 2020). Monroe and colleagues (2022) have more recently 

published a study looking at the effects of home-based lower-extremity heat therapy on 

walking performance in patients with PAD. Patients with claudication were randomized 

into leg heat therapy or sham. Patients in both groups were given water-perfusion trousers 

and a portable pump and were instructed to use the treatment for 90 minutes daily for 8 

weeks. At the 8-week follow-up, the heat therapy group increased an average of 21 m in 

the 6MWT distance while the sham group showed no improvement. The benefits of 

passive heating on walking performance in patients with PAD will become clearer as the 

literature grows in this area. 
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CHAPTER III 

 

METHODS 

 

GENERAL EXPERIMENTAL APPROACH 

 

All studies in this dissertation were approved by the Institutional Review Board of 

PeaceHealth (Project #1582624-7) and were conducted on patients enrolled in the 

vascular rehabilitation program in the Cardiovascular Wellness and Rehabilitation 

department at the Oregon Heart & Vascular Institute at PeaceHealth Sacred Heart 

Medical Center RiverBend in Springfield, Oregon. Written informed consent was 

obtained from all subjects after a verbal briefing of all experimental procedures for a 

given study. 

The study detailed in chapter IV (Training Study) compared outcomes of two 

different exercise training protocols on patients with PAD enrolled in a vascular 

rehabilitation program. Patient were randomly assigned to follow either a novel 

combination treadmill and ambulation training protocol or a standard treadmill only 

training protocol for a minimum of 20 sessions within 12 weeks. A 6MWT was 

conducted on each patient prior to and after the respective training programs. In addition, 

a quality-of-life questionnaire (SF-36) was administered before and after completing the 

study. A physical activity enjoyment scale questionnaire (PACES) was administered at 

the end of the program. 

The study detailed in chapter V (Acute Study) investigated the effect of an active 

warm-up on the 6MWT in patients with PAD enrolled in a vascular rehabilitation 

program. Subjects were randomized to either warm-up by walking on a treadmill for 10-
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12 minutes or not warm-up prior to conducting a 6MWT. Subjects returned to conduct a 

second 6MWT 2-3 days later under the opposite condition as the first test.  

Chapter VI is a review article on novel training techniques for patients with PAD. 

The article includes a literature review showing improved outcomes with exercise in 

patients with PAD, the state of the practice of PAD rehabilitation (SET for PAD), an 

introduction to overground walking in the supervised clinical setting, a discussion of the 

effects of an active warm-up on exercise performance, beginning the narrative on the 

benefits of passive heating in the rehabilitative setting, and directions for future research.  

SUBJECT CHARACTERIZATION 

 

Twenty-three (15 males, 8 females) total patients participating in vascular 

rehabilitation enrolled in either the training study, acute study or both studies detailed in 

this dissertation. Fourteen subjects (8 males, 6 females) completed the training study 

detailed in chapter IV (Table 3.1). Sixteen subjects (10 males, 6 females) completed the 

acute study detailed in chapter V (Table 3.2). Twenty-one subjects originally enrolled in 

the training study but 7 withdrew from or were unable to complete the study due to 

medical reasons including three subjects with back and other orthopedic issues, one 

patient with pulmonary issues, one patient with neurological issues, one patient with 

angina, and one patient did not return after the initial visit. 
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Table 3.1 Training Study Subject Characteristics 

      COMBO     STAND      p value 

 

Age, y      74.4 (2.1)     82.5 (6.6)      p < 0.028* 

Sex, M/F     5/3      3/3 

Height, cm     170.6 (6.6)     162.6 (9.5)      p = 0.121 

Weight, kg     79.7 (22.3)     74.9 (19.4)      p = 0.676 

Body mass index, kg/m2   27.1 (6.1)     28.0 (5.1)      p = 0.765 

Ankle-brachial index    0.67 (0.16)     0.62 (0.16)      p = 0.635 

Tibial-brachial index    0.46 (-)            0.60 (-)        

Systolic blood pressure, mmHg  140.3 (12.0)     142.7 (18.2)      p = 0.785 

Diastolic blood pressure, mmHg  70.8 (9.7)     73.7 (10.4)      p = 0.604 

Mean arterial pressure, mmHg  93.9 (7.5)     96.7 (10.4)      p = 0.597 

Diabetes, y/n     3/5      2/4 

Insulin, y/n     1/7      1/5 

Tobacco, y/n     1/7      0/6 

 
 

Values are mean (SD), ankle-brachial index and tibial-brachial index are from leg with 

worst disease. * p < 0.05. 

 

Table 3.2 Acute Study Subject Characteristics 

 

Age, y      77.3 (5.3) 

Sex, M/F     10/6 

Height, cm     169.6 (8.3) 

Weight, kg     78.8 (16.2) 

Body mass index, kg/m2   27.3 (4.6) 

Ankle-brachial index    0.68 (0.15) 

Tibial-brachial index    0.31 (0.22) 

Systolic blood pressure, mmHg  135.5 (17.5) 

Diastolic blood pressure, mmHg  70.8 (9.2) 

Mean arterial pressure, mmHg  91.9 (9.5) 

Diabetes, y/n     8/8 

Insulin, y/n     2/14 

Tobacco, y/n     1/15 

 

 

Values are mean (SD), ankle-brachial index and tibial-brachial index are  

from leg with worst disease. 
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SIX-MINUTE WALK TEST 

 

The primary outcome measurement in the training study in chapter VI and the 

acute study in chapter V is the six-minute walk test (6MWT). In patients with PAD, both 

6MWT distance and treadmill walking time are associated with risk of cardiovascular 

events and mortality in patients with PAD (McDermott et al, 2008b; Olin, 2008; de 

Liefde et al, 2009; de Liefde, 2010; Schiano et al, 2006). Hiatt et al (2014) presented a 

case that the treadmill is a better functional test than the 6MWT for patients with PAD; 

however, McDermott et al (2014) argue that the 6MWT should be the preferred method 

of measuring functional improvement in patients with PAD. The 6MWT is more closely 

associated with daily physical activity levels than the treadmill test (McDermott et al, 

2008c), and is also more sensitive to changes in functional mobility and decline 

(McDermott et al, 2011). Additionally, there is very little day-to-day variability or 

learning effect with repeated 6MWT. Montgomery and Gardner (1998), Gardner et al 

(2001) and McDermott et al (2008b) have all shown no learning effect with repeated 

6MWT in patients with PAD.  

The American Thoracic Society (ATS) published a statement in 2002 on 

guidelines for conducting a 6MWT (ATS, 2002). This statement continues to be the 

standard today. The studies in chapter IV and chapter V followed the ATS guidelines for 

conducting the 6MWT. Prior to performing each 6MWT, patients rested in a seated 

position for at least 10 minutes near the start while researchers measured baseline heart 

rate, blood pressure, and oxygen saturation. The 6MWT course was conducted in a 

hallway with turnaround points marked with cones set 100 ft apart. If needed, patients 

used their usual walking aids, such as canes and walkers, during the test.  
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Each patient was instructed to walk as far as possible for 6 minutes without 

running and was permitted to slow down or stop if experiencing symptoms of 

claudication or dyspnea, and to inform the researchers at the onset of symptoms. Patients 

who needed to stop were instructed to remain standing, leaning on a wall if necessary, 

and then resume walking when able. Researchers let the patients know the time at the end 

of each minute, gave a warning with 15 seconds remaining that the test was nearing the 

end, and then gave the command to stop when 6 minutes were completed. The time and 

distance were marked at the point of claudication onset and the final distance was marked 

where the patient stopped at the completion of 6 minutes. 

At the end of 6 minutes, patients were instructed to sit in a nearby chair while 

researchers collected immediate-post heart rate, blood pressure, oxygen saturation, and 

asked patients for subjective ratings of effort and pain using Borg, claudication, dyspnea, 

and angina scales. After the patient had recovered for at least 5 minutes, researchers 

measured recovery heart rate, blood pressure and oxygen saturation, and confirmed that 

any symptoms had resolved prior to the patient leaving. Researchers measured and 

recorded the distances at the claudication onset point and at the completion of the 

6MWT. Distances were measured in feet and converted to meters for reporting. 

TRAINING STUDY PROTOCOLS 

 

The study in chapter IV was a prospective, randomized, controlled trial. The study 

randomized patients with symptomatic peripheral arterial disease into one of two 

different training protocols: a combination treadmill plus ambulation protocol (COMBO) 

or a standard treadmill protocol (STAND). All participants began with baseline 

measurements including a six-minute walk test, and completion of the SF-36 quality of 
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life questionnaire. After baseline measurements, participants were randomly assigned 

after stratification by sex and six-minute walk test (above vs. below 350 m) to ensure 

equal numbers of males and females and an equal distribution of higher and lower 

performers to each group. 

The training intervention included between 20-36 exercise visits of SET for PAD 

within a 12-week period using either the COMBO or the STAND training protocol.  

Within two weeks of completing the training intervention, each participant began 

the follow-up measurements including repeating a six-minute walk test, completion of the 

SF-36 quality of life questionnaire and completion of the Physical Activity Enjoyment 

Scale (PACES). 

Combination Protocol 

 The COMBO protocol used in the study in chapter IV was a novel protocol 

designed by the primary investigator to include an extensive warm-up period on the 

treadmill prior to engaging in the ambulation training on the ground and to take 

advantage of the specific benefits of overground walking during training.  

The warm-up period was extended to 10-20 minutes of total treadmill walking 

time (versus standard practice of 5-minute warm-ups), began between 1.0-2.0 mph and 

focused on gradually increasing the workload over the entire warm-up period (versus 

sudden jumps in workload often seen in warm-up routines). The warm-up included rest 

periods as needed and continued until 10-20 minutes of walking were accumulated.  

After the warm-up period, the training included up to three separate 3 to 10-

minute intervals of overground walking until reaching a moderate level of claudication 



57 
 

pain. The ambulation training was conducted on an indoor 310-foot walking track. 

During both the warm-up and the training period, vital signs were measured, and 

subjective scales of effort and pain were assessed. The goal was to aim for a total walking 

time of 20-45 minutes between both the warm-up on the treadmill and the ambulation 

overground. 

The cool-down period included 2-5 minutes of gentle ambling and a full body 

stretching routine if the patient could tolerate that activity. Contrary to the STAND 

protocol, increases in training intensity often occurred during the current training session 

if tolerated. Fig.3.1 outlines the training for the COMBO protocol. 

 

 

Combination Protocol Outline 

 

Warm-up (TREADMILL) 

• Accumulate 10-20 minutes on the treadmill 

• Start slow (~1.0-1.2mph) 

• Gradually increase workload over the first 10-12 minutes (i.e., 0.1mph/1-2 

min) 

• Rest as needed 

 

Intervals (TRACK) 

• Aim for 3 sets of 3-10 minutes walking on the track 

• Accumulate up to 30 minutes walking on the track 

• Rest as needed 
 

 

Figure 3.1 Combination Protocol Training Outline 

 

Standard Protocol 

 The STAND protocol used in the study in chapter IV was the standard treadmill 

training protocol promoted in the PAD Exercise Training Toolkit developed by the 
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American Association of Cardiovascular and Pulmonary Rehabilitation and the Vascular 

Disease Foundation (AACVPR/VDF, 2010).  

 The warm-up period began with a series of ankle and calf exercises and stretches. 

Patients performed foot taps (with plantarflexion and dorsiflexion) in a seated position for 

30 seconds on each foot. Next patients performed a static calf stretch with bent knee for 

30 seconds and straight knee for 30 seconds on each calf. The warm-up period continued 

into the treadmill protocol with patients beginning at 1.0 mph and gradually increasing 

speed and grade to prescribed intensity within 3-5 minutes. The goal was to aim for a 60-

minute exercise session which includes rest periods, a 5-minute warm-up period and a 5-

minute cool-down period. 

The cool-down period consisted of gradually decreasing the treadmill speed and 

grade to 1.0 mph and 0% incline within 5 minutes. Contrary to the COMBO protocol, 

increases in training intensity did not occur during the current training session. Fig.3.2 

outlines the training for the STAND protocol. 
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Standard Protocol Outline 

 

Warm-up: Foot taps (plantar/dorsiflexion) in seated position for 30 seconds. Static 

calf stretch with bent and straight knee for 30 seconds. Begin treadmill walking at 1.0 

mph and gradually increase speed and grade to prescribed intensity within 3-5 minutes. 

 

Aim for 60-minute exercise session which includes rest periods, 5-minute warm-up 

period and 5-minute cool-down period. 

 

 
 

Cool-down: Gradually decrease speed and grade to 1.0 mph and 0% grade within 5 

minutes. 

 

Increases in training intensity should occur at the following session and not during the 

current session. 

 

 

Figure 3.2 Standard Protocol Training Outline. Adapted from Ehrman et al, 2017. 

 

ACUTE STUDY PROTOCOL 

 

The study in chapter V was a prospective, randomized, crossover, controlled trial. 

The study measured the effect of an active walking warm-up on the 6MWT in patients 

with symptomatic peripheral arterial disease. All participants completed two 6MWTs 2-3 

days apart. After stratification by sex, each subject was block randomized to complete the 

first 6MWT either following an active walking warm-up or with no warm-up. The second 
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6MWT was conducted under the opposite condition as the first 6MWT. The warm-up 

consisted of 10-12 minutes total of walking on a treadmill at a comfortable pace (1.0-1.2 

mph for most patients). Under the warm-up condition, patients rested in a seated position 

for 10 minutes prior to beginning the warm-up. After the completing the warm-up, 

patients again rested in a seated position for 10 minutes prior to beginning the 6MWT. 

During the 6MWTs, total distance walked, claudication onset distance and 

claudication onset time were measured. The two 6MWTs were conducted during the first 

two sessions of SET for PAD. After completing the acute study, subjects either 

participated in the training study if eligible or continued in SET for PAD but were not 

enrolled in the training study. 

HEMODYNAMIC AND OTHER MEASUREMENTS 

 

In the studies detailed in chapters IV and V, heart rate, arterial blood pressure, and 

pulse oxygen saturation (SpO2) were measured prior to beginning exercise, at the peak 

workload of exercise and after recovery from exercise as part of standard practice. Heart 

rate and arterial blood pressure at rest during the initial visit were used to calculate mean 

arterial pressure, which was reported as a subject characteristic. Metabolic equivalents of 

task (METs) were calculated from treadmill and/or ground walking speed and grade and 

used to quantify workload during the training sessions as a secondary outcome. The body 

mass index (BMI) was calculated from the height and weight at the initial visit and 

reported as a subject characteristic. 

Heart Rate 

 Heart rate was measured using a three-lead, telemetry electrocardiograph 

(VersaCare Client Manager, ScottCare, Cleveland, OH, USA) during the initial exercise 
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visit on all subjects and on subsequent visits on select subjects with a history of 

arrhythmias. Heart rate was measured on all other visits using a pulse oximeter (Nellcor 

by Covidien/Medtronic, Minneapolis, MN, USA; Masimo, Irvine, CA, USA) and 

expressed as beats per minute.  

Arterial Blood Pressure 

 Arterial blood pressure was measured in the brachial artery of the arm with the 

highest pressure using a manual sphygmomanometer and stethoscope. Mean arterial 

pressure (MAP) was calculated using eq. 3.1, expressed as mmHg, and reported as a 

subject characteristic.  

MAP = [(2 x Diastolic BP) + Systolic BP] / 3 

Equation 3.1 Mean Arterial Pressure 

Pulse Oxygen Saturation (SpO2) 

 Pulse oxygen saturation (SpO2) was measured with pulse oximetry (Nellcor by 

Covidien/Medtronic, Minneapolis, MN, USA; Masimo, Irvine, CA, USA), using a finger 

probe and expressed a percentage. 

Metabolic Equivalents of Task (METs) 

 Metabolic Equivalents of Task were calculated using eq. 3.2 from treadmill 

and/or ground walking speed (m/min) and grade (%) and used to quantify workload 

during the 6MWTs and the peak of each exercise training session. 

METs = [(0.1 x speed) + (1.8 x speed x grade) + 3.5] / 3.5 

Equation 3.2 Metabolic Equivalent of Task 
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Body Mass Index (BMI) 

 Body Mass Index (BMI) was calculated from the height and weight at the initial 

visit, expressed as kg/m2, and reported as a subject characteristic. 

BMI = [Weight (lbs.) / Height (in2)] x 703 

Equation 3.3 Body Mass Index 

SUBJECTIVE SCALES OF EFFORT AND PAIN 

 

In the studies detailed in chapters IV and V, subjective measures of effort and 

pain were assessed at the peak of exercise using standardized scales of perceived effort, 

claudication, dyspnea, and angina. The Borg Rate of Perceived Exertion (RPE) and 

claudication level were reported for all subjects. The dyspnea and angina levels were 

reported only on the subjects who experienced those symptoms.  

Borg Rate of Perceived Exertion (RPE) Scale 

 The 6-20 Borg RPE scale was used to quantify each patient’s subjective rating of 

how hard they felt they were working from “very, very light” to “very, very hard” during 

the peak of exercise. 

Claudication Scale 

 The 1-5 claudication scale was used to quantify each patient’s subjective rating of 

claudication discomfort at the peak of exercise. The highest rating claudication was also 

recorded, regardless of the workload. In addition, the time at claudication onset was 

recorded during the 6MWTs and during each exercise training session. 
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Dyspnea Scale 

 The 0-4 dyspnea scale was used to quantify each patient’s subjective rating of 

dyspnea at the peak of exercise. Not all patients experienced symptoms of dyspnea during 

the study. 

Angina Scale 

 The 0-4 angina scale was used to quantify each patient’s subjective rating of 

angina at the peak of exercise. Most patients did not experience symptoms of angina 

during the study. 

SUBJECTIVE QUESTIONNAIRES 

 

In the study detailed in chapter V, subjective questionnaires were used to compare 

potential differences in quality-of-life and enjoyment of exercise between subjects in the 

COMBO and STAND protocols using the Medical Outcomes Study 36-item short-form 

health survey (SF-36) and Physical Activity Enjoyment Scale (PACES), respectively.  

36-Item Short Form Questionnaire (SF-36) 

 The SF-36 is a tool designed to measure both physical and mental health 

outcomes in many scenarios including clinical practice, research, and the general 

population (Ware and Sherbourne, 1992). The SF-36 assesses eight health concepts 

including bodily pain, general mental health, vitality, perceived general health, and 

limitations in physical activities, social activities, and usual activities due to physical or 

emotional problems.  

 The SF-36 has been recommended as a quality-of-life measure in the assessment 

of patients with vascular disease (Beattie et al, 1997). Recently, the SF-36 has been used 
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to assess quality-of-life in patients with PAD receiving passive heat therapy compared to 

an exercise group (Monroe et al, 2020) and to a control group (Akerman et al, 2019). 

 Subjects in the study in chapter IV were given the SF-36 questionnaire at 

both the beginning and the completion of the study to compare quality-of-life differences 

between subjects in the COMBO and the STAND protocols. See Appendix for a sample 

of the SF-36 questionnaire. 

Physical Activity Enjoyment Scale Questionnaire (PACES) 

 The health benefits of physical activity are well established, yet most of the 

general population falls short of meeting national physical activity guidelines (ACSM, 

2022). Patients with symptomatic PAD may be even less inclined to participate in 

activities that cause pain. The COMBO Protocol was designed with in intent of including 

a gentler and more progressive warm-up than the STAND protocol before reaching the 

peak workload, potentially increasing enjoyment, and ultimately, participation of the 

activity. It has been shown that enjoyment of an activity is positively linked with the 

motivation to perform that activity (Wankel, 1993).  

The most commonly used tool to measure enjoyment of physical activity is the 

PACES questionnaire (Kendzierski and DeCarlo, 1991). The original 18-item PACES 

was created and validated on a college-age population (Kendzierski and DeCarlo, 1991. 

A shorter version of PACES was validated and found reliable in older adults (Mullen et 

al, 2011). More recently, this tool was found to be a reliable and invariant assessment 

tool in adults with functional limitations (Murdock et al, 2016). The 18-item PACES 

questionnaire askes respondents “how you feel at the moment about the physical activity 

you have been doing” using a 7-point bipolar scale, with eleven of the items reverse 
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scored. The higher the score, the greater the enjoyment of the activity (Kendzierski and 

DeCarlo, 1991).  

Subjects in the study in chapter IV were given the PACES questionnaire at the 

completion of the study to compare physical activity enjoyment differences between 

subjects in the COMBO and the STAND protocols. See Appendix for a sample of the 

PACES questionnaire. 
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CHAPTER IV 

TRAINING STUDY: A NOVEL AMBULATION TRAINING PROTOCOL FOR 

PATIENTS WITH PERIPHERAL ARTERIAL DISEASE 

INTRODUCTION 

Peripheral arterial disease (PAD) is atherosclerosis of the arteries outside of the 

heart and brain, particularly the lower extremities, and represents an advanced burden of 

cardiovascular disease. Patients with PAD have a high risk of morbidity and mortality. 

The risk of stroke, myocardial infarction (Agnelli et al, 2020) and mortality (Hirsch et al, 

2008) is equivalent to or greater than the risk in patients with coronary artery disease. In 

addition to a high risk of cardiovascular events, PAD leads to an accelerated decline in 

physical function and increased disability in both symptomatic and asymptomatic patients 

(McDermott et al, 2002; Gardner et al, 2007; McDermott et al, 2008a). 

For symptomatic patients, the greatest limitation to activity is ischemic pain in the 

legs known as intermittent claudication. It is estimated that only 10-15% of patients with 

PAD experience classical claudication symptoms (Hirsch et al, 2001; McDermott et al, 

2001), yet asymptomatic patients show the same decline in functional status and have the 

same risk of morbidity and mortality as symptomatic patients (Gardner et al, 2008). 

The first line of treatment for patients with PAD, and without critical limb 

ischemia, is exercise and risk factor modification. Evidenced-based exercise guidelines 

for patients with PAD recommend weight-bearing exercise, specifically walking in a 

supervised setting (Parmenter et al, 2011). To guide the clinician in treating patients with 

PAD, the American College of Sports Medicine has published guidelines for prescribing 

exercise to patients with PAD (ACSM, 2022). In addition, the American Association of 
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Cardiovascular and Pulmonary Rehabilitation and Vascular Disease Foundation 

developed a PAD Exercise Training Toolkit. The toolkit outlines and suggests using a 

standard treadmill training protocol (AACVPR/VDF, 2010). Both guidelines suggest the 

treadmill as the preferred mode of exercise for patients with PAD.  

Patients with PAD who participate in supervised treadmill exercise programs 

show greater increases in maximal treadmill walking distance versus patients who 

participate in unsupervised home-based walking programs or who receive walking advice 

(Hageman et al, 2018). McDermott et al (2009) have demonstrated that patients with 

PAD show large improvements in maximal treadmill walking time (51%) when 

participating in supervised treadmill exercise interventions, yet only show minimal 

improvement (6.4%) in 6MWT distances. Conversely, patients with PAD who completed 

a home-based over ground walking program have shown an improvement (12%) in six-

minute walk test distances nearly double that shown in the treadmill training program 

(McDermott et al, 2013). This suggests there may be a specificity of the training mode 

such that patients who train on a treadmill show greater increases in treadmill 

performance measures and patients who train overground show greater improvement in 

the 6MWT distance.  

Functional assessment tools, such as the six-minute walk test (6MWT), and 

treadmill walking time, are associated with risk of cardiovascular events and mortality in 

patients with PAD (McDermott et al, 2008b; Olin, 2008; de Liefde et al, 2009; de Liefde, 

2010; Schiano et al, 2006). The six-minute walk test is more closely associated with daily 

physical activity levels than the treadmill test (McDermott et al, 2008c), and is also more 

sensitive to changes in functional mobility and decline (McDermott et al, 2011). Patients 
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with PAD respond well to exercise training with clinically meaningful improvement in 

6MWT distance. An improvement of 30m is clinically meaningful (Gardner et al, 2018). 

This suggests that interventions that increase functional capacity, specifically 6MWT 

distance, can decrease mortality and improve health outcomes in patients with PAD.  

Treadmill only training protocols are beneficial but may not be the optimal 

training protocol to show increases in 6MWT distance for patients with PAD and 

intermittent claudication. The treadmill protocol in the PAD Exercise Training Toolkit 

(AACVPR/VDF, 2010) includes a short warm-up period of 4-5 minutes and then 

introduces a training workload that is at or near the ischemic (claudication) threshold. 

The limited warm-up period and sudden intensity in workload has the potential to 

compromise performance, increase symptoms, and decrease both compliance to and 

enjoyment of the exercise. In addition, this protocol focuses on increasing treadmill 

incline (up to 10% or more) over increasing walking speed. The rationale is that patients 

with PAD generally walk at slow speeds due to their claudication symptoms and would 

tolerate a change in incline over a change in speed. Using treadmill only walking and 

including elevation changes not seen in normal daily life may not translate as well to 

ground walking or to everyday functional capacity.  

An ideal exercise training protocol for a patient with PAD would include 

supervision, an extended warm-up period, progressive increases in workload and 

overground walking at speeds that mimic normal walking gait. The few studies that have 

reported the results of supervised ambulation training in the literature have included other 

modes of exercise in addition to supervised walking (Fahkry et al, 2012). Only one 

randomized controlled trial has included supervised walking as the exclusive mode of 
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training but did not show any treadmill walking performance versus a control group 

(Gelin et al, 2001). Including ambulation training in a supervised setting for patients with 

PAD may have the potential to improve 6MWT test distance and meaningful clinical 

outcomes to a greater extent than treadmill training alone. 

The purpose of this study was to compare a novel combination treadmill and 

ambulation training protocol (COMBO) with a commonly used standard treadmill only 

training protocol (STAND) in patients with PAD. It was hypothesized that the COMBO 

protocol would prove to be as good or superior to the STAND protocol when measuring 

the 6MWT distance in patients with PAD.  

METHODS 

Approval and Informed Consent 

This study was approved by the Institutional Review Board of PeaceHealth 

(Project #1582624-7) and was conducted on patients enrolled the vascular rehabilitation 

program in the Cardiovascular Wellness and Rehabilitation department at the Oregon 

Heart & Vascular Institute at PeaceHealth Sacred Heart Medical Center RiverBend in 

Springfield, Oregon. Written informed consent was obtained from all subjects after a 

verbal briefing of all experimental procedures. 

Subject Characteristics 

Fourteen patients (8 males, 6 females) with PAD and symptomatic claudication 

participated in this study. Inclusion criteria included an ankle-brachial index of less than 

0.90 or toe-ankle index of less than 0.80, aged 50-80 years old, a body mass index of less 

than 40kg/m2, and free of severe walking limitations. Exclusion criteria included 
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uncontrolled diabetes, unhealed diabetic skin ulcers, unstable angina, and recent 

myocardial infarction. See table 4.1 for subject characteristics.  

Table 4.1 Subject Characteristics 

      COMBO     STAND      p value 

 

Age, y      74.4 (2.1)     82.5 (6.6)      p < 0.028* 

Sex, M/F     5/3      3/3 

Height, cm     170.6 (6.6)     162.6 (9.5)      p = 0.121 

Weight, kg     79.7 (22.3)     74.9 (19.4)      p = 0.676 

Body mass index, kg/m2   27.1 (6.1)     28.0 (5.1)      p = 0.765 

Ankle-brachial index    0.67 (0.16)     0.62 (0.16)      p = 0.635 

Tibial-brachial index    0.46 (-)            0.60 (-)        

Systolic blood pressure, mmHg  140.3 (12.0)     142.7 (18.2)      p = 0.785 

Diastolic blood pressure, mmHg  70.8 (9.7)     73.7 (10.4)      p = 0.604 

Mean arterial pressure, mmHg  93.9 (7.5)     96.7 (10.4)      p = 0.597 

Diabetes, y/n     3/5      2/4 

Insulin, y/n     1/7      1/5 

Tobacco, y/n     1/7      0/6 

 
 

Values are mean (SD), ankle-brachial index and tibial-brachial index are from leg with 

worst disease. * p < 0.05. 

 

Study Protocol 

This study was a prospective, randomized, controlled trial comparing a novel 

training protocol with a commonly used standard treadmill training protocol on patients 

with PAD. The study randomized patients with symptomatic peripheral arterial disease 

into one of two different training protocols: a combination treadmill plus ambulation 

protocol (COMBO) or a standard treadmill protocol (STAND). All participants began 

with baseline measurements including a six-minute walk test, and completion of the SF-

36 quality of life questionnaire. After baseline measurements, participants were randomly 

assigned after stratification by sex and six-minute walk test (above vs. below 350 m) to 
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ensure equal numbers of males and females and an equal distribution of higher and lower 

performers to each group. 

The training intervention included between 20-36 exercise visits of SET for PAD 

within a 12-week period using either the COMBO or the STAND training protocol.  

Within two weeks of completing the training intervention, each participant began 

the follow-up measurements including repeating a six-minute walk test, completion of the 

SF-36 quality of life questionnaire and completion of the Physical Activity Enjoyment 

Scale (PACES). 

Combination Protocol 

 The COMBO protocol used in this study was a novel protocol designed by the 

primary investigator to include an extensive warm-up period on the treadmill prior to 

engaging in the ambulation training on the ground and to take advantage of the specific 

benefits of overground walking during training.  

The warm-up period was extended to 10-20 minutes of total treadmill walking 

time (versus standard practice of 5-minute warm-ups), began between 1.0-2.0 mph and 

focused on gradually increasing the workload over the entire warm-up period (versus 

sudden jumps in workload often seen in warm-up routines). The warm-up included rest 

periods as needed and continued until 10-20 minutes of walking were accumulated.  

After the warm-up period, the training included up to three separate 3 to 10-

minute intervals of overground walking until reaching a moderate level of claudication 

pain. The ambulation training was conducted on an indoor 310-foot walking track. 

During both the warm-up and the training period, vital signs were measured, and 

subjective scales of effort and pain were assessed. The goal was to aim for a total walking 
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time of 20-45 minutes between both the warm-up on the treadmill and the ambulation 

overground. 

The cool-down period included 2-5 minutes of gentle ambling and a full body 

stretching routine if the patient could tolerate that activity. Contrary to the STAND 

protocol, increases in training intensity often occurred during the current training session 

if tolerated. Fig.4.1 outlines the training for the COMBO protocol. 

 

 

Combination Protocol Outline 

 

Warm-up (TREADMILL) 

• Accumulate 10-20 minutes on the treadmill 

• Start slow (~1.0-1.2mph) 

• Gradually increase workload over the first 10-12 minutes (i.e., 0.1mph/1-2 

min) 

• Rest as needed 

 

Intervals (TRACK) 

• Aim for 3 sets of 3-10 minutes walking on the track 

• Accumulate up to 30 minutes walking on the track 

• Rest as needed 
 

 

Figure 4.1 Combination Protocol Training Outline 

 

Standard Protocol 

 The STAND protocol used in this study was the standard treadmill training 

protocol promoted in the PAD Exercise Training Toolkit developed by the American 

Association of Cardiovascular and Pulmonary Rehabilitation and the Vascular Disease 

Foundation (AACVPR/VDF, 2010).  

 The warm-up period began with a series of ankle and calf exercises and stretches. 

Patients performed foot taps (with plantarflexion and dorsiflexion) in a seated position for 
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30 seconds on each foot. Next patients performed a static calf stretch with bent knee for 

30 seconds and straight knee for 30 seconds on each calf. The warm-up period continued 

into the treadmill protocol with patients beginning at 1.0 mph and gradually increasing 

speed and grade to prescribed intensity within 3-5 minutes. The goal was to aim for a 60-

minute exercise session which includes rest periods, a 5-minute warm-up period and a 5-

minute cool-down period. 

 

 

Standard Protocol Outline 

 

Warm-up: Foot taps (plantar/dorsiflexion) in seated position for 30 seconds. Static 

calf stretch with bent and straight knee for 30 seconds. Begin treadmill walking at 1.0 

mph and gradually increase speed and grade to prescribed intensity within 3-5 minutes. 

 

Aim for 60-minute exercise session which includes rest periods, 5-minute warm-up 

period and 5-minute cool-down period. 

 

 
 

Cool-down: Gradually decrease speed and grade to 1.0 mph and 0% grade within 5 

minutes. 

 

Increases in training intensity should occur at the following session and not during the 

current session. 

 

 

Figure 4.2 Standard Protocol Training Outline. Adapted from Ehrman et al, 2017. 
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The cool-down period consisted of gradually decreasing the treadmill speed and 

grade to 1.0 mph and 0% incline within 5 minutes. Contrary to the COMBO protocol, 

increases in training intensity did not occur during the current training session. Fig.4.2 

outlines the training for the STAND protocol. 

Six-Minute Walk Test 

The 6MWT was conducted following American Thoracic Society guidelines 

(ATS, 2002). The 6MWT course was conducted in a hallway with turnaround points 

marked with cones set 100 ft apart. If needed, patients used their usual walking aids, such 

as canes and walkers, during the test. 

Hemodynamic and Other Measurements 

Heart rate and blood pressure. Heart rate was measured using either a three-lead, 

telemetry electrocardiograph (VersaCare Client Manager, ScottCare, Cleveland, OH, 

USA) or a pulse oximeter (Nellcor by Covidien/Medtronic, Minneapolis, MN, USA; 

Masimo, Irvine, CA, USA) and expressed as beats per minute. Arterial blood pressure 

was measured in the brachial artery of the arm with the highest pressure using a manual 

sphygmomanometer and stethoscope.  

Pulse Oxygen Saturation. Pulse oxygen saturation (SpO2) was measured with pulse 

oximetry (Nellcor by Covidien/Medtronic, Minneapolis, MN, USA; Masimo, Irvine, CA, 

USA), using a finger probe and expressed a percentage. 

Subjective Scales of Effort and Pain. Subjective measures of effort and pain were 

assessed at the peak of effort or pain using standardized scales of perceived effort, 

claudication, dyspnea, and angina. The Borg 6-20 Rate of Perceived Exertion (RPE) and 
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claudication level (1-5 scale) were reported for all subjects. Subjects were also assessed 

for dyspnea (0-4 scale) and angina (0-4 scale 

Statistical Analyses 

The primary outcome in this study was to show a clinically significant difference 

in 6MWT distance between the COMBO and the STAND protocols in patients with 

PAD. To achieve the necessary power for significance (power at 80%, alpha of 0.05), this 

study needed to enroll a minimum of 13 subjects in each of the COMBO and the STAND 

groups, for a total of at least 26 subjects. An unpaired t-test was used for all comparisons. 

Data are reported as means and 95% confidence intervals unless otherwise noted. 

RESULTS 

Fourteen patients (8 males, 6 females) with PAD and symptomatic claudication 

participated in this study. Subject characteristics are shown in Table 4.1. Eight (8) 

patients were randomized into the COMBO protocol and 6 patients into the STAND 

protocol. Exercise training showed significant and clinically meaningful improvement in 

6MWT total walking distance (44±8 m, p=0.0002) regardless of group. However, 

improvement in total walking distance did not differ between the two protocols (COMBO 

54±7 m vs STAND 32±15 m, p=0.192). The comparison of improvement in 6MWT total 

walking distance between the COMBO and STAND training protocols is presented in 

Figure 4.3. 
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Figure 4.3 The comparison of improvement in six-minute walk test total distance 

between the COMBO (54±7 m) and STAND (32±15 m) training protocols in patients 

with PAD; n = 14 (COMBO-8, STAND-6); p value is an unpaired t-test between 

conditions. 

  

The comparison of 6MWT claudication onset distance between the COMBO and 

STAND training protocols is presented in Figure 4.4. Patients in the COMBO training 

group showed a greater improvement in claudication onset distance compared to patients 

in the STAND training group (COMBO 79±24 m vs STAND -7±20 m, p=0.030).  
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Figure 4.4 The comparison of six-minute walk test claudication onset distance 

between the COMBO (79±24 m) and STAND (-7±20 m) training protocols in patients 

with PAD; n = 14 (COMBO-8, STAND-6); p value is an unpaired t-test between 

conditions. 

 

The comparison of 6MWT claudication onset time between the COMBO and 

STAND training protocols is presented in Figure 4.5. Patients in the COMBO training 

group showed a greater improvement in claudication onset time compared to patients in 

the STAND training group (COMBO 49±20 s vs STAND -32±23 s, p=0.028).  
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Figure 4.5 The comparison of six-minute walk test claudication onset time 

between the COMBO (49±20 s) and STAND (-32±23 s) training protocols in patients 

with PAD; n = 14 (COMBO-8, STAND-6); p value is an unpaired t-test between 

conditions. 

 

During the exercise training sessions, the peak clinical measurements of heart 

rate, blood pressure, pulse oxygen saturation, claudication pain level, and rate of 

perceived exertion did not differ between groups. In addition, peak workload and number 

of training sessions was not different between groups. The COMBO training group 

exercised longer than the STAND training group. See table 4.2 for results of the peak 

measurements during the exercise training sessions. 
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Table 4.2 Peak Clinical Measurements During the Training Sessions 

 

      COMBO         STAND       p value 

 

Heart rate, bpm    109.8±7.2         108.8±4.4     p = 0.920 

Systolic blood pressure, mmHg  171.0±6.2         175.0±7.1     p = 0.694 

Diastolic blood pressure, mmHg  85.5±3.6         85.3±2.8      p = 0.972 

Pulse oxygen saturation, %   93.5±1.4         92.7±1.4      p = 0.626 

Claudication (1-5 scale)   3.9±0.3         3.3±0.5       p = 0.373 

Rate of perceived exertion (6-20 scale) 13.6±0.4         14.3±0.5      p = 0.635 

Peak workload, METs    3.2±0.1         2.9±0.5       p = 0.546 

Peak training minutes    29.4±2.8         19.1±1.1      p < 0.009* 

Number of training sessions   26.6±0.9         25.3±1.9      p = 0.581
 

 

Values are mean (±95% CI); * p < 0.05; p values are unpaired t-tests between conditions. 

The was no change in the SF-36 Physical (2.3±1.4, p = 0.123) or Mental (2.3±1.4, 

p = 0.123) composite scores pre and post, regardless of training group, and there was no 

difference between groups. Also, there was no difference in the PACES scores between 

training groups at the end of the study. See table 4.3 for a comparison of the results of the 

SF-36 and PACES questionnaires between the COMBO and STAND groups. 

Table 4.3 Subjective Questionnaires 

 

      COMBO         STAND         p value 

 

SF-36 Physical Delta    0.6±1.8         4.5±1.9         p = 0.189 

SF-36 Mental Delta    0.8±3.0        -2.2±1.9         p = 0.453 

PACES Score     91.0±9.2         104.0±4.0        p = 0.137 
 

 

Values are mean (±95% CI); p values are unpaired t-tests between conditions. 

 

DISCUSSION 

 The purpose of this study was to compare a novel combination treadmill and 

ambulation training protocol (COMBO) with a commonly used standard treadmill only 

training protocol (STAND) in patients with PAD. The results of this study did not 

support our primary hypothesis that the COMBO training protocol would improve 
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6MWT distance compared to the STAND training protocol in patients with PAD. 

However, the results of this study did support our secondary hypotheses that the COMBO 

training protocol would improve 6MWT claudication onset distance and claudication 

onset time compared to the STAND training protocol in patients with PAD.  

The peak cardiovascular responses, claudication pain level, and perceived 

exertion level were the same between training groups. Also, the number of training 

sessions and the peak exercise intensity were consistent between with the COMBO and 

STAND training groups. However, patients in the COMBO training group were able to 

exercise for about 10 minutes longer at the peak of exercise compared to the STAND 

training group. It is unclear why the COMBO group exercised longer than the STAND 

group but patients in both training groups were progressed based on how they tolerated 

the previous session and based on patient feedback of when they wanted to end each 

session. It was noted that some patients in this study preferred overground walking versus 

treadmill walking and may have felt motivated to exercise for a longer duration.  

Patient perception of physical or mental quality-of-life did not improve with 

either the COMBO or STAND training protocols. Additionally, patient enjoyment of 

physical activity did not differ between groups. A quality-of-life questionnaire (SF-36) 

given pre and post study and an enjoyment of physical activity questionnaire (PACES) 

given at the end of the study did not differ between the COMBO training group and the 

STAND training group.  

 There are some limitations to this study. First, cardiopulmonary gas exchange, 

vascular function, and core temperature were not measured. It is unknown how these 

variables were influenced by or differed with each training protocol. These measurements 
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could reveal the effectiveness of the treadmill warm-up in the COMBO protocol. Second, 

exercise training duration was not controlled between groups. The patients in the 

COMBO protocol exercise for a longer duration than the patients in the STAND protocol, 

which may have contributed to the improved performance. Finally, the study was not 

powered for significance. 

 Future studies are needed to identify optimal exercise training protocols that can 

maximize functional capacity in patients with PAD. It has been demonstrated that 

patients with PAD who train on the treadmill show large improvements in treadmill 

walking performance (McDermott et al, 2009) and patients who participate in home-

based overground walking programs show larger improvements in 6MWT distance 

(McDermott et al, 2013) than studies in which patients train exclusively on the treadmill. 

The current study showed that ambulation training improved 6MWT claudication onset 

distance and claudication onset time compared to a treadmill only training protocol. 

There appears to be a benefit to including ambulation training as part of the exercise 

protocol for patients with PAD. Optimizing an ambulation training protocol could be 

explored in future research by enrolling larger numbers of patients and by modifying 

components of the exercise prescription, such as the duration or intensity of the 

workload.  

CONCLUSION 

The current study compared a novel combination treadmill and ambulation 

training protocol (COMBO) with a commonly used standard treadmill only training 

protocol (STAND) in patients with PAD. This was the first study to compare the 

difference between two training protocols on 6MWT performance in patients with PAD. 
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The 6MWT total distance did not differ between the COMBO and STAND training 

protocols. However, both the 6MWT claudication onset distance and claudication onset 

time were greater in the COMBO group versus the STAND group. The results of this 

study suggest that ambulation training may improve 6MWT performance compared 

treadmill only training in patients with PAD. Enrolling more patients and modifying the 

duration and intensity of the exercise prescription may affect the results in future studies.  
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CHAPTER V 

ACUTE STUDY: ACTIVE WARM-UP AND SIX-MINUTE WALK TEST DISTANCE 

IN PATIENTS WITH PERIPHERAL ARTERIAL DISEASE 

INTRODUCTION 

Peripheral arterial disease (PAD) is atherosclerosis of the arteries outside of the 

heart and brain, particularly the lower extremities, and represents an advanced burden of 

cardiovascular disease. Patients with PAD have a high risk of morbidity and mortality. 

The risk of stroke, myocardial infarction (Agnelli et al, 2020) and mortality (Hirsch et al, 

2008) is equivalent to or greater than the risk in patients with coronary artery disease. In 

addition to a high risk of cardiovascular events, PAD leads to an accelerated decline in 

physical function and increased disability in both symptomatic and asymptomatic patients 

(McDermott et al, 2002; Gardner et al, 2007; McDermott et al, 2008a).  

The first line of treatment for patients with PAD, and without critical limb 

ischemia, is exercise and risk factor modification. Evidenced-based exercise guidelines 

for patients with PAD recommend weight-bearing exercise, specifically walking in a 

supervised setting (Parmenter et al, 2011). Improving exercise performance in patients 

with PAD is important to offset the decreased physical activity levels seen in this 

population, which strongly predicts a high all-cause mortality risk (Garg et al, 2006; 

Gardner et al 2008).  

Functional assessment tools, such as the six-minute walk test (6MWT) and 

treadmill walking time, are associated with risk of cardiovascular events and mortality in 

patients with PAD (McDermott et al, 2008b; Olin, 2008; de Liefde et al, 2009; de Liefde, 

2010; Schiano et al, 2006). The six-minute walk test is more closely associated with daily 
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physical activity levels than the treadmill test (McDermott et al, 2008c), and is also more 

sensitive to changes in functional mobility and decline (McDermott et al, 2011). There is 

very little day-to-day variability or learning effect with repeated 6MWTs in patients with 

PAD (Montgomery and Gardner, 1998). Patients with PAD respond well to exercise 

training with clinically meaningful improvement in 6MWT distance. An improvement of 

30m is clinically meaningful (Gardner et al, 2018). This suggests that interventions that 

increase functional capacity, specifically 6MWT distance, can decrease mortality and 

improve health outcomes in patients with PAD.  

Any opportunity to enhance the increase in functional capacity of patients with 

PAD could significantly improve the health outcomes in this deconditioned population. 

One potential strategy to optimize the benefit of walking training could be the inclusion 

of an effective warm-up. Warm-up prior to exercise can be categorized as either active or 

passive. Recent studies have shown that acute bouts of passive heating can improve 

exercise performance in patients with PAD. Pellinger et al (2019) showed that bilateral 

lower leg heating increased 6MWT distance in patients with PAD by 10% and 12% after 

15- and 45-minute bouts of heating, respectively, compared to controls. Both 

improvements were clinically significant (Gardner et al, 2018). In addition, Monroe et al 

(2021) showed that 90 minutes of lower-extremity heating prior to a cardiopulmonary 

exercise test on a treadmill improved peak treadmill walking time.  

It is unknown how an active warm-up effects the 6MWT distance with any 

population. An extended warm-up period has the potential to improve the time and 

workload achieved by patients with PAD during each exercise session, and ultimately, 
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enhance the improvement over the course of a training program. Specifically, an active 

walking warm-up may improve the results of the 6MWT distance on patients with PAD.  

The purpose of this study was to quantify the effect of an active walking warm-up 

on the results of the 6MWT distance in patients with PAD. It was hypothesized that an 

active walking warm-up of 10-12 minutes would improve 6MWT distance in patients 

with PAD. 

METHODS 

Approval and Informed Consent 

This study was approved by the Institutional Review Board of PeaceHealth 

(Project #1582624-7) and was conducted on patients enrolled in the vascular 

rehabilitation program in the Cardiovascular Wellness and Rehabilitation department at 

the Oregon Heart & Vascular Institute at PeaceHealth Sacred Heart Medical Center 

RiverBend in Springfield, Oregon. Written informed consent was obtained from all 

subjects after a verbal briefing of all experimental procedures.  

Subject Characteristics 

Sixteen patients (10 males, 6 females) with PAD and symptomatic claudication 

participated in this study. Inclusion criteria included an ankle-brachial index of less than 

0.90 or toe-ankle index of less than 0.80, aged 50-80 years old, a body mass index of less 

than 40kg/m2, and free of severe walking limitations. Exclusion criteria included 

uncontrolled diabetes, unhealed diabetic skin ulcers, unstable angina, and recent 

myocardial infarction. See table 5.1 for subject characteristics.  
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Table 5.1 Subject Characteristics 

 

Age, y      77.3 (5.3) 

Sex, M/F     10/6 

Height, cm     169.6 (8.3) 

Weight, kg     78.8 (16.2) 

Body mass index, kg/m2   27.3 (4.6) 

Ankle-brachial index    0.68 (0.15) 

Tibial-brachial index    0.31 (0.22) 

Systolic blood pressure, mmHg  135.5 (17.5) 

Diastolic blood pressure, mmHg  70.8 (9.2) 

Mean arterial pressure, mmHg  91.9 (9.5) 

Diabetes, y/n     8/8 

Insulin, y/n     2/14 

Tobacco, y/n     1/15 

 

 

Values are mean (SD), ankle-brachial index and tibial-brachial index are  

from leg with worst disease. 

 

Study Protocol 

This study was a prospective, randomized crossover, controlled trial measuring 

the effect of an active walking warm-up on the 6MWT in patients with symptomatic 

PAD. All participants completed two 6MWTs 2-3 days apart. After stratification by sex, 

each subject was block randomized to complete the first 6MWT either following an 

active walking warm-up (WARM-UP) or with no warm-up (NO WARM-UP). The 

second 6MWT was conducted under the opposite condition as the first 6MWT. The 

warm-up consisted of 10-12 minutes total of walking on a treadmill at a comfortable pace 

(1.4-2.1 METs. Under the warm-up condition, patients rested in a seated position for 10 

minutes prior to beginning the 6MWT. See figure 5.1 for an outline of the study protocol.  

During the 6MWTs, total distance walked, claudication onset distance, and 

claudication onset time were measured. In addition, heart rate, arterial blood pressure and 
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pulse oxygen saturation (SpO2) were measured after 10 minutes of resting prior to 

beginning the 6MWT, in the immediate-post stage of the 6MWT, and after at least 5 

minutes of recovery from the 6MWT. Patients were also assessed for subjective levels of 

perceived exertion, claudication, dyspnea, and angina during the 6MWT. 

 

Figure 5.1 Study Protocol 

Six-Minute Walk Test 

Each 6MWT was conducted following American Thoracic Society guidelines 

(ATS, 2002). The 6MWT course was conducted in a hallway with turnaround points 

marked with cones set 100 ft apart. If needed, patients used their usual walking aids, such 

as canes and walkers, during the test.  

Hemodynamic and Other Measurements 

Heart rate and blood pressure. Heart rate was measured using either a three-lead, 

telemetry electrocardiograph (VersaCare Client Manager, ScottCare, Cleveland, OH, 

USA) or a pulse oximeter (Nellcor by Covidien/Medtronic, Minneapolis, MN, USA; 

Masimo, Irvine, CA, USA) and expressed as beats per minute. Arterial blood pressure 
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was measured in the brachial artery of the arm with the highest pressure using a manual 

sphygmomanometer and stethoscope.  

Pulse Oxygen Saturation. Pulse oxygen saturation (SpO2) was measured with pulse 

oximetry (Nellcor by Covidien/Medtronic, Minneapolis, MN, USA; Masimo, Irvine, CA, 

USA), using a finger probe and expressed a percentage. 

Subjective Scales of Effort and Pain. Subjective measures of effort and pain were 

assessed at the peak of effort or pain using standardized scales of perceived effort, 

claudication, dyspnea, and angina. The Borg 6-20 Rate of Perceived Exertion (RPE) and 

claudication level (1-5 scale) were reported for all subjects. Subjects were also assessed 

for dyspnea (0-4 scale) and angina (0-4 scale). 

Statistical Analyses 

The primary outcome of this study was to quantify the effect of an active warm-

up on the results of the 6MWT test on patients with PAD. To achieve the necessary 

power for significance (power at 80%, alpha of 0.05), this study needed to enroll a 

minimum of 11 subjects. A paired t-test was used to compare differences in total 6MWT 

distance, claudication onset distance, and claudication onset time under the warm-up and 

no warm-up conditions. Data are reported as means and 95% confidence intervals unless 

otherwise noted. 

RESULTS 

Sixteen patients (10 males, 6 females) with PAD and symptomatic claudication 

participated in this study. Subject characteristics are shown in Table 5.1. The effect of an 

active warm-up on 6MWT total walking distance are presented in Figure 5.2. Total 
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walking distance did not differ between the two study conditions (WARM-UP 297±17 m 

vs NO WARM-UP 304±16 m, p=0.358).  

 
Figure 5.2 The effect of an active warm-up on the six-minute walk test total distance 

with WARM-UP (297±17 m) and NO WARM-UP (304±16 m) conditions in patients 

with PAD; n = 16 (10M, 6F); p value is a paired t-test between conditions. 

 

The effect of an active warm-up on 6MWT claudication onset distance are 

presented in Figure 5.3. Claudication onset distance did not differ between the two study 

conditions (WARM-UP 142±24 m vs NO WARM-UP 120±16 m, p=0.188). 
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Figure 5.3 The effect of an active warm-up on the six-minute walk test claudication 

onset distance with WARM-UP (142±24 m) and NO WARM-UP (120±16 m) conditions 

in patients with PAD; n = 16 (10M, 6F); p value is a paired t-test between conditions. 

 

The effect of an active warm-up on 6MWT claudication onset time are presented 

in Figure 5.4. Claudication onset time did not differ between the two study conditions 

(WARM-UP 154±19 s vs NO WARM-UP 137±16 s, p=0.272). 

 

Figure 5.4 The effect of an active warm-up on the six-minute walk test claudication 

onset time with WARM-UP (154±19 s) and NO WARM-UP (137±16 s) conditions in 

patients with PAD; n = 16 (10M, 6F); p value is a paired t-test between conditions. 
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During each 6MWT, the peak clinical measurements of heart rate, blood pressure, 

pulse oxygen saturation, claudication pain level, and rate of perceived exertion did not 

differ between condition. See table 5.2 for results of the peak clinical measurements 

during the 6MWTs under the NO WARM-UP and the WARM-UP conditions. 

Table 5.2 Peak Clinical Measurements During the Six-Minute Walk Tests 

 

 

      NO WARM-UP     WARM-UP      p value 

 

Heart rate, bpm    89.3±2.5         92.1±3.0         p = 0.421 

Systolic blood pressure, mmHg  159.3±6.3         153.1±6.3        p = 0.227 

Diastolic blood pressure, mmHg  71.6±2.6         70.0±2.5         p = 0.854 

Pulse oxygen saturation, %   97.3±0.8         97.4±0.9         p = 0.792 

Claudication (1-5 scale)   3.2±1.0         3.2±1.1         p = 0.806 

Rate of perceived exertion (6-10 scale) 12.9±0.4         13.2±0.5         p = 0.589 
 

 

Values are mean (±95% CI); p values are paired t-tests between conditions. 

 

Incidentally, there was a significant increase (p=0.047) in total walking distance 

on the second 6MWT (308±18 m) versus the first 6MWT (294±15 m), regardless of 

condition. 

DISCUSSION 

 There are no known studies looking at the effect of an active warm-up on exercise 

performance in patients with PAD, nor on 6MWT performance in any population. The 

purpose of this study was to quantify the effect of an active walking warm-up on the 

results of the 6MWT distance in patients with PAD. Previous studies have demonstrated 

that acute bouts of passive heating can confer clinically significant improvements in 

6MWT distance (Pellinger et al, 2019) and peak treadmill walking time (Monroe et al, 

2021). However, it is unknown how an active warm-up effects the 6MWT distance in 
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patients with PAD. The results of this study did not support our primary hypothesis that 

an active walking warm-up of 10-12 minutes would improve 6MWT distance in patients 

with PAD. Additionally, the results of this study did not support our secondary 

hypotheses that an active walking warm-up of 10-12 minutes would improve 6MWT 

claudication onset distance and claudication onset time in patients with PAD.  

The level of intensity and effort appeared consistent between conditions. The peak 

vital sign measurements of heart rate, blood pressure, and pulse oxygen saturation did not 

differ between conditions. In addition, reported peak claudication pain level and rate of 

perceived exertion was similar between conditions.  

Further, in an unexpected finding, there was a significant but subclinical increase 

in total walking distance on the second 6MWT versus the first 6MWT (14±6 m, 

p=0.047), regardless of condition. This was a modest increase but appears contrary to 

previous research showing very little day-to-day variability or learning effect with 

repeated 6MWT in patients with PAD (Montgomery and Gardner, 1998; Gardner et al, 

2001; McDermott et al, 2008b). However, the conditions were not the same each time, so 

the comparison is not completely equivalent. The difference does reveal potential 

unknown learning effects that require further investigation and should be considered 

when designing protocols utilizing the 6MWT in this population. 

 There are some limitations to this study. First, cardiopulmonary gas exchange, 

vascular function, and core temperature were not measured. Exercise performance lasting 

about six minutes in duration has been shown to improve most when warm-up increases 

VO2 above baseline but minimizes fatigue (Bishop, 2003b), so it is unknown how the 

active warm-up in this study affected these variables. Second, since acute passive heating 
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increases exercise performance in patients with PAD (Pellinger et al, 2019; Monroe et al, 

2021) and the active warm-up in this study did not, it is very possible that the warm-up in 

this study was insufficient in intensity and/or duration to create a stimulus to improve 

exercise performance. Third, contrary to point number two, the active warm-up in this 

study may have been too much of a stimulus in some patients and led to increased fatigue 

prior to the 6MWT. Finally, multiple studies have shown no performance improvement in 

exercise lasting about six minutes when recovery between warm-up and exercise is 

longer than 5 minutes (Grodjinovsky and Magel, 1970; Bruyn-Prevost and Lefebvre, 

1980; Andzel, 1982; Genovely and Stamford, 1982), however, these studies were not on 

clinical populations. During the current study, the recovery between warm-up and 

exercise was 10 minutes in duration to minimize fatigue between bouts of exercise and to 

allow time for claudication symptoms to resolve. 

 Future studies are needed to elucidate the ideal warm-up prior to exercise training 

in patients with PAD. It may be likely that a subset of patients, such as higher functioning 

patients, may show significant improvement from an active warm-up prior to exercise 

and other patients, such as lower functioning patients, may benefit from passive heating 

prior to exercise. This could be explored by measuring core temperature, vascular 

function, and cardiopulmonary gas exchange during exercise and the recovery periods to 

quantify  the time course of how these measurements might change. 

CONCLUSION 

The current study was the first to assess the effect of an active warm-up on the 

6MWT in patients with PAD. The 6MWT total distance did not differ between the 

WARM-UP and NO WARM-UP conditions. Additionally, neither the 6MWT 



94 
 

claudication onset distance nor claudication onset time differed between the WARM-UP 

and NO WARM-UP conditions. The results of this study suggest that an active warm-up 

of 10-12 minutes of walking on a treadmill at a workload between 1.4-2.1 METs may not 

be enough of a stimulus to increase 6MWT distance in patients with PAD. Modifying the 

intensity and the recovery periods may affect the results in future studies. Further, 

learning effects should be considered when designing protocols that utilize the 6MWT.  
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CHAPTER VI 

REVIEW ARTICLE: EXPLORING NOVEL EXERCISE AND TRAINING 

TECHNIQUES IN PATIENTS WITH PERIPHERAL ARTERIAL DISEASE 

INTRODUCTION 

Peripheral arterial disease (PAD) is atherosclerosis of the arteries outside of the 

heart and brain, particularly the lower extremities. Approximately 8.5 million Americans 

have PAD, including more than 14% of people over 70 years old (Selvin and Erlinger, 

2004) and 22% of people over 80 years old (Benjamin et al, 2017). This number will 

continue to grow and become a greater public health burden as the population ages. The 

major risk factors for PAD are the same as for other cardiovascular diseases with 

smoking and diabetes being the most potent risk factors (Murabito et al, 1997; Benjamin 

et al, 2017).  

Peripheral arterial disease represents an advanced burden of cardiovascular 

disease and patients with PAD have a high risk of morbidity and mortality. The risk of 

stroke, myocardial infarction (Agnelli et al, 2020) and mortality (Hirsch et al, 2008) is 

equivalent to or greater than the risk in patients with coronary artery disease. The 10-year 

mortality risk for patients with PAD ranges from 22-70% depending on age and severity 

of risk factors (Criqui et al, 1992; Feringa et al, 2007).  

In addition to a high risk of cardiovascular events, PAD leads to an accelerated 

decline in physical function and increased disability in both symptomatic and 

asymptomatic patients (McDermott et al, 2002; Gardner et al, 2007; McDermott et al, 

2008a). For symptomatic patients, the greatest limitation to activity is ischemic pain in 

the legs known as intermittent claudication. It is estimated that only 10-15% of patients 
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with PAD experience classical claudication symptoms (Hirsch et al, 2001; McDermott et 

al, 2001), yet asymptomatic patients show the same decline in functional status and have 

the same risk of morbidity and mortality as symptomatic patients. Regardless of 

symptoms, PAD contributes to functional decline and increased risk of adverse events in 

both symptomatic and asymptomatic patients (Gardner et al, 2008). 

EXERCISE TRAINING AND SIX-MINUTE WALK TEST PERFORMANCE 

Improving exercise performance in patients with PAD is important to offset the 

decreased physical activity levels seen in this population, which strongly predicts a high 

all-cause mortality risk (Garg et al, 2006; Gardner et al 2008). Functional assessment 

tools, such as the six-minute walk test (6MWT) and treadmill walking time, are 

associated with risk of cardiovascular events and mortality in patients with PAD 

(McDermott et al, 2008b; Olin, 2008; de Liefde et al, 2009; de Liefde, 2010; Schiano et 

al, 2006). The six-minute walk test is more closely associated with daily physical activity 

levels than the treadmill test (McDermott et al, 2008c), and is also more sensitive to 

changes in functional mobility and decline (McDermott et al, 2011). There is very little 

day-to-day variability or learning effect with repeated 6MWT in patients with PAD 

(Montgomery and Gardner, 1998;  Gardner et al, 2001; McDermott et al, 2008b).  

Patients with PAD respond well to exercise training with clinically meaningful 

improvement in 6MWT distance. An improvement of 30m is clinically meaningful 

(Gardner et al, 2018). McDermott et al (2009) showed that 24-weeks of supervised 

treadmill exercise increased 6MWT distance over 35 m in patients with PAD compared 

with matched controls. In a population of patients with PAD, McDermott et al (2011) 

have shown that changes in 6MWT distance correlate with clinically meaningful 



97 
 

outcomes such as mobility loss and mortality. Patients with the greatest decrease in 

6MWT distance had the highest mobility loss, mortality, and cardiovascular disease. 

These results demonstrate that interventions that increase functional capacity, specifically 

6MWT distance, can decrease mortality and improve health outcomes in patients with 

PAD. 

CURRENT PRACTICE OF PAD REHABILITATION 

The first line of treatment for patients with PAD, and without critical limb 

ischemia, is exercise and risk factor modification. Evidenced-based exercise guidelines 

for patients with PAD recommend weight-bearing exercise, specifically walking in a 

supervised setting (Parmenter et al, 2011). However, until recently, the opportunities for 

patients with PAD to participate in structured exercise programs were limited to patients 

who could self-pay or who participated in a research study. In 2017, the Center for 

Medicare and Medicaid Services (CMS) announced a national coverage determination for 

Supervised Exercise Therapy (SET) for patients with symptomatic PAD (CMS Decision 

Memo, 2017). Most SET for PAD services are being provided within cardiac 

rehabilitation programs due to current infrastructure and staff skill set.  

In the six years since CMS began covering SET for PAD, many cardiac 

rehabilitation programs have incorporated this service into their programs. However, the 

volumes in most programs remain relatively modest as this service continues to grow and 

rehabilitation programs develop automatic referral streams from vascular surgeons and 

interventionalist. To guide the clinician in treating patients with PAD, the American 

Association of Cardiovascular and Pulmonary Rehabilitation and Vascular Disease 

Foundation developed a PAD Exercise Training Toolkit. The toolkit outlines and 
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suggests using a standard training protocol of supervised treadmill walking as the primary 

mode of exercise (AACVPR/VDF, 2010). In addition to the toolkit, the American 

College of Sports Medicine has published guidelines for prescribing exercise to patients 

with PAD (ACSM, 2022). Both guidelines suggest using the treadmill as the preferred 

mode of exercise for patients with PAD. Currently, most patients in SET for PAD 

programs are using the treadmill as the primary mode of walking training. 

OVERGROUND WALKING IN A SUPERVISED CLINICAL SETTING  

Multiple review articles and position statements support walking as beneficial and 

as the primary mode of exercise for patients with PAD (Gerhard-Herman et al, 2017; 

Hamburg and Balady, 2011; Askew et al, 2014). In a 1995 meta-analysis looking at 

exercise in patients with PAD, Gardner and Poehlman (1995) concluded that the optimal 

exercise program included intermittent walking at near maximal claudication pain. 

However, compliance is low and dropout rates are high with these types of exercise 

programs for patients with PAD (Bendermacher et al, 2007).  

Patients with PAD who participate in supervised treadmill exercise programs 

show greater increases in maximal treadmill walking distance versus patients who 

participate in unsupervised home-based walking programs or who receive walking advice 

(Hageman et al, 2018). McDermott et al (2009) have demonstrated that patients with 

PAD show large improvements in maximal treadmill walking time (51%) when 

participating in supervised treadmill exercise interventions, yet only show minimal 

improvement (6.4%) in 6MWT distances. Conversely, patients with PAD who completed 

a home-based over ground walking program have shown an improvement (12%) in six-

minute walk test distances nearly double that shown in the treadmill training program 
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(McDermott et al, 2013). This suggests there may be a specificity of the training mode 

such that patients who train on a treadmill show greater increases in treadmill 

performance measures and patients who train overground show greater improvement in 

the 6MWT distance.  

The literature on supervised walking therapy for patients with PAD includes 

almost exclusively treadmill training. Conversely, the research on overground walking 

training includes almost exclusively unsupervised, home-based training. Six randomized 

controlled trials have reported the results of overground ambulation training in a 

supervised setting and all used treadmill testing for the primary walking outcomes 

(Fakhry et al, 2012). Four of these studies used other modes of exercise training in 

addition to overground walking, including upper and lower body exercises, and including 

both active and passive leg exercises (Dahllof et al, 1974; Tisi et al, 1997; Hobbs et al, 

2006; Hobbs et al, 2007). One study used polestriding as the mode of exercise (Langbein 

et al, 2002). Including other modes of exercise or assistive devices with walking (e.g., 

polestriding) makes it difficult to truly measure the impact of supervised walking therapy. 

Lastly, only one trial used overground walking exclusively in a supervised setting (Gelin 

et al, 2001). This study compared a surgical intervention to supervised exercise and a 

control group. Only the surgical intervention group showed improvement in treadmill 

workload and distance, leg blood flow, and leg blood pressure. The supervised exercise 

and control groups did not improve in any of the outcome measures. The authors 

concluded that supervised exercise training offered no benefit compared to controls 

(Gelin et al, 2001). This study appears to highlight the importance of the specificity of 

training and using the appropriate outcome measure for functional capacity. 
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In addition, the unpublished study in chapter IV compared a novel combination 

treadmill and ambulation training protocol (COMBO) with a commonly used standard 

treadmill only training protocol (STAND) in patients with PAD. This was the first study 

to compare the difference between two training protocols on 6MWT performance in 

patients with PAD. The 6MWT total distance did not differ between the COMBO and 

STAND training protocols. However, both the 6MWT claudication onset distance and 

claudication onset time were greater in the COMBO group versus the STAND group. The 

results of this study suggest that ambulation training may improve 6MWT performance 

compared treadmill only training in patients with PAD. 

Treadmill only training protocols are beneficial but may not be the optimal 

training protocol for patients with PAD and intermittent claudication. The treadmill 

protocol in the PAD Exercise Training Toolkit (AACVPR/VDF, 2010) includes a short 

warm-up period of 4-5 minutes and then introduces a training workload that is at or near 

the ischemic (claudication) threshold. The limited warm-up period and sudden intensity 

in workload has the potential to compromise performance, increase symptoms, and 

decrease both compliance to and enjoyment of the exercise. In addition, this protocol 

focuses on increasing treadmill incline (up to 10% or more) over increasing walking 

speed. The rationale is that patients with PAD generally walk at slow speeds due to their 

claudication symptoms and would tolerate a change in incline over a change in speed. 

Using treadmill only walking and including elevation changes not seen in normal daily 

life may not translate as well to ground walking or to everyday functional capacity as 

overground ambulation training.  



101 
 

An ideal exercise training protocol for a patient with PAD would include 

supervision, an extended warm-up period, progressive increases in workload and 

overground walking at speeds that mimic normal walking gait and translate to improved 

6MWT performance. Including ambulation training in a supervised setting for patients 

with PAD may have the potential to improve six-minute walk test distance and 

meaningful clinical outcomes to a greater extent than treadmill training alone. 

PASSIVE HEAT AND PERIPHERAL ARTERIAL DISEASE 

The benefits of including walking exercise as the primary mode of treatment for 

patients with PAD are well established (Gerhard-Herman et al, 2017; Hamburg and 

Balady, 2011; Askew et al, 2014). Generally, any walking will improve patient 

outcomes, but supervised exercise therapy is superior to unsupervised exercise therapy 

(Fokkenrood et al, 2013). However, compliance is low and dropout rates are high with 

these types of exercise programs because patients are either unwilling or unable to 

tolerate the exercise due to the symptoms of claudication pain (Bendermacher et al, 

2007). Finding alternative treatments for patients with PAD is critical to improve patient 

outcomes such as reduced cardiovascular events and mortality. Passive heat therapy has 

shown promise in improving cardiovascular health and function and may prove to be an 

important strategy in the treatment of patients with PAD. 

Recent attention has been focused on the use of passive heat therapy to improve 

cardiovascular health and function. The impetus for this attention can be attributed to the 

results of a 30-year prospective study out of Finland showing that a lifetime of sauna use 

could reduce the risk of both cardiovascular-related and all-cause mortality (Laukkanen 

et al, 2015). There are a few published trials that have investigated passive heat 
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interventions on patients with peripheral arterial disease. In 2007, Tei and colleagues 

published a research correspondence to the editor of the Journal of the American College 

of Cardiology purporting that the Waon therapy (a type of sauna therapy), which they 

developed years earlier for patients with heart failure, was now showing benefits for 

patients with PAD (Tei et al, 2007). In this study they used Waon therapy 5 days per 

week for 10 weeks on 20 patients with PAD and an ankle-brachial pressure index (ABI) 

of <0.9. The results showed that resting leg pain decreased, walking distance increased, 

and 7 pre-existing ulcers healed or significantly improved. Also, the ABI increased in 

almost every subject, which is remarkable since this is typically not expected with 

exercise training (Parmenter et al, 2010; Harwood et al, 2016). A few years later, this 

same research group showed that 6 weeks of Waon therapy increased the mobilization of 

CD34+ cells in patients with PAD (Shinsato et al, 2010). Increased CD34+ cells, 

characterized as endothelial progenitor cells, have been associated with improved 

vascular function and health. In one study, patients with PAD and critical limb ischemia 

avoided recommended amputation after injection of CD34+ cells (Subrammaniyan et al, 

2011). 

Recent studies have shown that acute bouts of passive heating can improve 

exercise performance in patients with PAD. Pellinger et al (2019) studied six patients 

with PAD under three randomized treatments conditions 2-7 days apart: bilateral lower 

leg heating for either 15 or 45 minutes, or control. Six-minute walk test distance 

increased 10% and 12% after 15- and 45-minute bouts of heating, respectively, compared 

to the control condition. Both improvements were clinically significant. In addition, 

popliteal artery blood flow increased under both heating conditions (Pellinger et al, 
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2019). More recently, Monroe et al (2021) randomized 16 patients with PAD in a 

crossover design to 90 minutes of lower-extremity heating or a sham treatment prior to a 

cardiopulmonary exercise test on a treadmill. Peak treadmill walking time improved in 

the heat therapy condition, but claudication onset time did not improve (Monroe et al, 

2021).  

The literature on the effects of chronic passive heat therapy on patients with PAD 

is small but gaining interest among researchers. Shinsato and colleagues (2010), in the 

same study that demonstrated improvements in ABI and CD34+ cells with Waon therapy, 

also showed a remarkable improvement in 6MWT distance of 81 m with only six weeks 

of Waon therapy in patients with PAD. Akerman et al (2019) compared 12-weeks of heat 

therapy versus supervised exercise in patients with PAD. The heat therapy group used 

whole-body water immersion at 39 degrees C, 3-5 days/week for <30 minutes, followed 

by <30 minutes of calisthenics. The exercise group walked or engaged in other modes of 

exercise for <90 minutes 1-2 days/week. Both groups showed a 41 m improvement in 

6MWT distance, improvement in 6MWT pain-free walking distance, as well as decreases 

in resting blood pressure. There was no significant difference between groups in any of 

those three outcome measures (Akerman et al, 2019). Monroe et al (2020) studied the 

effect of 6 weeks of bilateral leg heat therapy with water-perfused trousers at 48 degrees 

C versus a sham treatment on 6MWT distance in patients with PAD. There was no 

difference between groups in the 6MWT distance; however, the heat therapy group 

reported a perceived improvement in physical function by scoring significantly higher 

than the sham group on the ’physical function’ subscale of the 36-item Short Form Health 

Survey (Monroe et al, 2020). Monroe and colleagues (2022) have more recently 
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published a study looking at the effects of home-based lower-extremity heat therapy on 

walking performance in patients with PAD. Patients with claudication were randomized 

into leg heat therapy or sham. Patients in both groups were given water-perfusion trousers 

and a portable pump and were instructed to use the treatment for 90 minutes daily for 8 

weeks. At the 8-week follow-up, the heat therapy group increased an average of 21 m in 

the 6MWT distance while the sham group showed no improvement. The benefits of 

passive heating on walking performance in patients with PAD will become clearer as the 

literature grows in this area. 

DIRECTIONS FOR FUTURE RESEARCH 

Peripheral arterial disease leads to an accelerated decline in physical function and 

patients with PAD have a high risk of morbidity and mortality. Improving functional 

capacity in patients with PAD is important to lower the risk of cardiovascular events and 

death. In addition to the recommended guidelines for exercise training for patients with 

PAD, future research studies should explore other interventions to augment the benefits 

of treadmill training in this population.  

There appears to be a benefit to including ambulation training as part of the 

exercise protocol for patients with PAD. Supervised ambulation training has shown to 

improve 6MWT claudication onset distance and claudication onset time in patients with 

PAD. Further research is needed to test components of the exercise prescription, such as 

the duration and intensity, to identify optimal protocols for ambulation training and 

maximize functional capacity in patients with PAD.  

Using passive heat may be another promising strategy to improve cardiovascular 

and health outcomes in patients with PAD. Acute bouts of passive heating and chronic 
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passive heat therapy have both been shown to improve 6MWT distance in this patient 

population. Future studies should investigate the effect of passive heat as both a 

standalone treatment and as an adjunct treatment to exercise training in patients with 

PAD. In addition to functional capacity measurements, these studies should also include 

assessments of vascular function, lab work, and other physiological measurements to 

identify the underlying mechanisms leading to the improved performance. 

Further research on ambulation training and on passive heat therapy can inform 

future treatments for patients with PAD. These and other novel approaches may 

challenge the current paradigm of primarily prescribing treadmill exercise training for 

patients with PAD by introducing and validating new techniques that could become part 

of standard practice and further improve outcomes in patients with PAD. 
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CHAPTER VII 

CONCLUSIONS AND FUTURE DIRECTIONS 

MAIN FINDINGS 

Peripheral arterial disease represents an advanced burden of cardiovascular 

disease and patients with PAD have a high risk of morbidity and mortality. In addition, 

PAD leads to an accelerated decline in physical function and increased disability in both 

symptomatic and asymptomatic patients. The first line of treatment for patients with 

PAD, and without critical limb ischemia, is exercise and risk factor modification. 

Evidenced-based exercise guidelines recommend weight-bearing exercise, specifically 

walking in a supervised setting, as the primary mode of exercise. The primary purpose of 

this dissertation was to expand on the standard practice and explore novel exercise and 

other training techniques that could improve the outcomes of patients with PAD. 

The study in chapter IV compared a novel combination treadmill and ambulation 

training protocol (COMBO) with a commonly used standard treadmill only training 

protocol (STAND) on patients with PAD. This was the first study to compare the 

difference between two training protocols on 6MWT performance in patients with PAD. 

The improvement in 6MWT total distance did not differ between the COMBO and 

STAND training protocols. However, both the 6MWT claudication onset distance and 

claudication onset time were greater in the COMBO group versus the STAND group. The 

results of this study suggest that ambulation training may improve 6MWT performance 

compared treadmill only training in patients with PAD.  

The study in chapter V investigated the effect of an active walking warm-up on 

the results of the 6MWT distance in patients with PAD. The study was the first to assess 
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the effect of an active warm-up on the 6MWT in patients with PAD. The 6MWT total 

distance did not differ between the WARM-UP and NO WARM-UP conditions. 

Additionally, neither the 6MWT claudication onset distance nor claudication onset time 

differed between the WARM-UP and NO WARM-UP conditions. The results of this 

study suggest that an active warm-up of 10-12 minutes of walking on a treadmill at a 

workload between 1.4-2.1 METs may not be enough of a stimulus to increase 6MWT 

distance in patients with PAD. 

Chapter VI was a review article intended to explore novel exercise and other 

interventions that could challenge the current paradigm of exercise training for patients 

with PAD. This was accomplished by reviewing the literature showing improved 

outcomes, particularly 6MWT distance, with exercise in patients with PAD, discussing 

the current state of practice of PAD rehabilitation (SET for PAD), introducing 

overground ambulation in the supervised clinical setting, reviewing the literature on the 

effect of acute and chronic passive heating in patients with PAD, and discussing 

directions for future research with ambulation training and passive heating.  

FUTURE DIRECTIONS 

Walking exercise is well established as the primary mode of treatment for patients 

with PAD. However, many patients do not benefit from this treatment because they are 

either unwilling or unable to tolerate the exercise due to the symptoms of claudication 

pain. Finding alternative treatments for patients with PAD is critical to improve patient 

outcomes such as reduced cardiovascular events and mortality. Supervised ambulation 

training has shown to improve 6MWT performance to a greater extent than treadmill 

training. This improvement could be the difference between a modest patient outcome 
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and a clinically meaningful outcome. In addition, passive heat therapy has shown promise 

in improving cardiovascular health and function and may prove to be an important 

strategy in the treatment of patients with PAD. Future research should introduce and 

explore novel training techniques that could further improve patient outcomes and 

become standard practice. 
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APPENDIX 

 

INFORMED CONSENT DOCUMENTS 

 

Chapter IV: Training Study and Chapter V: Acute Study 
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AUTHORIZATION TO USE AND DISCLOSE HEALTH INFORMATION 

 

Chapter IV: Training Study and Chapter V: Acute Study 
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36-ITEM SHORT FORM QUESTIONNAIRE (SF-36) 

 

Chapter IV: Training Study 
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PHYSICAL ACTIVITY ENJOYMENT SCALE (PACES) 

 

Chapter IV: Training Study 
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