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“The only limit to our realization of tomorrow will be our doubts of today.” 

Franklin D. Roosevelt  
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6MWT: 6-minute walk test 

ABI: Ankle-brachial index 

ADMA: Asymmetric dimethylarginine 

AEx: Arm-ergometry exercise 

ARMEX: Arm-ergometry versus treadmill supervised exercise on cardiorespiratory 

fitness and walking distances in patients with peripheral artery disease 

trial 

BMI: Body mass index 

CAD: Coronary artery disease 

CRP: C-reactive protein 

CPET: Cardiopulmonary exercise test 

CRF: Cardiovascular risk factors 

CVRP: Cardiovascular rehabilitation program 

DALYs: Disability-adjusted life years 

eNOS:  Endothelial nitric oxide synthase 

EPCs: Endothelial progenitor cells 

FITT: Frequency, Intensity, Time, and Type 

FMD: Flow-mediated dilation 

HADS: Hospital Anxiety and Depression Scale 

HBE: Home-based exercise 

HR: Heart rate 

HRQoL: Health-related quality of life 

hsIL-6:  High-sensitivity interleukin-6 

IC: Intermittent claudication 

IL: Interleukin 

MCS: Mental component summary 

MET: Metabolic equivalents 

MWD: Maximal walking distance 

MWT:  Maximal walking time 

NO:  Nitric oxide 

PAD: Peripheral artery disease 

PCS: Physical component summary 

PFWD: Pain-free walking distance 

RCT: Randomized clinical trials 

ABBREVIATIONS AND ACRONYMS 
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RPE: Rating of perceived exertion 

ROS:  Reactive oxygen species 

SET: Supervised exercise training 

SF-36: Short Form Health Survey-36 

TEx: Treadmill exercise 

VE/VCO2: Minute ventilation/carbon dioxide production 

VO2: Oxygen uptake 

VT-1:  First ventilatory threshold 

VEGF: Vascular endothelial growth factor 

WIQ:  Walking Impairment Questionnaire 

WIQd: Walking Impairment Questionnaire distance 
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Background: Lower extremity peripheral artery disease (PAD) is a common condition 

that significantly affects functionality, quality of life, and prognosis. Despite its high 

prevalence and strong association with adverse clinical outcomes, PAD remains 

frequently underdiagnosed and undertreated, receiving less research attention than 

other major cardiovascular diseases. Treadmill-supervised exercise training, combined 

with risk factor management and optimal medical therapy, is the first-line treatment for 

patients with intermittent claudication. However, concerns have been raised regarding 

the negative impact of repeated near-maximal pain on patient adherence. While treadmill 

exercise significantly improves walking distances, it does not consistently lead to 

substantial increases in peak oxygen uptake (VO2 peak), with evidence suggesting that 

arm-ergometry may be more effective in enhancing VO2 peak compared to other exercise 

modalities. 

Aims: This thesis aims to compare arm-ergometry supervised exercise training (AEx) 

with a standard treadmill protocol (TEx) in terms of cardiorespiratory fitness, walking 

distances, walking economy, health-related quality of life (HRQoL), mental health, 

cardiovascular risk factors (CRF), and plasma biomarkers in patients with symptomatic 

PAD. 

Methods: The ARMEX trial was a single-center, single-blinded, parallel-group, non-

inferiority study that enrolled patients with symptomatic PAD. Patients were randomized 

(1:1 ratio) to a 12-week supervised exercise training protocol, either AEx or TEx. The 

primary endpoint was the change in VO2 peak after the 12-week intervention, measured 

during a treadmill cardiopulmonary exercise test (CPET). Secondary outcomes included 

changes in VO2 at the first ventilatory threshold (VT-1), ventilatory efficiency (ratio of 

minute ventilation [VE] to carbon dioxide production [VCO2], VE/VCO2), walking 

distances measured during a CPET and a 6-minute walk test (6MWT), self-reported 

walking limitations (Walking Impairment Questionnaire), walking economy (V̇O2 during 

submaximal effort), HRQoL [Short Form 36 Health Survey (SF-36)], mental health 

(Hospital Anxiety and Depression Scale), CRF (blood pressure, lipid profile, glycated 

hemoglobin, body composition, physical activity levels, sedentary time and smoking), as 

well as inflammatory markers [C-reactive protein (CRP), high-sensitivity IL-6 (hsIL-6)]  

and endothelial dysfunction markers [asymmetric dimethylarginine (ADMA)]. 

Results: Fifty-six patients (66 ± 8 yr; 88% male) were randomized (AEx, n = 28; TEx, n 

= 28). There was no difference between groups in VO2 peak at 12 weeks (0.75 

ABSTRACT 
__________________________________________________________ 
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mL/kg/min; 95% CI, −0.94 to 2.44; p = 0.378), despite a significant increase only in AEx. 

VO2 at VT-1 improved in both groups without significant between-group differences, 

while the VE/VCO2 slope showed greater improvement in AEx. TEx achieved greater 

improvements in maximal walking distance as measured by CPET (121.08 m; 95% CI, 

24.49–217.66; p = 0.015) and 6MWT (25.08 m; 95% CI, 5.87–44.29; p = 0.012), and 

better self-perceived walking distance (8.85; 95% CI, 0.10-17.60; p = 0.048). At 12 

weeks, V̇O₂ between 60 and 240 seconds decreased exclusively in the TEx group, with 

between-group differences. Participation in the TEx group and a lower baseline body 

mass index (BMI) were independently associated with greater improvements in walking 

economy. Improvements in walking economy were inversely correlated with changes in 

VO2 peak and positively correlated with both CPET maximal walking distance and self-

reported walking distance. The physical component summary (PCS) score of the SF-36 

increased in both groups, without between-group differences (1.39; 95% CI, -1.69 to 

4.47; p = 0.368). Role-physical and role-emotional domains improved more in TEx, while 

no between-group differences were observed in the other domains. Changes in PCS 

were significantly associated with improvements in walking distances. Hospital Anxiety 

and Depression Scale scores improved in both groups, without between-group 

differences. This improvement was correlated with self-reported walking distance. Both 

groups showed a reduction in systolic and diastolic blood pressure, without between-

group differences. Significant decreases in total cholesterol and low-density lipoprotein 

cholesterol were observed only in the AEx group, without between-group differences. 

Both groups also showed improvements in weight, BMI, waist circumference, waist-to-

hip ratio, physical activity levels, and smoking reduction, without between-group 

differences. CRP levels decreased significantly only in the AEx group following the 

intervention, without between-group differences (1.11 mg/dL; 95% CI, -1.11 to 16.2; p = 

0.051). At 12 weeks, hsIL-6 levels decreased significantly more in the AEx group (4.27 

pg/mL; 95% CI, 0.76 to 9.12; p = 0.025). Additionally, at 12 weeks, ADMA levels 

decreased significantly only in the TEx group, with a significant between-group difference 

(54.60 ng/mL; 95% CI, 8.92 to 100.28; p = 0.020), favoring the TEx group. 

Conclusions: Arm-ergometry was clinically superior, though not statistically superior, to 

standard treadmill training for improving VO2 peak. It was similarly effective in improving 

VO2 at VT-1 but superior in enhancing ventilatory efficiency compared to treadmill 

training. In contrast, treadmill training was associated with greater improvements in 

walking distances and walking economy. Both interventions led to similar improvements 

in HRQoL, mental health and CRF. Arm-ergometry was more effective in reducing 

inflammation, while treadmill training resulted in a greater reduction in ADMA levels, 
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suggesting a stronger impact on endothelial dysfunction. These findings support 

treadmill training as the first-line choice for improving walking capacity in patients with 

PAD, while arm-ergometry may be a viable option for selected patients. 

Keywords: cardiorespiratory fitness, cardiovascular rehabilitation, cardiovascular risk 

factors, exercise training, intermittent claudication, peripheral artery disease, quality of 

life, plasma biomarkers 
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Introdução: A doença arterial periférica dos membros inferiores (DAP) é uma condição 

clínica comum que afeta significativamente a funcionalidade, a qualidade de vida e o 

prognóstico dos doentes. Apesar da sua elevada prevalência e da forte associação com 

outcomes clínicos adversos, a DAP é frequentemente subdiagnosticada e subtratada, 

recebendo menos atenção na investigação clínica em comparação com outras doenças 

cardiovasculares. O exercício físico supervisionado em tapete rolante, combinado com 

o controlo dos fatores de risco cardiovasculares e uma terapêutica médica otimizada, é 

o tratamento de primeira linha para doentes com claudicação intermitente. No entanto, 

estudos recentes sugerem que a dor recorrente durante este tipo de exercício pode 

comprometer a adesão dos doentes a este tipo de treino. Embora o exercício em tapete 

rolante tenha demonstrado aumentar significativamente as distâncias de marcha, o 

aumento do consumo de oxigénio no pico do exercício (VO2 pico) não tem sido 

demonstrado de forma consistente. Além disso, alguns estudos sugerem que o exercício 

em cicloergómetro de membros superiores pode ser mais eficaz para promover um 

aumento significativo deste parâmetro em comparação com outras modalidades de 

exercício. 

Objetivos: Esta tese tem como objetivo comparar o impacto de um programa de 

exercício físico supervisionado em cicloergómetro de membros superiores (AEx) com o 

protocolo standard em tapete rolante (TEx) na aptidão cardiorrespiratória, distâncias de 

marcha, economia da marcha, qualidade de vida relacionada com a saúde (HRQoL), 

saúde mental, fatores de risco cardiovascular (CRF) e biomarcadores plasmáticos em 

doentes com DAP sintomática. 

Métodos: O ensaio clínico ARMEX foi um estudo unicêntrico, simples-cego, de grupos 

paralelos e de não inferioridade, que incluiu doentes com DAP sintomática. Os doentes 

foram randomizados, numa proporção de 1:1, para um programa de exercício 

supervisionado de 12 semanas, integrando um dos grupos: AEx ou TEx. O outcome 

primário, com poder estatístico para análise, foi a variação do VO2 pico após 12 

semanas, avaliada através de uma prova de esforço cardiopulmonar em tapete rolante 

(CPET). Os outcomes secundários incluíram as variações no VO2 no primeiro limiar 

ventilatório (VT-1), eficiência ventilatória (relação entre a ventilação por minuto [VE] e a 

produção de dióxido de carbono [VCO2], VE/VCO2), distâncias de marcha obtidas no 

CPET e no teste de 6 minutos de marcha (6MWT), limitações na marcha auto-

percecionadas (Walking Impairment Questionaire), economia da marcha (VO2 durante 

RESUMO 
__________________________________________________________ 
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o esforço submáximo), qualidade de vida relacionada com a saúde [Short Form 36 

Health Survey (SF-36)], saúde mental (Escala de Ansiedade e Depressão Hospitalar), 

fatores de risco cardiovascular (pressão arterial, perfil lipídico, hemoglobina glicada, 

composição corporal, níveis de atividade física, tempo de sedentarismo e tabagismo), 

bem como marcadores inflamatórios [proteína C-reativa (CRP) e interleucina-6 de alta 

sensibilidade (hsIL-6)] e marcadores de disfunção endotelial [dimetilarginina assimétrica 

(ADMA)]. 

Resultados: Cinquenta e seis doentes (66 ± 8 anos; 88% do sexo masculino) foram 

randomizados (AEx, n = 28; TEx, n = 28). Ao fim de 12 semanas, a variação do VO2 pico 

não apresentou diferenças estatisticamente significativas entre grupos (0,75 mL/kg/min; 

IC 95%, −0,94 a 2,44; p = 0,378), apesar de se ter registado um aumento significativo 

apenas no grupo AEx. O VO2 no VT-1 melhorou em ambos os grupos, sem diferenças 

significativas entre eles, enquanto o declive VE/VCO₂ apresentou uma melhoria superior 

no grupo AEx. O grupo TEx obteve uma melhoria mais acentuada na distância máxima 

de marcha avaliada pelo CPET (121,08 m; IC 95%, 24,49–217,66; p = 0,015), pelo 

6MWT (25,08 m; IC 95%, 5,87–44,29; p = 0,012) e na distância de marcha auto-

percecionada (8,85; IC 95%, 0,10–17,60; p = 0,048). Às 12 semanas, o VO2 medido 

entre os 60 e 240 segundos diminuiu exclusivamente no grupo TEx, com diferenças 

significativas entre os grupos. A participação no grupo TEx e um índice de massa 

corporal (IMC) basal mais baixo associaram-se, de forma independente, a uma maior 

melhoria na economia da marcha. As alterações na economia da marcha 

correlacionaram-se inversamente com as alterações no VO2 pico e positivamente com 

a distância máxima de marcha no CPET e com a distância de marcha auto-

percecionada. O score do componente físico sumário (PCS) do SF-36 aumentou em 

ambos os grupos, sem diferenças significativas entre eles (1,39; IC 95%, -1,69 a 4,47; 

p = 0,368). Os domínios role physical e role emotional melhoraram mais no grupo TEx, 

enquanto não foram observadas diferenças entre os grupos nos restantes domínios. As 

alterações no PCS associaram-se significativamente à melhoria observada nas 

distâncias de marcha. Os scores da Escala de Ansiedade e Depressão Hospitalar 

melhoraram em ambos os grupos, sem diferenças entre eles. Esta melhoria 

correlacionou-se com a distância de marcha auto-percecionada. Ambos os grupos 

apresentaram uma redução da pressão arterial sistólica e diastólica, sem diferenças 

entre os grupos. Reduções significativas nos níveis de colesterol total e colesterol LDL 

foram observadas apenas no grupo AEx, sem diferenças entre os grupos. Além disso, 

ambos os grupos registaram melhorias no peso, IMC, perímetro abdominal, ratio 

perímetro abdominal/perímetro da anca, níveis de atividade física e redução do 
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tabagismo, sem diferenças entre os grupos. Os níveis de CRP diminuíram 

significativamente apenas no grupo AEx após a intervenção, sem diferenças 

significativas entre os grupos (1,11 mg/dL; IC 95%, -1,11 a 16,2; p = 0,051). Às 12 

semanas, os níveis de hsIL-6 diminuíram significativamente mais no grupo AEx (4,27 

pg/mL; IC 95%, 0,76 a 9,12; p = 0,025). Além disso, às 12 semanas, os níveis de ADMA 

diminuíram significativamente apenas no grupo TEx, com uma diferença significativa 

entre os grupos (54,60 ng/mL; IC 95%, 8,92 a 100,28; p = 0,020), favorecendo o grupo 

TEx. 

Conclusões: O exercício físico em cicolergómetro de membros superiores demonstrou 

ser clinicamente superior, embora sem significância estatística, em comparação com o 

treino em tapete rolante no que diz respeito à melhoria do VO2 pico. Apresentou eficácia 

semelhante na melhoria do VO₂ no VT-1, mas mostrou-se superior na melhoria da 

eficiência ventilatória em comparação com o treino em tapete rolante. Em contraste, o 

treino em tapete rolante foi associado a um maior incremento nas distâncias de marcha 

e na economia da marcha. Ambas as intervenções resultaram em melhorias 

semelhantes na qualidade de vida relacionada com a saúde, na saúde mental e nos 

fatores de risco cardiovascular. O exercício em cicloergémetro de membros superiores 

revelou-se mais eficaz na redução da inflamação, enquanto o treino em tapete rolante 

resultou numa maior redução nos níveis de ADMA, sugerindo um impacto mais 

pronunciado na disfunção endotelial. Estes resultados sustentam o treino em tapete 

rolante como a primeira escolha para melhorar a capacidade de marcha em doentes 

com DAP, enquanto o treino em cicloergómetro de membros superiores poderá ser uma 

opção viável para doentes selecionados. 

Palavras-chave: aptidão cardiorrespiratória, biomarcadores plasmáticos, claudicação 

intermitente, doença arterial periférica, exercício, fatores de risco cardiovascular, 

qualidade de vida, reabilitação cardiovascular 
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1. PERIPHERAL ARTERY DISEASE: DEFINITION, EPIDEMIOLOGY, CLINICAL 

SIGNIFICANCE AND MANAGEMENT 

Peripheral arterial disease is a clinical condition that affects arteries outside of the heart 

and brain.1 One subtype is lower extremity peripheral artery disease (PAD), which 

involves disease of the arteries extending from the distal aorta to the foot and is most 

commonly caused by atherosclerosis.1, 2 The scope of this thesis is limited to lower 

extremity PAD due to atherosclerosis and does not include other causes. 

In 2019, the global prevalence of PAD was 1.52%.3 It was higher in females (2.03%) 

compared to males (1.01%) and increased with age, reaching 14.91% in individuals aged 

80 to 84 years.3 PAD affects approximately 113 million people aged 40 and older, with 

42.6% of cases occurring in countries with low-to-middle sociodemographic indices.3 

Although PAD is more common in females, its overall burden, measured in disability-

adjusted life years (DALYs), remains similar between the sexes.3 The strongest risk 

factors for PAD include older age, cigarette smoking, and diabetes mellitus.4 

Hypertension and dyslipidemia are also independent risk factors.4 Modifiable risk factors 

account for approximately 70% of the total DALYs associated with the global PAD 

burden.3 Patients with PAD have a worse prognosis compared to healthy individuals of 

the same age group, with higher rates of all-cause and cardiovascular mortality, making 

it a significant public health concern.5 A systematic review has shown that they have, at 

least, a comparable risk of all-cause and cardiovascular mortality to patients with 

vascular disease in other territories.6 In fact, their risk of major cardiovascular events, 

such as stroke or acute myocardial infarction, is at least equivalent to those with 

established coronary disease.6 These patients are also more likely to have disease in 

more than one vascular territory and a greater number of uncontrolled cardiovascular 

risk factors (CRF).7 Intermittent claudication is the hallmark clinical manifestation of PAD 

and negatively impacts patients' activities of daily living and mobility.2 The functional 

capacity of patients with intermittent claudication is approximately half of age-matched 

healthy individuals, which corresponds to a functional limitation similar to New York Heart 

Association class III heart failure.8 This functional impairment is progressive, with 

patients reporting a decrease of 8.4 meters per year in self-reported questionnaires 

assessing maximal walking distance.9 Patients with PAD frequently avoid physical 

activity, which leads to a vicious cycle that worsens their functional status and negatively 

affects their health-related quality of life (HRQoL).10 The functional disability, morbidity 

INTRODUCTION 
__________________________________________________________ 
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and mortality and healthcare resources utilization driven by PAD is associated with a 

high economic impact, exceeding that attributed to coronary and cerebrovascular 

diseases.7 Costs are even more relevant in symptomatic patients undergoing 

revascularization procedures where rates of rehospitalizations and re-interventions are 

considerable.7 

Current treatment for PAD focuses on the following main goals: improving functionality 

by relieving symptoms, reducing the risk of major adverse limb events, and decreasing 

the risk of major adverse cardiovascular events.11 Management strategies are 

categorized into lifestyle modifications, medical management, endovascular therapies, 

and surgical interventions.12 Supervised exercise training, combined with risk factor 

management and optimal medical treatment, is the first-line approach for patients with 

intermittent claudication.2, 13 Revascularization procedures should be considered for 

patients with symptomatic PAD and impaired PAD-related quality of life, following a 3-

month period of optimal medical treatment and exercise therapy.13 This is particularly 

relevant for patients who continue to experience disabling limb symptoms and are 

deemed suitable candidates for such interventions.2, 13 This stepwise approach aims to 

mitigate the risk associated with invasive treatments and improve overall cost-

effectiveness.2  

Despite its prevalence, impact on adverse clinical outcomes, and economic burden, PAD 

has been systematically underdiagnosed and has received less research attention and 

recognition compared to other atherosclerotic diseases such as myocardial infarction 

and stroke.14, 15 

 

2. IMPACT OF EXERCISE TRAINING ON FUNCTIONAL CAPACITY, QUALITY OF LIFE, 

ADVERSE EVENTS AND MORTALITY IN PAD PATIENTS 

Over the past three decades, several randomized clinical trials (RCT) have consistently 

shown that treadmill-based supervised exercise training enhances walking performance 

in patients with PAD.16 Previous meta-analyses have confirmed that exercise training 

significantly improves functional capacity, including increases in maximal walking 

distance (MWD), pain-free walking distance (PFWD), self-reported walking ability, and 

aerobic capacity (table 1). A recent umbrella review17, incorporating sixteen studies and 

198 meta-analytic comparisons, concluded that supervised aerobic exercise (walking 

until moderate to maximum claudication pain) significantly improved walking distances 

(with MWD increasing by approximately 178 meters and PFWD by 70 meters), self-
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reported walking ability [with improvements of 9.22, 8.71 and 8.02 points on distance, 

speed  and stair climbing scores, respectively, as assessed by the Walking Impairment 

Questionnaire (WIQ)] and aerobic capacity [with a 0.62 mL/Kg/min improvement in peak 

oxygen uptake (VO2 peak)] compared to usual care.17 Based on this substantial body of 

evidence, international guidelines provide a class I recommendation, supported by level 

A evidence, endorsing supervised exercise programs for treating symptomatic patients 

with PAD.1, 2, 18  

These patients often experience a significant impairment in HRQoL.19 Research has 

shown that this impairment is comparable to that observed in individuals with other 

cardiovascular diseases.19 Moreover, poor HRQoL is a predictor of long-term survival in 

this population, offering prognostic value beyond established biomedical risk factors.20 A 

recent statement highlighted the need to include HRQoL assessments in evaluating 

treatment outcomes for all symptomatic PAD patients.16 This approach aims to determine 

whether therapies that improve exercise performance also enhance patients' perceptions 

of their ability to perform daily activities.16 There is significant heterogeneity in studies 

assessing the impact of exercise on patients' HRQoL, largely due to the use of different 

scales and follow-up periods.21 The aforementioned umbrella review identified three 

systematic reviews that evaluated the effect of exercise training (walking was the more 

frequent exercise prescription) on HRQoL, as measured by the Short Form Health 

Survey-36 (SF-36) and SF-20 questionnaires, compared to usual care.17 The three 

systematic reviews found significant improvements in the SF-36 physical component 

summary (PCS) score [MD: 1.24 (9 studies)22; MD: 2.15 (5 studies)21; MD: 2.76 (3 

studies)23] but not in the mental component summary (MCS) score (in one study21, the 

MCS improvement was no longer observed when a random-effects model was applied). 

The authors concluded that future trials should explore various modes and components 

of exercise prescriptions to determine which specific elements most effectively improve 

HRQoL.21-23 

In patients with PAD, reduced exercise capacity, measured in metabolic equivalents 

(MET) during a treadmill exercise test, is a strong predictor of cardiovascular and all-

cause mortality.24 Each additional MET achieved is associated with a 17% reduction in 

total mortality and a 20% reduction in cardiovascular mortality, after adjusting for age.24 

Additionally, poor baseline performance on the 6-minute walk test (6MWT) is linked to 

increased mortality, even after adjusting for confounders factors.25 A recent trial showed 

that light and moderate-to-vigorous intensity physical activity is associated with 50%, 

58% and 66% lower risk of all-cause and cardiovascular mortality in PAD patients with 

claudication, respectively.26 The authors of the previously described umbrella review 
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identified two meta-analyses that reported adverse events and mortality following the  

implementation of an exercise program compared to usual care.17 One of these meta-

analysis21 found no evidence of an effect of exercise training compared to usual care on 

all-cause mortality (5 RCT) or amputation (1 RCT). The other meta-analysis27 evaluated 

the adverse events of an exercise program versus usual care and found no significant 

between-group differences. All included studies in both meta-analyses reported these 

outcomes as secondary, with a maximum follow-up time of twelve months. Therefore, a 

longer follow-up period is often necessary to observe meaningful differences in these 

types of outcomes. Retrospective data has provided some insight into the mortality 

benefit of exercise for PAD.28, 29 More randomized studies are needed to clarify the 

impact of exercise training on mortality, amputation and other cardiovascular and limb 

events.17, 21, 27  
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Author / 
Year 

Population Studies 
included/ 

Participants  

Outcome 
Measures 

Studies and 
Participants 
/ Outcome 

Effect size (95% CI, p 
value) 

Lane 
201721 

IC due to 
PAD 

32 RCT; 
1835 
participants 

MWD 10 RCT; 500 
participants 

120.36 m (95% CI 50.79 
to 189.92; p<0.00007) 

PFWD 9 RCT; 391 
participants 

82.11 m (95% CI 71.73 
to 92.48; p<0.00001) 

MWT 12 RCT; 577 
participants 

4.51 min (95% CI 3.11 to 
5.92; p<0.00001) 

PFWT 11 RCT; 534 
participants 

2.93 min (95% CI 1.77 to 
4.09; p<0.0001) 

SF-36: PCS 5 RCT; 429 
participants 

2.15 (95% CI 1.26 to 
3.04; p<0.00001) 

SF-36: MCS 4 RCT; 343 
participants 

3.76 (95% CI 2.70 to 
4.82; p<0.00001) 

Mortality 5 RCT; 540 
participants 

RR 0.92 (95% CI 0.39 to 
2.17; p=0.85) 

Amputations 1 RCT; 177 
participants 

RR 0.20 (95% CI 0.01 to 
4.15; p=0.3) 

Parmenter 
201530 

PAD 15 RCT; 
1257 
participants 

WIQ speed 11 RCT 9.60 (95% CI 6.98 to 
12.23; p<0.00001) 

WIQ 
distance 

10 RCT 7.41 (95% CI 4.49 to 
10.33; p<0.00001) 

WIQ stair-
climbing 

10 RCT 5.07 (95% CI 3.16 to 
6.99; p<0.00001) 

SF-36: PCS 
score 

9 RCT 1.24 (95% CI 0.48 to 
2.01; p=0.001) 

SF-36: MCS 
score 

6 RCT -0.55 (95% CI –1.27 to 
0.18; p=0.14) 

Fassora 
202231 

Symptomatic 
PAD 
(Fontaine II / 
Rutherford 
stages 1–3) 

19 RCT; 
1132 
participants 

MWD 18 RCT; 
1044 
participants 

178 m (95% CI 142 to 
214; p<0.00001) 

PFWD 13 RCT; 895 
participants 

103 m (95% CI 81 to 
125; p<0.00001) 

VO2 peak 12 RCT; 665 
participants 

2.1 mL/kg/min (95% CI 
1.3 to 2.8; p<0.00001) 

Fakhry 
201232 

IC due to 
PAD 

25 RCT; 916 
participants 

MWD 24 RCT; 916 
patients 

180 m (95%CI, 130 to 
230 m) 

PFWD 20 RCT; 708 
patients 

128 m (95% CI, 92 to 
165 m) 

Parmenter 
201522 

PAD 41 RCT; 
1938 
participants 

MWD 22 RCT 41.0 m (95 % CI 28.8 to 
53.2; p<0.00001) 

PFWD 18 RCT 68.8 m (95 % CI 54.4 to 
83.2; p<0.00001) 

VO2 peak 19 RCT 0.62 ml/kg/min (95 % CI 
0.47 to 0.77; p<0.00001) 

6MWT 
MWD 

8 RCT 34.9 m (95 % CI 25.6 to 
44.1; p<0.00001) 

6MWT 
PFWD 

4 RCT 52.7 m (95 % CI 24.7 to 
80.6; p=0.0002) 

 

Table 1. Key meta-analyses comparing supervised exercise to usual care. Abbreviations: 

6MWT: 6-minute walk test; IC: intermittent claudication; MWD: maximal walking distance; MWT: 

maximal walking time; PAD: peripheral artery disease; PFWD: pain-free walking distance; PFWT: 

pain-free walking time; RCT: randomized controlled trial; SF-36 MCS: short form health survey-

36 mental component summary; SF-36 PCS: SF-36 physical component summary; VO2: oxygen 

uptake; WIQ: walking impairment questionnaire. 
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3. CHARACTERISTICS OF THE EXERCISE INTERVENTION: SETTING AND PROTOCOL 

Supervised exercise training (SET) is a first-line treatment for patients with symptomatic 

PAD and is typically conducted in a hospital setting.33 Several studies have shown that 

SET is more effective than unsupervised exercise, including home-based exercise (HBE) 

and walking advice, for treating these patients.23 A recent meta-analysis demonstrated 

greater improvement in walking distances after SET compared to HBE in patients with 

intermittent claudication.34 However, a sub-analysis including only trials where HBE 

featured remote monitoring and/or self-monitoring found that the between-group 

differences were no longer significant.34 The authors concluded that for HBE to be 

effective, it should be structured and personalized, following a specific exercise 

prescription and including proper monitoring.34 Given the variety of possible monitoring 

methods, standardization is required, and future research is needed.34 Structured 

education programs that include educational sessions and behavioral change 

techniques (such as motivational interviewing, barrier identification/problem-solving and 

feedback on performance) have shown potential to improve walking distances and 

physical activity levels.33, 35 These programs can equip patients with the knowledge and 

skills necessary to successfully self-manage their condition.33 

Based on previous studies and guidelines, the more recommended FITT (frequency, 

intensity, time, and type) exercise prescription parameters as follows: a frequency of 3 

sessions per week, involving intermittent walking at an intensity that induces at least 

moderate claudication pain, with each session lasting 30 to 60 minutes, over a duration 

of 12 to 24 weeks (figure 1).16, 33 Regarding training intensity, most studies use 

claudication pain severity (assessed with the claudication pain scale) to guide exercise 

prescription.33 There is variability among guidelines concerning the recommended level 

of claudication pain to be precribed.33 Additionally, most trials do not clearly distinguish 

between claudication pain intensity and exercise training intensity (measured using 

percentages of heart rate, VO2, or the rating of perceived exertion (RPE) on the Borg 

scale) when describing the interventions.33 A meta-analysis has provided strong 

evidence supporting high-pain exercise and some evidence for low-pain exercise 

compared to usual care.36 The LITE trial, a multicenter study, found that one year of 

home-based walking training at a high pain level was more effective than low-pain 

walking in improving walking performance in patients with PAD.37 The current consensus 

is that patients should exercise at a moderate to high level of claudication pain to 

enhance walking performance.33 However, evidence comparing the effects of exercise 

at different pain intensities is lacking.33 A randomized controlled trial currently underway 

may offer clarity on this issue in the future.38 Claudication pain has been identified as a 
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contributing factor to the low participation rates of PAD patients in SET.39 A systematic 

review found that adherence and completion rates were significantly lower for those 

prescribed exercise at a high claudication pain level compared to low-pain exercise .40 

In this context, a statement from the American Heart Association recommends avoiding 

repeated near-maximal claudication to mitigate this detrimental impact on adherence 

levels.16 Additionally, a statement from the European Society of Cardiology, Vascular 

Medicine and Vascular Surgery suggests that a more flexible approach, considering 

patient’s needs and preferences, migh achieve a higher level of long-term adherence.33 

The most commonly used supervised exercise protocol involves interval treadmill 

walking until the patient experiences moderate to near-maximal leg pain, prompting them 

to stop, and then resuming walking once the pain resolves.16 This protocol has 

demonstrated a greater increase in walking distances, however, most studies compared 

this protocol with usual care or other treadmill protocols, rather than with alternative 

modes of exercise.41 A systematic review found ten RCTs that compared other exercise 

modalities with traditional walking exercise and reported no clear difference between 

alternative modes of exercise and supervised walking exercise regarding MWD and 

PFWD. The authors also noted that the certainty of this evidence was low and that more 

RCTs with adequate methodological quality are needed to provide more robust 

evidence.42 In addition, while the standard treadmill protocol significantly increases 

walking distances, it does not consistently lead to significant improvements in 

cardiorespiratory fitness, specifically VO2 peak,
22 which is one of the most robust and 

validated cardiovascular surrogate markers. A review, in PAD patients, that included this 

parameter as a primary outcome found that arm-ergometry leads to a greater increase 

in VO2 peak compared to other modes of exercise.22 Resistance exercise has been 

shown to increase walking distances in this population compared to usual care.43, 44 

However, this improvement appears to be less than that achieved by walking exercise.43, 

44 A meta-analysis revealed that if resistance training is performed at high-intensity, these 

differences are no longer significant.43 
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Figure 1. Recommended FITT (Frequency, Intensity, Time, and Type) aerobic exercise 

prescription parameters for patients with peripheral artery disease. Abbreviations: HR: 

heart rate; VO2: oxygen uptake; RPE: rating of perceived exertion; SET: supervised exercise 

training. 

 

4. PATHOPHYSIOLOGICAL MECHANISMS UNDERLYING EXERCISE BENEFITS 

The pathophysiological mechanisms by which exercise improves functionality, 

particularly walking capacity, in patients with intermittent claudication, are not yet fully 

understood.10, 45, 46 Current evidence suggests multiple chronic adaptations result from 

exercise training, as discussed below (figure 2).10, 45, 46 Understanding the pathways 

through which exercise improves clinical outcomes may offer new possibilities for 

developing preventive measures or drugs targeting the pathophysiological mechanisms 

of PAD. 

4.1 Hemodynamic response / Calf blood flow 

Traditionally, the functional limitation in PAD has been attributed to decreased blood flow 

caused by obstructive arterial atherosclerotic disease. Fixed atherosclerotic plaques, 

indicated by a decreased ankle-brachial index (ABI), are certainly a precipitating factor 

leading to functional abnormalities in PAD.46  However, numerous findings have shown 

that the pathophysiology of functional decline and improvement with exercise involves 



17 
 

other mechanisms.47 Several studies have revealed an inconsistent association between 

the severity of the obstruction, assessed by ABI or magnetic resonance imaging, and 

functional status in PAD.48, 49 Although exercise increases walking distances, this 

improvement has not been correlated with hemodynamic measures.46 A systematic 

review of 33 randomized controlled trials (involving 1237 subjects, 698 of whom 

underwent exercise training) revealed no significant improvement in various 

hemodynamic assessments after exercise training, including resting ABI, post-exercise 

ABI, resting arterial calf blood flow,  and reactive hyperemia blood flow post-ischemia.50 

The authors highlight the need for additional research on resting calf blood flow and 

resting toe pressure because of their association with symptom improvement.50 

Therefore, the functional improvement does not appear to be fully explained by an 

anatomical model of increased blood flow. 

4.2 Hemorheological response 

Peripheral vascular resistance throughout the vascular tree is regulated not only by the 

diameter of resistance vessels but also by the rheological behaviour of the blood. 

Hemorheology is determined by a complex interplay of several interconnected factors 

including blood viscosity, plasma viscosity, haematocrit, erythrocyte deformability, 

erythrocyte aggregation, and fibrinogen concentration.51 Several hemorheological 

abnormalities are observed in PAD, such as increased blood and plasma viscosity (due 

to higher haematocrit, plasma fibrinogen levels, and leukocyte count) and decreased 

erythrocyte deformability.52 Exercise has been shown to reduce blood and plasma 

viscosity and increase erythrocyte deformability, thereby facilitating oxygen delivery to 

ischemic skeletal muscle in this population.53-55 

4.3 Angiogenesis 

One of the main chronic adaptations induced by exercise training, especially endurance 

training, is an increase in capillarity in active muscle through a process of angiogenesis, 

which enlarges the capillary-tissue exchange surface.56 Several studies in healthy 

individuals have shown that exercise training leads to a significant increase in the 

number of capillaries, with this increase primarily varying according to the type of muscle 

fiber.57 Exercise has been shown to elevate levels of angiogenic growth factors, including 

vascular endothelial growth factor (VEGF).57  Some trials have demonstrated lower 

capillary density in the calf muscles of patients with PAD.58, 59 This capillary density has 

been correlated with indicators of exercise tolerance, such as VO2 peak, maximal walking 

time (MWT) and pain-free walking time (PFWT).59 Animal models of lower limb ischemia 

subjected to an exercise training protocol demonstrated an improvement of 
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approximately 43% in regional blood flow, as indicated by an increase in the diameter of 

collateral vessels and in levels of VEGF.47 In humans with PAD, data on the angiogenic 

response to exercise is inconsistent. One group of researchers observed an increase in 

capillary density following an exercise program; however, this was not accompanied by 

a significant increase in angiogenic factors such as VEGF-A.58 A recent review found 

conflicting evidence and no clear indication that exercise training leads to a significant 

increase in capillary density in the gastrocnemius muscle of patients with PAD.60 Further 

studies are needed to clarify the role and significance of exercise on this biological 

mechanism in PAD. 

Endothelial progenitor cells (EPCs) are bone marrow-derived cells that promote 

angiogenesis and vascular repair.61 They hold prognostic clinical value and serve as 

biomarkers for cardiovascular disease.61 A systematic review examining the acute and 

chronic effects of various exercise modalities on EPCs in patients with cardiovascular 

and metabolic diseases concluded that both the clinical condition and the exercise 

modality influence the degree of EPC mobilization and the magnitude of long-term 

increases in EPC levels.62 Additionally, a meta-analysis demonstrated that exercise 

training effectively mobilizes EPCs from the bone marrow into circulation in patients with 

cardiovascular disease.63 The authors identified only one study in PAD population that 

showed a significant increase in EPC levels after 3 and 6 months of supervised exercise 

training.64 A recent randomized trial involving a structured HBE training for PAD patients 

over 12 weeks showed a significant increase in circulating EPCs.65  Moreover, there was 

a significant positive correlation between the change in EPC levels and walking capacity, 

as assessed by PFWT time and MWT, in the exercise group.65 Therefore, the 

mobilization of EPCs may contribute to walking improvement in PAD patients 

participating in a structured exercise program.  

4.4 Endothelial function 

The vascular endothelium plays a crucial role in maintaining vascular homeostasis and 

is responsible for important functions such as vasodilatation, anti-platelet activity, 

anticoagulation, fibrinolysis, anti-inflammatory responses, and antiproliferation.66 

Endothelial dysfunction is a key pathophysiological event in the development and 

progression of atherosclerosis.66  Flow-mediated dilation (FMD) is a non-invasive method 

frequently used to assess endothelial function.67 This parameter is significantly reduced 

in PAD and serves as an independent predictor of cardiovascular risk.68 

Several studies have demonstrated that exercise significantly improves endothelial 

dysfunction, as assessed by FMD, in various pathologies.69-71 Several mechanisms have 
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been proposed to explain the enhancement of FMD resulting from exercise: increased 

bioavailability of nitric oxide (NO), a potent endogenous vasodilator, through the 

upregulation of endothelial nitric oxide synthase (eNOS) expression and the reduction of 

its degradation/inactivation by reactive oxygen species (ROS);72 and an increase in 

antioxidant capacity through the upregulation of antioxidant enzymes (such as 

superoxide dismutase, glutathione peroxidase and catalase) while decreasing the 

expression of oxidizing enzymes (such as nicotinamide adenine dinucleotide phosphate 

oxidase and xanthine oxidase).73 

In patients with PAD, some studies have demonstrated a significant increase in FMD,74, 

75 while others have not.76 A recent meta-analysis revealed that exercise training resulted 

in a significant 20% increase in brachial artery FMD among patients with PAD.77 

Subgroup analyses indicated that moderate-intensity exercise had a greater effect on 

FMD compared to vigorous-intensity exercise.77  Additionally, some studies have shown 

a reduction in asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric 

oxide synthase.64, 76 

4.5 Neurohumoral axis 

The autonomic nervous system plays a key role in the pathophysiology of many 

cardiovascular diseases, with the clinical significance and prognostic implications of 

sympathetic hyperactivation being well documented.78 PAD has also been associated 

with autonomic dysfunction.79 Neural regulation of the cardiovascular response to 

exercise involves the interaction of central command, the autonomic nervous system, 

baroreflexes, and local mechanisms, such as the exercise pressor reflex. The acute 

cardiovascular response to dynamic exercise leads to increases in heart rate, blood 

pressure, myocardial contractility, and peripheral vascular resistance, all mediated by a 

sympathetic activation.80 In active muscles, metabolically mediated vasodilation occurs 

to meet increased local oxygen demands.80 Chronic adaptations to exercise include 

increased parasympathetic activity81 and decreased sympathetic activity, resulting in a 

reduction in resting heart rate, increased heart rate variability, improved baroreflex 

function, decreased blood pressure and peripheral vascular resistance.78, 80  In PAD, 

reduced blood flow to the active muscles leads to an exaggerated blood pressure 

response to dynamic exercise. The heightened exercise pressor reflex, which promotes 

sympathetic activation, has been identified as the primary mechanism explaining this 

hypertensive response.82 Additionally, a deregulation of the arterial baroreflex may 

contribute to the commonly observed hypertensive response during exercise.83 

Futhermore, an abnormal response in total peripheral resistance has been noted, as it 

does not decrease during exercise in patients with PAD.84 It has been suggested that the 
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increased accumulation of metabolites and the heightened sensitivity of muscle afferents 

to mechanical and metabolic stimuli in the more ischemic environment of exercising 

muscles in patients with PAD may contribute to progressively higher levels of 

sympathetic outflow.84  

Exercise training has been shown to prevent the exaggerated exercise pressor reflex in 

certain conditions, such as chronic heart failure85, 86 acute myocardial infarction87 and 

hypertension.87 However, further studies on PAD are needed to confirm this effect. 

4.6 Mitochondrial and Muscle function 

Studies in animals and humans have demonstrated mitochondrial abnormalities in the 

skeletal muscle of the lower limbs exposed to ischemia.88 Some trials have reported a 

decrease in mitochondrial activity, particularly in electron transport chain activity89 and in 

the expression of oxidative phosphorylation proteins.90 In patients with PAD, there is an 

early accumulation of intermediate oxidative metabolism products, such as 

acylcarnitines and lactate, suggesting insufficient oxidative metabolism.91 Recent 

advances suggest the existence of mutations in mitochondrial DNA in PAD, particularly 

in the ischemic limb.92 The most common deletion was associated with the loss of genes 

encoding subunits of the respiratory chain complexes.93 Gastrocnemius muscle biopsies 

from patients with PAD demonstrated a significant increase in mitochondrial 

heteroplasmy compared to control subjects.94 PAD is also associated with 

histopathologic changes in calf muscle, including increased fatty infiltration and fibrosis, 

smaller cross-sectional area, lower capillary density, increased levels of apoptosis, 

denervation of distal motor axons, fiber atrophy and a reduced number of type I fibers.88 

Exercise has been shown to decrease levels of acylcarnitines and lactate and increase 

oxygen extraction in the lower limbs.47 Exercise has also been shown to significantly 

increase the amount of angular and target muscle fibers, supporting the hypothesis that 

it induces an adaptive response involving gastrocnemius denervation and 

reinnervation.91 Additionally, there was a significant increase in glycolytic enzymes, 

suggesting a shift in energy metabolism towards glycolysis.91 A randomized clinical trial 

revealed a significant increase in the proportion of slow oxidative myosin heavy chain 

type I within the gastrocnemius myofibers among patients who performed supervised 

treadmill exercise training, compared to those in the control group.95 The impact of 

exercise on mitochondrial activity has yielded inconsistent results.60 While certain trials 

have shown increases in both citrate synthase activity and mitochondrial complex II 

activity, others have not.60 
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4.7 Inflammation and Oxidative stress 

Atherosclerosis is a chronic inflammatory disease, as confirmed by experimental and 

clinical evidence.96 PAD patients have increased levels of inflammatory biomarkers, 

which have been associated with disease progression, the occurrence of cardiac and 

lower limbs arterial events, and the acceleration of functional decline.97 Assessing 

inflammation is challenging, as it involves multiple cells, mediators and pathways. 

Analysing the effects of exercise on inflammation adds further complexity because the 

impact depends on resident macrophages, which exert different effects based on the 

tissue in which they reside.98 Regular exercise is associated with a significant anti-

inflammatory effect.99 Several explanatory mechanisms have been suggested in the 

literature, including the reduction of visceral fat, leading to a decrease in proinflammatory 

adipokines; an increase in interleukin-6 (IL-6) concentration produced by contracting 

muscles, which raises circulating levels of anti-inflammatory cytokines (IL-10 and IL-

1RA) and stimulates cortisol production by adrenal glands; activation of the 

hypothalamic-pituitary-adrenal axis and sympathetic nervous system, resulting in the 

release of cortisol and catecholamines; inhibition of adipose tissue infiltration by 

monocytes and macrophages, and phenotypic switching of macrophages within adipose 

tissue (mechanisms not completely clarified in humans); decreased expression of Toll-

like receptors in monocytes and macrophages, consequently inhibiting the production of 

pro-inflammatory cytokines; reduction in the percentage of inflammatory monocytes 

(CD14+;CD16+) compared to the classical population; and an increase in the number of 

circulating regulatory T cells, which suppress the immune response.99 Some studies 

have shown an acute increase in inflammatory markers and oxidative stress following 

exercise in patients with PAD, particularly with high-intensity exercise.100 However, 

studies assessing the chronic effects of exercise have demonstrated an anti-

inflammatory action in several chronic diseases.98 In patients with PAD, previous trials 

have reported that supervised treadmill exercise reduces circulating vascular and 

inflammatory biomarkers, including intercellular adhesion molecule-1,101 soluble vascular 

cell adhesion molecule-1,102 E-selectin,101 IL-6103 and C-reactive protein (CRP).102 

However, findings from studies examining the effect of exercise training on inflammatory 

biomarkers in PAD patients have been inconsistent. A recent systematic review found 

no significant improvements in CRP, IL-6, or TNF-α levels.77 Differences in exercise 

prescription parameters, such as intensity, frequency, mode, and duration, likely account 

for this disparity in results. 

Low concentrations of ROS are crucial for cell survival, smooth muscle cell proliferation, 

angiogenesis, and homeostasis.104 Endogenous antioxidant systems keep these ROS 
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levels low.104 However, under pathological conditions, excessive ROS surpasses the 

capacity of antioxidant systems, leading to impaired vascular function.104 Patients with 

PAD exhibit a higher abundance of ROS in skeletal muscle compared to healthy 

controls.105 Some studies suggest that exercise may enhance oxidative stress and 

improve the antioxidant response.102, 103 

 

 

Figure 2. Pathophysiological mechanisms through which exercise improves functionality 

in patients with peripheral artery disease. This figure contains modifed images from Servier 

Medical Art (https://smart.servier.com) licensed by a Creative Commons Attribution 3.0 Unported 

License. 

 

5. CARDIOVASCULAR REHABILITATION PROGRAMS 

Cardiovascular rehabilitation is a comprehensive intervention that includes established 

core components which encompass  patient assessment, CRF management and control, 

physical activity counseling, exercise prescription, nutritional guidance, psychosocial 

support, and structured follow-up aimed at achieving rehabilitative goals and secondary 

prevention in both the short and long term.106 The effectiveness of these programs is 

well-established for individuals with coronary artery disease (CAD) and heart failure, 

leading to significant improvements in cardiorespiratory function and quality of life, as 

well as reduced re-hospitalization rates.106  However, decreased mortality rates have 

only been confirmed in CAD patients. 106 

PAD is a well-established indication for integrating a cardiovascular rehabilitation 

program (CVRP).106 These programs, which feature individualized prescriptions of 

supervised exercise combined with risk factor modification strategies, have the potential 
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to alter the clinical trajectory of PAD by reducing symptoms, improving functionality and 

lowering the risk of future cardiovascular events. Recent guidelines identify CVRP as an 

ideal setting for treating PAD patients.18 However, these patients are referred only in a 

minority of cases, typically when they share common features with other cardiovascular 

conditions.106 Previous trials indicate that PAD patients are less likely to initiate and 

complete a CVRP compared to those with CAD.29, 107 Some reports have compared 

improvements in functional capacity between the two groups,29, 107 while others suggest 

a lower increase in VO2 peak following exercise training in PAD patients.108 Devrome et 

colleagues demonstrated a similar improvement in mortality rates for PAD patients 

compared to those without PAD.29 However, evidence supporting CVRP for these 

patients remains limited, as only a small number of randomized controlled trials have 

been conducted.29,109  

 

6. EXERCISE PROGRAMS FOR PAD: IMPLEMENTATION, CHALLENGES, AND 

FUTURE RESEARCH DIRECTIONS 

Despite strong evidence, supervised exercise programs are still underused.33 Few 

centers offer these programs for this specific population, and the situation varies from 

country to country across Europe.110 Even when programs are available, a systematic 

review found that only about 1 in 3 screened individuals are considered suitable and 

willing to participate in this particular intervention.39 The main reasons for non-inclusion 

were: inability to walk on a treadmill (35%), lack of interest or refusal to participate by the 

patient (31%), associated comorbidities that prevent exercise (16%), and travel or 

access constraints for exercise sessions (11%).39 Additionally, up to one-third of patients 

who enroll fail to complete the program due to a lack of motivation, with pain experienced 

during exercise being a significant factor.39 Finding strategies to overcome these barriers 

and identify enablers that promote exercise participation is essential.111 

Some of the research priorities for exercise interventions outlined in the American Heart 

Association statement include comparing different exercise training modalities, 

incorporating functional and quality-of-life outcomes in all intervention studies to gain a 

broader understanding of the impact of exercise on patients' lives, identifying the 

biological pathways through which exercise improves walking performance, and 

conducting studies within real-world clinical populations.16 
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The current thesis aimed to compare the impact of a cardiovascular rehabilitation 

program that incorporates supervised arm-ergometry exercise training with a standard 

treadmill protocol among patients with symptomatic PAD. 

The primary aim was to compare the impact of these two interventions on 

cardiorespiratory fitness, while the secondary objectives included comparing their effects 

on walking distances, walking economy, CRF, HRQoL, symptoms of anxiety and 

depression, and plasma biomarkers. 

The specific objectives and corresponding papers were as follows:  

▪ To compare an arm-ergometry supervised exercise training with a standard 

treadmill protocol on cardiorespiratory fitness [VO2 peak (primary outcome), VO2 

at first ventilatory threshold (VT-1) and minute ventilation/carbon dioxide 

production (VE/VCO2) slope] and in walking distances (PFWD and MWD) among 

symptomatic patients with PAD. (Paper 1) 

▪ To compare an arm-ergometry supervised exercise training with a treadmill 

protocol on walking economy and identify the clinic characteristics and outcomes 

that were associated with walking economy improvement. (Paper 2) 

▪ To compare the effects of an arm-ergometry supervised exercise training 

program with a treadmill protocol on HRQoL and mental health among 

symptomatic patients with PAD. Additionally, to assess the relationships between 

intervention-induced changes in the physical component summary (PCS) score 

of Short Form Health Survey-36 (SF-36) and walking performance outcomes, as 

well as the relationships between intervention-induced changes in Hospital 

Anxiety and Depression scale (HADS) scores and walking performance 

outcomes. (Paper 3) 

▪ To compare the impact of an arm-ergometry supervised exercise training with a 

standard treadmill protocol on CRF in symptomatic PAD patients. (Paper 4) 

▪ To compare an arm-ergometry supervised exercise training with a standard 

treadmill protocol on inflammation and endothelial function biomarkers among 

symptomatic patients with PAD. (Paper 5) 

  

AIMS 
__________________________________________________________ 
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This thesis includes the ARMEX trial and four secondary analyses derived from it. The 

specific methodologies and approaches for each study are thoroughly detailed in the 

articles that comprise this thesis. However, some general aspects are outlined below: 

1. TRIAL DESIGN 

The ARMEX trial was a single-center, single-blinded, parallel-group, non-inferiority, 

randomized clinical trial. Consecutive patients with PAD and intermittent claudication, 

referred to the Cardiovascular Rehabilitation Unit, were invited by a physician to 

participate. Prior to final eligibility determination, all participants underwent a treadmill 

CPET. Enrollment was conducted between January 2017 and April 2023. Eligible 

patients were randomized to either an AEx or a TEx protocol over 12 weeks. 

2. PARTICIPANTS 

Adults aged 18 years or older, diagnosed with symptomatic PAD and referred to the 

Cardiovascular Rehabilitation Unit, were recruited. The inclusion criteria were as follows: 

(i) ability to walk at a minimum speed of 3.2 km/h; (ii) capability to participate in a 

supervised 12-week exercise program; and (iii) no changes in PAD medication 

(cilostazol, pentoxifylline, statins, or antiplatelet therapy) for at least three months prior 

to enrollment. Medication remained unchanged throughout the intervention period. 

Exclusion criteria included: (i) PAD classified as Leriche-Fontaine stages I, III or IV; (ii) a 

revascularization procedure within the previous 12 months; (iii) the presence of other 

chronic conditions that impaired exercise capacity more than PAD; (iv) an acute 

cardiovascular event within 3 months prior to enrollment; and (v) clinical 

contraindications for exercise participation, as defined by current guidelines.112 

3. RANDOMIZATION AND ALLOCATION  

Randomization was conducted using a computer-generated random number sequence 

with a 1:1 allocation ratio and block sizes of four patients. A member of the research 

team, who was not directly involved in patient recruitment or assessment, was 

responsible for the randomization and allocation process. 

4. INTERVENTIONS 

Exercise sessions were conducted twice weekly and included a 10-minute warm-up, 40- 

minutes of treadmill walking or arm-ergometry, 1-2 sets of 12-15 repetitions of ten 

METHODS 
________________________________________________________ 
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resistance exercises (Borg rating of perceived exertion (RPE) 12 – 13) (squats, leg 

extension, leg curls, leg abduction, calf rises, chest press, lateral rises, biceps curls, 

triceps extension and seated row) and a 10-minute cooldown. Sessions were led by a 

physiotherapist and supervised by a physician, both experienced in cardiovascular 

rehabilitation. Heart rate was continuously monitored during sessions using 

electrocardiographic telemetry and recorded every five minutes, along with Borg RPE 

scale ratings for both exercise prescriptions. In the TEx group, patient-reported 

claudication pain severity was also recorded. 

Additionally, all patients received nutritional and psychological interventions in 

accordance with international guidelines.106 They were also encouraged to engage in at 

least two 30-minute home exercise sessions per week, with a weekly log kept to monitor 

unsupervised exercise. 

4.1 Treadmill Supervised Exercise Training 

The treadmill exercise prescription followed a previously established standard 

protocol.113 The initial training intensity was determined based on the baseline CPET and 

was defined as the incline at which claudication pain first occurred, with a starting speed 

of 3.2 km/h. Patients walked until they experienced moderate claudication pain (3 – 4 of 

5 on the claudication scale), at which point they stopped to rest until the pain fully 

subsided before resuming walking. Progression occurred when a patient could walk at a 

given workload for at least 8 minutes before experiencing a pain level of 3 or 4 out of 5 

on claudication scale. Adjustments were made in the following session. First, grade 

increased by 2% increments until 10%. Next, the speed increased in 0.3 km/h increments 

until reaching 4.8 km/h. Then, grade was increased again in 2% increments up to 15%, 

(the last increment was 1%). After that, speed continued to increase in 0.3 km/h 

increments as tolerated. 

4.2 Arm-Ergometry Supervised Exercise Training  

The arm-ergometry exercise prescription followed the established guidelines for this 

population.112 During the first two weeks, patients exercised at 50%–60% of VO2 peak 

(RPE: 12–13). From weeks 3 to 6, intensity increased to 60%–70% of VO2 peak (RPE: 

13), and from weeks 7 to 12, intensity further increased to 70%–80% of VO2 peak (RPE: 

13–14). 
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RESULTS (ORIGINAL PAPERS) 
__________________________________________________________ 

The results of this thesis are presented in the following original papers, which have been 

either published or submitted for publication. The author has actively contributed to their 

conceptualization, execution, analysis, interpretation and writing. 

 

Paper 1: Effect of arm-ergometry versus treadmill supervised exercise on 

cardiorespiratory fitness and walking distances in patients with peripheral artery 

disease: the ARMEX randomized clinical trial.  

Sandra Magalhães, Mário Santos, Sofia Viamonte, Fernando Ribeiro, Joana Martins, 

Cristine Schmidt, Daniel Martinho-Dias, Henrique Cyrne-Carvalho 

J Cardiopulm Rehabil Prev. 2024;44(5):353-360. doi:10.1097/HCR.0000000000000878 

JCR2024: IF:3.3; Q1: Rehabilitation; Percentile JCI: 87 

SciMAGO2023: SJR:1.18; Q1: Cardiology and Cardiovascular Medicine 

 

Paper 2: Walking economy after an arm-ergometry versus a treadmill supervised 

exercise program in patients with peripheral artery disease: findings from the 

ARMEX trial. 

Sandra Magalhães, Mário Santos, Sofia Viamonte, Fernando Ribeiro, Joana Martins, 

Cristine Schmidt, Daniel Martinho-Dias, Henrique Cyrne-Carvalho 

Heliyon. 2025;11(3), e42275. doi.org/10.1016/j.heliyon.2025.e42275 

JCR2024: IF:3.4; Q1: Multidisciplinary; Percentile JCI: 79.1 

SciMAGO2023: SJR:0.62; Q1: Multidisciplinary 

 

Paper 3: Effect of arm-ergometry versus treadmill supervised exercise on health-

related quality of life and mental health in patients with peripheral artery disease: 

secondary outcomes from the ARMEX Trial. 

Sandra Magalhães, Mário Santos, Sofia Viamonte, Fernando Ribeiro, Joana Martins, 

Cristine Schmidt, Henrique Cyrne-Carvalho  

J Patient Rep Outcomes. 2025;9(1):15. doi:10.1186/s41687-025-00847-8 

JCR2024: IF:2.4; Q2: Health Policy & Services; Percentile JCI: 58.5 

SciMAGO2023: SJR:0.87; Q2: Health Informatics 
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Paper 4: Comparing arm-ergometry and treadmill exercise training on 

cardiovascular risk factors in peripheral artery disease: secondary analysis of the 

ARMEX trial. 

Sandra Magalhães, Mário Santos, Sofia Viamonte, Fernando Ribeiro, Joana Martins, 

Cristine Schmidt, Henrique Cyrne-Carvalho  

 Int Angiol. 2025; online ahead of print. doi:10.23736/S0392-9590.25.05364-7 

JCR2024: IF: 1.5; Q3: Pheripheral Vascular Disease; Percentile JCI: 30.2 

SciMAGO2023: SJR:0.41; Q3: Cardiology and Cardiovascular Medicine 

 

Paper 5: Arm-ergometry versus treadmill exercise in patients with peripheral 

artery disease: inflammatory and endothelial outcomes in the ARMEX Trial. 

Sandra Magalhães, Mário Santos, Sofia Viamonte, Manuel Teixeira, Fernando Ribeiro, 

Henrique Cyrne-Carvalho 

J Cardiopulm Rehabil Prev [Submitted for publication] 
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This thesis explores an alternative, practical, and feasible exercise modality that can be 

used in patients with PAD, which often faces challenges with traditional walking 

programs. 

In our first paper, we compared the impact of an arm-ergometry versus a treadmill 

supervised exercise training on cardiorespiratory fitness and walking distances. To the 

best of our knowledge, this was the first trial to compare the impact of these two exercise 

modalities on VO2 peak, as a primary outcome, a robust and validated surrogate marker 

for cardiovascular mortality.114 We observed a significant incease in VO2 peak in the AEx 

group but not in the TEx group, without significant between-groups difference. 

Neverthless, the recorded change from baseline in VO2 peak in both groups (TEx: 0.66 

mL/kg/min; AEx: 1.73 mL/kg/min) was clinically relevant since changes in VO2 peak, in 

symptomatic PAD patients, ranging from 0.4, 1.1, and 1.7 mL/Kg/min are considered to 

have a small, moderate and large clinical importance, respectively.115 Therefore, the 

observed VO2 peak increase within the AEx group was clinically superior. Concerning 

the other cardiorespiratory fitness parameters, we found a significant improvement in 

VO2 at VT-1 in both exercise groups, without significant between-group differences. 

Ventilatory efficiency (VE/VCO2 slope) improved more in the AEx group. Notably, many 

patients who showed improvements in walking distance did not exhibit a corresponding 

increase in VO₂peak at the end of the intervention. This outcome largely depends on 

maximal effort, but many patients discontinue the treadmill CPET due to pain before 

reaching that level of exertion. Therefore, alternative measures such as VO₂ at VT-1 and 

the VE/VCO₂ slope, which reflect submaximal exertion, may be more suitable for 

assessing cardiorespiratory fitness in more symptomatic patients with PAD. Regarding 

walking distances, we assessed both CPET and 6MWT distances. This approach is 

based on the well-established understanding that they represent distinct outcomes 

warranting separate investigation.116 We observed a statistically and clinically meaningful 

improvement in both CPET and 6MWT distances in both exercise groups, with a superior 

increase in the TEx group. We also found a greater improvement in the patient-perceived 

walking distance (WIQd score) in the TEx group. To the best of our knowledge, only one 

pilot study has conducted this comparison in CPET distances.117 However, the ARMEX 

trial was the first study to undertake this comparison in 6MWT distances and WIQ scores. 

The authors of the previously mentioned pilot study reported a tendency toward a greater 

increase in MWD in the treadmill group and in PFWD in the arm-ergometry group.117 

Overall, our findings align with a recent meta-analysis demonstrating that walking 

DISCUSSION 
__________________________________________________________ 



88 

 

exercise produces greater improvements in walking performance compared to other 

exercise modalities performed at the same intensity, while alternative modalities, 

including arm-ergometry, lead to superior increases in VO₂ peak.31 Both outcomes are 

desirable, but the extent of improvement depends on specific exercise prescription 

parameters, including the type of modality used. Speculatively, the clinically greater 

increase in VO₂ peak observed in the AEx group, combined with smaller gains in both 

objectively measured and self-perceived walking distances, suggests a predominance 

of central cardiorespiratory adaptations. The absence of leg pain during arm-ergometry 

exercise may provide a stronger stimulus for enhancing cardiorespiratory function.22 

Although the improvements in walking distances were less pronounced, they remained 

clinically significant.115 These results support the well-established principle of cross-

transfer effects in aerobic exercise training, where physiological adaptations in trained 

muscles also benefit untrained muscle groups.118 Upper-body training has the potential 

to improve the exercise capacity of muscles not directly engaged in the activity.118 

However, the absence of local metabolic adaptations in lower-limb skeletal muscles 

following arm-ergometry likely explains the comparatively smaller improvements in 

walking distances relative to treadmill training.119 

In our second paper, we compared the effect of these two exercise modalities on 

walking economy, which is defined as the metabolic cost of ambulation.120 Aerobic 

endurance performance is influenced by three factors: maximal VO2, VO2 at VT-1, and 

the submaximal oxygen cost of exercise.121 In our sample, patients with symptomtic PAD 

exhibit higher-than-predicted V̇O2 during submaximal walking, resulting in a lower 

walking economy, consistent with findings from other studies.122 An altered gait pattern 

has been suggested as a potential underlying mechanism for reduced walking 

economy.123 We observed a significantly greater improvement in walking economy after 

treadmill exercise training compared to arm-ergometry. Few studies have evaluated this 

outcome following an exercise program in patients with PAD, but those that have support 

the improvement in walking economy after treadmill exercise training124, 125 and the lack 

of improvement after arm-ergometry exercise.119, 126 This improvement in walking 

economy was correlated with both MWD measured by CPET and self-reported walking 

distance. Consequently, the improvement in walking distances following the 12-week 

treadmill exercise program can be partially attributed to the enhancement in walking 

economy, whereas the improvement in walking distances after arm-ergometry cannot be 

explained by the same mechanism. Previous trials have indicated that improvements in 

walking performance during the early weeks of treadmill exercise training are primarily 

driven by enhanced walking efficiency, largely attributed to better gait biomechanics, 



89 
 

whereas later gains are more closely linked to an increase in VO2 peak.127, 128 These 

findings support previous research in healthy individuals, indicating that cross-transfer 

effects (where improved exercise performance occurs in activities involving untrained 

limbs) are primarily driven by central mechanisms.129 In contrast, the specific (non-

transferable) effects are likely attributable to adaptations within the trained muscles, 

reflecting local adaptations.129 We also observed that patients with a higher BMI 

experienced less improvement in walking economy with exercise training. Consequently, 

exploring alternative exercise modalities, such as arm-ergometry, which enhance 

walking distances through mechanisms other than walking economy, could offer greater 

potential benefits for some of these patients. 

In our third paper, we compared the impact of these two interventions on HRQoL and 

mental health outcomes. The assessment of HRQoL has recently been incorporated into 

the treatment algorithm for patients with symptomatic PAD in international guidelines,13 

recognizing the importance of including patient-reported outcome measures to capture 

patients' pain and discomfort, daily functional limitations, and the social and emotional 

impact of living with the disease.2 Additionally, evaluating mental health in clinical 

practice has been deemed crucial, and addressing these conditions should be an integral 

part of comprehensive PAD management.130 Arm-ergometry appears to be a promising 

modality for improving both HRQoL and mental health in these patients, as it avoids pain 

and has been shown to enhance feelings of well-being in this population.131 To the best 

of our knowledge, this is the first study to make this specific comparison in relation to 

these outcomes. Both intervention groups demonstrated a significant improvement in 

most SF-36 domains. Only the role-physical and role-emotional domains of the SF-36 

showed greater enhancement in the TEx group. However, it is important to note that no 

significant between-group differences were observed in the PCS and MCS scores. A 

previous study found that, among patients with PAD, the four strongest predictors of the 

physical function subscale of HRQoL were all patient-based measures of physical 

function: WIQ speed score, history of stumbling while walking, WIQ stair-climbing score, 

and activities of daily living, particularly bathing.132 The observed improvements in 

HRQoL in our trial may have been influenced by the inclusion of balance and 

coordination exercises during the warm-up and cool-down phases of the rehabilitation 

program, along with resistance training. These exercises may contribute to reducing fall 

risk, promoting autonomy, improving walking speed, and enhancing stair-climbing ability, 

factors that, collectively, could play an important role in improving HRQoL in this 

population. The change in the PCS following exercise training correlated with treadmill 

PFWD but showed stronger associations with the 6MWT MWD and self-reported walking 
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distance in the WIQ questionnaire. HADS-A and HADS-D scores improved significantly 

in both groups after the intervention, without differences between groups. This 

improvement was associated with the enhancement in self-reported walking distance. 

Therefore, improvements in outcomes such as MWD measured by the 6MWT, which has 

been shown to better reflect typical daily walking activities,116, 133 or the self-reported 

distance on the WIQ, appear to have a greater impact on HRQoL and mental health in 

this population than treadmill walking performance.  

In our fourth paper, we compared the effects of these two exercise modalities on CRF. 

Research on the impact of CVRP on CRF in patients with PAD remains limited.134, 135 

Some authors question whether the walking exercise that patients with intermittent 

claudication are able to perform is sufficient to achieve meaningful improvements in 

CRF,136 while others highlight the need to explore alternative, pain-free exercise 

modalities that could potentially modify the cardiovascular risk profile in this 

population.135 We observed improvements in the most of the outcomes studied, including 

blood pressure, body weight, body mass index, waist circumference, waist-to-hip ratio, 

smoking status, physical activity levels, and sitting time, without between-group 

differences using either exercise modality. In terms of the lipid profile, improvements in 

TC-C and LDL-C were noted only in the AEx group, although without between-group 

differences. In our study, this group performed continuous arm-ergometry exercise for 

40 minutes, without rest periods, potentially leading to a higher exercise volume and, 

consequently, greater energy expenditure. Previous research indicates that a minimum 

weekly exercise volume and an energy expenditure exceeding 900 Kcal per week are 

necessary to induce positive changes in the lipide profile.137, 138 Further studies with 

larger sample sizes are required to clarify these findings. Overall, our results for CRF 

control after the CVRP were better than those reported in the literature.134, 135 In our study, 

patients participated in a multidimensional CVRP that incorporated several key 

components, in addition to exercise training, including an evaluation by a nutritionist who 

developed an individualized plan for each patient, as well as an intervention with a 

psychologist, which may have enhanced patients' motivation to adhere to preventive 

measures. Throughout the exercise program, patients were encouraged to follow 

preventive strategies, including adhering to their prescribed nutritional plan and engaging 

in home-based exercise. We believe that this comprehensive approach played a crucial 

role in achieving the positive results observed in our study.  

In our fifth paper, we compared the effects of arm-ergometry supervised exercise 

training and a standard treadmill protocol on biomarkers of inflammation and endothelial 

function in patients with PAD. Inflammation and endothelial dysfunction are key 



91 
 

contributors to the initiation and progression of atherosclerosis and are well-recognized 

pathophysiological mechanisms in PAD.10 Our findings demonstrated that arm-

ergometry exercise elicited a greater anti-inflammatory response than treadmill exercise, 

as evidenced by a significantly larger reduction in hsIL-6 and a clear trend toward a more 

pronounced decrease in CRP. Conversely, we observed a greater improvement in 

ADMA levels following treadmill training compared to arm-ergometry. A recent meta-

analysis investigating the effects of exercise training on inflammatory biomarkers and 

endothelial function in PAD patients reported a significant improvement in endothelial 

dysfunction, particularly in FMD, but no significant changes in inflammatory biomarkers 

(CRP and IL-6).77 Most interventions in this meta-analysis involved walking exercise, with 

none including arm-ergometry.77 The ischemia/reperfusion cycles associated with 

treadmill or walking training have been cited as one of the main reasons for the lesser 

impact of this training modality on inflammation.77 Therefore, exercise-induced 

improvements in endothelial function and systemic inflammation appear to occur through 

distinct mechanisms. 
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As discussed in this thesis, both arm-ergometry and treadmill exercise training have 

been shown to improve cardiorespiratory fitness and walking distances to varying 

extents. These outcomes are crucial for the management of patients with PAD and are 

complementary to one another. Therefore, future research should investigate the 

potential benefits of combining these two exercise modalities to optimize therapeutic 

outcomes for PAD patients. 

Additionally, future studies should explore the response of specific subpopulations to 

exercise interventions, such as women, patients with diabetes, and other demographic 

groups, including older adults and individuals from diverse ethnic backgrounds. These 

subgroups may exhibit distinct responses to exercise,139, 140 and understanding these 

differences could lead to more tailored and effective treatment strategies. 

While this thesis primarily focused on the impact of exercise training in patients with 

intermittent claudication, future research should include asymptomatic patients or those 

with atypical symptoms, as they may also experience benefits from exercise-based 

interventions. 

Despite the substantial body of evidence supporting the efficacy of SET in symptomatic 

PAD patients, this approach remains underutilized, with both its availability and 

compliance being low.33 Developing strategies to enhance patient participation and long-

term compliance is essential. As mentioned, pain has been identified a significant barrier 

to exercise compliance.40 For patients who experience pain as a major obstacle, it is 

crucial to explore and offer pain-free exercise modalities. Assessing patient perspectives 

and experiences with exercise programs will be critical in understanding their barriers 

and preferences. Establishing a robust therapeutic partnership between clinicians and 

patients, with individualized exercise interventions based on patient preferences, may 

enhance long-term adherence. Further randomized controlled trials are needed to 

investigate these factors and assess uptake and adherence rates. 

An important gap in the literature is the lack of studies incorporating extended follow-up 

periods to evaluate the sustained long-term effects of SET.141 Evidence suggests that 

physical activity levels tend to decline after completing a SET, leading to reductions in 

walking distances, particularly as measured by the 6MWT.141 Therefore, supporting 

patients in transitioning to the maintenance phase of unsupervised exercise after 

completing SET is essential for sustaining and even improving clinical outcomes. Hybrid 

programs, which combine an initial hospital-based phase with a subsequent home-based 

FUTURE PERSPECTIVES 
__________________________________________________________ 
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phase (supported by telemonitoring, activity diaries, logbooks, home visits, phone calls, 

etc.), may offer additional benefits and warrant further investigation. Long-term follow-up 

studies will be crucial for comparing the impact of these interventions on key outcomes, 

including all-cause mortality, cardiovascular mortality, major adverse limb events (such 

as acute limb ischemia and major amputation), and the need for subsequent 

revascularization. Evaluating the cost-effectiveness of these interventions is also vital to 

ensure the sustainable implementation of effective exercise-based rehabilitation 

programs. 

As noted earlier, the pathophysiological mechanisms by which exercise improves clinical 

outcomes in PAD remain incompletely understood.10 Further research into these 

mechanisms may open new therapeutic avenues, including the development of drugs 

targeting these pathways. Investigating the systemic and local mechanisms underlying 

these benefits, such as changes in endothelial function, inflammation, and muscle 

adaptations, will be crucial in advancing our understanding of exercise’s role in PAD 

management. 
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The findings and insights presented in this thesis lead to the following conclusions: 

The ARMEX trial demonstrated that arm-ergometry exercise resulted in a clinically 

superior improvement in VO₂ peak compared to treadmill exercise in patients with 

intermittent claudication, although this difference did not reach statistical significance 

between the groups. Furthermore, the trial revealed a greater improvement in the 

VE/VCO2 slope in the arm-ergometry group, along with a similar improvement in VO₂ at 

VT-1; both are important indicators of cardiorespiratory fitness. However, the standard 

treadmill protocol was more effective in improving walking distances, as measured by 

CPET, the 6MWT, and self-reported distance in this population. 

Treadmill exercise was found to improve walking economy more than arm-ergometry. 

The observed enhancement in walking distances following the treadmill exercise 

program can, at least partially, be attributed to the improvement in walking economy. 

Moreover, patients with a higher BMI showed less improvement in walking economy 

following exercise training, highlighting the need for tailored care and specialized 

interventions for this group. 

When incorporated into a multidimensional program, both exercise modalities effectively 

enhanced HRQoL, reduced anxiety and depression levels, and similarly improved the 

majority of the evaluated cardiovascular risk factors. 

Arm-ergometry exercise training was more effective than treadmill exercise in reducing 

inflammation, demonstrating a significantly greater reduction in hsIL-6 levels and a clear 

trend toward a reduction in CRP. In contrast, treadmill exercise training led to a greater 

reduction in ADMA levels, indicating a more significant impact on this marker of 

endothelial dysfunction. 

These results support treadmill training as the first-line exercise modality for enhancing 

walking capacity in patients with PAD. However, arm-ergometry emerges as a viable 

complementary or alternative option, particularly for well-selected patients unable to 

engage in long walks or those intolerant to exercise-induced leg pain, as it positively 

influences various outcomes. Prioritizing patient perspectives and preferences will be 

essential to fostering sustained long-term adherence to exercise.  

Overall, this thesis contributes to improved clinical practice in CVRP for the management 

of patients with PAD.  

 

CONCLUSIONS 
__________________________________________________________ 
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