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ABBREVIATIONS AND ACRONYMS
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ABSTRACT

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 (VO 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 VO, peak after the 12-week intervention, measured
during a treadmill cardiopulmonary exercise test (CPET). Secondary outcomes included
changes in VO at the first ventilatory threshold (VT-1), ventilatory efficiency (ratio of
minute ventilation [VE] to carbon dioxide production [VCO;], VE/VCOy), walking
distances measured during a CPET and a 6-minute walk test (6MWT), self-reported
walking limitations (Walking Impairment Questionnaire), walking economy (VO 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 (hslIL-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 VO, peak at 12 weeks (0.75



mL/kg/min; 95% Cl, —0.94 to 2.44; p = 0.378), despite a significant increase only in AEX.
VO, at VT-1 improved in both groups without significant between-group differences,
while the VE/VCO:; slope showed greater improvement in AEX. TEx achieved greater
improvements in maximal walking distance as measured by CPET (121.08 m; 95% ClI,
24.49-217.66; p = 0.015) and 6MWT (25.08 m; 95% ClI, 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, VO, 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
VO, 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% ClI, -1.11t0 16.2; p =
0.051). At 12 weeks, hslL-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% ClI, 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 VO peak. It was similarly effective in improving
VO, 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,



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 fithess, cardiovascular rehabilitation, cardiovascular risk
factors, exercise training, intermittent claudication, peripheral artery disease, quality of
life, plasma biomarkers



RESUMO

Introducgdo: A doenca arterial periférica dos membros inferiores (DAP) é uma condi¢éo
clinica comum que afeta significativamente a funcionalidade, a qualidade de vida e o
progndstico dos doentes. Apesar da sua elevada prevaléncia e da forte associacao com
outcomes clinicos adversos, a DAP ¢é frequentemente subdiagnosticada e subtratada,
recebendo menos atencéo na investigacao clinica em comparacdo com outras doencas
cardiovasculares. O exercicio fisico supervisionado em tapete rolante, combinado com
o controlo dos fatores de risco cardiovasculares e uma terapéutica médica otimizada, é
o tratamento de primeira linha para doentes com claudicacao intermitente. No entanto,
estudos recentes sugerem que a dor recorrente durante este tipo de exercicio pode
comprometer a adesdo dos doentes a este tipo de treino. Embora o exercicio em tapete
rolante tenha demonstrado aumentar significativamente as distancias de marcha, o
aumento do consumo de oxigénio no pico do exercicio (VO2 pico) ndo tem sido
demonstrado de forma consistente. Além disso, alguns estudos sugerem que o exercicio
em cicloergbmetro de membros superiores pode ser mais eficaz para promover um
aumento significativo deste parametro em comparacdo com outras modalidades de

exercicio.

Objetivos: Esta tese tem como objetivo comparar o impacto de um programa de
exercicio fisico supervisionado em cicloergbmetro de membros superiores (AEX) com o
protocolo standard em tapete rolante (TEX) na aptiddo cardiorrespiratoria, distancias de
marcha, economia da marcha, qualidade de vida relacionada com a saude (HRQoL),
saude mental, fatores de risco cardiovascular (CRF) e biomarcadores plasméaticos em

doentes com DAP sintomatica.

Métodos: O ensaio clinico ARMEX foi um estudo unicéntrico, simples-cego, de grupos
paralelos e de ndo inferioridade, que incluiu doentes com DAP sintomatica. Os doentes
foram randomizados, numa proporcdo de 1:1, para um programa de exercicio
supervisionado de 12 semanas, integrando um dos grupos: AEx ou TEx. O outcome
primario, com poder estatistico para andlise, foi a variagdo do VO, pico apos 12
semanas, avaliada através de uma prova de esfor¢o cardiopulmonar em tapete rolante
(CPET). Os outcomes secundarios incluiram as varia¢cdes no VO» no primeiro limiar
ventilatorio (VT-1), eficiéncia ventilatéria (relacéo entre a ventilagdo por minuto [VE] e a
producao de dioxido de carbono [VCO;], VE/VCOy), distancias de marcha obtidas no
CPET e no teste de 6 minutos de marcha (6MWT), limitacbes na marcha auto-

percecionadas (Walking Impairment Questionaire), economia da marcha (VO: durante
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o esforgco subméximo), qualidade de vida relacionada com a saude [Short Form 36
Health Survey (SF-36)], saide mental (Escala de Ansiedade e Depressao Hospitalar),
fatores de risco cardiovascular (pressao arterial, perfil lipidico, hemoglobina glicada,
composi¢do corporal, niveis de atividade fisica, tempo de sedentarismo e tabagismo),
bem como marcadores inflamatérios [proteina C-reativa (CRP) e interleucina-6 de alta
sensibilidade (hslL-6)] e marcadores de disfuncéo endotelial [dimetilarginina assimétrica
(ADMA)].

Resultados: Cinquenta e seis doentes (66 = 8 anos; 88% do sexo masculino) foram
randomizados (AEX, n = 28; TEXx, n = 28). Ao fim de 12 semanas, a variacdo do VO pico
ndo apresentou diferencas 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 VO; no VT-1 melhorou em ambos os grupos, sem diferencas
significativas entre eles, enquanto o declive VE/VCO, apresentou uma melhoria superior
no grupo AEx. O grupo TEx obteve uma melhoria mais acentuada na distancia maxima
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 distancia de marcha auto-
percecionada (8,85; IC 95%, 0,10-17,60; p = 0,048). As 12 semanas, o VO, medido
entre os 60 e 240 segundos diminuiu exclusivamente no grupo TEx, com diferencas
significativas entre os grupos. A participacdo no grupo TEx e um indice de massa
corporal (IMC) basal mais baixo associaram-se, de forma independente, a uma maior
melhoria na economia da marcha. As alteracbes na economia da marcha
correlacionaram-se inversamente com as alteragdes no VO3 pico e positivamente com
a distancia maxima de marcha no CPET e com a distancia de marcha auto-
percecionada. O score do componente fisico sumario (PCS) do SF-36 aumentou em
ambos os grupos, sem diferencas significativas entre eles (1,39; IC 95%, -1,69 a 4,47,
p = 0,368). Os dominios role physical e role emotional melhoraram mais no grupo TEX,
enquanto ndo foram observadas diferencas entre 0os grupos nos restantes dominios. As
alteracbes no PCS associaram-se significativamente a melhoria observada nas
distancias de marcha. Os scores da Escala de Ansiedade e Depressao Hospitalar
melhoraram em ambos o0s grupos, sem diferencas entre eles. Esta melhoria
correlacionou-se com a distancia de marcha auto-percecionada. Ambos 0s grupos
apresentaram uma reducdo da pressao arterial sistolica e diastélica, sem diferencas
entre os grupos. Reducdes significativas nos niveis de colesterol total e colesterol LDL
foram observadas apenas no grupo AEx, sem diferencas entre os grupos. Além disso,
ambos os grupos registaram melhorias no peso, IMC, perimetro abdominal, ratio

perimetro abdominal/perimetro da anca, niveis de atividade fisica e redugcdo do



tabagismo, sem diferencas entre os grupos. Os niveis de CRP diminuiram
significativamente apenas no grupo AEx apds a intervencdo, sem diferencas
significativas entre os grupos (1,11 mg/dL; IC 95%, -1,11 a 16,2; p = 0,051). As 12
semanas, os niveis de hslL-6 diminuiram significativamente mais no grupo AEx (4,27
pg/mL; IC 95%, 0,76 a 9,12; p = 0,025). Além disso, as 12 semanas, 0s niveis de ADMA
diminuiram significativamente apenas no grupo TEX, com uma diferenca significativa
entre os grupos (54,60 ng/mL; IC 95%, 8,92 a 100,28; p = 0,020), favorecendo o grupo
TEX.

Conclus®es: O exercicio fisico em cicolergbmetro de membros superiores demonstrou
ser clinicamente superior, embora sem significancia estatistica, em compara¢cdo com o
treino em tapete rolante no que diz respeito a melhoria do VO pico. Apresentou eficacia
semelhante na melhoria do VO, no VT-1, mas mostrou-se superior na melhoria da
eficiéncia ventilatéria em comparacao com o treino em tapete rolante. Em contraste, o
treino em tapete rolante foi associado a um maior incremento nas distancias de marcha
e na economia da marcha. Ambas as intervencdes resultaram em melhorias
semelhantes na qualidade de vida relacionada com a salde, na saude mental e nos
fatores de risco cardiovascular. O exercicio em cicloergémetro de membros superiores
revelou-se mais eficaz na redugao da inflamagédo, enquanto o treino em tapete rolante
resultou numa maior redugdo nos niveis de ADMA, sugerindo um impacto mais
pronunciado na disfuncdo 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 cicloergémetro de membros superiores podera ser uma

opcao viavel para doentes selecionados.

Palavras-chave: aptiddo cardiorrespiratoria, biomarcadores plasmaticos, claudicacao
intermitente, doenca arterial periférica, exercicio, fatores de risco cardiovascular,

gualidade de vida, reabilitagdo cardiovascular



INTRODUCTION

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.! 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.® 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%.2 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.® PAD affects approximately 113 million people aged 40 and older, with
42.6% of cases occurring in countries with low-to-middle sociodemographic indices.?
Although PAD is more common in females, its overall burden, measured in disability-
adjusted life years (DALYs), remains similar between the sexes.® The strongest risk
factors for PAD include older age, cigarette smoking, and diabetes mellitus.*
Hypertension and dyslipidemia are also independent risk factors.* Modifiable risk factors
account for approximately 70% of the total DALYs associated with the global PAD
burden.® 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.® 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.® 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.® 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).” Intermittent claudication is the hallmark clinical manifestation of PAD
and negatively impacts patients' activities of daily living and mobility.? 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 lll heart failure.® This functional impairment is progressive, with
patients reporting a decrease of 8.4 meters per year in self-reported questionnaires
assessing maximal walking distance.® 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).1° The functional disability, morbidity
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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.” Costs are even more relevant in symptomatic patients undergoing
revascularization procedures where rates of rehospitalizations and re-interventions are

considerable.”

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.!! Management strategies are
categorized into lifestyle modifications, medical management, endovascular therapies,
and surgical interventions.'? Supervised exercise training, combined with risk factor
management and optimal medical treatment, is the first-line approach for patients with
intermittent claudication.? '* 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.!® This is particularly
relevant for patients who continue to experience disabling limb symptoms and are
deemed suitable candidates for such interventions.? 13 This stepwise approach aims to
mitigate the risk associated with invasive treatments and improve overall cost-

effectiveness.?

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.'* 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.2® 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 review!’, 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 (VO peak)] compared to usual care.l” Based on this substantial body of
evidence, international guidelines provide a class | recommendation, supported by level
A evidence, endorsing supervised exercise programs for treating symptomatic patients
with PAD 1218

These patients often experience a significant impairment in HRQoL.!® Research has
shown that this impairment is comparable to that observed in individuals with other
cardiovascular diseases.'® Moreover, poor HRQoL is a predictor of long-term survival in
this population, offering prognostic value beyond established biomedical risk factors.?° A
recent statement highlighted the need to include HRQoL assessments in evaluating
treatment outcomes for all symptomatic PAD patients.® This approach aims to determine
whether therapies that improve exercise performance also enhance patients' perceptions
of their ability to perform daily activities.'® 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.?* 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.l’” The three
systematic reviews found significant improvements in the SF-36 physical component
summary (PCS) score [MD: 1.24 (9 studies)??; MD: 2.15 (5 studies)?!; MD: 2.76 (3
studies)?)] but not in the mental component summary (MCS) score (in one study?, 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.2:23

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.?* Each additional MET achieved is associated with a 17% reduction in
total mortality and a 20% reduction in cardiovascular mortality, after adjusting for age.?*
Additionally, poor baseline performance on the 6-minute walk test (6MWT) is linked to
increased mortality, even after adjusting for confounders factors.?® 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.?® 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.!” One of these meta-
analysis?! 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-analysis?’ 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.? 2° More randomized studies are needed to clarify the
impact of exercise training on mortality, amputation and other cardiovascular and limb

events.17. 2L 27
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Author /
Year

Population

Studies
included/
Participants

Outcome
Measures

Studies and
Participants
[ Outcome

Effect size (95% CI, p
value)

Lane IC due to 32 RCT, MWD 10 RCT; 500 | 120.36 m (95% CI 50.79
2017% PAD 1835 participants | to 189.92; p<0.00007)
participants | PFWD 9 RCT; 391 82.11 m (95% C171.73
participants | to 92.48; p<0.00001)
MWT 12 RCT; 577 | 4.51 min (95% CI 3.11 to
participants | 5.92; p<0.00001)
PFWT 11 RCT; 534 | 2.93 min (95% CI1 1.77 to
participants | 4.09; p<0.0001)
SF-36: PCS | 5RCT; 429 | 2.15(95% CIl 1.26 to
participants | 3.04; p<0.00001)
SF-36: MCS | 4 RCT; 343 | 3.76 (95% C1 2.70 to
participants | 4.82; p<0.00001)
Mortality 5RCT; 540 | RR0.92 (95% C1 0.39 to
participants | 2.17; p=0.85)
Amputations | 1 RCT; 177 | RR 0.20 (95% CI 0.01 to
participants | 4.15; p=0.3)
Parmenter | PAD 15 RCT; WIQ speed | 11 RCT 9.60 (95% C16.98 to
2015% 1257 12.23; p<0.00001)
participants | WIQ 10 RCT 7.41(95% Cl 4.49 1o
distance 10.33; p<0.00001)
WIQ stair- 10 RCT 5.07 (95% Cl1 3.16 to
climbing 6.99; p<0.00001)
SF-36: PCS | 9 RCT 1.24 (95% C1 0.48 to
score 2.01; p=0.001)
SF-36: MCS | 6 RCT -0.55 (95% CI —1.27 to
score 0.18; p=0.14)
Fassora Symptomatic | 19 RCT; MWD 18 RCT; 178 m (95% Cl 142 to
20223 PAD 1132 1044 214; p<0.00001)
(Fontaine Il / | participants participants
Rutherford PFWD 13 RCT; 895 | 103 m (95% CI 81 to
stages 1-3) participants | 125; p<0.00001)
VO3 peak 12 RCT; 665 | 2.1 mL/kg/min (95% CI
participants 1.3 to 2.8; p<0.00001)
Fakhry IC due to 25RCT; 916 | MWD 24 RCT; 916 | 180 m (95%Cl, 130 to
20123 PAD participants patients 230 m)
PFWD 20 RCT; 708 | 128 m (95% Cl, 92 to
patients 165 m)
Parmenter | PAD 41 RCT;, MWD 22 RCT 41.0m (95 % Cl 28.8 to
201522 1938 53.2; p<0.00001)
participants | PFWD 18 RCT 68.8 m (95 % Cl 54.4 to
83.2; p<0.00001)
VOz2 peak 19 RCT 0.62 ml/kg/min (95 % CI
0.47 t0 0.77; p<0.00001)
6MWT 8 RCT 34.9m (95 % CI 25.6 to
MWD 44.1; p<0.00001)
6MWT 4 RCT 52.7m (95 % CI 24.7 to
PFWD 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.®® Several studies have shown that
SET is more effective than unsupervised exercise, including home-based exercise (HBE)
and walking advice, for treating these patients.?® A recent meta-analysis demonstrated
greater improvement in walking distances after SET compared to HBE in patients with
intermittent claudication.®* 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.®* The authors concluded that for HBE to be
effective, it should be structured and personalized, following a specific exercise
prescription and including proper monitoring.* Given the variety of possible monitoring
methods, standardization is required, and future research is needed.** 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 3° These programs can equip patients with the knowledge and

skills necessary to successfully self-manage their condition.*3

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).1® 3 Regarding training intensity, most studies use
claudication pain severity (assessed with the claudication pain scale) to guide exercise
prescription.®® There is variability among guidelines concerning the recommended level
of claudication pain to be precribed.®® Additionally, most trials do not clearly distinguish
between claudication pain intensity and exercise training intensity (measured using
percentages of heart rate, VO, or the rating of perceived exertion (RPE) on the Borg
scale) when describing the interventions.®®* A meta-analysis has provided strong
evidence supporting high-pain exercise and some evidence for low-pain exercise
compared to usual care.® 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.3” The current consensus
is that patients should exercise at a moderate to high level of claudication pain to
enhance walking performance.®® However, evidence comparing the effects of exercise
at different pain intensities is lacking.®* A randomized controlled trial currently underway

may offer clarity on this issue in the future.® Claudication pain has been identified as a
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contributing factor to the low participation rates of PAD patients in SET.3® 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 .°
In this context, a statement from the American Heart Association recommends avoiding
repeated near-maximal claudication to mitigate this detrimental impact on adherence
levels.'® 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.®

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.’® 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.** 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.*? In addition, while the standard treadmill protocol significantly increases
walking distances, it does not consistently lead to significant improvements in
cardiorespiratory fitness, specifically VO. 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 VO, peak compared to other modes of exercise.?? Resistance exercise has been
shown to increase walking distances in this population compared to usual care.*> %
However, this improvement appears to be less than that achieved by walking exercise.**
44 A meta-analysis revealed that if resistance training is performed at high-intensity, these

differences are no longer significant.*?
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At least 3x / week

Claudication Pain Intensity: Exercise until moderate to high
claudication pain is reached (as tolerated); walking duration
should be between 5 — 10 min to achieve the target pain
intensity, followed by rest until the pain subsides

Exercise Intensity: Initial: low-to-moderate intensity (%HR <
76; %VO, peak < 63; RPE < 13). Progression (if tolerated):
vigorous intensity (%HR peak: 77-95; %VO, peak: 64-90;
RPE: 2 14)

Session Duration: Start at 10-15 min if necessary;
progressively increase up to 30—60 min (accumulate at least
30 min of walking exercise)

Program Duration: At least 12 weeks; after SET, patients are
encouraged to maintain the prescribed exercise for life

Walking (treadmill or overgound)

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.% 4% 46 Current evidence suggests multiple chronic adaptations result from
exercise training, as discussed below (figure 2).1% 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.*® However, numerous findings have shown

that the pathophysiology of functional decline and improvement with exercise involves
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other mechanisms.*’ 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.% 4° Although exercise increases walking distances, this
improvement has not been correlated with hemodynamic measures.*® 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.>®
The authors highlight the need for additional research on resting calf blood flow and
resting toe pressure because of their association with symptom improvement.°
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.* 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.>> 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.535°
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.®® 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.>” Exercise has been shown to elevate levels of angiogenic growth factors, including
vascular endothelial growth factor (VEGF).>” Some trials have demonstrated lower
capillary density in the calf muscles of patients with PAD.%® %° This capillary density has
been correlated with indicators of exercise tolerance, such as VO, peak, maximal walking
time (MWT) and pain-free walking time (PFWT).%® 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.#’ 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.*® 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.®° 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.®* They hold prognostic clinical value and serve as
biomarkers for cardiovascular disease.5* 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.®? Additionally, a meta-analysis demonstrated that exercise
training effectively mobilizes EPCs from the bone marrow into circulation in patients with
cardiovascular disease.®® 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.%* A recent randomized trial involving a structured HBE training for PAD patients
over 12 weeks showed a significant increase in circulating EPCs.%® 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.®® 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.5®
Endothelial dysfunction is a key pathophysiological event in the development and
progression of atherosclerosis.®® Flow-mediated dilation (FMD) is a non-invasive method
frequently used to assess endothelial function.®” This parameter is significantly reduced

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

Several studies have demonstrated that exercise significantly improves endothelial

dysfunction, as assessed by FMD, in various pathologies.?®"* 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);’? 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).”™

In patients with PAD, some studies have demonstrated a significant increase in FMD,’*
S while others have not.”® A recent meta-analysis revealed that exercise training resulted
in a significant 20% increase in brachial artery FMD among patients with PAD.”’
Subgroup analyses indicated that moderate-intensity exercise had a greater effect on
FMD compared to vigorous-intensity exercise.”” Additionally, some studies have shown
a reduction in asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric

oxide synthase.®* 76

4 5Neurohumoral 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.”® PAD has also been associated
with autonomic dysfunction.” 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.®° In active muscles, metabolically mediated vasodilation occurs
to meet increased local oxygen demands.®® Chronic adaptations to exercise include
increased parasympathetic activity®! 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.’® & 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.®? Additionally, a deregulation of the arterial baroreflex may
contribute to the commonly observed hypertensive response during exercise.®
Futhermore, an abnormal response in total peripheral resistance has been noted, as it

does not decrease during exercise in patients with PAD.8 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.®*

Exercise training has been shown to prevent the exaggerated exercise pressor reflex in
certain conditions, such as chronic heart failure®> 8 acute myocardial infarction®” and

hypertension.®” 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.® Some trials have reported a
decrease in mitochondrial activity, particularly in electron transport chain activity®® and in
the expression of oxidative phosphorylation proteins.®® In patients with PAD, there is an
early accumulation of intermediate oxidative metabolism products, such as
acylcarnitines and lactate, suggesting insufficient oxidative metabolism.®® Recent
advances suggest the existence of mutations in mitochondrial DNA in PAD, particularly
in the ischemic limb.%2 The most common deletion was associated with the loss of genes
encoding subunits of the respiratory chain complexes.®® Gastrocnemius muscle biopsies
from patients with PAD demonstrated a significant increase in mitochondrial
heteroplasmy compared to control subjects.®® 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 | fibers.88
Exercise has been shown to decrease levels of acylcarnitines and lactate and increase
oxygen extraction in the lower limbs.*’ 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.®® Additionally, there was a significant increase in glycolytic enzymes,
suggesting a shift in energy metabolism towards glycolysis.®* A randomized clinical trial
revealed a significant increase in the proportion of slow oxidative myosin heavy chain
type | within the gastrocnemius myofibers among patients who performed supervised
treadmill exercise training, compared to those in the control group.®® The impact of
exercise on mitochondrial activity has yielded inconsistent results.®® While certain trials
have shown increases in both citrate synthase activity and mitochondrial complex |l

activity, others have not.®°
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4.7 Inflammation and Oxidative stress

Atherosclerosis is a chronic inflammatory disease, as confirmed by experimental and
clinical evidence.®® 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.®” 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.®® Regular exercise is associated with a significant anti-
inflammatory effect.®® 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.®® Some studies
have shown an acute increase in inflammatory markers and oxidative stress following
exercise in patients with PAD, particularly with high-intensity exercise.'® However,
studies assessing the chronic effects of exercise have demonstrated an anti-
inflammatory action in several chronic diseases.®® In patients with PAD, previous trials
have reported that supervised treadmill exercise reduces circulating vascular and
inflammatory biomarkers, including intercellular adhesion molecule-1,°! soluble vascular
cell adhesion molecule-1,92 E-selectin,’®* IL-6% and C-reactive protein (CRP).1%?
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-a levels.”” 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.'® Endogenous antioxidant systems keep these ROS
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levels low.1®* However, under pathological conditions, excessive ROS surpasses the
capacity of antioxidant systems, leading to impaired vascular function.®* Patients with
PAD exhibit a higher abundance of ROS in skeletal muscle compared to healthy
controls.'® Some studies suggest that exercise may enhance oxidative stress and

improve the antioxidant response. 102 103

1 Hemodynamic Response / | Inflammation and Oxidative Stress

v ’) + Neurshumoral Axis

+ Hemarheological Response

+ Endothelial Function

+ Angiogenesis

1 Mitochodrial and Muscle Function

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.'% 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.’®® However, decreased mortality rates have

only been confirmed in CAD patients. 1%

PAD is a well-established indication for integrating a cardiovascular rehabilitation
program (CVRP).1% 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.'® However, these patients are referred only in a
minority of cases, typically when they share common features with other cardiovascular
conditions.'%® Previous trials indicate that PAD patients are less likely to initiate and
complete a CVRP compared to those with CAD.?% 197 Some reports have compared
improvements in functional capacity between the two groups,?® 1°” while others suggest
a lower increase in VO, peak following exercise training in PAD patients.% Devrome et
colleagues demonstrated a similar improvement in mortality rates for PAD patients
compared to those without PAD.?° However, evidence supporting CVRP for these
patients remains limited, as only a small number of randomized controlled trials have

been conducted.?®:10°

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

FUTURE RESEARCH DIRECTIONS

Despite strong evidence, supervised exercise programs are still underused.®® Few
centers offer these programs for this specific population, and the situation varies from
country to country across Europe.!'® 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.*® 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%).3° 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.*® Finding strategies to overcome these barriers

and identify enablers that promote exercise participation is essential.'!!

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.®
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AIMS

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 [VO; peak (primary outcome), VO,
at first ventilatory threshold (VT-1) and minute ventilation/carbon dioxide
production (VE/VCO,) 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)
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METHODS

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. TrRIAL 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 TEXx 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 |, 11l or 1V; (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.*?

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
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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.'°® 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.'3 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.'*? During the first two weeks, patients exercised at 50%—-60% of VO, peak
(RPE: 12-13). From weeks 3 to 6, intensity increased to 60%—70% of VO, peak (RPE:
13), and from weeks 7 to 12, intensity further increased to 70%—-80% of VO, 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 Magalhdes, Mario 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

SciMAGO02023: 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 Magalhdes, Mario 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

SciMAGO02023: 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 Magalhdes, Mario 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

SciMAGO02023: 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 Magalhdes, Mario 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
SciMAGO02023: 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 Magalhdes, Mario Santos, Sofia Viamonte, Manuel Teixeira, Fernando Ribeiro,
Henrique Cyrne-Carvalho

J Cardiopulm Rehabil Prev [Submitted for publication]

28



Joriginal Investigation

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 Magalhdes, MD; Mirio Santos, PhD; Sofia Viamonte, MDy; Fernando Ribeiro, PhD; Joana Martins, MD;,
Cristine 5chmidt, PhD; Daniel Martinho-Dias, MD; Henrique Cyrne-Carvalho, PhD

Purpose: To compare arm-crgomeiry and treadmill supervised
exercise training on cardiorespiratory fitness and walking dis-
tances in patients with peripheral artery disease (PAD).

Methods: ARMEX was a single-center, single-blinded, parallel
group, non-inferiority trial enrolling symptomatic patients with
PAD. Patients were randomized (1:1 ratio) to a 12-wk arm-
crgometry (AEx) or standard treadmill (TEx) supervised exer-
cise training protocol. The powersd primary end point was the
change in peak oxygen wptake (VO,) at 12 wik, measured on
a treadmill cardiopulmonary exercise test (CFX) Secondary
outcomes included changes in VO, at the first ventilatory
threshold [(VT-1), ventilatory efficiency (ratio of minute
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ventilation [VE] to carbon dioxide production [VCO.],
VENWVCO,), walking distances by CPX and &-min walking test
{EMWT), and self-reported walking limitations.

Results: Fifiy-six paticnis (66 = 8 yr; 88% male) were rando-
mized (AFx, n = 28; TEx, n= 28). At 12 wk, VO1p-e change was
not significanthy different between Eroups |:I] 75 mL&kgimin; 5%
L -0.%94 to 2.44; P = 378), despite a sipnificant increase only in
AEx. VO, at VT-1 improved in both proups without betwesn-

group differences, and VEVCD, slope improved more in AFx.
The TEx attained greater improvements in walking distance by
CPX {121.08 m: 95% CI, 24.49-217.66: P = .015) and 6MWT
{25.08 m; 95% CI, 5.87-44.29; P = .012) and self-perceived
Conclusions: Arm-crgometry was noninferior to standard
treadmill training for ¥0pcak, and treadmill training was asso-
ciated with greater improvements in walking distance. Cur data
support the use of treadmill as a first-lne choice in patients with
PADY to enhance walking capacity, but arm-ergometry could be
an option in selected patients,

Key Words: cardiovascular rehabilitation » exercise training »
intermittent claudication » peripheral artery disease » upper
extremity

eripheral artery disease (PAD) 15 a condition with
a worldwide prevalence of €% n individuals over
25 vr, which corresponds to 236 million people.’ Patients
with PAD have a worse prognosis with higher all-cause and
cardiovascular mortality compared to healthy individuals of
the same age group. z
Supervised exercise training is currently considered a first-
lime ‘I:I'l:‘E.lII:H:‘I'It in patients with PAD with intermatrent clawds-
catu:m, with mterval treadmill wallurg; t0 near-maximum keg
pain being the most used protocol.®*~ However, concerns
about the potential negative impact of the repeated near-max-
imal pain on patent adherence to the exerase program were
hlgh.l.l.;ghl:udmalmmt scientific consensus.® In addition, there
is evidence supporting the improved au:l\rn:n.u: of patients
with PAD to non-tradibonal exerase ams.® Regarding
cfficacy, a recent systematic review’ concluded that, for
patients with PAD wath intermuttent clandication, there is no
clear difference betwreen alternative exercise programs and
supervised walking exercese regarding walking distances. Dhse
to the small sample size and risk of bias concerns, the certamey
of the evidence was judged to be low, and the authors point cut
the importance of conducting high-quality intervention trials.”
Despite leading to significant increases in walking dis-
tances, the standard exercise protocol on a treadmill does
not lead, consistently, to significant increases in peak oxygen
uptake (WOipeqi), which is one of the most robust and

MRMEX Study — Arm-Ergometry Exercize in PAD 353
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KEY PERSPECTIVE

& Arm-cIgometry was similsu'I].r cffective to the standard
treadmill protocol in improving peak oxygen uptake
(V) and VO, at the first ventilatory threshold but
was superior to improving ventilatory efficiency (the
rativ of minute ventilation to carbon dioxide
production).

» Treadmill exercise trainmg is associated with greater
improvements in walking distances.

# Treadmll exercise tramming should be the first-hine
choice to improve walking distances.

# Arm-crgometry can be an option for selected patients
whi are unable to perform long walks or intolerant to
exercise-induced leg pam.

validated cardiovascular surrogate markers.® A systematic
review that looked at this parameter as a pnimary outcome
showed that arm-ergometry seems to be associated with
a gn:-at-:r increase in WOy, compared to other exercise
modes.® With this background, the ARMEYX randomized
chnical trial was desipned to compare arm-ergometry super-
vised cxerase ramming {AEx) with a standard treadmill pro-
tocol on 'V and walking distances among patients with
symptomatic PAD.

METHODS

TRIAL DESIGN

The ARMEX was a single-center, single-blinded, parallel
group, non-inferiority, randomized clinical trial.
Consccutive patients with PAD with intermittent claudi-
cation referred to the Centro Hospitalar Universitario do
Porto were invited to participate in the tnal by a physician
and then referred to a treadmall cardiopulmonary exercise
test (CPX) prior to a final decision abour elymibihey, The
enrollment oocurred from January 2017 to April 2023 (the
duration of the study was extended due to the coronavirus
disease-2019 pandemic). Elgible patients were randomized
either to an AEx or a treadmull walking exercise protocol
{TEx} over 12 wk. The study was conducted according to
the recommendations of the Declaration of Helsinki and
approved by the Ethics Committee of Centro Hospitalar
Universitinio de Santo Antdnio and School of Mediome and
Biomedical Sciences of the University of Porto [2016-053
(047-DEFLI046-CES)]. Wntten informed consent was
obtamed from all participants, The present manuscnpt was
structured  according to the Consolidated Standards
of Reporting Trnals Stnt-:u:l.:nt for randomized trnials of
Nonpharmacological Treatment.®

PARTICIPANTS

Patients with PAD older than 18 yr old referred to the
Cardiovascular Eehabilitation Unit were prospectively
enrolled i the trial. Penpheral arterial disease was :Img—
nosed through a clinical history and physical examination
and confirmed by an ankle-brachial index =0.90 and/or
a decrease in the ankle-brachial index of z10% after
a symptom-hmited treadmall stress test. The inclusion cni-
teria were as follows: (1) patents able to walk at a speed of at
least 3.2 km'hr; (11} able to participate in a supervised exer-
cise program for 12 wk; and (i) no change in medication for
PAD icillostazol, pentoxifylline, statin, and antiplatelet ther-
apy)} for at least 3 mo prior to study enrollment. The med-
ication remained unchanged during the study intervention
period. The exclusion critema are provided in the

354 Jowmal of Cardiopuimonany Rehabiitation and Presention 2024;44:353-360
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Supplemental Dhgital Content, available at: hetpsflinks.
Iww.com/JCRF/ASZT.

RANDOMIZATION AND ALLOCATION

Randomization was performed with a computer-based ran-
dom number generator using a 1:1 allocation ratio for block
sizes of 4 patients. Randomization and allocation were
undertaken by a member of the research team (C.5.) that
was not directly involved in the recruitment or patient
AsEEEEMent.

QUTCOME MEASURES

(utcomes were measured at baseline and at the end of
nterventon {12-wk). The primary endpoint was change in
YO 1peak evaluated on a treadmill CPX. Secondary outcomes
included changes m VO at first ventilatory threshold (VT-
1); ventilatory efficiency (ratio of mimute ventilation [VE] to
carbon dioxde production [VCO.), VEAVCO; slope); max-
imal walking distance (MWD) and pain-free walking
distance (PFWD) evaluated im CPX: walking distances eval-
uated m a &-muin walking test (EMWT): and self-reported
walking hmutations evaluated in the Walking Impairment
Questionnaire (WIQ) taking into account distance, speed,
and stair climbing scores. Patients were asked weekly about
exercise performed at home. A detailed descripion of the
assessment procedures 15 provided m the Supplemental
Digital Content, available at: httpaflinks leow.com/TCRPY
A517.

DROPOUT, ADHERENCE RATES, AND EXERCISE
SESSION PARAMETERS

The dropout rate was calculated in both groups. The adher-
ence rate was calculated based on the number of sessions
performed mrelaton o the number of sessions planned.
The duration and %V 01pm achieved by patients during the
arcrobic component of the exercise program were caloulated
as described in the Supplemental Digital Content, available
at: httpeilinks lww.comJCRFASZ7.

INTERVENTIONS

Exercise sessions consisted of ewice-weekly sessions com-
prsing 10-min warm-up, 40-min treadmill intermittent
walking or arm-crgometry, resistance cxercises, and 10-
min cocldown, led by a physiotherapist and under medical
SUPETVISIONL, bul:h with experience in cardiwvascular rehabi-
litation. A detailed description of each exercise presciiption
for both intervention groups 1s provided m the Supplemental
Digieal Content, available ar: httpaflinks lww.com/TCRPY
AS27. Addinonally, all patients received nutrinonal and
psychological intervention according to the international
guidelines.'™ All patients were encouraged to exercise at
home at least twice a week for 30 min. A weekly record of
unsupervised exercise was made as described o the
Supplemental Digital Content, available at: http:/links.
Iww.com/[CRP/AS2T.

STATISTICAL ANALYSIS

The distnbution of the dara was assessed with the Shapiro-
Wilk test and wia wisnal inspection of histograms.
Continuous data are reported as mean = 50, mean differ-
ences (95% CI), or median (IQR), and categorical data are
reported as frequencies (%), Within-group comparisons,
from baseline to 12 wk, were performed using a paired-
samples ¢ test or Wilcoxon signed rank test. Dhfferences
between groups in the change from baseline to the end of
the study were tested using ANCOV A, adjusting for baseline



value, A statistical sipnificance of F< .05 was assumed. [EM
5P35 stanstics version 29.0 (IBM Corp) was used to perform
statistical analyses. The sample size caloulation i1s provided
mn the Supplemental hgital Content, available at: http:f
links.lww.comJCRPfA 527,

DATA AVAILABILITY

The data associated with the paper are not publicly available
but are available from the corresponding author on reason-
able request.

RESULTS

A total of 59 patients were referred to our cardiovascular
rehabilitation consultation and assessed for ehgibibty
{Figure 1). One patient refused to participate in the
study, and 2 patients did not meet the inclusion critera.
As such, 5& patients (66.0 = 8.4 vr: 38% male) were
enrolled and randomzed to the AEx in = 28) and TEx
{n = 28) groups. Of these, 51 patients (AEx, n = 25; TEx,
n = 26) completed the intervention. Four patients (AEx,
n=1; TEx, n = 3) were excluded from primary cutcome
analysis due to the absence of data (CPX was not available
during a period of the coronavirus disease-2019 pan-
demic), but they were included i the analysis of the
remaiming outcomes. Baseline parbicipant characteristics
were well balanced between groups and are described in
Table 1.

Adherence to exercise sessions was 91% (AEx, 7%
TEx, 92%; P = .311) (Table 2). The ¥T-1 could not be
deterrmuned in 4 patents (2 patients in each group). Only 1
patient (in the TEx group) did not reach the heart rate
corresponding to V-1 duning the exercise sessions. All the
remaining patients achieved this goal. The mean duration
per session of the aerobic component of the exercise pro-
gram was superior in the AEx group, with a sigmificant
between-group difference of 6.94 mun (95%: CI, 6.09-7.78;
P = 001) (Table 2). The median of %V peak achieved by
patients during the aerobic component of exercise was simi-
lar in both groups (P = .258) (Table 2). The percentage of
paticnts who complicd with the recommendation to exercise
at home was also similar in both groups (AEx, 76%:; TEx,
69%: P = .588) (Table 2).

PRIMARY OUTCOME

At 11wk, VO increased significantly  in
AEx {1.73 = 2.65 mLkg/min, P = .004) but not in TEx
(066 =+ 298 ml'kg/min, P = .30), without significant
between-group difference (0.75 mLkg/mim; 95% C1, -0.94
to 2.44; P = 378} (Table 3, Figure 2). Individual peak VO
changes from baseline to after mtervention for the AEx and
TEx groups are provided in Figure 3.

SECONDARY OUTCOMES
Wz at VT-1 increased significantly m both groups without
significant between-group difference (0,58 mLkg/min; 95%

{n=59)

Azaeased for eligibdiy

L 3

Exchuded (n= 3)

Enrollment

Randomized (n = 56)

y| -Mot meeting inchusion crilera (n=2)

- Refused o paricipate (n=1)

c
% Alocated to Arm-Ergometry Supendsed Alocated to  Tresdmill  Supendsed
8 Exercize Training (n = 28) Exercize Training (n = 28)
= Received alincated interventon (n = 28) Recehved alincated interventon (n = 28)
Discontinueed intervention (n =3) D iscontinuwed | nferventon (n =2)
- Mus culos keletal disorder (n=1) - Musculos keletsl disorder (n=1)
a - Abandonment without resson (n=1) - Abandonment without resson (n=1)
] - Exacerbaton of kidney disease (n=1)
E Lot to follow-up (n = 3)
= Lot o follow-up (n = 1) - CPX canceled due to the onsst of he
IE - CPX canceled dus to the onset of the COVID-19 pandamic (n=3)
COVID-19 pandamic {n=1)
2 Analysed for CPX oulcomes, induding Anshyzed for CPX ouicomes, [ncluding
E\r primany outcoms (n= 24) primarny oulcoms (n= 23)
E Anslysed for offer oulcomes {n = 25) Anahyzed for ofher outcomes (n = 26)
o

Figure 1. Modified COMNSORT fiow diagram for petients with peripheral artery deeasa in the ARMEX rendomized dinical ing. COVID-18, coronavinus

disease-2018; CFY, cardiopumonary exercise test.
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Bazelne Characteristics Overall and by Treatment Group in Patients With
Peripheral Artery Disease in the ARMEX Randomized Clinical Trial"

Armi-
Owerall Ergometry Treadmill

Variabbs n =56 n=28 n=28 PVale
Age, y BE =84 BT =74 B4:+B3 483
Male 49 (38 25 [BE) 24 (85) 75
Whits 56 (1000 2B{100) 28 (100} NA
Lowazt resting ABI 0BG +013 062 =011 DE2+015 155
Prior leg 12 1) ETIL 8[Eg) RE

revEculariztion

Comnary heart 26 (46} 15 B 113 A8

disass

Cersbrovascular 47 2m 2m 957

dizeazs

Heart faiura 509 ETIL 2M BE

COPD 509 ETIL M BE
Candicvascular rigk

factors

Dyslipidamia 47 34) 22 [y 25 (29) Alg

Diabetes malituz 5 45 13 [46) 12 (43 HE3

Hyperiarzian 48 {36} 229 26 [E9) 202

Phyzical inactivity 7 24 [Bg) 18 (64) A57

DObesiy 1018 518 514 Agd
‘Emoking status

Cumant 17 30 10 36 725 AR5

Praviouz 34 ig1) 17 B1) 1T [B1) AeT

Narver zmaked 509 104 414 an2
Madication

Acetyl-zalcylic acd 47 (84) 22 [y 25 (249) 243

Stafina 56 (1000 2B{100) 28 (100} NA

Beta-hinckers ] [ 14 (B0) 055

ACEi /5AB 437 PN 229 BT

Artiplatelat agent 1833 10 36 B[29) A

Articoagulanis 1018 725 M) 243

Pentoxityling 1425 7125 725 a3

Cioztaral 611} 2 414 A13

Abbreviadons: A1, ankie-brachisl inde;; ACEL angiotenzin-comeering enzyme inhibiiors; ARE,

QOB rECapty bockers; COPD, Chvonic chemuctve pulonary (sease: NA, not applcatis.
"Datz ae presamed 85 mean + 50 o7 n i)

Cl, -0L.52 to 1.68; P = .29g). VEVCO, slope improved
significantly only in the AEx group with significant
betwern-group  difference (2.37; 95% CI, 0.17-4.58;
P = .035) {Table 3, Figare 1). Walking distances on CPX
improved in both groups after intervention with a significant
between-group difference of 121.08 m (95% CI, 24.49-
217.66; P = .015) for MWD and 95.16 m (95% CI, £.33-
183.99: P = .036) for PFWD in favor of the TEx group
{Table 3, Figure 2). Walking distances evaluated in 6MWT
also improved in both groups after meerventon; the improwve-
ment was higher in TEx, resulting in a significant between-
group difference in the mean change in the MWD (25.08 m;
95% CI, 5.87-44.29; P = .012) and PFWD (5035 m; 95%
CL 6.06-94.64; P = 027) {Table 3, Figure 2). At 12wk, WIG
scores increased i both groups. WIO distance improved
more in TEx (B.85; 95% CI, 0.10-17.60; P = .048).
There were no between-group differences in WIQ speed
{Table 3, Figure 2) or WIQ stair chimbing (Table 3,
Figure 2).

DISCUSSION

To the best of our knowledge, this is the first tnial compar-
ing the impact of arm-ergometry with treadmall exercise in
symptomatic patients with PAD on VO, 0y as a pnmary
outcome, a robust and validated surrogate marker for car-
diovascular mortality.!' Consistent with previous studies,
we observed a statistically and clinically meaningful
improvement of ¥(0apme at 12 wk only in arm-ergometry
group.'™" In contrast, the increase of VO, ooy in the tread-
mill group was not statistically significant. This observa-
non i5 also mm line with previous studies that have
conflicting data, some showing a sipnificant increase'*
and others not. 16,17 The observed change from baseline in
VO:pmp in both groups (TEx, 0.66 ml/kg/min; AEx,
1.73 mL/kg/min) is clinically relevant becanse in sympto-
matic patients with PAD, changes in VOype, of 0.4, 1.1,
and 1.7 mLikg/min are considered to have a small, moder-
ate, and large clinical importance, respectively.'® Higher
mtensity, longer duration, and alm-trgunﬂ:’trg EXETCISE
were predictors of an increased VOopeqp change.” The pre-
scription in the treadmull growp is determined by the pamn
that forces the patent to stop, which may occour before the
%V Ozpeak goal. However, in our sample, the median of

Ozpeak achieved in exercise sessions was not different
between groups. In addition, only 1 patient, in the TEx
group, did not reach the heart rate corresponding to V-1
during the exercise sessions. Therefore, we can assume that
all the remaining patients, in both groups, achieved suffi-
CIENt exercise intensity to promote cardiovascular adapea-
tions. The treadmull protocol was interval training, and due
to pain, the total duration of acrobic exercise per session
was shightly infenior. This may have contributed to the

Adherence and Exerciss Session Parameters by Treatment Group in Patients With Peripheral Artery Dissass in the ARMEX Randomized Clinical Trial®
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lower Ve increase. Cur AEx group started the inter-
vention with a lower VOapeak than the TEx group, which
gives them a greater possibility of increasing with exercise
training. However, the \"D;._p“k mernvcm:nt remained
significant and clinically superior in the AEx group afrer
adjustment for the baseline value.

The VO3 ar VT-1 was associated with walking tolerance
in patients with intermittent clavdication.” This outcome

VO, peak

= v DO

[

UII‘“”“IHIII..

miL/Kg imin

Arm-argomtry

has been considered a useful indirect marker of oxidative
ml:tal:-u]:lsm, obtained noninvasively and with low-intensity
exercise.”” Consistent with a previous study,"® we found
a significant improvement in both groups, without signifi-
cant between-group differences. The VENVCO; slope
improved more in  arm-ergometry  group, and the
VEWVCO; slope 15 prognostcally significant in a number of
cardiovascular conditions. "

VO, peak

I

mil kg miin
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Figure 3. Indhvidual change in V0 e, from bassine to the end of the 12-wk intervention in both exercize groups in patients with peripharal arteny
dizease in the ARMEX randomized clinical tig. V0 e, peak moygen uptska.
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Many of our patients who improved in walking distances
did not improve in ¥Ozpe; at the end of the intervention.
This outcome depends a lot on performance at maximal
cffort and many of these patients stop at the treadmll
CPFX, due to pain, before reaching that level of effort.
Therefore, other outcomes (eg, VO, at VI-1 and
VENWVCO; slope) that depend on a submaximal level of
exertion may be more appropriate to assess cardiorespira-
tory fitness in more symptomatic patients with PAD,

CPX walking distances improved in both groups. Several
randomized controlled trials hav-: shu".ln:l Improvement I:I:I
MWD and PFWD after a treadmill®? or an arm-crgometry ™=
exercise program m patients with PAD, CPX walking dis-
tances were significantly superior in the TEx group. To the
best of our knowledge, there 15 only 1 pilot study that
performed this fD.I:I:I.l:IE.l'iSDII and the awthors reported
a tendency toward a greater increase in MWD in the tread-
mill group and in PFWD in the arm-ergometry group.®?

We also studied 6eMWT distances because these out-
comes showed a greater correlation with walking in daily
life and should be considered as a different walking capa-
city measure.*® These outcomes have been shown to pre-
dict rates of mobility loss and mortality and 1mprove n
response to therapeutic interventions and are not asso-
crated with a learming effect when repeated testing s per-
formed.* We observed a statistically and clinically
meaningful improvement in 6MWT distances'® in both
groups, which is in accordance with the previous
reports.”™ To the best of our knowledge, this is the first
study that performed a companson between treadmill and
arm-crgometry exercise on 6MWT distances in PAD popu-
latwon, and we observed a superior increase m TEx. The
mimimal climcally important differences for W0 scores
are &% for WI} distance, 4% for WIQ speed, and 6% for
WIQ stair climbing.'® Both interventions produced statisti-
cally and chinically meamngful increases in WIQ) scores.
Data on the impact of exercise training on these outcomes
are scarce. %% To the best of our knowledge, this is the first
study that compared the impact on WIQ scores of
a treadmull program versus an arm-ergometry exercise pro-
gram in a PAD population. This tool has been shown to be
cffective 1n assessing the effect of treatment in patients with
intermittent claudication®” and to be an independent pre-
dictor of all-cause and cardiovascular mortality.”® We
observed a higher increase in the patient-perceived walking
distance mn the TEx group.

Speculatively, the climcally greater Increase in \r{]w
and the smaller improvements in assessed or self-perceived
walking distances in the arm-ergometry group suggest
a predominance of central cardiorespiratory a.dap‘tatlnn
The absence of pain during arm-ergometry eXercise may
allow fur a greater stimulus for cardiorespiratory improve-
ment.* The walking distances i improvement, although infer-
ior, was also clinically significant in this exerdse group.'™
These results corroborate the well-known cross-transfer
effects of acrobic exercise training, defined as an adaptation
from trained to untrained musculature.® Exercise training
targeting upper body muscles can improve the exercise capa-
city of muscle groups not directly involved in the tramming
effort.** However, the absence of lower-limb skeletal muscle
metabolic adaptations after arm-ergometry exercise likely
explains the observed differences in walking distances com-
pared to treadmill training.*

Previous tnals have indicated that improvements in
walking performance, during the first weeks after treadmll
exercise training, are more closely related to an improve-
ment i walking economy, namely improvements 1o gait
biomechanics: and later improvements are more related o

an increase in VO, peak.?? In addition, as previously
mentioned, the exercise program duration has been
shown to impact the improvement of this outcome, with
programs lasang 13 to 24 wk demonstrating greater effi-
cacy than those lasting 12 wk or fewer.? Thus, to achieve
a more significant increase in VOipe in the treadmall
group, we would have to prolong the mtervention. It
would be interesting for future trials to explore the combi-
nation of both exercise modalities incorporating a duration
sufficient to enhance cardiorespiratory fitness, becanse this
approach appears to lead to significant improvement in
Various oubComes.

Further research = needed to understand the systemic and
lecal mechanisms underlying these changes, namely changes
in endothehal vascular funchion, inflammation, and muscle
biological adaptations. Huwcvcr we consider that the
results of this study may contribute to a better clmical prac-
tice in cardiovascular rehabilitation programs.

LIMITATIONS OF THE STUDY

Onir study has some limitanons that must be acknowledged.
The nature of the mtervention and study design did not allow
the blinding of the patients and professionals involved in the
exercise supervision and monitonng. We tned to mitigate the
poteniizl bias by choosing an objective primary end poimnt
assessed by a rescarcher blinded to the allocation of the
particpants. Another limitation 1s the larger 5D of the po-
mary end point (VOapeqe change) compared to the one used
for sample size calculation, so we cannot exclude the presence
of a type Il error due to lack of stanstical power. The lack of
a long-term follow-up period must be highlighted. However,
the existing reports suggest a progressive fade out over time,
explained by the decreasmg mrrq:lliaﬂct to exercse and not
a quahtatm: difference when comparing short- to long-term
results.* ™ The intensity prescribed in AFx was determined
on a treadmill CPX rather than an arm-erpometry exercise
test, In healthy individuals, peak upper-limb acrobic power is
generally 70%: of that measured for the lower limbs due to the
smaller amount of active skeletal muscle.® However, in
patients with PAD, VO values In arm-ergometry, EE;
ergometry, and n'cadmizl]lﬂl'ikwc shown similar values.?
These theoretical considerations reflect the real and prag-
matic challenges of arm-ergometry exercise prescription.
Therefore, we bebieve they did not affect the internal vahidity
of our trial. For a more accurate asscssment of physical
activity levels outside the intervention, it would have been
more appropriate to use accelerometers, which are the Ec'll:l
standard method for the evaluation of these parameters.

CONCLUSIONS

The ARMEX tnal showed that arm-ergometry exercise
led to a clinically significant increase in Vi0;peqy, which is
a robustly validated prognostic marker in cardiovascular
disease—the main cause of death of patients with PAD.
The trial also observed improvements im VO, at VT-1
and VE/VCO: slope (other important cardiorespiratory
fitness outcomes), walking distance, and self-reported
walking distance. The standard treadmill protocol
remains superior for increasing walking distances in
patients with intermittent clavdication. These findings
support the use of treadmill as a first-line mode of exer-
cise in patients with mtermittent claudication but also
SUppOrts arm-crgometiry as a complementary or alterna-
tive option, particularly for well-selected patients who are
unable to engage in long walks or intolerant to exercise-
mduced leg pain.
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SUPPLEMENTAL DIGITAL CONTENT 1

eMETHODS

PARTICIPANTS

We prospectively enrolled patients with peripheral artery disease (PAD) older than 18
vears old referred to the Cardiovascular Rehabilitation Unit. Exclusion criteria included:
1) PAD Leriche-Fontaine stages L. IIT or IV, i1) a revascularization procedure during the
previous 12 months; iii) other chronic conditions causing exercise impairment more
than PAT; iv) acute cardiovascular event less than 3 months prior to enrollment; and v)
climical contraindications for physical exercise practice, according to curmrent

guidelines !

OUTCOME MEASURES

VO peak and CPX distances

Patients performed a graded cardiopulmonary exercise test (CPX), in a treadmill
(Medisoft. Model 870CE), using the Gardner-Skinner protocol with a constant speed at
3.2 Km/'h and a 2% increase in grade every 2 min until the maximal claudication pain
that resulting in an inability to walk any further. 2 Respiratory gas exchange
measurements were performed with a calibrated stationary metabolic cart system
{(Geratherm® Respiratory Ergostik. under BLUE CHEREY®) and were obtained
breath-by-breath and averaged every 30 seconds. Heart rate and blood pressure were
recorded at regular intervals throughout the test. Oxvgen uptake (VOh) peak was
determined as the highest VO, achieved during the exercise test. VO; at first ventilatory

threshold (VT-1) was determined using the ventilatory equivalents method. Ventilation
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per carbon dioxide slope (VE'VCO; slope) was assessed using all data from exercise.
All the tests were inferpreted by the same physician (M.5.), who was blinded fo

patients” mfervention allocation.

6-Minute Walk Test distances

The 6-minute walk test was performed according to a standardized protocol # Patients
walked up and down a 30-meter corndor marked every 3 meters for 6 minutes affer
specific instructions to cover as much distance as possible. Parficipants were allowed to

rest if needed, but the stopwatch continued during rest penods.

Walking Impairment Ouestionnaire scores

The Walking Impairment Questionnaire (WIQ) is a PAD-specific measure of self-
reported walking limitations with 3 domains: walking distance (WIQd), walking speed
(WIQs), and stair climbing (WIQsc).* Each domain is scored on a 0 to100 scale, on
which 0 represents the most extreme limitation. and 100 represents no difficulty

walking long distances, walking rapidly, or climbing 3 stair flights, respectively.

INTERVENTIONS

Exercise sessions consisted of twice-weekdy sessions compnsing 10-min warm-up, 40
mun treadnull mtermittent walling or arm-ergometry, 1-2 sefs of 12-15 repefitions of ten
resistance exercises (Borg rating of percetved exertion (FPE) 12 — 13) (squats, leg
extension, leg curls, leg abduction, calf rises, chest press, lateral nses, biceps curls,
triceps extension and seated row) and 10-min cooldown, led by a physiotherapist and

under medical supervision, both with experience in cardiovascular rehabilitation.



Treadmill Supervised Exercise Training

The treadmill exercise prescription followed the standard protocol previously
described. The initial treadmill training intensity was established using the baseline
CPX and was defined as the grade that brings on the onset of clandication pain with the
mifial speed set at 3.2 km'h. Patients walked to a moderate claudication pain level (3 —4
of 5 on clandication scale), stopped and rested until the claudication pain completely
resolved and then resumed walking. Progression occurred if a patient was able to walk
at a workload for § minutes or more before experiencing a pain level 3 or 4 of 5 on
claudication scale; this progression was made in the following session. First, grade
mereased by 2% increments until 10%; then speed mcreased by 0.3 knv'h increments
unfil 4.8 kmvh; then grade was once more increased by 2% increments up to 15% (the
last increment was 1%); and then increases in speed by 0.3 km'h increments as
tolerated. Heart rate was continuously monitored during sessions using
electrocardiographic telemetry and recorded every 5 min with the Borg RPE scale and

patient-reported claudication pain severity.

Arm-Ergometry Supervised Exercise Training

The arm-ergometry exercise prescription followed the guidelines for this population ! In
the first two weeks, patients performed exercise at 50% — 60% of V02 peak (RPE:12-
13); from the 3™ to 6™ weeks intensity increased to 60% — 70% VO3 peak (RPE 13); and
from the 7® to 12® weeks intensity increased to 70% — 80% VI0; peak (RPE 13-14).
Heart rate was continuously monitored during sessions using electrocardiographic

telemetry and registered along with the Borg RPE scale.

Exercise Sessions Parameters
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We recorded the duration of aerobic exercise performed in each exercise session.
To quantify the %V O: peak achieved by patients during the aerobic component of
exercise we calculated the mean of heart rate achieved in each exercise session and

checked the corresponding %V0: peak in the CPX performed by each patient.

Monitoring af nnsupervised exercise

Patients were asked weekly about exercise performed at home It was made a record of
the mode and time of exercise realized. Patients were considered to have performed
unsupervised exercise if they completed moderate-infensity exercise for at least 30 min
per session for at least 2x/week. Recorded exercise was analyzed as a dichotomous

variable (ves or no).

STATISTICAL ANALYSIS

The sample size was calenlated assuming a noninferiority margin of 1.5 mL/Kg/min. a
previously published® pooled standard deviation of 1.8 mL/Kg/min_ a power of 0.80, a
1-sided 0.05 level of significance, and equal participant allocation to the 2 treatment
groups. With these specifications, 27 participants per group were required to

accommodate for a 15% attrition rate.
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ARTICLEINFO ABSTRACT

Heywords:
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Walking sconomy

Background: Peripheral artery dizease (PAD) significantly affects patient prognosis, leading to a
rapid decline in phyzical function and health-related guality of life. PAD impacet: walking econ-
omy, cauzing higher oxygen uptake during submaximal walking, which is erucial for evaluating
walking performance and aerobic endurance.

Research guestion: How do arm-ergometry supervized exercize training (AEx) and treadmill ex-
ercize training (TEx) compare in their effects on walking economy, and what clinical character-
isties and outcomes influence the degree of thiz improvement?

Methods: This study iz an ancillary investigadon of the ARMEX trial, a single-center, single-
blinded, parallel groups, noninferiority randomized clinical trial. Padents with symptomatic PAD
were randomized (1:1 ratio) either to a 12-week AEx or TEx. Walking economy was measured by
oxygen uptake (VO;) during submaximal effort during the meadmill cardiopulmonary exercise
test (CPETL

Results: Fifty-six patients (66 + 8.4 years; 87.5 % male) were enrolled and randomized: AEx (n=
28) and TEx (n = 28). At 12-weeks, V02 at 60 until 240 £ decreased only in TEx. Between-group
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differences were found at 60 until 240 = favoring TEx. Exercising in the TEx group and lower
baseline body mass index (BMI) were independently associated with a greater improvement in
walking economy. Changes in walking economy were inversely correlated with changes in V0,
peak and positively correlated with CPET maximum walking distance and self-reported walking
distance.

Simnificance: Treadmill exercise improved walking economy more than arm-ergometry in patients
with PAD. Individuals with a higher BMI experience less improvement in walking economy with
exercize training and might require specialized interventions.

1. Introduction

Peripheral artery disease (PAD) is a prevalent condition with significant implications for prognosis [1]. Patients with PAD expe-
ricnee a fast decline in physical function over time, leading to a decline in health-related guality of life [2].

Walking cconomy is defined as the metabolic cost of ambulation and patients with PAD have a higher oocyzen uptake than predicted
during submaximal walking [3]. Efficiency or oxygen cost of exercise is one of the three pivotal factors influencing aerobic endurance
performance; the other two factors are maximal oxygen uptake and lactate threshold [4]. Therefore, walking economy stands as an
important measure for assessing the walking performance of patients with PAD [5]. An altered gait pattern has been posited as one of
the proposed underlying mechanisms for reduced cconomy [6]. Several studies indicate that individuals with PAD exhibit slower
movement, shorter strides, decreased cadence, and compromised balance, resulting in a heightened risk of falls compared to healthy
individuals [7,5]. During the gait cycle, individuals with this condition experience an extended stance phase and a reduced swing
phase [7]. These impairments are evident even before the emergence of clandication pain but intensify following its onset [6]. A recent
review on biomechanical research revealed that patients with PAD demonstrated a sluggish walking pattern and that they exhibited a
significantly reduced forward push-off during the late stance phase [9]. The authors concluded that the evidence suggest that gait
alterations primarily stem from vascular insufficiency and subsequent muscle damage [9). Muscle weakness in specific groups, such as
posterior thigh and shin muscles, has been identified [10]. The decline in strength and endurance of lower limb muscles results from
histological and metabolic alterations, including muscle fiber atrophy, diminished muscle area, increased fat infiltration and decreased
mitochondrial activity [11].

Supervised treadmill exercise training until claudication pain is a first-line treatment to patients with claudication. Consistently,
this intervention has demonstrated significant benefits in enhancing walking distances [12). Nonetheless, a recent scientific consensus
has underscored coneerns regarding the potential adverse effects of recurrent near-maximal pain on patients” adherence to the exercise
program [12]. Moreover, evidence supports better adherence to non-traditional exercise programs [12], and the current guidelines
already recommend walking to moderate pain as an option for exercise prescription in these patients [14,15]. The ARMEX trial
(Arm-ergometry versus Treadmill Supervised Exercise on Cardiorespiratory Fitness and Walking Distances in patients with Peripheral
Artery Disease) was a prospective, single-blinded randomized clinical trial comparing an arm-crgometry supervised exercise training
with a standard treadmill protocol on VO3 peak and in walking distances among patients with symptomatic PAD [16]. The primary
results of the trial showed that arm-ergometry was noninferior to the standard treadmill training regarding the VO, peak, but treadmill
training was associated with greater improvements in walking distances. However, few studies have assessed the impact of an exercise
training program on walking economy in patients with PAD. Therefore, in this secondary analysis of the ARMEX trial, we aimed to
compare an arm-ergometry supervised exercise training with a treadmill protocol on walking economy and identify the clinic char-
acteristics and outcomes that were associated with walking cconomy improvement. We hypothesize that in patients with symptomatic
PAD, supervised arm-ergometry exercise training will be as effective as the standard treadmill exercise training in improving walking
CCOTOmY.

2, Materials and methods
21. Study design

This was an ancillary study of the ARMEX trial, that was a single center, single-blind, parallel groups, noninferiority randomized
clinical trial (1:1), comparing the efficacy of AEx versus TEx training on improving cardiorespiratory fitness and walking distances in
paticnts with PAD with claudication over 12-weeks [16]. Consecutive patients with PAD with claudication referred to the Cardio-
vascular Rehabilitation Unit of our hospital were invited to participate in the trial by a physician and then referred to a treadmill
cardiopulmonary exercise test prior to a final decision about cligibility. The enrollment occurred between January 2017 and April
2023 ithe duration of the study was extended due to the COVID-19 pandemic). Eligible patients were randomized either to an
arm-ergometry supervised exercise training (AEx) or a treadmill walking exercise protocol (TEx) over 12-weeks. The study was
conducted aceording to the recommendations of the Declaration of Helsinki and approved by the Ethics Committee of Centro Hos-
pitalar Universitario de Santo Antonio and School of Medicine and Biomedical Sciences from University of Porto [2016-053
(047-DEF1/046-CES)]. The trial was retrospectively registered at the ISRCTN registry: ISRCTNS4908548. Written informed consent
was obtained from all participants, The present manuscript was structured according to the Consolidated Standards of Reporting Trials
(CONSORT) Statement for randomized trials of Nonpharmacological Treatment [17].
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22 Participanis

Patients with PAD older than 18 years old referred to the Cardiovascular Rehabilitation Unit were proepectively enrolled in the
tral. Inclusion and excluzion enteria were previously reported [16] and are provided in supplemental material.

2.3 Randomzation and allocation

Randomization was performed with a computer-based random number generator using a 1:1 allocation ratio for block sizes of four
patients. Randomization and allocation were undertaken by a member of the research team (C.5.) who was not directly involved in the
recruitment or patients" asseszment.

2.4, Outcomes QsPessMEnis

2.4 ]. Walking econemy, VO, peak and CPET dustances

Patients performed a graded cardiopulmonary exercise test (CPET), on a treadmill (Medizoft, Model 870CE), using the Gardner-
Slinner protocol with a constant spesd at 3.2 Km/h and a 2 % merease in grade every 2 min until the maximal claudication pain
that resulting in an mnability to wall any further [12]. During the CPET, parbicipants were not allowed to hold onto the handrailz whil=
walking. Respiratory gas exchange measurements were performed with a calibrated stationary metabolic cart system (Geratherm®
Respiratory Ergostik, under BLUE CHERRYE®) and were obtained breath-by-breath and averaged every 30 &, Heart rate and blood
pressure were recordsd at regular intervals throughout the test. Walking sconomy was evaluated by analyzing oxygen uptake during
submaximal exertion (VOz). These assessments were carried out at 30-5 intervals over a 240-s duration dunng the CPET, as previously
deseribed [19]. To ensure the analyzis reflected submaximal «ffort, only V05 values with a corresponding Respiratory Exchange Ratio
(RER) below 1.0 were included. For each patient, baseline VO measured at various CPET times was compared to the V05 recorded at
the conclusion of the intervention, conducted at the same teshing time. Thiz assessment preserved consistency in the distance coverad,
therefore, following the intervention, the patient with a lower VO5 will exhibit better walking economy. Predictive equations have
been developed to estimate the calonie expenditure of walking in healthy population. The American College of Sports Medicine
predichve squation for walling iz one of the most widely used (V0o = 3.54-(0.1*spead H-(1.8*spead*grade)) [20]. We applied thiz
equation to compute the predicted VOs for every 30-5 nterval assessed and subsequently compared them with the values obeerved
within our sample. Oxygen uptake (VO5) peak was determined as the highest VO achieved durning the exercise test. The pain-free
walking distance (PFWD) and masamal wallang distance (MWD) were recorded. All the tests were mterpreted by the same phyvai-
cian (M.5.), who remained unaware of the intervention allocation assigned to each patient.

242 Walking impairment questionnalre SCores

The Wallang Impairment Questionnaire (WIQ) 1z a PAD-specific assessment tool designed to evaluate self-reported wallang lim-
itations across three domaine: walking distance (WI0), walling speed (WI0Qg), and stair eimbing (W1Qsc) [21]. Each domain is rated
on a scale from 0 to 100, where 0 sigmifies the highest degree of limitation, and 100 signifies no difficulty in walking long distances,
walking rapudly, or climbing three flights of staire, respectively. Patients filled out thiz questionnaire both before and after the

intervention.
2.5 Dropout and adherence rates

Dropout rate was caleulated in both groups. Adherenece rate was calculated based on the number of sezsions performed in relation to
the number of sezsions planned. Patients were asked weeldy about exercize performed at home.

2.6. Interventions

Exercize sessions consisted of twice-weskly sessions comprising 10-mun warm-up, 30-40 min treadmill intermattent walling or
arm-ergometry, resistance exercizes and 10-min cocldown, led by a physiotherapist and under medical supervizion, both with
expenence in cardiovascular rehabilitabion. A detaled description of each exercize prescription for both intervention groups was
previously publizhed [16] and iz provided m supplemental material Additionally, all patients received nuintional and pevehologieal
intervention according to the international gindelines [22]. All pabents were encouraged to exercise at home at least twice weekly, for
30 min. A weelkly record of unsupervized exsreize was made.

2.7 Stahshcal analysis

The current study examined secondary cutcomes of the ARMEX trial, and therefore, no sample size was caleulated a prion. Data
diztribution was evaluated using both the Shapire-Wilk test and via visual inspection of historrams. Continuous data are reported az
mean + standard deviation, mean differences (95 % CI) or as the median (interquartile range) and categorical data as frequencies
(percentage). For the analyeis of submasimal VO values (every 30 5], we used patred-samples t-tests to compare within groups from
baseline to 12 weeks. Differences between groupe in the change from baseline to the end of the study wers assessed wnng ANCOVA,
with adjustment for baseline values.
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Untvariate hinear regression models were applied to identfy potential predictors before conduching the stepwise regression
analysiz. The stepwise resression model was then used to identify independent predictors (2.g., demographic data, cardiovaseular nzk
factors, comorbidities, ankle-brachial index (ABI), PAD classification, body mass index (BMI), and exercize traming group) of walking
economy improvement, with V02 at 180 s as the outcome variabls. A combination of forward selection and backward elimination
methods was ussd. A probability of F to enter <0.05 and a probability of F to remove >0.10 were used as selection criteria for the
stepwise regression procedure.

The association between changes in walling economy and changes in CPET MWD, CPET PFWD and WIQ was examined using a
Pearson bivariate correlation test. The change of V02 at 180 & was choeen as the time point for condueting these assoeiations, acconding
to previous studies [23].

Statistical significance of p < 0.05 was assumed. IBM 5SPSS statiztics version 29.0 (IBM Corp., Armmenk, NY, USA) was uzed to
perform stafistical analyses.

3. Resulis

Fifty-nine patients were referred to our eardiovaseular rehabilitation eonsultation and assessed for eligibility (Fiz. 1). One patient
refused to participate in the study and two patients did not meet the inelusion eriteria. Fifty-cix patients (66 + 8.4 years; 87.5 % male)
were enrelled and randomized: AEx (n = 28) and TEx (n = 28). Of these, 51 patients (AEx, n = 25; TEx, n = 26) completed the
intervention. Four patients (AExn = 1, TEx n= 3) were excluded from pnmary outcome analyeis due to the absence of data (CPET was
not avallable during a period of the COVID-19 pandemic), but they were included in the analysis of the remaining cutcomes.
Adherence to exercise seszions was 91.3 % (AEx: 86.0 % ve. TEx: 91.7 %; p = 0.311). The percentage of patients who complied with the
recommendation to exercize at home was similar in both groups (AEx: 76 %; TEx: 69.2 %; p = 0.39). Baseline participant’s charae-
teristics were well balanced between groups and are deseribed in Table 1.

All submasamal VO, values were normally dizstributed. At the bassline submasximal VO, values (walling efficiency) were similar in
both intervention groups and were higher than those predicted by the ACSM walking equation for a healthy population (Fiz. 2A). After
the intervention, walking economy improved in TEx, Le. VO values at 60zec until 240zec sigmuificantly decreased i TEx (Table 2) and
were closer to estimated values for healthy in ACSM walking squation (Fiz. ZB). In AEx group, VO3 decreased but without statistieal
significance (Table 2) and was further away from estimated values for healthy (Fig. 2B). Between-groups differences were found at
60sec until 240s2¢ favoring TEx (Table 2).

Exercize group (I° = 0.411, p < 0.001), obesity or overweight (r” = 0.130, p = 0.026) and BMI (= = 0.108, p = 0.044) were
significantly associated with changes in V02 at 180 &. In the stepwize regression analyzis, only exercize in the TEx group (= 2.9568, p <

Assassed for aligibiity
(n=59)
t
@
E Exccluded {n = 3)
8 L
5 Rendomized {n =66) 4 - Mot meeting inclusion crtena
n=2)
Refused to participata {n=1)
=
§
¥ ABocated Lo Arm-Ergometry Superndsed Allpcated to Treadmill Supendsed
= Exercise Training {n = 28] Exarcize Traming [n =28}
eceived allocated interention [n = 28) eived allocated intenentian (n = 28)

e Raceived d i i i Receed all i

Discontinuad intervention (n =3 Digcontinued interantion jn =2)

- Muscuboskeletal disarder (n=1) - Musculoskeletel dsorder (n=1)
o - Abandonmént withoul feason (=1) - Abandonment withoul reasaon (n=1)
3 - Exacarbation of kidnay disease (n=1)
E Lozt to follw-up (n =3)
= Lost 1o fellow-up [n = 1) - CPET cancelod due to the onsed of the
E - CPET cancaked dua to the onsaet of the COVID-18 pandomic (n=3)

COVID-19 pandemic (n=1)

'E Analysed for CPET outcomes, including Analysed for CPET outcomes, including
& primary cutcome {n = 24) primary outcome |n = 23)
g Analysed for ather sulcomes (n = 25) Analysed for other outcomes [n = 26)

Flg. 1. Modified CONSORT flow diagram for individual randomized controlled mals of nonpharmacologic meaments. CPET: cardiopulmonary
exercize test.
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Table 1
Baseline characteristics overall and by exercize group.
Varable Owrerall n = 56 Arm-ergometry n = 25 Treadmll n = 25
Age, ¥ 66+ 3.4 67+ 78 64+ 69
Mal= 49 (37.5) 25 (32.3) 24{B5.7)
Lowest resting ABI 0.66 4 013 069+ 011 062+ 0.15
Prior leg revascularization 12 (21.4) 3107} 9{321)
Comarhiditien
Coromary Heart dizease 26 (46.4) 15 (33.6) 11 {35.5)
Cerebrovascular dizeace 4(7.1) 2(7.1) (7.1
Heart Failure 5(85) 3107} 2(7.1)
COPD 5(85) 3107} 2(7.1)
Drvelipidemia 47 (33.9) 22 (73.6) 25 (09.3)
Diizbetes melline I5 (#4.6) 13 (45.4) 12{42.9)
Hypertension 48 (35.7) 22 (7.6} 26 (92.9)
Phymical inactiviey 43 (76.3) 24 (85.7) 19 (67.9)
Obecity 10 (17.9) S(179) 5(17.9)
Smoking stans
Crarrent 17 (30.4) 10(38.7) 723
Previoum 34 (60.7) 17 (60.7) 17 {(60.7)
PMever omoked 5089 1 (3.6) 4(14.3)
Madication
Acetyl-galicylic acid 47 (33.9) 22 (73.6) 25 (659.5)
Sating 56 (100) 25(100) 238 (1000
Beta-blochers 35 (62.5) 21 {73) 14 {500
ACEL/ARB 43 (76.3) 21 (75) 29 (TH.E)
Antiplatelet agent 18 (32.1) 10 (35.7) 8 (26.6)
Anticoagulintz 10 (17.9) 733 3107}
Pentoxifylline 14 (25) 7 (25) 7i{Z3)
Cilootamal 6 (10.7) 271 4{14.3)

Diata are mean + 5D or n (%), ABL: ankle-brachial index; ACEi: angiotensin-comverting enzyme inhibitors; ARB: angiotensin receptor blockers; COPD:
chronic obstructive pulmonary dizeasa.

A Easelineg Submaimal VO B Submadimal VO -"1EI'.—-.'Q'-'.|5-'.:!1T|1|I—||'IG
14 5 144
10 5

ubirmasimal Vo, imLpiming
o
="

Submaximal W

=

0 ) 0
30 B ad 120

3 60F 90 120" 180" 1B0F 2907 240 180 180" 207 240
BArmegrpomety  mTreadmill = Haalth BA[TTRErpOMmetry  m Trdadmil Health

Flg. 2. Walking Economy (asseszsed by submaximal cocygen uptake at 30-z periods during the cardiopulmonary exercize test)) compared against
values predicted uszing the American College of Sportzs Medicine equations for a typical healthy populadgon. A: bazeline evaluation; B: Evaluation
after 12 weeks of supervized exercize training. VO, oxygen uptake.

0.001) and BMI (i = 0.186, p= 0.014) remained sigmificant predictors, aceounting for 50.5 % of the improvemesnt in wallang economy.
The regression equation was ¥ (changes m V05 at 180 2) = —£.119 + 2968 x Group (TEx = 0, AEx = 1) + 0.186 x BMIL

Change in walking economy exhibited an inverse correlation with the change in VO, peak and a positive correlation with CPET
MWD and W1Qd (Table 3).

4. Discussion

To the best of our knowledge, this iz the first study that compared walling economy after an arm-ergometry exercise training
program versus a treadmill exercize protocol across different fime points dunng the submaximal oxyeen uptake assessment in patients
with PAD. Previcusly, this type of evaluation was considersd a more detailed analysic compared to assessing walking economy at a
single tims point durmg a test [19]. The single-pomt evaluation inereasss the probability of patients heavily relying on anasrobic
pathwayzs and hyperventilation, potentially compromizing the determination of energy expenditure [19]. At baseline, conzistent with

46



Heliyon 11 (2025) e42275

des et al

5. M

afEdn waiivo g ns Fop e sugeseg of Sunsnlpe Tapo iy ACDNY o anfes J poe somaragjip e ey, a
e parredun worg anjes J puE 200emgp JUaMImERL], |
TGOND s HIEEE WLy ORI AR UENYTUETS, ([0 04 G6) WEMI 10 (5 o WENIL I8 Ve

k1070 GT-ZE0 6K T 8O0 (02 E-T5 00 961 GTF POT— «H'TF P01 HIT F9ET1 TETFGL0— ETT F TLTT EUT ¥ 521 JMEE SO
B0 E6T-FI0) 64T TON0= (LM TVEFT 66T F 69T~ «90°TF UI0T SET FESTI 0BT FL80- ITTF IST1T 86T F8L°1L OTZ Ton
TOO0= @EE-STT) IET TO00> (b2 1V 68T BOT F BT~ LEE'TF 96 LET FELTI LETFHE00- OFT F ITIT 91T F6IIL O8N
TO0:= (IBT-660) 6T TO00= (LTE-T0TINSTE LSTF EET~ &IUTF W FOE FTFIT FE'T FES0- BIT ¥ 6F0T AT F40°TL D51 oA
TOO0 (IFT—0 ST 1000 (E—680) 56°1 181 F 66T ATFOE 6T FTOL BT F PP 0 BT T HTE B6TF6G L5 FOn
G000 G T-ET0) PFEO  TEND (P T-La0°0) 9670 EETF EE T~ «BOF 59 §1FIFL FE'T F b0 LFTF Vi FS°1 T S6°L S RO
P ] (20" T-800°0) TS0 BT00 (9ET-THO 0D TLO FO'T F 60 ST F RS GTT FIF9 SUTF81L0- #SOFOT9 SUTFTED A9 0N
HTKO (L0-ED=) 0T0 SHTKO (BED — HE0-)STD B0 F LTO 00 F BB 0FD FLO0G TE'TFTO0~ PIUTF L6F TETF86F SPE T
FOf [MUpKEugns
M REE e
JBNpEA afmeyn U s K] ON[EA sl U » Ay ) ) il . may) afkneg) o i
o dnori-usemiag  pRenpe aujEeeg I dnori-imasizg peenfparn ET = U [RUpean), FE = W ANzl m-nnny

“sdnosd UonuRATIII] 100 U S GE I S 0F 18 TN [Epeng

T HqeL

a7



5. Magalhbes ez ol Heliyom 11 (2025) e42275

Table 3

Associations between changes in the walking economy (change in VW0, 180) and changes in peak oxygen uptake, walking distances and self-reported
walking limitations.

Change in outcomes Change in VIO, 1507

Orverall n = 41 Arm-ergometry n= 19 Treadmill n = 22

r p value” r povalue r p value"
VO peak 048 0,003 0.60 0011 0.46 0.036
CPET MWD 0.35 00 0.05 0337 0.21 0.363
CPET PFWD 0.24 0142 0.09 0.703 0.09 0.719
wWigd 0.3% 0,017 022 0.339 0.29 0.193
Wik 0.03 0.643 0.o7 0.780 0.03 0.915
Wiec 014 0,400 0.14 0591 019 0.423

MWD: maximal walking distance; PFWLD: pain-free walking distance; VOZ: oxygen uptake; WI(: walking impairment questonnaire; WIQd: WIQ
distance; WIQs: WI) spead; WIQse: WIQ) stair climbing.
" p volue from Pearson bivariate correlation test. CPET: cardiopulmonary exercize test

findings from other studies in this population, both intervention groups exhibited higher submaximal V05 values than predicted [3].
We demonstrated a significant and superior improvement in walling economy after a 12-week treadmill exercize training program.
Few studies have evaluated walking economy after treadmill exercise traiming in patients with PAD and the majority have reported
rezults consictent with ours [19,24]. We identifisd two studies that analyzed submaximal oxygen uptake following arm-ergometry
exercize training in a population with PAD, and similarly, the authors did not observe a significant improvement in thiz parameter
[23,25]. Additionally, we found a significant and superior improvement in walking distances in the treadmill group [16]. Maximal
walking diztance evaluated in CPET amd self-reported walking distance were correlated with improvements in walking economy.
Consequently, the enhancement in walking distances following the 1 2-week treadmill exercize program can be partially attributed to
the improvement in walking economy. Previous trials have outlined that the enhancement in walking performance during the initial
weeks following treadmill exercice training was more related to an improvement in walking economy, particularly due to an
enhancement in gait biomechanics, while later improvements were more azsociated with an inerease in VO5 peak [26,27].

The improvement in walking distances after a 12-week arm-ergometry exercise program cannot be explained by the same
mechanizm, since, az mentioned previously, we did not find an improvement in walking economy in thiz group. These results
corroborate previous findings in healthy individuals, suggesting that cross-transfer effeets (i.e., improved exercise performance during
activities mvolving untramed limbe) primanly stem from eentral mechanisme. Conversely, non-transferable effects are Likely atirib-
utable to adaptations within the trained museles, thus accounting for local adaptations [28]. A trial that studied cross-transfer effectz in
patientz with claudication after an arm-ergometry exercize trmming program demonstrated that the enhancement in wallang per-
formanee was coupled with improved oxygen delivery to the lower imbe [25]. We observed that 12 weeks of arm-ergometry exercise
traming led to a sigruficant improvement in VO, peak, whereas the inerease m the treadmull group did not reach statistieal significance
[16]. Other studies eonducted on thiz population support the observed increase in V05 peak following arm-ergometry [29]. We found a
negative correlation between improvement in walling economy and changes in VO, peak. This mnverse relationship has been docu-
mented in other populations and appears to be partly influenced by fiber type distribution (type | muscle fibers are aszociated with
improved exercise sconomy, while type Il museles fibers are linked to reduesd sconomy); however, additional factors, such as walling
biomechanics, have also been suggested to potentially play a significant rele [30,31]. Therefore, the improvement in walking per-
formanee after 12 weels of arm-srsometry exercize training iz lilkely more elocely associated with an increass in VO peal, potentially
reflecting either an augmentation in musecle oxygen delivery or an enhancement in musele oxidative metabolizm. Purther rezearch iz
necezsary o elucidate the mechameme underlying improvements in walling performance among patients with PAD following both
modalifies of exercise training. Nonetheless, the findings of this study offer a contribution to the existing body of knowledge on thiz
topic by highlighting potential distinet pathways through which these training modalitiez may enhance wallang performance.

Patients with a higher BMI experienced less improvement in walking economy with exercize training. Consequently, exploring
alternative exercize modalibies, such az arm-ergometry, which enhanece walking distances through mechanizms other than walling
economy, could offer greater potential benefite for some of these patients. Both exercize interventions demonstrate improvements in
different outcomes that influence walking performance among individuals with PAD. Future research should explore the potential
synersistic effects of combining these interventions to enhance overall therapeutic benefits.

4.1, Limitations of the study

Thiz was an ancillary study, therefore, our sample size was ealeulated based on expected improvement in the primary endpoint
(Vg peak) derived from previously published data, rather than being specifically tailored for this outcome. Further studies with a
larger sample size will be necessary to support our findings regarding this outcome. All patients enrolled in the study presented with
claudication (Fentaine stage [I), implying that the findinge may not be applicable or representative of other stages of the dizeaze. To
conduct a more accurate assessment of walking economy, employing a steady-state exercize protocol would be preferable. However,
previous shudies have demonstrated that in some patients with PAD, despite the exercise intensity remaining constant in such pro-
tocols, there iz an inerease in oxygen uptake, hindering the attainment of a true steady-state condition [6]. Puture research should
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mneclude both exercise test protocols to comprehenzively assess this outcome. Addibonally, we must aclnowledge that the effects
observed in this shudy may be partly explained by adaptation to treadnull familiarization.

5. Conclusion

Treadmal]l exercize mproved walling economy more than arm-ersometry in symptomatic patients with PAD. The observed
enhancement in walking distances after the treadmill exercize program can be attributed, at least partially, to the improvement in
walking economy. Patients with a lngher BMI chowed less improvement in walking economy following exercise traiming, highlighting
the need for talored attention and specialized mterventions in their care.

CRediT authorzhip contribution statement

Sandra Magalhaes: Wnting — original draft, Formal analysiz, Data curation, Conceptualization. Mario Santos: Wnting - review &
editing, Valhidation, Supervizion, Conceptualization. Sofia Viamonte: Writing — review & ediing, Conceptualization. Fernando
Ribeiro: Wnting — review & editing, Formal analyeis. Joana Martins: Writing - review & editing, Supervision. Cristine Schmidt:
Writing — review & editing, Methodology. Daniel Martinho-Dias: Formal analysiz, Data curation. Henrique Cyrne-Carvalho:
Writing — review & editing, Validation, Supervizion, Coneeptualization.
Ethicz approval and consent to participats

The trial was approved by the Ethics Commuttee of Centro Hospitalar Umiversitario de Santo Antomo and School of Medicine and
Biomedical Sciences from University of Porte [2016-053(047-DEFL/046-CES)]. Written informed consent was obtaned from all
participants.

Diata availability statement

The data associated with the paper are not publicly available but are avalable from the corresponding author on reasonable
request.

Consent for publication
Mot applicable.
Funding

The authors declare ne finaneial support.

Dieclaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appearsd to
influence the work reported in thiz paper.

Acknowledsements

The authors thank the Cardiovascular Rehabilitation Staff: Ana Barreira, Cristina Moreira, Helena Borges and cardiology nurses;
special thanks to the team responsible for conducting CPET exams; Maria Julia Reis for blood sample analyeis and Daniela Cunha for
ABI evaluation.

Appendix A. Supplementary data

Supplementary data to thiz articls can be found online at httpe://dotorz/10.1016/). helivon 2025242275,

References

[1] M.H. Criqui, . Matsuzhita, V. Aboyanz, GN. Hem, CW. Hicks, T.W. Fvwan, et al,, Lower extremity peripheral artery diseaze: contemporary epidemiology,
management gape, and future directions: a scientific statement from the American heart agoociation, Circulation 144 (2021} £171-2191, httpe-//doiorg
10.1161,/CIR. 0000000000001 005,

[2] R) Maxym, LP. Cassesly, WM. Kohrt, PM. Ho, WE Hiatt, M.EL Nehler, et al | Asoecoment of functional stanw and quality of life in clasdication, J. Vaoc. Surg. 53
(2011) 1410-1421, httpe://doi.org/10.1016,5.jv.2010.1 1092,

49



8. Mogalhdes et al Heliyom 11 (2025) £42275

[3]

[4]
[5]

[8]

[7]
[5]

[9]
[1a]
[11]
[12]
[13]

[14]

[15]

[18]

[17]
[13]

[19]

CJ. Womack, D.J. Siemincki, L1 Katzel & .:Ll-:o AW. Cardner, Oxygen uptake during congtant-intensity exercize in patients with peripheral arterial
occluzive dizexce. Vapc Med 2 (1997)
RR Pate, A Krizka Phyziological bagin of the sex difference in cardiorespimtory endurance, Sports Med. 1 (1954) 57-98.

E Wang, J. Helgerud, H. Loe, K. Indzeth, M. Kashler, J. Hoff, Maximal strength training improves walking performance in peripheral arterial disesse patientz,
Scand J. Med. 56 Sporta 20 (20100 764-770, httpe://doiorg/ 10,1111/ 1600-0838.2009.0101 4.2

AW, Oardner, B M. Ristdi-Dixs_ J.A Stoner, P.5. Montgomery, ELJ. Scott, S.M. Bleving, Walking economy before and after the onset of dawdication pain in
pasiants with paripheral artsrial disease, J. Vaze, Suzg. 51 (2010) 625653, hepe/oiorg/ 10,1016/ jve. 2009.09.055.

5.A Gcherer, J5. Bainbridge, W.R. Hiatt, J.B. Regenoteiner, Oait characterigtics of patients with daudication, Arch. Phys. Med. Rehabil. 79 (1998) 529531
AW. Jardner, P.5. Montgomery, Impaired balance and higher prevalence of falls in mbjects with intermittent dandication, J Gerontol 4 Biol 56 Med 50 56
(2001) M454-M458.

.M. Bapat, A T Bashir, P Malcolm, J.M. Jloharming, 1.1 Pipinge, 5-4. Myer, A biomechanical peropective on walking in patisnts with peripheral artery dizesze
Vaoc. Med. 28 (2023) 77-84

M. Soymezak, P. Fropa, 0. Oozhiniz, M. Majchroychi, Gait pattern in patients with peripheral artery dizeaze, BMC Gerixtr. 18 (2018) 52, hetpe-//doi org/
10.1186/21 287701 5-0727-1.

M.M. McDermott, L. Ferrucc, M. Gonzales-Preire, K. Koamac, . Lesuwenburgh, C.4 Petervon, et al, Sheletal muscle pathology in peripheral artery dizeaze: 2
hi:f:euiuw, Arteripacler. Thromb. Vaoc. Biol 40 (2020) 2577-2585, hrq:-::_-'_-'Joan'g- 101161 /abwbaha 170.313331.

D. Treat-facoboon, M.M. McDermot, U.G. Branas, U. Campia, T.C. Colline, M.H. Criqui, et al , Optimal exercizge programs for patients with peripheral artery
dizanze: 2 poiengific stassment from the American haart amocixtion, Circulation 138 (2019 «10-e33, hn:p::,-,-'.JoLch_- 131161 /CIE. DOOO0000000006.23,

B Lin CH. Ngunyen, 5.0. Thomas, Completion and adherence rates to exercize interventions in intermittent dandication: oraditional exercise verou altermative
exercioe - a systematic review, Bur J Prew Cardiol 26 (2019) 1625-1633, httpa://doiarg/10.1177 /2047457 319546057

HL Oomik, HD. Aronow, PF. Goodney, 5. Arya, LP. Brewater, L Byrd, et al | 2024 ACC/AHA/AACYPR/APMA/ ABC/SCAL/SVM, SVN/SVS/SIR, VESS
guideline for the management of lower extremity peripheral artery diseaze: 2 repart of the American Coll=ge of candiology,/Amesican heart amociation joint
comemittes on clinical practice guidelines, Circulation 149 (2024) e1313-21410, httpe://doi.org10.1 161 /CIRODHMOMI00000] 251.

L Mazzalai J. Belch, M. Venermo, V. Aboyanz, M. Brodmann, A. Bura-Riviere, et al | Bxercize therapy for chronic symptomatic peripheral artery disease: a
clinical conzensuz document of the Buropean society of cardiolegy working group on aorta and peripheral vascolar diseases in collaboration with the Buropean
ociety of vascular medicine and the Buropean society for vascular qurgery, Bur. J. Vasc. Endovasc. Surg. (2024, hetpa://doiorg 1001016, 2jve 200401009,
B Ma.gzﬂuu M. Santos, 5. Viamente, P. Ribeiro, J. Tdmm,CSrJ:mJﬂt, etal, Eﬁbﬂufarm—ugumﬂ'gmmttﬂdmﬂlmpﬂmﬁaimmmdmﬂrpm
ﬁmnﬂmmmmmmﬁmﬂmmhmmwmﬂJ Cardiopulm Rehabil Prev 44 (2024) 353360,
herpes//doi.org/10.1057  HCELD000000000000ET

1. Boutron, DU0. Altman, I Moher, K.P. SrJ:u.llla,'P. H.mad. C.N. Oroup, CONSORT statement for randomizad triale of nonpharmacologic treatmente: a 2017
update and a CONSORT extenzion for nonpharmacelogic trial abstracts, Ann Intern. Med. 167 (2017) $0-47, hetpe//doiorg/ 107326,/ M1 7-D046

AW. Oardner, J.5. Skinner, BW. Cantwell, LT Smith, Progreszive vz cingle-stage treadmill teste for evaluation of candication, Med. Sci Sports Exerc. 23
(1991) 402-408.

B.0. Crowther, A5, Leiche, WL Spinks, K. Sangla P. (uigley, J. Oolledge, Effects of a 6-month exercise program pilot study on walking economry, peak
phyzinlogical characterioticn, and walking performance in patients with peripheral arterial Jizease, Vasc. Health Rizh Mamag, & (2012) 225232 hepe://doi.
arg/10.2147/VHRM.Z30056.

[20] .

[21]
[22]

[23]
[24]

[25]
[26]
[27]
[23]
[24]
[3a]
[31]

50

SP.A Nicolsi, L M. Eridenier, EV. Rouwet, . Graffins, M.H. Prizs, JA W, Teijink, The walking impairment questionmairs: an eferive ol to amess the effzc
of treatmen: in patises vith imvermicten: clandication, J. Vase. Surg. 50 (2009) 3594, hepe, /doiors/ 101016/ 1ive 2005 12,075,

M. Ambrogetsi, A Abreu, U, Corra, CH. Davos, I Hancen, 1. Prederiz, et al., Secondary prevention through comprehenzive candiovascular rehabilitstion: from
knowledge to implementation. 2020 update. A pesition paper from the Secondary Prevention and Rehabilitation Section of the European Amociation of
Preventive Candiology, Bur J Prev Cardial 28 (2021) 460-495, httpe-//doiarg/ 10,1177,/ 204748732091 3379,

U.0. Bronag, . Treat-Jacoboon, A.5. Leon, Comparizom of the effect of upper body-ergometry asrobic training vo treaidmill training on central casdiorespiratory
improvement and walking distance in patients with claudication, J. Vaoc. Surg. 53 (2011) 1557-1564, hetpe//doi_org 10.1016,7.jw=- 201 101077

C.J. Womack, D). Sieminki L1 Fatzel A Yaraco, A'W. Gardner, Improved walking economy in patients with penph.er:. arterial pocluive dipeace, Med. 5ci
Sportz Bxerc. 29 (1997) 1286-1290.

0. Tew, 5. Mawaz, [. Zwiergka, J M. Saxton, Limb-gpecific and crom-tranafer effects of arm-crank exercise training in patients with symptomatic peripheral
arterial dizease, Clin. Sei (Lomd ) 117 (2009) 405-413, httpe://doiarg,/10.1042/C5200560633.

WE Hiatt, J.0. Regencteiner, M_E. Hargarten EE. Wolfel B P Bras:, Benefit of axercice conditioning for patisntz with peripheral arterial disesse, Circulation
a1 (1990) 6025609,

W Hiart EE. Walfal B H. Meier, J H. Regersteiner, Superiority of readmill walking exercise vermu: strength training for patients with peripheral arterial
dizeage. Implications for the mechanizm of the training response, Circulation 90 (1994) 1566-1574.

5. Pogliaghi, P. Terziotti, A. Ceveoe, F. Balegtreri, F. Schena Adapsations to endurance training in the healthy elderly: arm cranking versz leg cyeling, Bur. J.
Appl Physial. 97 (3006) 723-751, hetpe://doi.arg/10.1007/200421 D06-0226-2.

1. Zwiercha, BT, Walker, 5.4 Chalay, J.5. Male, A Q. Pockley, J.M. Saxton, Upper- o lower-limb aerobic exercize rehabilitstion in patients with symptomatic
peripheral arterial dizeace: 3 randomized controlled trial, J. Vaze. Surg. 42 (2005) 1122-1130, hepe,/doiorg 10.1016,7 v 2005.08.021.

G.F Hunter, V.M. Bamman, D.E. Larcan-Meyer, DR Joanizoe, J.P. McCarthy, T.E Blxudean, et al, Inverse relationchip between sxercize economy and
axidative capacity in mmascle, Bur. J. Appl Physiol. 84 (3005) 558-568, hetpr//dai.ocg /10,1007 /00421 0051370

J.H. Borges, 5.J. Carter, H. Singh, 0 . Humter, Inverse relationship betwesn changes of mavimal aerobic caparity and changes in walking economy after weight
loaz, Eur. J. Appl Physiol. 118 (2018) 1573-1578, hetpe:/,/doi.org/10. 1007 /200421 -015-3355x_



Paper 3

Magalhaes et al. Journal of Fatient-Reported utcomes (2025) 9:15 Journal of Pa[ient_Repmtgd
https://doi.org/10.1185/541687-025-00847-8 Outcomes

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 Magalhdes'”'®, Mério Santos™***%, SofiaViamonte’, Femando Ribeiro®, Joana Martins®, Cristine Schmidt
and Henrique Cyme-Carvalho™

Abstract

Background Peripheral artery disease (PAD) negatively affects walking performance, healtherelated quality of life
(HRQoL) and mental health. Bxercise training is recommended as a first-line treatment for PAD, with patential impact
on all these outcomes, but the optimal program design is nat completely ascertained. The aim of this study was

to compare arm-ergometry (ABx) and treadmill supervised exerdse training (TEx) on HRQoL and mental health in
patients with PAD,

Metheds This was an ancillary study of the ARMEX trial, a single-center, single-blinded, parallel group, randomized
dlinical trial, enrolling symptomatic PAD patients referred to a cardiovascular rehabilitation program (CRF).
Participants were randomized (1:1) to a 12-week ABx or TEx, along with the core components of 2 CRP (nutritional
and psychological support). Participants completed the short form 36 Health Survey and the Hospital Anxiety and
Depression scale before and after the intervention. Differences between groups in the change from baseling to the
end of the study were analyzed using ANCOVA, adjusted for baseline values, or the Mann-Whitney U test.

Results Fifty-six patients (66 8.4 years; 87.5% male) were included: AEx (n=28) and TEx (n=28). Physical functioning,
role-physical, bodily-pain, general health, mental health and physical component surmmary (PCS) significantly
improved in AEx group. In the TEx group, physical functioning, role-physical, bodily-pain, vitality, social functioning,
role-emational and PCS significantly improved. Role-physical and role-emotional improved more in TEx, with no
between-group differences in the ather domains. Changes in PCS were significantly associated with changes in
walking distances. Hospital Anxiety and Depression scale scores improved in both groups, without between-group
differences. This improvernent was associated with self-reported walking distance.
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Conclusion Both exercise protocols improved HRQoL and mental health in patients with symptomatic PAD,
highlighting exerdize-based programs as important treatment strategies for this population.

Trial registration number [SRCTMN54208548 (retrospectively registered).
Keywords Cardiovascular rehabilitation, Exerdise therapy, Intermittent claudication, Mental health, Peripheral artery

disease, Quality of life

Introduction

Peripheral artery disease (PAD) is a prevalent condition
associated with adverse clinical outcomes, including
decreased physical fitness and impaired functional status
[1].

Health-related quality of life (HRQoL) is a multidi-
mensional concept that reflects an individual’s subjec-
tive assessment of their physical, mental, emotional, and
social well-being and functioning [2]. Previous research
has shown that patients with PAD experience diminished
HROQoL, similar to that of individuals with other cardio-
vascular conditions [3]. Poor HRQoL predicts long-term
survival in this population, providing prognostic value
beyond established biomedical risk factors [4]. A recent
statement highlighted the importance of incorporating
HR(ol. assessment in treatment outcomes for all symp-
tomatic PAD patients, to ascertain whether therapies that
improve exercise performance also enhance patient’s per-
ception of improvement in the performance of daily life
activities [5].

Due to the chronic debilitating nature of PAD, men-
tal health conditions such as depression and anxiety
are also more prevalent [6]. The PORTRAIT registry, a
multicenter international study, enrolled 1275 patients
with PAD and reported a 14.1% prevalence of depres-
sion symptoms and 83% prevalence of anxiety [6].
Patients at a higher risk of mental health issues were
typically younger, female, financially strained, with less
social support and worse perceived health status [6]. The
increased mental health burden in PAD has been shown
to negatively impact outcomes, including health status
trajectories, post-revascularization results, and the risk
of amputation, long-term mortality, and cardiovascu-
lar events [7]. As a first-line treatment, exercise training
requires a lifestyle change, and mental health issues can
hinder individuals’ ability to adhere to exercise regimens
and effectively manage their chronic condition [8]. It has
been established that evaluating mental health in clini-
cal practice is crucial, and addressing these conditions
should be an integral component of comprehensive PAD
management [7]. Therefore, promoting therapeutic strat-
egies that enhance HRQoL and mental health in patients
with PAD becomes essential, and supervised walking
exercise has previously been demonstrated to improve
HRQoL in this clinical setting [9, 10]. A meta-analy-
sis suppested that exercise training may be effective in

alleviating anxiety and depression symptoms in patients
with coronary heart disease [11]. However, there is a lack
of studies in the literature that have evaluated the impact
of exercise training on mental health in patients with
PAD. Cardiovascular rehabilitation (CR) is a multidisci-
plinary intervention with well-recognized core compo-
nents, and a position paper from the European Society
of Cardiology recognizes PAD as a qualifying diagnosis
for this type of intervention [12]. However, only a small
percentage of patients with PAD are currently referred to
CR, typically when they have additional cardiovascular
conditions [13]. The evidence for CR programs (CRP) in
patients with PAD remains limited due to the lack of ran-
domized controlled trials [14].

Several researchers emphasized the importance of con-
ducting high-quality intervention trials that compare dif-
ferent exercise modalities and identify the most effective
elements for improving outcomes in symptomatic PAD
patients [10, 15]. The ARMEX trial (Arm-ergometry ver-
sus Treadmill Supervised Exercise on Cardiorespiratory
Fitness and Walking Distances in patients with Peripheral
Artery Disease) was a prospective, single-blind, random-
ized clinical trial comparing arm-ergometry supervised
exercise training with a standard treadmill protocol on
peak oxygen consumption (VO, peak) and in walking dis-
tances among patients with symptomatic PAD [16]. The
primary results of this trial indicated that arm-ergometry
was noninferior to treadmill training for VO, peak, but
treadmill training led to preater improvements in walk-
ing distances [16]. However, there is limited data on the
impact of these different exercise modalities on HRQoL
and mental health. The pain experienced by patients
using the standard treadmill protocol has been identified
as a potential barrier to adherence [17]. Additionally, evi-
dence sugpests that patients with PAD demonstrate bet-
ter adherence to exercise programs that do not involve
pain [18]. Arm-ergometry appears to be a promising
modality for improving both HRQoL and mental health
in these patients, as it does not cause pain and has been
shown to promote pleasurable feelings in this population
[19]. Given this background, we aimed to compare the
effects of an arm-ergometry supervised exercise training
protocol with a treadmill protocol on HRQoL and mental
health in symptomatic PAD patients. This study derived
from a pre-specified secondary analysis of the ARMEX
trial. Additionally, this explanatory analysis sought to
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assess the relationships between intervention-induced
changes in the physical component score of short form
36 Health Survey (SF-36) and walking performance out-
comes, as well as the relationships between intervention-
induced changes in Hospital Anxiety and Depression
scale (HADS) scores and walking performance outcomes.

Methods

Study design

The ARMEX trial was a prospective single-center, single-
blind, parallel group, noninferiority randomized clini-
cal trial (1:1), comparing the efficacy of arm-ergometry
(AEx) versus treadmill exercise (TEx) training on
improving cardiorespiratory fitness and walking dis-
tances in PAD patients with intermittent claudication
over 12-weeks [16]. The current study encompasses a
pre-specified secondary analysis from this randomized
clinical trial.

PAD patients with intermittent claudication consecu-
tively referred to our hospitals Cardiovascular Rehabili-
tation Unit were recruited. Eligible patients underwent a
treadmill cardiopulmonary exercise test (CPET) before a
final decision regarding final eligibility and randomiza-
tion was made. The enrollment occurred between Janu-
ary 2017 and April 2023.

Eligible patients were randomized either to an arm-
ergometry supervised exercise training (AEx) or a tread-
mill walking exercise protocol {TEx) over 12-weeks. The
study was conducted according to the recommenda-
tions of the Declaration of Helsinki and with approval
from the Ethics Committee of Centro Hospitalar Uni-
versitirioc de Sante Anténio and School of Medicine
and Biomedical Sciences at the University of Porto
[2016-053(047-DEFI/046-CES)].  All participants pro-
vided written informed consent prior to their inclusion in
the study. The current manuscript was organized follow-
ing the guidelines outlined in the Consolidated Standards
of Reporting Trials (CONSORT) Statement for random-
ized trials of nonpharmacological treatments [20].

Participants

Adults aged 18 years and above diagnosed with symp-
tomatic PAD and referred to the Cardiovascular Rehabili-
tation Unit were recruited. The criteria for inclusion and
exclusion were previously described [16].

Randomization and allocation

As previously reported [16], randomization was per-
formed with a computer-based random number gen-
erator using a 1:1 allocation ratio for block sizes of four
patients. Randomization and allocation were under-
taken by 2 member of the research team (C.5.) who was
not directly involved in the recruitment or patients’
assessment.

{2025) %15
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Outcomes

Heaith-related quality of life

To evaluate HRQoL the SF-36 was use, considering the
eight domain scores. Four of the subscales are related to
physical health: physical functioning (PF), role physical
(RP), bodily pain (BP) and general health (GH); and the
remaining four scales are related to mental health: vital-
ity (V'T), role emotional (RE), social functioning (SF) and
mental health (MH). Domain scores range between 0
and 100, with higher scores reflecting better QoL. These
scores were Z-transformed and weighted to calculate
physical component summary (PCS) and mental compo-
nent summary (MCS) scores [21].

Anxiety and depression

Patient-reported symptoms of anxiety and depression
were measured using the HADS [22]. This questionnaire
comprises seven questions for anxiety and seven ques-
tions for depression that score for two different subscales:
anxiety (HADS-A) and depression (HADS-D). Each item
is answered by the patient on a four-point (0-3) response
category so the possible scores ranged from 0 to 21 for
each one subscale. Lower scores reflect a lower symptom
presence [23].

Walking performance outcomes

The assessment of CPET walking outcomes and 6-minute
walk test (BMWT) distances was conducted as previously
described [16].

Dropout and adherence rate

Dropout rate was calculated in both groups. Adherence
rate was calculated based on the number of sessions per-
formed in relation to the number of sessions planned.

Interventions

Exercise sessions consisted of twice-weekly sessions
comprising 10-min warm-up, 30 to 40 min treadmill
intermittent walking or arm-ergometry, resistance exer-
cises and 10-min cooldown, led by a physiotherapist
under medical supervision. All patients were monitored
with an electrocardiographic telemetry system during
the sessions, ensuring that all safety protocols for the
intervention were followed. A detailed description of the
exercise prescriptions for both intervention groups has
been previously reported [16]. Additionally, all patients
received nutritional individual counselling and psycho-
logical intervention (weekly group sessions) according to
the international guidelines for the core components of
an outpatient CRP [12]. All patients were encouraged to
exercise at home at least twice a week for 30 min. Patients
were asked weekly about exercise performed at home.
It was made a record of the mode and time of exercise
realized. Patients were considered to have performed
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unsupervised exercise if they completed moderate-inten-
sity exercise for at least 30 min per session for at least 2x/
week. Recorded exercise was analyzed as a dichotomous
variable (ves or no).

Statistical analysis

The present study investigated secondary outcomes of
the ARMEX trial, thus, no sample size was calculated a
priori. The distribution of the data was assessed with
the Shapiro-Wilk test and via visual inspection of histo-
grams. Continugus data are reported as mean + standard
deviation, mean differences (95% CI) or as the median
{interquartile range) and categorical data as frequencies
{percentage). For within-group comparisons, from base-
line to 12 weeks, were performed paired-samples t test or
Wilcoxon signed-rank test. Differences between groups
in the change from baseline to the end of the study were
tested using ANCOVA, adjusting for baseline value or
Mann-Whitney U test.

To assess the relationships between changes in the
physical component score of SF-36, changes in HADS
scores, and changes in walking performance outcomes
after the intervention, the Pearson correlation test was
used for variables with a normal distribution, while the
Spearman Correlation test was employed for variables
with a non-normal distribution.

Statistical significance of p<0.05 was assumed. 1BM
SPSS statistics version 29.0 (IBM Corp., Armonk, NY,
USA) was used to perform statistical analyses.

The effect size for the outcomes was calculated using
appropriate statistical methods. For normally distributed
variables, effect size was determined using partial eta
squared (n°} from the ANCOVA. For non-normally dis-
tributed variables, effect size was calculated based on the
Mann-Whitney U test. Additionally, a post-hoc power
analysis was conducted using G*Power 3.1 to assess the
observed power of the statistical tests performed.

Data availability

The data associated with the paper are not publicly avail-
able but are available from the corresponding author on
reasonable request.

Results

Fifty-nine patients referred to CR consultation were
assessed for eligibility (Fig. 1). One patient refused to
participate in the study and two patients did not meet the
inclusion criteria. Fifty-six patients {66+ 8.4 years; 87.5%
male) were enrolled and randomized into two groups:
AEx (n=28) and TEx {n=28). Of these, 51 patients (AEx,
n=25; TEx, n =26) completed the intervention. As shown
in Fig. 1, three patients in the AEx group discontinued
the exercise program: one due to an exacerbation of
lumbar spondyloarthritis, one due to an exacerbation of
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chronic kidney disease, and one for an unknown reason.
In the TEx proup, two patients discontinued the inter-
vention: one due to an exacerbation of hip osteoarthritis,
and one for an unknown reason.

Exercise session adherence was 91.3% [AEx: B6.9%
vs, TEx: 91.7% p=0.311). The percentage of patients
who complied with the recommendation to exercise at
home was also similar in both groups (AEx: 76%; TEx:
69.2%; p=0.59). No adverse events were reported dur-
ing the exercise sessions for any of the patients included
in this analysis. Baseline participants' characteristics and
between-group comparisons are described in Table 1.

At baseling, in both groups, the four domains of the
SF-36, related to physical health (PE, RP, GH and BP) had
lower scores than the four subscales related to mental
health (VT, SE, RE and MH). These results are depicted
in Table 2. After the 12-week exercise training interven-
tion, PF, RF, BF, GH and MH increased significantly in
the AEx group, and PE, RP, BE VT, SF and RE increased
significantly in the TEx group. RF and RE improved more
in TEx, with no between-group differences in the other
domains (Table 2; Fig. 2). The PCS increased in both
groups, without between-group differences (1.3%; 95%
Cl, -1.69 to 447; p=0.368) (Table 2; Fig. 2); the MCS
remained unchanged in both proups, without between-
groups difference (1.45; 95% CI, -3.29 to 6.20; p=0.541).
Change in PCS was significantly associated with changes
in CPET pain-free walking distance (PFWD) (r=0.294,
p=0.043), sMWT maximal walking distance (MWD)
{r=0.351, p=0.012) and Walking Impairment Question-
naire distance (WI1Qd) (r=0.312, p=0.026).

HADS-A and HADS-D scores improved in both
groups, without between-group differences (0.21; 95% CI,
-1.03 to L44: p=0.741 and 0; 95% CL, -1 to 2; p=0.509,
respectively) (Table 2; Fig. 2). Changes in HADS-A and
HADS-D were associated with changes in WIQd (r =
-0.352, p=0.011 and r = -0.353, p=0.011, respectively).

Discussion

At baseline, the SF-36 domains related to physical health
exhibited lower scores compared to the mental health
domains in both intervention pgroups, consistent with
findings from previous studies conducted on PAD pop-
ulation [24]. Few studies have investigated the HROoL
following a 12-week exercise program and reported on
the SF-36 domain scores among patients with PAD. We
showed a significant improvement in the four physical
health domains (PF, RE, BP and GH) as well as in one
mental health domain (MH] following a 12-week arm-
ergometry exercise program. Two previous trials have
evaluated HRQoL after arm-ergometry exercise train-
ing in PAD patients. One study [25], conducted over &
weeks, showed a significant enhancement of PF and RF
domains. In the other study [26], at the 6-week follow-up,
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- Refused to participate (n=1)

Assessed for eligibility
(n=59)

E
_E Excluded (n =3)
I_E r
c Randamized (n = 56) o - HNot mesting nclusion critena
w {n=2)
c
5
g Allocated to Arm-Ergometry Superdsed Allocated to  Treadmil  Supervsed
= Exercisa Training (n = 28) Exercise Traning (n = 28)
s Recewed allocated intenention {n = 28) Received allocated intervention (n = 28)

Discontinuad intervention (n =3) Discontinued intervention (n =2)

- Musculoskeletal disorder (n=1) - Musculoskeletal disorder (n=1)
a - Abandonment withou reason (n=1) - Abandanment without reason {n=1)
3 - Exacerbation of kadney disease (n=1)
E Lost to follow-up (n =13)
= Lost 1o follow-up (n =1) - CPET canceled due to the onsst of the
'E « CPET canceled due to tha onset of the CONVID-19 pandemic (n=3)

COVID-19 pandemic {n=1)
% Analysed for CPET outcomes, including Analysed for CPET outcomes, including
-E‘ primary outcome (n = 24) primary outcome {n = 23)
'E Analysed for other outcomes (n = 25) Analysed for other outcomes (n = 26)

Fig. 1 Modified CONSORT flow diagram for individual rendomized controlled trials of nonpharmacologic treatments. Abbeeviations: CPET = cardiopul-

maonary exercise test

no improvement was observed in any domain, but after
24 weeks, significant enhancements were found in PE,
BE GH, VT and MH. To the best of our knowledge, this
is the first study to report these results after a 12-week
arm-ergometry exercise training early improvements in
HEQoL domains are crucial, as they could significantly
impact patient exercise adherence.

In TEx group, a significant improvement in three
physical health domains (PF, RE, BP) and three mental
health domains (VT, SF, RE) was observed. A meta-anal-
ysis encompassing randomized controlled trials compar-
ing exercise versus usual care in PAD patients revealed
improvements after a 12-week treadmill exercise in P,
RP and VT domains (2 trials) [9]. A significant increase
in most SF-36 domains within both intervention groups
was observed in the present trial. These positive results
may be related to the incorporation of balance and coor-
dination exercises during the warm-up and cool-down
phases of the rehabilitation exercise program, as well
as resistance training. A previous trial invelving PAD
patients demonstrated that the four most significant pre-
dictors of the physical function subscale of HRQol were
all patient-based measures of physical function: WIQ

speed score, history of stumbling while walking, W10
stair climbing score, and activities of daily living, specifi-
cally bathing [24]. Therefore, incorporating balance and
coordination exercises along with resistance training may
reduce the risk of falling, enhance autonomy, improve
walking speed, and enhance stair climbing abilities, all of
which can significantly contribute to improving HRQoL
in this population.

The PCS showed a statistically and clinically [27]
meaningful improvement in both intervention groups,
whereas the increase in MCS did not reach statistical
significance. Other studies support our findings [10]. To
the best of our knowledge, this is also the first study that
compared the HRQoL of PAD patients who performed
an arm-ergometry exercise training protocol versus a
treadmill protocol. Only RF and RE domains improved
more in TEx group, but we must highlight that no sig-
nificant between-group differences were observed in PCS
and MCS subscores. Arm-ergometry appears to be an
alternative exercise modality that can enhance HRQoL in
the PAD population. The change in the PCS after exer-
cise training correlated with treadmill pain-free walk-
ing distance but showed stronger associations with the
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Table 1 Baseline characteristics overall and for the bao exarcise

(2025) 915

groups
Variable Owerall Arm-ergome-  Treadmill
n=56 tryn=28 n=18
Meant50 Meant5SDor Meant5D
orn (%) n (%) orn (%)
Age years fhta4 BI+78 LR
Male % 40(875) 25(82.3) M@0
Lowest rasting ABI 0&65+013  089+011 0524005
Prior legrevasculariza-  120214)  3(10.7) 9321
tion, %
Comorbidities, %
Coranary Heart disease 26 (464) 15(534) 11333
Cerebrovascular disease &4(71) FATAN 1(70)
Heart e 5(E9) 3000 2070
oD 5(B9) 3007 200
Cardigvascular risk factors, %
Dyslipidemia 47839 12(mA 150803
Diahetes meilitus 25 (444) 13 [46.4) 12429
Hypertension 4857 20788 %529
Physical inactivity 43 (7&.8) 24 (85.7) 19{679)
Obesity 1079 5070 5079
Smuoking stafus
Current 17 (304) 10(35.9) TRE5
Previous 341A07) 17 (60.7) 17 {607
Mever smoked S(B9 136 40143
Medication, %
Acetyl-salicylic acid 47839 2(ma 75(893)
Statins S6(100) 281000 Z8(100)
Bata-biockers 351625) 21(75) 14 (50}
ACEi /ARB 43 (768 21(75) 12786
Antiplatelst agent 183210) 10359 B (284
Anticoaguiants 100179 7125 310.7)
Pentoaifylline 1425 725 75
Cilostazol 6(10.7) 200 4(143)

Abbrevigtions ABI=ankle-brachial Index; ACEI=anglotensin receptor blockers;
COPD=chronic obstructive pulmonary diseass; 50 =standard deviation

é-minute maximum walking distance and self-reported
walking distance in the WIQ questionnaire. These
results are consistent with previous findings, which sug-
gest a stronger correlation between the improvement in
HRQoL and the enhancement in walking performance
observed in the 6-minute walk test and the self-reported
distance in the WIC) questionnaire [28, 29]. The 6-min-
ute walk test is potentially more reflective of typical walk-
ing activities performed daily compared to walking on a
treadmill [28, 29].

HADS-A and HADS-D scores improved significantly
in both groups after the intervention, without differences
between groups. The association of mental symptoms
of anxiety and depression with cardiovascular disease is
widely recognized and affects prognosis and adherence
to treatment [30]. Some reports have also shown a high
prevalence of emotional distress in PAD patients, pos-
sibly influencing prognosis [31, 32]. Few studies have
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reported the impact of exercise interventions on anxiety
and depression in the PAD population. A previous trial
demonstrated no improvement in HADS scores after a
community CR program [33]. However, unlike our study,
that program did not include a specialized psychologi-
cal evaluation and intervention [33]. One trial pointed
out that the minimal clinically important difference for
both HADS anxiety and depression scores, in patients
with cardiovascular disease is 1.7 [34]. In present trial,
a higher increase was found in both intervention groups
for anxiety and depression scores. This improvement was
related to the enhancement in self-reported walking dis-
tance. Therefore, the improvement in mental symptoms
appears to be more closely linked to the individual’s per-
ception of enhanced walking ability in daily life rather
than to more objective measures of walking performance.

Limitations

This was a secondary analysis, and as such, our sample
size was determined based on the expected improvement
in the primary endpoint (VO, peak) of the ARMEX trial
and not specifically calculated for these outcomes. The
small sample size for evaluating these outcomes and the
overrepresentation of males must be addressed, as they
limit the generalizability of the results. The male pre-
dominance is a significant concern, as it may not fully
reflect the outcomes of the broader population, includ-
ing females with PAD, for whom sex-based differences
in response to supervised exercise therapy have been
reported in the literature [35]. Therefore, the findings of
this study may not be fully applicable to women or ather
demographic groups, such as older adults or those from
different ethnic backgrounds.

For evaluating HRGoL, we used a generic instrument.
However, incorporating a disease-specific survey instru-
ment, such as the short version of the Vascular Qual-
ity of Life Questionnaire (VascuQoLé), would have
provided a more accurate and relevant assessment, in
accordance with recent guidelines [14]. We did not assess
the improvement in autonomy in activities of daily liv-
ing or the risk of falling. Future studies should incorpa-
rate performance tests and/or patient-reported outcome
measures that address these factors, as they are crucial
determinants of HRQoL in this population. Other men-
tal health concerns, such as cognitive performance, sleep
disturbances, and attention-deficit/hyperactivity dis-
orders, are also recognized as important outcomes but
were not addressed in this study. Future research should
involve longer follow-up periods and focus on recruit-
ing a more diverse population, including both sexes, a
broader age range, and different ethnic and socioeco-
nomic groups, to enhance the generalizability of the
findings. Moreover, it is important to consider factors
such as patient preference, exercise adherence, and the
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cost-effectiveness of these interventions, as these ele-
ments are essential for maximizing long-term adherence
and ensuring the widespread application of exercise pro-
grams for this population.

Conclusion
Both modes of exercise effectively enhanced HRQaoL and
reduced anxiety and depression levels in PAD patients,
with greater improvements in the physical component.
Assessing and enhancing HRQoL along with address-
ing mental health concerns are crucial for improv-
ing patients’ adherence to rehabilitation programs and
effectively manage their chronic disease. Hence, both
exercise modalities proved to be effective in improving
various outcomes, serving as viable treatment options
that enhance bodily functions and increase levels of
activity and participation in this patient population.

It is important to note that the improvements in
HR(QoL and mental health outcomes observed in this
study are exploratory and may have generalizability limi-
tations. These findings should be interpreted with can-
tion, and future research should investipate these findings
further in diverse healthcare settings and populations
to determine their broader applicability and ensure rel-
evance across different patient demographics.
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ABSTRACT

Background: Peripheral artery disease (PAD), usually caused by atherosclerosis, is linked to high cardiovascular
mortality. In this sefting, a multidimensional cardiovascular rehabilitation program (CRP) comprising supervised
exercise training can improve cardiovascular risk factors (CRF) control. This study compares the effects of an
arm-ergometry supervised exercise training (AEx) with a standard treadmill protocol (TEx) on CRE
Methods: The ARMEX frial (ISRCTN54908548) was a single-center, single-blinded, parallel groups,
noninferiority randomized clinical trial enrolling symptomatic PAD patients referred to a CRP. Participants
were randomized (1:1) either to a 12-week AEx or TEx. Changes in blood pressure, lipid profile, glycated
hemoglobin, body composition, physical activity levels, sedentary time and number of cigareftes smoked after
the CRP were assessed.

Results: Fifty-six patients (66=8 4 years; 87 5% male) were included: AEx (N =28) and TEx (N =28). Systolic
and diastolic blood pressure decreased in both groups without significant between-group differences. Total
cholesterol and low-density lipoprotein cholesterol decreased significantly only in the AEx group, without
significant between-group differences. Weight, body mass index, waist circumference, waist/hip ratio and
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reduction was also similar between groups.

disease; Upper exfremities.

physical activity levels improved in both groups, without significant b etween-group differences. Smoking

Conclusions: A nmltidimensional CRP, whether involving arm-ergometry or treadmill exercise, improved
CRF control in symptomatic PAD patients. Both exercise modalities were equally effective, supporting their
use as part of a comprehensive approach in this complex population.

(Cite this article as: Magalhdes S, Santos M, Viamonte S, Martins I, Schmidt C, Ribeiro E, ef al. Comparing
arm-ergometry and treadmill exercise training on cardiovascular nisk factors in peripheral arfery disease:
sec-ondary analysis of the ARMFEX trial Int Angiol 2025 Feb 11. DOI: 10.23736/50392-9590.25.05364-7)
Key words: Cardiac rehabilitation: Heart disease risk factors; Intermittent claudication; Peripheral artery

" he main underlying cavse of lower extremity pe-

ripheral artery disease (PAD) 1s atherosclerosis! In
2015, the worldwide prevalence of PAD among individu-
als aged 25 years and older was 5.56%, equating to ap-
proximately 236 million people. PAD is associated with
3 worse prognosis and is recognized as an important
cause of cardiovascular morbidify and mortality # Despite
its prevalence and impact on prognosis, PAD has been
underdiagnosed and underfreated compared with other
cardiovascular diseases such as myocardial infarction
and stroke ! Traditional cardiovascular risk factors (CRF)
have been linked with PAD, inclnding diabetes, smoking,
dyslipidemia, hypertension and physical inactivity.! In re-
cent vears, several studies have demonstrated a different
pattern of association between CRF and atherosclerosis
in different vascular territories. Diabetes, smoking and
hypertriglyceridemia are particularly strongly linked to
PAD:

Supervised treadmill exercise fraining is a first-line
treatment for patients with PAD, supported by multiple
randomized clinical trials demonstrating its efficacy in
enhancing functional outcomes, such as increasing maxi-
mal walking distance and pain-free walking distance ¢

Cardiovascular rehabilitation is a comprehensive infer-
vention comprising established core components which
encompass patient assessment, CRF management and
confrol, counselling on physical activity, exercise pre-
scription, nutritional guidance, psychosocial support, and
the establishment of a structured follow-up focused on
rehabilitative goals and secondary prevention over the
short and long term * The effectiveness of these programs
15 well established i individuals with coronary artery
disease (CAD) and heart failure, resulfing in notable im-

ra
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provements in cardiorespiratory function and quality of
life, along with decreased rates of re-hospitalization. Re-
duced mortality rates have been confirmed only in CAD
patients ¥ PAD is also a well-established indication for in-
tegrating a cardiovascular rehabilitation program (CRP).
However, these patients are referred only in a minority of
cases, typically when they share common features with
other cardiovascular conditions’ Previous trials report
that PAD patients are less likely to initiate and complete
a CRP compared to those with CAD %7 and few studies
have documented the effects of CRP in this population 4
Some reports have compared enhancements in functional
capacity between the two groups 87 while others suggest
a lower increase in VO, peak following exercise training
in PAD patients.? Devrome ef al. demonstrated a mortality
rate improvement in PAD patients of a similar magnitude
to those without PAD f Research is also limifed regarding
the effects of CRP on CRF in this population® 10 Some
authors raise doubts whether the amount of exercise in
this debilitated population is adequate to induce benefi-
cial changes in CRF.!! while others emphasize the impor-
tance of investigating the effects of alternative pain-free
exercise modalities on CRF in this population,!? in order
to change cardiovascular nisk profile.

The ARMFEX trial (Arm-ergometry versus Treadmull
Supervised Exercise on Cardiorespiratory Fitness and
Walking Distances in patients with Peripheral Artery Dis-
ease) was a prospective, single-blind, randomized clinical
trial that compared arm-ergometry supervised exercise
training with a standard treadmill protocol in terms of
VO, peak and walking distances in patients with symp-
tomatic PAD 12 The trial found arm-ergometry noninfe-
rior to treadmill training for VO, peak, though treadmll
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training improved walking distances more. In this sec-
ondary analysis of the ARMEX, we aimed fo investigate
the impact of a CRP incorporating arm-ergometry super-
vised exercise training compared to a standard treadmall
protocol on CRF in symptomatic PAD patients.

Materials and methods

Trial design

The ARMEX frial was a prospective single-center, single-
blind, parallel groups, noninferiority randomized clini-
cal frial (1:1), which aimed to compare the efficacy of an
arm-ergometry protocol versus treadmill exercise training
on cardiorespiratory fitness and walking distances among
PAD patients with intermiftent claudication over a period
of 12-week 12

PAD patients with intermittent clandication, consecu-
tively referred to our Cardiovascular Rehabilitation Unit,
were recruited. Details about eligibility and enrollment
were previously reported.!? Eligible patients were ran-
domized either fo a 12-weeks arm-ergometry supervised
exercise traming (AFx) or a freadmill walking exercise
protocol (TEx). The study was conducted according
to the recommendations of the Declaration of Helsinki
and approved by the Ethics Committee of Centro Hos-
pitalar Universitirio de Santo Antdnio and School of
Medicine and Biomedical Sciences from University of
Porto (2016-053[047-DEFL/046-CES]). The tfrial was
retrospectively registered at the ISRCTN registry: I5-
RCTN54008548. Written informed consent was obtained
from all participants prior to their involvement in the
study. The current manuscript was structured according to
the guidelines outlined in the Consolidated Standards of
Reporting Trials (CONSORT) Statement for randomized
trials of Nonpharmacological Treatment ¥

Participants

Patients with PAD older than 18 vears old referred to the
Cardiovascular Rehabilitation Unit were enrolled. Inclu-
sion and exclusion criferia were previously provided.!?

Randomization and allocation

As previously reported,l? randomization was performed
with a computer-based random number generator using a
1:1 allocation ratio for block sizes of four pafients. Ran-
domization and allocation were undertaken by a member
of the research team (C.5.) who was not directly involved
in the recruifment or patients’ assessment.

Vol £4 - Ne. 77

MAGALHAES

Qutcome measures
Blood pressure

Resting brachial systolic blood pressure (SBP) and dia-
stolic blood pressure (DBP) were assessed from the upper
left arm vsing an automated Dinamap Vital Signs Monitor
{Philips SureSigns VM4, Andover, USA) after a 10 min-
utes rest period, following current recommendations 14

Lipid and glycemic biomarkers

A blood sample was collected after a 12 hour fasten pe-
riod. Following collection, the samples were centrifugated
at 4000 tpm in ambient air for 5 minutes. Total choles-
terol (TC-C), low-density lipoprotein (LDL-C), high-
densify lipoprotein cholesterol (HDL-C) and triglycerides
(TG) were measured using the RocheHitachi Cobas ¢
701/702% (Roche Diagnostics, Swiss). Glycated hemoglo-
bin (HbA,; ) was assessed using an automated glycohemo-
globin analyzer, HLC-723® G11 (Tosoh Bioscience, UK).

Body composition

Height was measured with the patient standing upright
against a wall, with feef positioned hip-width apart; weight
was measured using an electronic scale (SECA 769, Ham-
burg, Germany) and Body Mass Index (BMI) was then
calculated. Waist circumference was assessed at the mid-
point between the lower margin of the least palpable nib
and the fop of the iliac cresf, utilizing a stretch-resistant
tape. Hip circumference was measured around the widest
portion of the buttocks, with the tape held parallel to the
floor. For both measurements, patients stood in an upright
position with their feet close together, arms at their sides,
and body weight evenly distributed. Patients were asked to
relax, and measurements were taken at the end of a normal
expiration. Each measurement was conducted twice. If the
measurements were within 1 em of each other, the average
was calculated. If the difference between the two measure-
ments exceeded 1 cm, the measurements were repeated !
The waist-hip ratio (WHR) was also calculated.

Physical activity levels

The physical activity level was assessed through self-
completion of the International Physical Activity Ques-
tionnaire — Short Form (TPAQ). This guestionnaire col-
lects information on the patient’s physical activity over
the seven days preceding the test. Data from the TPAQ
were converted info mefabolic equivalent minutes per
week (METs-min‘week) in accordance with established
guidelines !9 Physical activity levels can be categorized
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as ‘high’ (>1500 METs), ‘moderate’ (600-1500 METs),
or ‘low’ (<600 METs). One of the questions specifically
pertains fo siffing fime. The TPAQ) has been validated in 12
countries, including Portugal 17

Patients nsed a wearable smartwatch (Polar M200 heart
rate monitor, Polar Electro Ltd, Kempele, Finland) to track
the number of steps taken per day during a 7-day period.
The average mmber of steps taken was calculated for the
week prior to the commencement of the exercise program
and the week following its completion.

Smoking status

Former and current smokers were inquired about their
daily cigarefte intake and the duration of their smoking
history.

Dropout and adherence rates

Dropout rate was calculated in both groups. Adherence
rate was calenlated based on the number of sessions per-
formed in relation to the number of sessions planned.

Interventions

The infervention included a CRP following current guide-
lines5 Exercise sessions compnsed twice-weekly ses-
sions, each consisting of a 10-minute warm-up, 40 minutes
of intermittent treadmill walking or arm-ergometry, ten
resistance exercises and 10-minute cooldown Exercise
protocols were previously published 12 These exercise ses-
sions were conducted by a physiotherapist under medical
supervision, both with experience in cardiovascular reha-
bilitation. Furthermore, all patients received nutritional
and psychological interventions in accordance with cardi-
ac-rehabilitation international guidelines ® Current smok-
ers were provided with advice from a physician to quit
smoking and were referred to a structured smoking ces-
sation program as needed. All patients were encouraged
to exercise af home at least twice a week for 30 minutes.
Patients were asked weekly about exercise performed at
home. It was made a record of the mode and time of exer-
cise realized. Patients were considered to have performed
unsupervised exercise if they completed moderate-intensi-
ty exercise for at least 30 min per session for af least 2/
week. Recorded exercise was analyzed as a dichotomous
variable (es or no).

Statistical analysis

The present study investigated secondary outcomes of the
ARMEX trial, s0, no sample size was calculated a priori.
The distribution of the data was assessed with the Shapiro-

4 INTERMATIONAL ANGIOLOGY
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Wilk Test and vig visual inspection of histograms. Con-
tinuous data are reported as mean and standard deviation,
mean differences (95% CT) or as the median (inferquartile
range) and categorical dafa as frequencies (percentage).
For within-group comparisons, from baseline to 12 weeks,
were performed paired-samples f-test or Wilcoxon Signed-
Rank Test. Differences between groups in the change from
baseline to the end of the study were tested using ANCO-
VA, adjusting for baseline value or Mann-Whitney U Test.
Statistical significance of P<10.05 was assumed. IBM SPS5
sfafistics version 20.0 (IBM Corp., Armonk, NY, USA)
was used to perform stafistical analyses.

Data availability

The data associated with the paper are not publicly avail-
able but are available from the corresponding author on
reasonable request.

Enrollment Assessed for eliglbhility (M.=39)
Exchuded (N.=3)
|- Yot meeting inclusion criteria
o=2] .. .
- Refuded to participate (N.=1)
Fandowmzed (N.=536)
Allocation
Alloeated to Arm-Ergometry . _
tsed Exercise Training Allocated to Treadmill Superiized
e = Exercise Training (N=08)
- Received allocated infervention 'F-\?le’;)ﬂ allocated intervention
(=28 N
Follow-up

Dhscontinued mtervention (N.=3)
- Musculoskeletal disorder (N.=1)
- Abandonment without reason (.=1)

Dhscontinued intervention (4.=3)
- Musculoskelatal dizordar (W.=1)
- Abandonment without reason (M.=1)

- Exacerbation of kidney disease Lot to follow-up (N=3)
=l - CPET canceled dus to the onset of
Lost to follow-up (N.=2) the COVID-19 pandemic (¥.=3)
- CPET canceled due to the onset of

the COVID-19 pandemic (N.=1)

Analy=is
- Analyzed for CPET outcomes, - Anatyzed for CPET outcomes,
including primary outcome (W.=24) including primary outcome (M .=13)
- Analyzed for other outcomes (W =25) - Anatyzed for edher outcomes (N =24)

Figure 1 —Modified CONSORT flow diagram for indindual random-
ized confrolled trials of nonpharmacelogic treatments.
CPET: cardiopulmonary exercise test.
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Results

A total of 59 symptomatic PAD patients were referred
to our cardiovascular rehabilifation consultation and as-
sessed for eligibility (Figure 1). As previously published 2
56 patients (66.0+8.4 years) were enrolled and random-
ized: AFx (N=28) and TEx (N.=28). Baseline parficipant
characteristics were well balanced between groups and
are described in Table I In brief, the majonty of the pa-
tients were male (87.5%), and the average lowest resting
ankle-brachial index (ABI) was 0.66=0.13. Prior leg re-
vascularization had been performed in 21 4% of patients.
Common comorbidities included coronary heart disease
{46.4%), heart failure (8.9%), chronic obstructive pulmo-
nary disease (8.9%) and cerebrovascular disease (7.1%).
Cardiovascular risk factors were prevalent, with hyperten-
sion (85.7%), dyslipidemia (83.9%) and diabetes mellitus
{44.6%) being the most common. A substanfial portion of
the patients were physically inactive (76.8%), and 30.4%
were current smokers. The majority of patients (60.7%)
had a history of smoking. Regarding medication, all pa-

TabLE |.—Baseline characteristics overall and for the two exercise groups.
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tients were on statins, and most were prescribed acefyl-
salicylic acid (83.9%) and ACE inhibifors/angiotensin re-
ceptor blockers (76.8%).

Of the enrolled patients, 51 patients (AEx, N=25; TEx,
N=26) completed the intervention and were included in
this analysis. Exercise session adherence was 91.3% (AEx:
86.9% ws. TEx: 91.7%; P=0.311). The percentage of pa-
tients who complied with the recommendation fo exercise at
home was similar in both groups (AEx: 76%; TEx: 69.2%;
P=0.50).

After 12 weeks of exercise training SBP and DBP de-
creased in both groups without significant between-group
differences (1.12 mmHg; 93% CL 442 to 6.65 mmHg;
P=0687 and 0.49 mmHg; 95% CI, -4 fo 4.98 mmHg;
P=0.827. respectively) (Supplementary Digital Material
1: Supplementary Table I) (Figure 2). Regarding the lipid
profile, TC-C and LDL-C decreased significantly only in
AFx, but without significant between-group differences
(Supplementary Table [, Figure 2). HDL-C and TG did
not improve after intervention in both groups (Supplemen-
tary Table [, Figure 2). In patients with diabetes, HbAlc

Variable ?&"figl Arm ﬁngg‘e"Y Trﬁla;dzn;m P value
Age, years 661B8.4 B7t7.8 64189 0.468
Male zex 49 (87 5%) 25(B9.3%) 24 (B5.7%) 0725
Lowest resting ABI 0.6640.13 0.6940.11 0.6240.15 0.158
Prior leg revascularization 12(21.4%) 3{10.7%) 3(32.1%) 0.180
Comorbidities
Coronary heart disease 26 (46.4%) 15(53.6%) 11(39.3%) 0.438
Cerebrovascular dizease A{7.1%) 2[7.1%) 2(7.1%) 09587
Heart failure 5(8.9%) 3{10.7%) 2(7.1%) 0.605
COPD 5(B.9%) 3{10.7%) 2(7.1%) 0.605
Cardiovascular rizk factors
Dyslipidemia 47 (83.5%) 22[78.6%) 25 (89.3%) 0.408
Diabetes mellitus 25 (44.6%) 13 (46.4%) 12 (42.9%) 0.683
Hypertension 48 (85.7%) 22([78.6%) 26 (92.9%) 0.202
Physical inactivity 43 (76.8%) 24 (B5.7%) 19 (67.9%) 0.157
Obesity 10{17.9%) S{17.9%) 5(17.9%) 0.834
Smoking status
Current 17 (30.4%) 10{35.7%) 7(25%) 0.485
Pravious 34 (60.7%) 17 {60.7%) 17 (60.7%) 0.867
Mever smoked 5(8.9%) 1{3.6%) 4{14.3%) 0172
Medication, %
Acetyl-salicylic acid 47 (83.9%) 22([78.6%) 25 (B9.3%) 0243
Statins 56(100%) 28 (100%) 28 (100%) MA
Beta-blockers 35 (B2.5%) 21 [75%) 14 (50%) 0.055
ACEi J/ARB 43 (76.8%) 21 {75%) 22 (78.6%) 0.679
Antiplatelet agent 18(32.1%) 10{35.7%) 8 (28.6%) 0.485
Anticoagulants 10(17.9%) 7 {25%) 3{10.7%) 0.243
Pentouifylline 14(25%) 7 (25%) 7(25%) 0931
Cilostazal B{10.7%) 2{7.1%) 4(14.3%) 0.413

ABI: Ankle-Brachial Index; ACE: angiotensin-converting enzyme inhibitors; ARE: angiotensin receptor blockers; COPD: chronic obstructive

pulmonary disease; 50: standard deviation.
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Figwe 2—Change m 5BP (4), DFE (B), TC- Cé 3, LDL-C (D), HDL-C (E}, TG (F), HbA,, (G), mumber of cizarattes (H), weight (I), BMI (1),
waist cireumference o (K}, wawst cireumference & (L), number of steps (M), IPAQ seore (W), IPAQ sifting time (0) from baseline fo the end of the
12-week exercise program. A, B, E, G-J, M) Data are mean+5D or mean (95% CI); C, D, E K, L, N, O) data are median (interquartile range) or
mean (55% CI).

BMI: Body Mass Index; DBP: diastolic blood pressure; HbA - glycated hemoglobin; HDL-C: ugh density hpoprotein cholesterol; [PAQ): Inter-
nattonal Physical Activity Questiomnaire; LDL-C: low density lipoprotem cholesteral; SBE: systohe blood pressure; TC: total cholesterol: TG:
tnglycendes.
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did not improve significantly affer exercise framing in
both groups (Supplementary Table I, Figure 2). Regard-
ing body composition, after 12 weeks of infervention,
weight, BML waist circumference (in males) and waist/
hip ratio (in males) improved in both groups, without sig-
nificant between-group differences (Supplementary Table
L. Figure 2). However, waist circumference and waist/hip
ratio did not improve i females (Supplementary Table
I, Figure 2). Physical activity levels assessed through
IPAQ score and the wearable smarfwatch increased affer
the exercise program in both groups, without significant
between-group differences (19.5 MET-mm/wk; 95% (I,
-217 to 266 MET-min/wk; P=0.785 and 795.11 steps/day;
05% CI. -357.14 to 104736 steps/day; P=0.172, respec-
tively) (Supplementary Table I, Figure 2). The [PAQ sit-
ting time improved also in both groups, without significant
between-group differences (Supplementary Table I). Re-
garding the smoking habits, after intervention the number
of cigarettes smoked (per day) decreased in both groups,
without significant befween-group differences (3; 95% (1,
-1 to 7, P=0.142) (Supplementary Table [, Figure 2).

Discussion

In this secondary analysis of the ARMEX trial, we aimed
to compare the effects of AFx varsus TEx on CRF i pa-
tients with PAD. Overall, both exercise modalities dem-
onstrated comparable efficacy m improving blood pres-
sure, body weight, BML waist circumference, waist-to-hip
fatio, smoking stafus, and physical activity levels. To the
best of our knowledge, this is the first study to compare
AEx and TEX in relation to lipid profile, diabetes control,
and physical activity levels in this population.

Few studies have mvestigated the impact of a CRP in
CRF conirol in patients with PAD® In our sample, CRF
were highly prevalent, with hypertension exhibiting the
highest percenfage. These results are consistent with Lit-
erafure findings mdicating a poorer CRF profile in PAD
patients referred to a CRP compared with patients with
CADE 1 Several previous trials have documented the
undertreatment of CRF in patients with PAD 1° Patient’s
inadequate awareness of the risk of cardiovascular events
associated with PAD and how confrolling CRF could miti-
gate fhis risk has been identified as a potential explanation
for these findings ¥

In patients with PAD, hypertension 15 one of the most
crfical factors influencing the sk of lower extremity
amputation 2 A cross-sectional analysis of the Hunganan
ERV study indicated that a low ankle-brachial index is a
stronger predictor of mortality in hyperfensive patients,
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even affer adfusting for several potential confounders 2 In
the present trtal a significant decrease in SBP of 7.5 mmHg
mn AFx group and 11.2 mmHg in TEx group was observed.
A comprehensive analysis of previous randomized frials
showed that a reduction of 5 mm Hg in SBP could led
to a decrease in the risk of major cardiovascular events
by approximately 10%, regardless of prior diagnoses of
cardiovascular disease ! A meta-analysis that included pa-
tients with intermitfent clandication that performed walk-
ing exercise (such as treadmill, Nordic pole walking, etc )
compared to those receiving usual care, revealed a mean
reduction of § mmHg in SBP following exercise fraining #
A previous pilof trial™? has investigated the effect of arm
ergometry exercise training on blood pressure in patients
with PAD and compared 1t with a freadmill protocol 22
The authors found a significant improvement in SBP after
12 weeks of exercise training only in the arm-ergometer
group; they reported this result as unexpected and em-
phasized the need for further studies with larger sample
sizes.

We observed a significant decrease m TC-C and LDL-C
only in AFx, although without between-group differences.
HDL-C and TG did not improve after the intervention in
both groups. A systemic review in PAD patients showed
no effect on LDL-C, TC, HDL-C or TG following su-
pervised walkmng exercise fraining 17 Another systematic
review found a significant decrease m LDL-C and TG at
midferm follow-up (6 to 12 months) after walking exer-
cise training * However, at shori-term follow-up (6 weeks
to 3 months), they also did not find an improvement in
lipid profile.? Studies have indicated that a minimum vol-
ume of weekly aerobic exercise and an energy expenditure
=000 Kcal/week are necessary to induce positive changes
in lipid profile 2% In this population. arm-ergometry is
assoctated with painless exercise. In our study, 1t was per-
formed confinuously for 40 minutes without rest periods,
potentially resulting in a higher volume of exercise and,
consequently, greater energy expenditure.

We did not observe a significanf improvement on
HbAlc affer exercise training. A previously mentioned
systematic review idenfified only three frials that mvest-
gated the impact of exercise training on HbAlc levels in
patients with PAD and similarly found no significant im-
provements.* None of the studies included arm-ergometry
exercise fraining ° Exercise volume has been demonstrated
to be a sigmificant determinant of glycemic confrol in pa-
tients with fype 2 diabetes who undergo structured exer-
cise programs. 2 2 More significant reductions in HbA,,
are linked to exercise frequency in aerobic exercise and fo
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the weekly volume of resistance exercise.® If we had in-
creased the frequency of supervised exercise sessions, the
impact on HbAlc might have been even more substantial
in both infervenfion groups.

We found a significant improvement i all body com-
position parameters in both intervention groups, without
between-group differences. The improvements in waist
circumference and waist'hip ratio were nof significant
in females, likely becanse the number of female patients
included in the study was very small, with only three in
the AFx group and four in the TEx group. These results
surpassed those observed in the two previously mentioned
systematic reviews concerning weight and BMI % 10 None
of the studies included in these reviews assessed the effect
of exercise on waist circumference and waist/hip ratio,
which are important parameters reflecting body fat distri-
bution.!® The most significant reductions in body weight
were observed when exercise training was combined with
caloric intake restriction. In the ARMEX trial, patients
participated in a mmltidimensional CRP, which involved
evaluation by a nutrifionist and the prescription of an indi-
vidualized plan for each patient. Throughout the exercise
program, patients were encouraged fo adhere to preven-
tive measures, including compliance with their established
nutritional plan. We believe that this comprehensive ap-
proach has significantly contributed to our positive results.

Previous research has shown that sedentary behavior,
encompassing sedenfary time, is linked to a heightened
risk of cardiovascular disease morbidity and mortality, dis-
tinct from those resulting from physical inactivity 26 Physi-
cal activity levels and sedentary behavior after supervised
exercise training are seldomly reported as outcomes in
trials related fo intermiftent claudication treatment. How-
ever, if there is an improvement in physical activity lev-
els and reduction in sedentary time following an exercise
prograny, it may lead to long-term cardiovascular risk re-
duction and improved quality of life 7 Some studies have
indicated that certain patients engaging in a structured ex-
ercise program may decrease their non-exercise physical
activity, aligning with the well documented concept of be-
havioral compensation 26 In patients with PAD, some stud-
ies have also demonstrated no enhancement in physical ac-
tivity levels or reduction in sitting time affer a supervised
exercise program 2 17 However, authors have reported a
highly vaniable response in these outcomes, with some
patients experiencing a substantial increase and others
even experiencing a decrease 28 27 Our results surpassed
those reported in these trials; we observed a statistically
and clinically significant improvement® in the number

] INTERMATIONAL ANGIOLOGY
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of steps performed per day following both mferventions,
without between-group differences. We also demonstrated
a sipnificant improvement in weekly physical activity lev-
els and sitting time, assessed by the IPAQ, after both in-
terventions. Patients were provided with an exercise diary
in which they recorded the exercise performed at home.
Throughout supervised exercise sessions, patienfs were
questioned about their home exercise roufines and were
motivated to adhere to them We believe that this continu-
ous encouragement played a pivotal role in achieving our
improved results. Several frials have shown that combin-
ing activity monitoring with feedback on the results leads
to significant increases in physical activity levels.2?
Smoking in patients with PAD is strongly linked to an
elevated risk of disease progression, poorer post-revas-
cularization outcomes, increased hospitalizations, and
cardiovascular events 3! Smoking cessafion, as well as
smoking reduction, have been highlighted as fundamental
therapeutic strategies in these patients 0 31 We observed
a decrease in the number of cigarettes smoked per day in
both exercise groups, without between-group differences.

Limitations of the study

While our study provides valuable insights info the impact
of exercise training on CRF control in PAD patients, some
limitations should be acknowledged While we assessed
body weight, body mass index, waist circumference and
waist/hip ratio to gain insights into body composition, we
acknowledge that using a bicelectrical impedance ana-
Iyzer could have provided a more accurate evalvation of
body fat percentage, as demonstrated by other studies in
this population 3 Further studies are needed to clarify our
findings, since the impact of exercise training on CRF in
PAD patients was considered a secondary outcome in both
our study and other trials. Thus, the sample size calcula-
tion was based on different primary ovtcomes. In future
research, it would be important fo examine the impact of
this type of interventions across different subgroups (e.g.,
current smokers versus non-smokers/previous smokers)
and genders. For a more accurate evaluation of physical
activity levels and sedentary behavior, it would have been
preferable o utilize accelerometers, which are considered
the gold standard method for assessing these parameters 28

1t 15 challenging to isolafe the effects of exercise train-
ing from those of nuirition or other preventive strategies
in our results. However, no changes in medication were
made during the study period. We also acknowledged
that the various components of the comprehensive CRP
inferact synergistically. We aimed to understand how this
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intervention works in real-world settings, as it has been
suggested by several authors to be the most effective ap-
proach for these patients.

Conclusions

Both exercise modalities, when incorporated info a mul-
tidimensional program, similarly improved the majority
of the evaluated CRF. Arm-ergometry exercise fraining
offers a viable alternative for enhancing CRF in symptom-
atic PAD patients.

Incorporating PAD patients info a multidimensional
CRP is a therapentic strategy that can vield significant
benefits. However, this population has specific challenges,
such as lower parficipation and adherence rates, which
need to be addressed. Therefore, special efforts should be
made to retain them, potentially through tailored exercise

programs and disease-specific education.
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We reduced the number of co-authors to six and acknowledged the other two in the
acknowledgments section (page 2; lines 44 - 49):

Acknowledgements

The authors thank the Cardiovascular Rehabilitation Staff: Ana Barreira, Cristina
Moreira, Helena Borges, and the cardiology nurses. Special thanks to the team
responsible for conducting CPET exams, Maria Jilia Reis for blood sample analysis,
Joana Martins and Daniela Cunha for ABI evaluation, and Cristine Scmidt for her
support with the randomization process.

The Abstract, Condensed Absiract, and Key Perspectives sections have been
removed.

We reduced the content of the introduction.
We removed the subheadings from the methods section and relocated certain details,

including those on recruitment, randomization, ethical procedures, outcomes
measures, and interventions, to the supplemental material.



=1 o N ks Lo

10

11

12

13

14

15

16

17

18

19

20

21

2

23

24

Research Letter
Arm-ergometry versus Treadmill Exercise in Patients with Peripheral Artery

Disease: Inflammatory and Endothelial Outcomes in the ARMEX Trial

Plasma Biomarkers in PAD: Amm-Ergometry vs. Treadmmll

Sandra Magalhdes, MD**": Mario Santos. PhD"“**: Sofia Viamonte. PhD#: Manuel
Teixeira, MSc®; Fernando Ribeiro, PhD* Henrique Cyrne-Carvalho, PhD%¢
*Department of Physical and Rehabilitation Medicine, Centro Hospitalar Universitario de
Santo Anténio, Porto, Portugal

"UMIB - Unit for Multidisciplinary Research in Biomedicine, [CBAS - School of
Medicine and Biomedical Sciences, University of Porto, Porto, Portugal

*Department of Cardiology, Centro Hospitalar Umversitario de Santo Antonio, Porto,
Portugal

Physiology Laboratory, Immuno-Physiology and Pharmacology Department, ICBAS -
School of Medicine and Biomedical Sciences, University of Porto, Porto, Portugal

*CAC ICBAS-CHUP - Centro Académco Clinico Instituto de Ciéncias Biomédicas Abel
Salazar — Centro Hospitalar Universitario de Santo Antonio, Porto, Portugal

TR - Laboratory for Integrative and Translational Research in Population Health, Porto,
Portugal

Centro de Reabilitacdo do Norte, Centro Hospitalar de Vila Nova de GaiaEspinho, Vila

Nova de Gaia, Portugal

*Tnstitute of Biomedicine — BIMED and School of Health Sciences, University of Aveiro,

Portugal

73



(=== R e B = VI B L G B B

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

45
46
47
48
49

All authors meet the 4 ICMIE critena for authorship.

*Corresponding author: Sandra Magalhdes, Department of Physical and Eehabilitation
Medicine, Centro Hospitalar Universitario de Santo Antonio, Largo Professor Abel

Salazar. 4099-001 Porto. Portugal. Phone: +351222077530. Fax: +351223320318. E-mail:

mag sandra@ gmail com

Kevwords: cardiovascular rehabilitation, exercise traming, internuttent claudication,

peripheral artery disease, plasma biomarkers

The authors declare no conflicts of interest.

FUNDING: This work was supported by a research grant from the Department of
Education, Traming, and Research of the Centro Hospitalar Universitario de Santo
Antémo.

All authors have read and approved submission of the manuseript.

Manuscript: 985 words

Figures: 1

References: 10

Acknowledgements

The authors thank the Cardiovascular Rehabilitation Staff: Ana Barreira, Cristina Moreira,
Helena Borges, and the cardiology nurses. Special thanks to the team responsible for
conducting CPET exams, Mana Julia Reis for blood sample analysis, Joana Martins and
Daniela Cunha for ABI evaluation. and Cristine Semidt for her support with the
randomization process.



OO c% O ks L0 [

51

52

53

54

55

56

57

58

59

60

61

62

63

65

66

67

68

69

70

71

72

73

74

INTRODUCTION

Lower extremity peripheral artery disease (PAD), primarily caused by atherosclerosis
mvolves endothelial dysfunction and inflammation !

Supervised exercise tramning 1s a first-line treatment for patients with intermittent
clandication.” Exercise has been shown to impact key atherosclerotic factors in
cardiovascular disease’. but the mechanisms underlying its benefits in PAD are not yet
fully understood . Several local and systemic mechanisms have been proposed. incliding
reduced levels of mflammatory markers, improved endothelial function, enhanced
hemorheology, and improved muscle and mitochondnal function m the gastrocnemius
muscle * Understanding these pathways could enhance our knowledge of PAD
pathophysiology and contribute to the development of new preventive or treatment
strategies. This ancillary study of the ARMEX trial aims to compare the effects of arm-
ergometry and standard treadmill exercise on inflammation and endothelial function

biomarkers i PAD patients.

METHODS

The ARMEX trial was a single center, single-blind. parallel groups. noninferiority
randomized clhinical trial (1:1), comparing arm-ergometry (AEx) and treadmill exercise
(TEx) tramning for improving cardiorespiratory fitness and walking distances in PAD
patients with intermittent claudication over a 12-week period.* This pre-specified
secondary analysis evaluates plasma biomarkers of inflammation and endothelial function.

Consecutive PAD patients were prospectively enrolled and randomized to AEx or TEx.
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Recruitment. randomization and ethical details, have been previously described® and are
available m the supplemental digital content (eMethods).

Inflammation was measured using C-reactive protein (CRP) and high-sensitivity
mnterleukin-6 (hs IL-6). while endothelial function was evaluated through asymmetric
dimethylarginime (ADMA), an endogenous nitric oxide synthase mhibitor.

Both groups participated in a 12-week comprehensive program, including lifestyle
counseling, nutritional and psychological mtervention, smoking cessation, and exercise.

Outcome measures and exercise prescription details have been previously published* and
are available in the supplemental digital content 1. Since all variables showed a non-
normal distribution. within-group comparisons were performed using the Wilcoxon
signed-rank test, while between-group differences analyzed with the Mann-Whitney U
test. Statistical significance was set at P < 03, and analyses were performed using IBM

SPSS vr29.0.

RESULTS

A total of 59 patients were referred and assessed for eligible. Fifty-six patients were
enrolled and randomized. Of these, 51 patients (AFx. n=25; TEx. n=26) completed the
mtervention. Exercise sessions adherence was 91.3% (AEx: 86.9% vs. TEx: 91.7%; P =
0.31). Due to a refnigerator malfunction, 8 samples from 7 patients were lost. As such, 44
patients (66 + 8.6 vears; 88.6% male) were included in this secondary analysis (AEx,
1=22, TEx, n=22). Baseline characteristics of the participants were well balanced between
the groups (please refer to ref. 3 for further details). and the characteristics of patients
whose plasma biomarkers were analyzed were also comparable to those excluded. CRP

levels decreased significantly only in AEx, without significant between-groups difference
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(1.11 mg/dL: 95%CL -1.117° to 2.99: P = 0.051) (Fig.2). At 12 weeks. hsIL-6 decreased
significantly more in AEx (427 pg/mL; 95% CIL 0.76 to 9.12; P=0.025) (Fig.1).

At 12 weeks, ADMA levels decreased significantly only in TEx (-27.37 + 88 84 ng/mL.. P
= 019), with a significant between-group difference of 54.60 ng/mL (93% CI 892 to

100.28; P = 020) 1n favor of the TEx group (Fig. 1).

DISCUSSION

The arm-ergometry exercise program produced a greater anti-inflammatory effect than
treadmill exercise, as evidenced by a significantly larger decrease in hs IL-6 and a clear
trend toward a greater reduction in CRP. In patients with PAD, a meta-analvsis reported
no significant effect on IL-6 and CRP levels following exercise traming.” In this review.
the majority of interventions mvolved walking exercise. with none including arm-
ergometry.” The authors suggested that prolonged treadmill or cycling sessions might
damage leg tissue and contribute to chronic mflammation® Exercise seems to induce
significant metabolic adaptations in the skeletal muscle of patients with PAD only when
the pain threshold is reached.® However, the intensity of pain reached may impact
inflammatory markers and ROS released.® Therefore, the specific threshold at which
patients with PAD transition from a beneficial level of ROS to a detrimental level of ROS
in skeletal muscle is unknown.® Only one study evaluated inflammatory biomarkers.
specifically hsCRP levels, after arm-ergometry training in patients with PAD, comparing
it with cycle-ergometry and usual care.” The authors observed a strong trend toward a
decrease mn circulating hsCRP levels following arm-cranking exercise; however, thus trend
did not reach statistical significance.” We did not find any trials that evaluated IL-6 levels

after arm-ergometry exercise training in this population. In our study. the only difference
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mn FIIT exercise prescription parameters was the longer duration of the aerobic component
i the arm-ergometry group.* IL-6, a "myokine" produced by active muscles. plays a key
role in traming adaptations, with exercise duration being the primary factor influencing 1ts
response.® Other factors such as intensity, muscle glycogen status, training status, and
exercise modality have a lesser impact.® Thus, arm-ergometry and its longer duration may
have contributed to its anti-inflammatory effects.

Treadmill training led to greater improvement in ADMA levels, aligning with two RCTs
showing improved ADMA levels following treadmill training in patients with PAD * '
One study utilized a combined program of treadmill and resistance training.'® while the
other used only treadmill training.° No studies have examined ADMA levels following
arm-ergometry training in this population. The previously mentioned meta-analysis found
that exercise improves endothelial dysfunction, particularly FMD, but not inflammatory
biomarkers.® These results are consistent with ours . and the authors suggest that exercise-
mduced mmprovement 1n vascular endothelial function can occur mndependently of
improvements in systemic inflammation.® The cycles of 1schemia/reperfusion involved in
treadmill or walking traming may explain their lesser anti-inflammatory impact.”

To mitigate potential bias, we blinded the outcome assessors. As an ancillary study. our
sample size was based on expected improvements in the primary endpoint (VO, peak),
rather than inflammatory or endothelial biomarkers. Further studies with larger sample
sizes are needed to support our findings.

In conclusion, arm-ergometry was more effective than treadmill exercise in reducing
mnflammation in symptomatic PAD patients, while treadmull traiing led to a greater

ADMA reduction, indicating a stronger impact on endothelial dysfunction.
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Figure Legend

Fig. 1. Change in CRP (A), hs IL6 (B). ADMA (C) from baseline to the end of the 12-
week exercise program. Abbreviations: CRP, C-reactive protein; hsIL6, high-sensitivity

mterlenkin-6; ADMA asymmetric dimethylarginine.



Figure 1

Inflamm

| Endothalial Dysfunction |

8 Bazeline 012 wesks

A B Difference in change 4.27
Diflerance in change 1.1 95% Ol 0TE B2
E 01111 10 289 & | P= 0% |
[ Pz 05 1 )
4 [ I b Change from basefine Change Trom baseling
4 Chanige from baseire Change fram basslne % -1 94_(5 15) 1.0 i )
15 15403 561 126 (1.8) M = p=17
24 F=014 g En
2as S
E o2 28
L £
1 4
05 %
i 0
Aimnaramelry Treadmil AmT-Engomery Treadmill
C Difercece i change 52,5
6% Gl 1466w 102.11
Pz 008
i1} [ 1
(zhange from haseling Chamge from bassine
21.41 (BA.0%) 2717 (8054
= P=14 = (M9
E
2
3
2 m
5
1]
Arm-ergomelry Tressdmill

81



82

SUPPLEMENTAL DIGITAL CONTENT 1

eMETHODS

PARTICIPANTS

We prospectively enrolled patients with peripheral artery disease (PAD) older than 18
vears old referred to the Cardiovascular Rehabilitation Umit. PAD was diagnosed
through a clinical history and physical exanunation and confirmed by an ankle-brachial
mndex (ABI) = 0.90 and/or an ABI decrease = 10% after a symptom-limited treadmull
stress test. Inclusion criteria were: 1) patients able to walk at a speed of at least 3.2
Km/h; 11) able to participate in a supervised exercise program for 12weeks; and, 1i1) no
change in medication for PAD (cilostazol, pentoxifylline, statin and antiplatelet therapy)
at least 3 months prior to study enrollment. Medication remained unchanged during the
study intervention period.

Exclusion criteria included: 1) PAD Leniche-Fontaine stages I, Il or IV: 1) a
revascularization procedure during the previous 12 months; 111) other chronic conditions
causing exercise impamrment more than PAD; 1v) acute cardiovascular event less than 3
months prior to enrollment; and v) clinical contraindications for physical exercise

practice, according to current guidelines.!

ETHICAL REQUIREMENTS

The study was conducted according to the recommendations of the Declaration of
Helsinki and approved by the Ethics Committee of Centro Hospitalar Universitirio de
Santo Antonio and School of Medicine and Biomedical Sciences from University of

Porto [2016-053(047-DEFI/046-CES)]. The trial was retrospectively registered at the



ISRCTN registry: ISRCTN54908548. Written informed consent was obtaimned from all
participants. The present manuscript was structured according to the Consolidated
Standards of Reporting Trials (CONSORT) Statement for randomized trials of

Nonpharmacological Treatment *

RANDOMIZATION

Randomization was performed with a computer-based random number generator using a
1:1 allocation ratio for block sizes of four patients. Randomization and allocation were
undertaken by a member of the research team who was not directly involved in the

recruitment or patients’ assessment.

OUTCOMES MEASURES

A blood sample was collected from the antecubital vein of patients who had fasted
overnight for at least 12 hours. both before and after the 12-week intervention. Patients
were instructed to refrain from smoking for a minsmum of 12 hours prior to the blood
test. After collection, the samples were centrifuged at 4000 rpm in ambient air for 5
minutes. Changes in CRP were measured using the Roche/CEP4 Cobas ¢ 701/7028
analyzer (Roche Diagnostics, Switzerland), according to the manufacturer’s
mstructions. The analyses of CRP were performed by laboratory staff who were not
directly involved i the trial. as these measurements are part of routne testing. The
remaming serum was stored at -80°C before being transported on dry ice to the
Umiversity of Avetro in Portugal, where enzyme-linked immunosorbent assay analyses
for hs IL-6 and ADMA (Elabscience®, USA) were performed. All assessments were
conducted blindly by research team members uninvolved i exercise training or the

other outcomes evaluations.
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INTERVENTIONS

Exercise sessions consisted of twice-weekly sessions comprising 10-min warm-up, 40
min treadmull intermittent walking or arm-ergometry, 1-2 sets of 12-15 repetitions of ten
resistance exercises (Borg rating of percerved 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 10-min cooldown. led by a physiotherapist and

under medical supervision, both with experience in cardiovascular rehabilitation.

Treadmill Supervised Exercise Training

The treadmull exercise prescription followed the standard protocol previously
described ” The initial treadmill training intensity was established using the baseline
CPX and was defined as the grade that brings on the onset of claudication pain, with the
mitial speed set at 3.2 km/h. Patients walked to a moderate clandication pain level (3 — 4
of 5 on claudication scale), stopped and rested until the claudication pain completely
resolved and then resumed walkmg. Progression occurred 1f a patient was able to walk
at a workload for 8 minutes or more before experiencing a pam level 3or4 of Son
claudication scale; this progression was made m the following session. First, grade
mereased by 2% merements until 10%; then speed increased by 0.3 km/h mncrements
until 4.8 km'h; then grade was once more mncreased by 2% merements up to 15% (the
last mncrement was 1%); and then increases 1n speed by 0.3 km'h increments as
tolerated. Heart rate was continuously monitored during sessions using
electrocardiographic telemetry and recorded every 5 min with the Borg RPE scale and

patient-reported claudication pain severity.



Arm-Ergometry Supervised Exercise Training

The arm-ergometry exercise prescription followed the guidelines for this population ! In
the first two weeks, patients performed exercise at 50% — 60% of VO peak (RPE:12-
13); from the 3" to 6% weeks intensity increased to 60% — 70% VO; peak (RPE 13); and
from the 7% to 12® weeks intensity increased to 70% — 80% VO peak (RPE 13-14).
Heart rate was continuously monitored during sessions using electrocardiographic

telemetry and registered along with the Borg RPE scale.
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DISCUSSION

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 fithess and walking distances. To the
best of our knowledge, this was the first trial to compare the impact of these two exercise
modalities on VO peak, as a primary outcome, a robust and validated surrogate marker
for cardiovascular mortality.*'* We observed a significant incease in VO, peak in the AEx
group but not in the TEx group, without significant between-groups difference.
Neverthless, the recorded change from baseline in VO, peak in both groups (TEx: 0.66
mL/kg/min; AEx: 1.73 mL/kg/min) was clinically relevant since changes in VO, 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.!'® Therefore, the
observed VO, peak increase within the AEx group was clinically superior. Concerning
the other cardiorespiratory fitness parameters, we found a significant improvement in
VO, at VT-1 in both exercise groups, without significant between-group differences.
Ventilatory efficiency (VE/VCO; slope) improved more in the AEX group. Notably, many
patients who showed improvements in walking distance did not exhibit a corresponding
increase in VO,peak 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 VO, at VT-1 and
the VE/VCO, 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.!'® 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.!” 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.?’

Overall, our findings align with a recent meta-analysis demonstrating that walking
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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 VO, peak.®! 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 VO, 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.??
Although the improvements in walking distances were less pronounced, they remained
clinically significant.!*®> 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.!'® Upper-body training has the potential
to improve the exercise capacity of muscles not directly engaged in the activity.!!8
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.*°

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.'?° Aerobic
endurance performance is influenced by three factors: maximal VO,, VO, at VT-1, and
the submaximal oxygen cost of exercise.'?! In our sample, patients with symptomtic PAD
exhibit higher-than-predicted VO, during submaximal walking, resulting in a lower
walking economy, consistent with findings from other studies.'?> An altered gait pattern
has been suggested as a potential underlying mechanism for reduced walking
economy.!?® 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 training*?* *2° and the lack
of improvement after arm-ergometry exercise.!'® 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,
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whereas later gains are more closely linked to an increase in VO peak.!?’ 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.'?® In contrast, the specific (non-
transferable) effects are likely attributable to adaptations within the trained muscles,
reflecting local adaptations.'® 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,*?
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.? Additionally, evaluating mental health in clinical
practice has been deemed crucial, and addressing these conditions should be an integral
part of comprehensive PAD management.®*® 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.'*! 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.'® 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,!!® 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,'% while others highlight the need to explore alternative, pain-free exercise
modalities that could potentially modify the cardiovascular risk profile in this
population.'3® 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.*®” 13 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.*3* 3 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
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contributors to the initiation and progression of atherosclerosis and are well-recognized
pathophysiological mechanisms in PAD.* 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).”” Most interventions in this meta-analysis involved walking exercise, with
none including arm-ergometry.”” 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.”” Therefore, exercise-induced
improvements in endothelial function and systemic inflammation appear to occur through

distinct mechanisms.
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FUTURE PERSPECTIVES

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,®* 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.*® 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.*! 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.'*! 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
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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.’® 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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CONCLUSIONS

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 VO, 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/VCO:; slope in the arm-ergometry group, along with a similar improvement in VO, at
VT-1; both are important indicators of cardiorespiratory fithess. 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 hslL-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.

94



REFERENCES

1. Aboyans V, Ricco JB, Bartelink MEL, et al. 2017 ESC Guidelines on the
Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the
European Society for Vascular Surgery (ESVS): Document covering atherosclerotic
disease of extracranial carotid and vertebral, mesenteric, renal, upper and lower
extremity arteriesEndorsed by: the European Stroke Organization (ESO)The Task Force
for the Diagnosis and Treatment of Peripheral Arterial Diseases of the European Society
of Cardiology (ESC) and of the European Society for Vascular Surgery (ESVS). Eur
Heart J. 2018;39:763-816. doi:10.1093/eurheartj/ehx095.

2. Nordanstig J, Behrendt CA, Baumgartner |, et al. Editor's Choice -- European
Society for Vascular Surgery (ESVS) 2024 Clinical Practice Guidelines on the
Management of Asymptomatic Lower Limb Peripheral Arterial Disease and Intermittent
Claudication. Eur J Vasc Endovasc Surg. 2024;67:9-96. doi:10.1016/j.ejvs.2023.08.067.
3. Collaborators GBDPAD. Global burden of peripheral artery disease and its risk
factors, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019.
Lancet Glob Health. 2023;11:€1553-e1565. doi:10.1016/S2214-109X(23)00355-8.

4, McDermott MM. Exercise Rehabilitation for Peripheral Artery Disease: A
REVIEW. J Cardiopulm Rehabil Prev. 2018,;38:63-69.
doi:10.1097/HCR.0000000000000343.

5. Sartipy F, Sigvant B, Lundin F, Wahlberg E. Ten year mortality in different
peripheral arterial disease stages: a population based observational study on outcome.
Eur J Vasc Endovasc Surg. 2018;55:529-536. doi:10.1016/j.ejvs.2018.01.019.

6. Agnelli G, Belch JJF, Baumgartner |, Giovas P, Hoffmann U. Morbidity and
mortality associated with atherosclerotic peripheral artery disease: A systematic review.
Atherosclerosis. 2020;293:94-100. doi:10.1016/j.atherosclerosis.2019.09.012.

7. Mahoney EM, Wang K, Keo HH, et al. Vascular hospitalization rates and costs in
patients with peripheral artery disease in the United States. Cardiovasc Qual Outcomes.
2010;3:642-651. doi:10.1161/CIRCOUTCOMES.109.930735.

8. Milani RV, Lavie CJ. The role of exercise training in peripheral arterial disease.
Vascular Medicine. 2007;12:351-358.
9. Aquino R, Johnnides C, Makaroun M, et al. Natural history of claudication: Long-

term serial follow-up study of 1244 claudicants. J Vasc Surg. 2001;34:962-970.
doi:10.1067/mva.2001.119749.

95



10. Penin-Grandes S, Martin-Hernandez J, Valenzuela PL, et al. Exercise and the
hallmarks of peripheral arterial disease. Atherosclerosis. 2022;350:41-50.
doi:10.1016/j.atherosclerosis.2022.04.025.

11. Bonaca MP, Hamburg NM, Creager MA. Contemporary Medical Management of
Peripheral Artery Disease. Circ Res. 2021;128:1868-1884.
doi:10.1161/CIRCRESAHA.121.318258.

12. Bevan GH, White Solaru KT. Evidence-Based Medical Management of
Peripheral Artery Disease. Arterioscler Thromb Vasc Biol. 2020;40:541-553.
doi:10.1161/ATVBAHA.119.312142.

13. Mazzolai L, Teixido-Tura G, Lanzi S, et al. 2024 ESC Guidelines for the
management of peripheral arterial and aortic diseases. Eur Heart J. 2024;45:3538-3700.
doi:10.1093/eurheartj/ehael79.

14. Aday AW, Matsushita K. Epidemiology of Peripheral Artery Disease and
Polyvascular Disease. Circ Res. 2021;128:1818-1832.
doi:10.1161/CIRCRESAHA.121.318535.

15. Criqui MH, Matsushita K, Aboyans V, et al. Lower Extremity Peripheral Artery
Disease: Contemporary Epidemiology, Management Gaps, and Future Directions: A
Scientific Statement From the American Heart Association. Circulation. 2021;144:e171-
el191. doi:10.1161/CIR.0000000000001005.

16. Treat-Jacobson D, McDermott MM, Bronas UG, et al. Optimal Exercise Programs
for Patients With Peripheral Artery Disease: A Scientific Statement From the American
Heart Association. Circulation. 2019;139:e10-e33.
doi:10.1161/CIR.0000000000000623.

17. Penin-Grandes S, Lopez-Ortiz S, Maroto-lzquierdo S, et al. Winners do what they
fear: exercise and peripheral arterial disease-an umbrella review. Eur J Prev Cardiol.
2024;31:380-388. doi:10.1093/eurjpc/zwad261.

18. Gornik HL, Aronow HD, Goodney PP, et al. 2024
ACC/AHA/AACVPR/APMA/ABC/SCAI/SVM/SVN/SVS/SIR/VESS Guideline for the
Management of Lower Extremity Peripheral Artery Disease: A Report of the American
College of Cardiology/American Heart Association Joint Committee on Clinical Practice
Guidelines. Circulation. 2024;149:€1313-e1410. doi:10.1161/CIR.0000000000001251.
19. Regensteiner JG, Hiatt WR, Coll JR, et al. The impact of peripheral arterial
disease on health-related quality of life in the Peripheral Arterial Disease Awareness,
Risk, and Treatment. New Resources for Survival (PARTNERS) Program. Vascular
Medicine. 2008;13:15-24.

96



20. Issa SM, Hoeks SE, Scholte op Reimer WJ, et al. Health-related quality of life
predicts long-term survival in patients with peripheral artery disease. Vasc Med.
2010;15:163-169. doi:10.1177/1358863X10364208.

21. Lane R, Harwood A, Watson L, Leng GC. Exercise for intermittent claudication
(Review). Cochrane Database Syst Rev. 2017;12:CD000990.
doi:doi.org/10.1002/14651858.CD000990.pub3.

22. Parmenter BJ, Dieberg G, Smart NA. Exercise training for management of
peripheral arterial disease: a systematic review and meta-analysis. Sports Med
2015;45:231-244. doi:10.1007/s40279-014-0261-z.

23. Hageman D, Fokkenrood HJ, Gommans LN, van den Houten MM, Teijink JA.
Supervised exercise therapy versus home-based exercise therapy versus walking
advice for intermittent claudication. Cochrane Database Syst Rev. 2018;4:CD005263.
doi:10.1002/14651858.CD005263.pub4.

24. Leeper NJ, Myers J, Zhou M, et al. Exercise capacity is the strongest predictor of
mortality in patients with peripheral arterial disease. J Vasc Surg. 2013;57:728-733.
doi:10.1016/j.jvs.2012.07.051.

25. McDermott MM, Tian L, Liu K, et al. Prognostic value of functional performance
for mortality in patients with peripheral artery disease. J Am Coll Cardiol. 2008;51:1482-
1489. doi:10.1016/j.jacc.2007.12.034.

26. Gardner AW, Addison O, Katzel LI, et al. Association between Physical Activity
and Mortality in Patients with Claudication. Med Sci Sports Exerc. 2021;53:732-739.
doi:10.1249/MSS.0000000000002526.

27. Lyu X, Li S, Peng S, Cai H, Liu G, Ran X. Intensive walking exercise for lower
extremity peripheral arterial disease: A systematic review and meta-analysis. J Diabetes.
2016;8:363-377. d0i:10.1111/1753-0407.12304.

28. Jansen SCP, van Nistelrooij LPJ, Scheltinga MRM, Rouwet EV, Teijink JAW,
Vahl AC. Successful Implementation of the Exercise First Approach for Intermittent
Claudication in the Netherlands is Associated with Few Lower Limb Revascularisations.
Eur J Vasc Endovasc Surg. 2020;60:881-887. doi:10.1016/j.ejvs.2020.07.074.

29. Devrome AN, Aggarwal S, McMurtry MS, et al. Cardiac rehabilitation in people
with peripheral arterial disease: A higher risk population that benefits from completion.
Int J Cardiol. 2019;285:108-114. doi:10.1016/j.ijcard.2019.02.070.

30. Parmenter BJ, Dieberg G, Phipps G, Smart NA. Exercise training for health-
related quality of life in peripheral artery disease: a systematic review and meta-analysis.
Vasc Med. 2015;20:30-40. doi:10.1177/1358863X14559092.

31. Fassora M, Calanca L, Jaques C, Mazzolai L, Kayser B, Lanzi S. Intensity-

dependent effects of exercise therapy on walking performance and aerobic fitness in

97



symptomatic patients with lower-extremity peripheral artery disease: A systematic review
and meta-analysis. Vasc Med. 2022;27:158-170. doi:10.1177/1358863X211034577.
32. Fakhry F, van de Luijtgaarden KM, Bax L, et al. Supervised walking therapy in
patients with intermittent claudication. J Vasc Surg. 2012;56:1132-1142.
doi:10.1016/j.jvs.2012.04.046.

33. Mazzolai L, Belch J, Venermo M, et al. Exercise Therapy for Chronic
Symptomatic Peripheral Artery Disease: A Clinical Consensus Document of the
European Society of Cardiology Working Group on Aorta and Peripheral Vascular
Diseases in Collaboration With the European Society of Vascular Medicine and the
European Society for Vascular Surgery. Eur J Vasc Endovasc Surg. 2024.
doi:10.1016/j.ejvs.2024.01.009.

34. Pymer S, Ibeggazene S, Palmer J, et al. An updated systematic review and meta-
analysis of home-based exercise programs for individuals with intermittent claudication.
J Vasc Surg. 2021;74:2076-2085.€2020. doi:10.1016/j.jvs.2021.03.063.

35. Abaraogu UO, Dall PM, Seenan CA. The Effect of Structured Patient Education
on Physical Activity in Patients with Peripheral Arterial Disease and Intermittent
Claudication: A Systematic Review. Eur J Vasc Endovasc Surg. 2017;54:58-68.
doi:10.1016/j.ejvs.2017.04.003.

36. Perks J, Zaccardi F, Paterson C, et al. Effect of high-pain versus low-pain
structured exercise on walking ability in people with intermittent claudication: meta-
analysis. Br J Surg. 2022;109:686-694. doi:10.1093/bjs/znac134.

37. McDermott MM, Zhang D. Effect of Low-Intensity vs High-Intensity Walking
Exercise on Walk Distance in Patients With Peripheral Artery Disease-Reply. Jama.
2021;326:769-770. doi:10.1001/jama.2021.9768.

38. Birkett ST, Sinclair J, Seed SA, et al. Effects of exercise prescribed at different
levels of claudication pain on walking performance in patients with intermittent
claudication: a protocol for a randomised controlled trial. Ther Adv Cardiovasc Dis.
2022;16:17539447221108817. doi:10.1177/17539447221108817.

39. Harwood AE, Smith GE, Cayton T, Broadbent E, Chetter IC. A Systematic Review
of the Uptake and Adherence Rates to Supervised Exercise Programs in Patients with
Intermittent Claudication. Ann Vasc Surg. 2016;34:280-289.
doi:10.1016/j.avsg.2016.02.009.

40. Lin E, Nguyen CH, Thomas SG. Completion and adherence rates to exercise
interventions in intermittent claudication: Traditional exercise versus alternative exercise
- a systematic review. Eur J Prev Cardiol. 2019;26:1625-1633.
doi:10.1177/2047487319846997.

98



41. Tompra N, Foster C, Sanchis-Gomar F, Koning JJ, Lucia A, Emanuele E. Upper
versus lower limb exercise training in patients with intermittent claudication: a systematic
review. Atherosclerosis. 2015;239:599-606. doi:10.1016/j.atherosclerosis.2015.02.038.
42. Jansen SC, Abaraogu UO, Lauret GJ, Fakhry F, Fokkenrood HJ, Teijink JA.
Modes of exercise training for intermittent claudication. Cochrane Database Syst Rev.
2020;8:CD009638. doi:10.1002/14651858.CD009638.pub3.

43. Parmenter BJ, Mavros Y, Ritti Dias R, King S, Fiatarone Singh M. Resistance
training as a treatment for older persons with peripheral artery disease: a systematic
review and meta-analysis. Br J Sports Med. 2020;54:452-461. doi:10.1136/bjsports-
2018-100205.

44, Blears EE, Elias JK, Tapking C, Porter C, Rontoyanni VG. Supervised Resistance
Training on Functional Capacity, Muscle Strength and Vascular Function in Peripheral
Artery Disease: An Updated Systematic Review and Meta-Analysis. J Clin Med. 2021;10.
doi:10.3390/jcm10102193.

45, Rodrigues E, Silva I. Supervised exercise therapy in intermittent claudication: a
systematic review of clinical impact and Ilimitations. Int Angiol. 2020;39:60-75.
doi:10.23736/S0392-9590.19.04159-2.

46. Hamburg NM, Balady GJ. Exercise rehabilitation in peripheral artery disease:
functional impact and mechanisms of benefits. Circulation. 2011;123:87-97.
doi:10.1161/CIRCULATIONAHA.109.881888.

47. Harwood AE, Cayton T, Sarvanandan R, Lane R, Chetter I. A review of the
potential local mechanisms by which exercise improves functional outcomes in
intermittent  claudication. Annals of Vascular Surgery. 2015;30:312-320.
doi:10.1016/j.avsg.2015.05.043.

48. Anderson JD, Epstein FH, Meyer CH, et al. Multifactorial determinants of
functional capacity in peripheral arterial disease: uncoupling of calf muscle perfusion and
metabolism. J Am Coll Cardiol. 2009;54:628-635. doi:10.1016/j.jacc.2009.01.080.

49. Hamburg NM, Creager MA. Pathophysiology of Intermittent Claudication in
Peripheral Artery Disease. Circ J. 2017;81:281-289. doi:10.1253/circj.CJ-16-1286.

50. Parmenter BJ, Raymond J, Singh MAF. The effect of exercise on
haemodynamics in intermittent claudication: a systematic review of randomized
controlled trials. Sports Med. 2010;40:433-447.

51. El-Sayed MS. Effects of exercise and training on blood rheology Sports Med.
1998;26:281-292.

52. Dormandy JA, Hoare E, Colley J, Arrowsmith DE, Dormandy TL. Clinical,
haemodynamic, rheological, and biochemical findings in 126 patients with intermittent
claudication. British Medical Journal. 1973;4:576-581.

99



53. Ernst EE, Matrai A. Intermittent claudication, exercise, and blood rheology.
Circulation. 1987;76:1110-1114.

54, Mika P, Wilk B, Mika A, Marchewka A, Nizankowski R. The effect of pain-free
treadmill training on fibrinogen, haematocrit, and lipid profile in patients with claudication.
Eur J Cardiovasc Prev Rehabil. 2011;18:754-760. doi:10.1177/1741826710389421.

55. Hsu CC, Lin YT, Fu TC, Huang SC, Lin CH, Wang JS. Supervised Cycling
Training Improves Erythrocyte Rheology in Individuals With Peripheral Arterial Disease.
Front Physiol. 2021;12:792398. doi:10.3389/fphys.2021.792398.

56. Haas TL, Lloyd PG, Yang HT, Terjung RL. Exercise training and peripheral
arterial disease. Compr Physiol. 2012;2:2933-3017. doi:10.1002/cphy.c110065.

57. Ross M, Kargl CK, Ferguson R, Gavin TP, Hellsten Y. Exercise-induced skeletal
muscle angiogenesis: impact of age, sex, angiocrines and cellular mediators. Eur J Appl
Physiol. 2023;123:1415-1432. doi:10.1007/s00421-022-05128-6.

58. Jones WS, Duscha BD, Robbins JL, et al. Alteration in angiogenic and anti-
angiogenic forms of vascular endothelial growth factor-A in skeletal muscle of patients
with intermittent claudication following exercise training. Vasc Med. 2012;17:94-100.
doi:10.1177/1358863X11436334.

59. Robbins JL, Jones WS, Duscha BD, et al. Relationship between leg muscle
capillary density and peak hyperemic blood flow with endurance capacity in peripheral
artery disease. J Appl Physiol (1985). 2011;111:81-86.
doi:10.1152/japplphysiol.00141.2011.

60. McDermott MM, Dayanidhi S, Kosmac K, et al. Walking Exercise Therapy Effects
on Lower Extremity Skeletal Muscle in Peripheral Artery Disease. Circ Res.
2021;128:1851-1867. d0i:10.1161/CIRCRESAHA.121.318242.

61. Lee PS, Poh KK. Endothelial progenitor cells in cardiovascular diseases. World
J Stem Cells. 2014;6:355-366. doi:10.4252/wjsc.v6.i3.355.

62. Ferentinos P, Tsakirides C, Swainson M, Davison A, Martyn-St James M,
Ispoglou T. The impact of different forms of exercise on endothelial progenitor cells in
healthy populations. Eur J Appl Physiol. 2022;122:1589-1625. doi:10.1007/s00421-022-
04921-7.

63. Cavalcante SL, Lopes S, Bohn L, et al. Effects of exercise on endothelial
progenitor cells in patients with cardiovascular disease: A systematic review and meta-
analysis of randomized controlled trials. Revista Portuguesa de Cardiologia (English
Edition). 2019;38:817-827. doi:10.1016/j.repce.2019.02.017.

64. Schlager O, Giurgea A, Schuhfried O, et al. Exercise training increases

endothelial progenitor cells and decreases asymmetric dimethylarginine in peripheral

100



arterial disease: a randomized controlled trial. Atherosclerosis. 2011;217:240-248.
doi:10.1016/j.atherosclerosis.2011.03.018.

65. Pasqualini L, Bagaglia F, Ministrini S, et al. Effects of structured home-based
exercise training on circulating endothelial progenitor cells and endothelial function in
patients with intermittent claudication. Vasc Med. 2021;26:633-640.
doi:10.1177/1358863X211020822.

66. Lanza GA, Golino M, Villano A, et al. Cardiac Rehabilitation and Endothelial
Function. J Clin Med. 2020;9. doi:10.3390/jcm9082487.

67. Bellamkonda K, Williams M, Handa A, Lee R. Flow Mediated Dilatation as a
Biomarker in Vascular Surgery Research. J Atheroscler Thromb. 2017;24:779-787.
doi:10.5551/jat.40964.

68. Migliacci R, Guglielmini G, Busti C, Falcinelli E, Minuz P, Gresele P. Walking-
induced endothelial dysfunction predicts ischemic cardiovascular events in patients with
intermittent claudication. Vasc Med. 2021;26:394-400.
doi:10.1177/1358863X211001927.

69. Hambrecht R, Fiehn E, Weigl C, et al. Regular physical exercise corrects
endothelial dysfunction and improves exercise capacity in patients with chronic heart
failure. Circulation. 1998;98:2709-2715.

70. Higashi Y, Sasaki S, Kurisu S, et al. Regular aerobic exercise augments
endothelium-dependent vascular relaxation in normotensive as well as hypertensive
subjects: role of endothelium-derived nitric oxide. 1999;100:1194-1202.

71. Manresa-Rocamora A, Ribeiro F, Casanova-Lizéon A, Flatt AA, Sarabia JM,
Moya-Ramén M. Cardiac rehabilitation improves endothelial function in coronary artery
disease patients. Int J Sports Med. 2022;43:905-920.

72. Newcomer SC, Thijssen DH, Green DJ. Effects of exercise on endothelium and
endothelium/smooth muscle cross talk: role of exercise-induced hemodynamics. J Appl
Physiol (1985). 2011;111:311-320.

73. Simioni C, Zauli G, Martelli AM, et al. Oxidative stress: role of physical exercise
and antioxidant nutraceuticals in adulthood and aging. Oncotarget. 2018;9:17181-17198.
74. Januszek R, Mika P, Konik A, Petriczek T, Nowobilski R, Nizankowski R. Effect
of treadmill training on endothelial function and walking abilities in patients with
peripheral arterial disease. J Cardiol. 2014;64:145-151. doi:10.1016/j.jjcc.2013.12.002.
75. Novakovi¢ M, Krevel B, Rajkovi¢ U, et al. Moderate-pain versus pain-free
exercise, walking capacity, and cardiovascular health in patients with peripheral artery
disease. J Vasc Surg. 2019;70:148-156. doi:10.1016/j.jvs.2018.10.109.

101



76. Delaney CL, Miller MD, Allan RB, Spark JI. The impact of different supervised
exercise regimens on endothelial function in patients with intermittent claudication.
Vascular. 2015;23:561-569. d0i:10.1177/1708538114558329.

77. Lee J, Zarezadehmehrizi A, LaVoy EC, Markofski MM, Park Y. Exercise Training
Improves Brachial Artery Endothelial Function, but Does Not Alter Inflammatory
Biomarkers in Patients with Peripheral Artery Disease: a Systematic Review and Meta-
analysis. J Cardiovasc Transl Res. 2023. doi:10.1007/s12265-023-10451-0.

78. Besnier F, Labrunee M, Pathak A, et al. Exercise training-induced modification in
autonomic nervous system: An update for cardiac patients. Ann Phys Rehabil Med.
2017;60:27-35. doi:10.1016/j.rehab.2016.07.002.

79. Brenner IKM, Brown CA, Hains SJM, Tranmer J, Zelt DT, Brown PM. Low-
Intensity Exercise Training Increases Heart Rate Variability in Patients With Peripheral
Artery Disease. Biol Res Nurs. 2020;22:24-33. doi:10.1177/1099800419884642.

80. Carter JB, Banister EW, Blaber AP. Effect of endurance exercise on autonomic
control of heart rate. Sports Med. 2003;33:33-46.

81. Manresa-Rocamora A, Ribeiro F, Sarabia JM, et al. Exercise-based cardiac
rehabilitation and parasympathetic function in patients with coronary artery disease: a
systematic review and meta-analysis. Clin Auton Res. 2021;31:187-203.
doi:10.1007/s10286-020-00687-0.

82. Qin L, Li J. Sympathetic Nerve Control of Blood Pressure Response during
Exercise in Peripheral Artery Disease and Current Application of Experimental Disease
Models. Am J Biomed Sci Res. 2020;9:204-209. doi:10.34297/AJBSR.2020.09.001387.
83. Cui J, Kuroki MT, Leiter T, et al. The baroreflex control of heart rate is impaired
in patients with peripheral arterial disease The FASEB Journal. 2019;33:746-743.

84. Kim DJ, Kuroki M, Cui J, et al. Systemic and regional hemodynamic response to
activation of the exercise pressor reflex in patients with peripheral artery disease. Am J
Physiol Heart Circ Physiol. 2020;318:H916-H924. doi:10.1152/ajpheart.00493.2019.
85. Wang HJ, Zucker IH, Wang W. Muscle reflex in heart failure: the role of exercise
training. Front Physiol. 2012;3:398. doi:10.3389/fphys.2012.00398.

86. O'Sullivan SE, Bell C. The effects of exercise and training on human
cardiovascular reflex control. Journal of the Autonomic Nervous System. 2000;81:16-24.
87. Mizuno M, Iwamoto GA, Vongpatanasin W, Mitchell JH, Smith SA. Dynamic
exercise training prevents exercise pressor reflex overactivity in spontaneously
hypertensive rats. Am J Physiol Heart Circ Physiol. 2015;309:H762-770.
doi:10.1152/ajpheart.00358.2015.

102



88. McDermott MM, Ferrucci L, Gonzalez-Freire M, et al. Skeletal Muscle Pathology
in Peripheral Artery Disease: A Brief Review. Arterioscler Thromb Vasc Biol.
2020;40:2577-2585. doi:10.1161/ATVBAHA.120.313831.

89. Pipinos, Il, Judge AR, Zhu Z, et al. Mitochondrial defects and oxidative damage
in patients with peripheral arterial disease. Free Radic Biol Med. 2006;41:262-269.
doi:10.1016/j.freeradbiomed.2006.04.003.

90. Ryan TE, Yamaguchi DJ, Schmidt CA, et al. Extensive skeletal muscle cell
mitochondriopathy distinguishes critical limb ischemia patients from claudicants. JCI
Insight. 2018;3. doi:10.1172/jci.insight.123235.

91. Hiatt WR, Regensteiner JG, Wolfel EE, Carry MR, Brass EP. Effect of exercise
training on skeletal muscle histology and metabolism in peripheral arterial disease. J
Appl Physiol (1985). 1996;81:780-788. doi:10.1152/jappl.1996.81.2.780.

92. Brass E, Wang H, Hiatt WR. Multiple skeletal muscle mitochondrial DNA
deletions in patients with unilateral peripheral arterial disease. Vasc Med. 2000;5:225-
230.

93. Pickles S, Vigie P, Youle RJ. Mitophagy and Quality Control Mechanisms in
Mitochondrial Maintenance. Curr Biol. 2018;28:R170-R185.
doi:10.1016/j.cub.2018.01.004.

94, Gonzalez-Freire M, Moore AZ, Peterson CA, et al. Associations of Peripheral
Artery Disease With Calf Skeletal Muscle Mitochondrial DNA Heteroplasmy. J Am Heart
Assoc. 2020;9:e015197. doi:10.1161/JAHA.119.015197.

95. Beckitt TA, Day J, Morgan M, Lamont PM. Skeletal muscle adaptation in
response to supervised exercise training for intermittent claudication. Eur J Vasc
Endovasc Surg. 2012;44:313-317. doi:10.1016/j.ejvs.2012.07.002.

96. Wolf D, Ley K. Immunity and Inflammation in Atherosclerosis. Circ Res.
2019;124:315-327. doi:10.1161/CIRCRESAHA.118.313591.

97. Brevetti G, Giugliano G, Brevetti L, Hiatt WR. Inflammation in peripheral artery
disease. Circulation. 2010;122:1862-1875.
doi:10.1161/CIRCULATIONAHA.109.918417.

98. Metsios GS, Moe RH, Kitas GD. Exercise and inflammation. Best Pract Res Clin
Rheumatol. 2020;34:101504. doi:10.1016/j.berh.2020.101504.

99. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The
anti-inflammatory effects of exercise: mechanisms and implications for the prevention
and treatment of disease. Nat Rev Immunol. 2011;11:607-615. doi:10.1038/nri3041.
100. Andreozzi GM, Leone A, Laudani R, Deinite G, Martini R. Acute impairment of

the endothelial function by maximal treadmill exercise in patients with intermittent

103



claudication, and its improvement after supervised physical training. Int Angiol.
2007;26:12-17.

101. Saetre T, Enoksen E, Lyberg T, et al. Supervised exercise training reduces
plasma levels of the endothelial inflammatory markers E-selectin and ICAM-I in patients
with peripheral arterial disease. Angiology. 2011;62:301-305.
doi:10.1177/0003319710385338.

102. Andrade-Lima A, Silva Junior N, Chehuen M, et al. Walking Training Improves
Systemic and Local Pathophysiological Processes in Intermittent Claudication. Eur J
Vasc Endovasc Surg. 2021;61:954-963. doi:10.1016/j.ejvs.2021.02.022.

103. Nowak WN, Mika P, Nowobilski R, et al. Exercise training in intermittent
claudication: effects on antioxidant genes, inflammatory mediators and proangiogenic
progenitor cells. Thromb Haemost. 2012;108:824-831. doi:10.1160/TH12-04-0278.
104. Allen MF, Park SY, Kwak YS. Oxidative stress and vascular dysfunction: Potential
therapeutic targets and therapies in peripheral artery disease. Microvasc Res.
2024;155:104713. doi:10.1016/j.mvr.2024.104713.

105. Steven S, Daiber A, Dopheide JF, Munzel T, Espinola-Klein C. Peripheral artery
disease, redox signaling, oxidative stress - Basic and clinical aspects. Redox Biol.
2017;12:787-797. doi:10.1016/j.redox.2017.04.017.

106. Ambrosetti M, Abreu A, Corra U, et al. Secondary prevention through
comprehensive cardiovascular rehabilitation: From knowledge to implementation. 2020
update. A position paper from the Secondary Prevention and Rehabilitation Section of
the European Association of Preventive Cardiology. Eur J Prev Cardiol. 2021;28:460-
495, doi:10.1177/2047487320913379.

107. Jeger RV, Rickenbacher P, Pfisterer ME, Hoffmann A. Outpatient rehabilitation
in patients with coronary artery and peripheral arterial occlusive disease. Arch Phys Med
Rehabil. 2008;89:618-621. doi:10.1016/j.apmr.2007.09.040.

108. Nguyen CH, Marzolini S, Oh P, Thomas SG. Entering Cardiac Rehabilitation With
Peripheral Artery Disease: A retrospective comparasion to coronary artery disease. J
Cardiopulm Rehabil Prev. 2020;40:255-262. doi:10.1097/HCR.0000000000000475.
109. Siercke M, Jorgensen LP, Missel M, et al. Cardiovascular Rehabilitation
Increases Walking Distance in Patients With Intermittent Claudication. Results of the
CIPIC Rehab Study: A Randomised Controlled Trial. Eur J Vasc Endovasc Surg.
2021;62:768-776. doi:10.1016/j.ejvs.2021.04.004.

110. Lanzi S, Belch J, Brodmann M, et al. Supervised exercise training in patients with
lower extremity peripheral artery disease. Vasa. 2022;51:267-274. doi:10.1024/0301-
1526/a001024.

104



111. Abaraogu U, Ezenwankwo E, Dall P, et al. Barriers and enablers to walking in
individuals with intermittent claudication: A systematic review to conceptualize a relevant
and patient-centered program. PLoS One. 2018;13:0201095.
doi:10.1371/journal.pone.0201095.

112. Liguori G. ACSM’s Guidelines for Exercise Testing and Prescription. 11th ed:
Lippincott Williams & Wilkins; 2021.

113. Bronas UG, Hirsch AT, Murphy T, et al. Design of the multicenter standardized
supervised exercise training intervention for the ‘CLaudication: Exercise Vs Endoluminal
Revascularization (CLEVER)study’. Vascular Medicine. 2009;14:313-321.

114. Ross R, Blair SN, Arena R, et al. Importance of Assessing Cardiorespiratory
Fitness in Clinical Practice: A Case for Fitness as a Clinical Vital Sign: A Scientific
Statement From the American Heart Association. Circulation. 2016;134:€653-e699.
doi:10.1161/CIR.0000000000000461.

115. Gardner AW, Montgomery PS, Wang M. Minimal clinically important differences
in treadmill, 6-minute walk, and patient-based outcomes following supervised and home-
based exercise in peripheral artery disease. Vascular Medicine. 2018;23:349-357.
doi:10.1177/1358863X18762599.

116. McDermott MM, Guralnik JM, Tian L, et al. Comparing 6-minute walk versus
treadmill walking distance as outcomes in randomized trials of peripheral artery disease.
J Vasc Surg. 2020;71:988-1001. doi:10.1016/j.jvs.2019.05.058.

117. Treat-Jacobson D, Bronas UG, Leon AS. Efficacy of arm-ergometry versus
treadmill exercise training to improve walking distance in patients with claudication.
Vascular Medicine. 2009;14:203-213.

118. Marterer N, Mugele H, Schafer SK, Faulhaber M. Effects of Upper Body Exercise
Training on Aerobic Fitness and Performance in Healthy People: A Systematic Review.
Biology (Basel). 2023;12. doi:10.3390/biology12030355.

119. Tew G, Nawaz S, Zwierska |, Saxton JM. Limb-specific and cross-transfer effects
of arm-crank exercise training in patients with symptomatic peripheral arterial disease.
Clin Sci (Lond). 2009;117:405-413. doi:10.1042/CS20080688.

120. Womack CJ, Sieminski DJ, Katzel LI, Yataco A, Gardner AW. Oxygen uptake
during constant-intensity exercise in patients with peripheral arterial occlusive disease.
Vascular Medicine. 1997;2:174-178. doi:10.1177/1358863X9700200303.

121. Pate RR, Kriska A. Physiological Basis of the Sex Difference in Cardiorespiratory
Endurance. Sports Med. 1984;1:87-98.

122. Womack CJ, Sieminski DJ, Katzel LI, Vataco A, Gardner AW. Oxygen uptake
during constant-intensity exercise in patients with peripheral arterial occlusive disease.
Vascular Medicine. 1997:2:174-178.

105



123. Gardner AW, Ritti-Dias RM, Stoner JA, Montgomery PS, Scott KJ, Blevins SM.
Walking economy before and after the onset of claudication pain in patients with
peripheral arterial disease. J Vasc Surg. 2010;51:628-633.
doi:10.1016/j.jvs.2009.09.053.

124. Crowther RG, Leicht AS, Spinks WL, Sangla K, Quigley F, Golledge J. Effects of
a 6-month exercise program pilot study on walking economy, peak physiological
characteristics, and walking performance in patients with peripheral arterial disease.
Vasc Health Risk Manag. 2012;8:225-232. doi:10.2147/vhrm.S30056.

125. Womack CJ, Sieminski DJ, Katzel LI, Yataco A, Gardner AW. Improved: Walking
economy in patients with peripheral arterial occlusive disease. Medicine and Science in
Sports and Exercise. 1997;29:1286-1290. doi:10.1097/00005768-199710000-00002.
126. Bronas UG, Treat-Jacobson D, Leon AS. Comparison of the effect of upper body-
ergometry aerobic training vs treadmill training on central cardiorespiratory improvement
and walking distance in patients with claudication. J Vasc Surg. 2011;53:1557-1564.
doi:10.1016/j.jvs.2011.01.077.

127. Hiatt WR, Regensteiner JG, Hargarten ME, Wolfel EE, Brass EP. Benefit of
exercise conditioning for patients with peripheral arterial disease. Circulation.
1990;81:602-609.

128. Hiatt WR, Wolfel EE, Meier RH, Regensteiner JH. Superiority of treadmill walking
exercise versus strength training for patients with peripheral arterial disease. Implications
for the mechanism of the training response. Circulation. 1994;90:1866-1874.

129. Pogliaghi S, Terziotti P, Cevese A, Balestreri F, Schena F. Adaptations to
endurance training in the healthy elderly: arm cranking versus leg cycling. Eur J Appl
Physiol. 2006;97:723-731. doi:10.1007/s00421-006-0229-2.

130. Smolderen KG, Samaan Z, Decker C, et al. Association Between Mental Health
Burden, Clinical Presentation, and Outcomes in Individuals With Symptomatic Peripheral
Artery Disease: A Scientific Statement From the American Heart Association. Circulation.
2023;148:1511-1528. doi:10.1161/CIR.0000000000001178.

131. Cavalcante BR, Ritti-Dias RM, Soares AH, et al. A Single Bout of Arm-crank
Exercise Promotes Positive Emotions and Post-Exercise Hypotension in Patients with
Symptomatic Peripheral Artery Disease. Eur J Vasc Endovasc Surg. 2017;53:223-228.
doi:10.1016/j.ejvs.2016.11.021.

132. Gardner AW, Montgomery PS, Wang M, Xu C. Predictors of health-related quality
of life in patients with symptomatic peripheral artery disease. J Vasc Surg. 2018;68:1126-
1134. doi:10.1016/j.jvs.2017.12.074.

133. Lanzi S, Calanca L, Berchtold A, Mazzolai L. Improvement in 6-Minute Walking

Distance after Supervised Exercise Training Is Related to Changes in Quality of Life in

106



Patients with Lower Extremity Peripheral Artery Disease. J Clin Med. 2021;10.
doi:10.3390/jcm10153330.

134. Jansen SCP, Hoorweg BBN, Hoeks SE, et al. A systematic review and meta-
analysis of the effects of supervised exercise therapy on modifiable cardiovascular risk
factors in intermittent claudication. J Vasc Surg. 2019;69:1293-1308.1292.
doi:10.1016/j.jvs.2018.10.069.

135. Cornelis N, Nassen J, Buys R, Fourneau |, Cornelissen V. The Impact of
Supervised Exercise Training on Traditional Cardiovascular Risk Factors in Patients With
Intermittent Claudication: A Systematic Review and Meta-Analysis. Eur J Vasc Endovasc
Surg. 2019;58:75-87. doi:10.1016/j.ejvs.2018.12.014.

136. Izquierdo-Porrera AM, Gardner AW, Powell CC, Katzel LI. Effects of exercise
rehabilitation on cardiovascular risk factors in older patients with peripheral arterial
occlusive disease. J Vasc Surg. 2000;31:670-677. doi:10.1067/mva.2000.104422.

137. Hansen D, Niebauer J, Cornelissen V, et al. Exercise Prescription in Patients with
Different Combinations of Cardiovascular Disease Risk Factors: A Consensus
Statement from the EXPERT Working Group. Sports Med. 2018;48:1781-1797.
doi:10.1007/s40279-018-0930-4.

138. Wood G, Murrell A, van der Touw T, Smart N. HIIT is not superior to MICT in
altering blood lipids: a systematic review and meta-analysis. BMJ Open Sport Exerc
Med. 2019;5:e000647. doi:10.1136/bmjsem-2019-000647.

139. Weaver ML, Boitano LT, Fazzone BJ, et al. Sex differences in outcomes of
exercise therapy for patients with intermittent claudication: A scoping review. Semin Vasc
Surg. 2023;36:531-540. doi:10.1053/j.semvascsurg.2023.08.001.

140. Hageman D, Gommans LN, Scheltinga MR, Teijink JA. Effect of diabetes mellitus
on walking distance parameters after supervised exercise therapy for intermittent
claudication: A systematic review. Vasc Med. 2017;22:21-27.
doi:10.1177/1358863x16674071.

141. McDermott MM, Kibbe MR, Guralnik JM, et al. Durability of Benefits From
Supervised Treadmill Exercise in People With Peripheral Artery Disease. J Am Heart
Assoc. 2019;8:e009380. doi:10.1161/JAHA.118.009380.

107



