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Abstract  

Introduction: Patients with chronic obstructive pulmonary disease (COPD) have 

elevated cardiovascular risk, and cardiovascular disease is a major cause of death in 

COPD.  The current literature indicates that changes in cardiovascular risk during 

pulmonary rehabilitation (assessed using aortic stiffness) are heterogeneous, 

suggesting that there may be sub-groups of patients who do and do not benefit. In 

COPD, cardiovascular comorbidity is common in patients hospitalised with 

exacerbations of COPD and this may negatively affect exacerbation recovery.  

Aim: To investigate the characteristics of COPD patients who do and do not 

experience aortic stiffness reduction during pulmonary rehabilitation, examine how 

changes relate to physical activity and exercise capacity, and assess whether changes 

in aortic stiffness are maintained at six weeks following rehabilitation. To identify the 

possibility of subsequent CV risk reduction during hospitalisation (from admission 

towards discharge).  

Methods: Firstly, a systematic review was conducted to assess the existing literature 

on the influence of pulmonary rehabilitation on cardiovascular risk in COPD measured 

by aortic pulse wave velocity. Next, we conducted a repeatability study to assess and 

understand the aPWV values generated by Vicorder (Skidmore Medical, Bristol, UK) 

software in healthy subjects prior to using it on patients. To better understand our 

population, we conducted a pre-pulmonary rehabilitation study to identify the 

associations of baseline cardiovascular risk in COPD patients, measured using aPWV, 

and to compare the results between groups with and without a reported history of CVD. 

The listed projects enabled the formulation of the research question and main PhD 

hypothesis, tested using a prospective cohort trial. Participants were enrolled in a PR 
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course consisting of sessions two hours long, twice each week for six weeks, with 

complete pre- and post-measures, including aPWV. Next, we conducted a follow-up 

study to identify if there were any alterations in aortic stiffness following the completion 

of pulmonary rehabilitation. Lastly, we conducted a pilot study to understand whether 

cardiovascular risk (measured by aortic stiffness) is reduced in hospitalised COPD 

patients during exacerbation recovery towards discharge.   

Results: Existing studies that measured aPWV prior to and post-PR were small and 

heterogeneous with different sample sizes and programme length. The elevated aortic 

stiffness in COPD was independent from CVD history. Whilst on average there was 

no influence of PR on aortic stiffness, we report that 56% of patients responded with 

a significant reduction in aortic stiffness (11.5 vs 10.4m/s, p=<0.001). The change in 

aortic stiffness during rehabilitation was associated with both increased physical 

activity (rho=-0.30, p=0.04) and a change in exercise capacity (rho=-0.32, p=0.02). Of 

the respondents, 92% of the responders who attended maintained this response six 

week later. Finally, the elevated aortic stiffness seen in COPD hospitalised due to 

exacerbation was reduced at discharge (10.3 vs 10.1m/s, p=0.04). 

Conclusion 

Elevated aortic stiffness in COPD is potentially modifiable in a subgroup of patients 

during pulmonary rehabilitation and is associated with increased physical activity; this 

reduction is maintained at least six weeks later. In contrast, patients who appeared to 

have an increase in their aortic stiffness during PR were more likely to have a delayed 

PR response. For those COPD patients hospitalised due to exacerbation, aortic 

stiffness is reduced toward discharge.  
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Impact statement 

The four key findings of this thesis are a) COPD patients with and without CVD have 

similar CV risk; b) the elevated aortic stiffness in COPD is modifiable through 

pulmonary rehabilitation (PR) and that this reduction is related to physical activity (PA); 

c) aortic stiffness reduction is maintained for at least six weeks following PR and 

patients who appeared to have an increase in their aortic stiffness during PR were 

those who had a delayed PR response; and d) elevated arterial stiffness in 

hospitalised COPD patients is reduced during recovery from the exacerbation, toward 

discharge. Our results have important implications for clinical practice. First, 

physicians and health care providers should know that COPD patients without 

cardiovascular comorbidity appear to have similar CV risk measure compared to 

COPD patients with concomitant CVD. Second, our study suggests that arterial 

stiffness is more likely to be a better CV risk measure than QRISK in the COPD 

population. Third, the value of encouraging people with COPD to maintain physical 

activity should be emphasised, as doing this during PR may be associated with 

optimal, holistic benefits from PR in reducing aortic stiffness. Fourth, PR benefit on CV 

risk is not restricted to those with (or without) established CV disease. We have 

provided the first evidence that a non-pharmacological COPD-targeted intervention 

can durably modify aortic stiffness in a subgroup of COPD. Finally, arterial stiffness is 

also modifiable during hospitalisation. The challenge is whether to introduce arterial 

stiffness measurement before and after PR, and practitioners should ensure that they 

fully understand the aims and the best methodology of measuring arterial stiffness and 

PA as inappropriate measures will have an adverse impact on both the PR programme 

and CV risk-benefit. Findings from this PhD emphasise the need for researchers to 

conduct further larger studies regarding the role of PR on CV risk reduction in COPD, 
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as well as the role of arterial stiffness at exacerbation in hospitalised COPD. Having 

demonstrated that elevated aortic stiffness is reduced during hospitalisation and 

potentially modifiable in a subgroup of patients through a short term PR course, future 

studies may help to assist early detection of CV risk in COPD and thus improve current 

practice and, ultimately, the lives of those living with COPD. The findings have been 

and/or will be disseminated through scientific journals, conferences, and social media 

to maximise the reach of our research. 
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This introduction concerns key background areas studied in this Ph.D. thesis. The aim 

of this introductory chapter is to explain the necessary background to exploring the 

influence of pulmonary rehabilitation (PR) programmes on elevated aortic stiffness in 

chronic obstructive pulmonary disease (COPD). 

 

1.1 Chronic obstructive pulmonary disease (COPD) 

COPD is characterised by irreversible decline of lung function and reduced airflow in 

the lungs. It is responsible for a significant burden of illness and incurs high health 

care costs (1). According to the World Health Organisation (WHO) (2), COPD is a 

leading cause of death. In part, the elevated mortality in COPD derives from an 

enhanced risk of cardiovascular disease (CVD) (3). Without more effective 

interventions, COPD will be the third most common cause of death by 2030 (2). 

COPD has been defined by the Global Initiative for Chronic Obstructive Lung Disease 

(GOLD) as a common, preventable and treatable disease that is characterised by 

persistent respiratory symptoms and airflow limitation that is due to airway and/or 

alveolar abnormalities usually caused by significant exposure to noxious particles or 

gases’ (4). 

COPD overlaps with two related conditions: 1) chronic bronchitis, a clinical diagnosis 

described as the presence of a chronic cough with an increase in sputum production 

for at least three months for two or more consecutive years (Figure 1);  2) emphysema, 

a structural diagnosis, describing ‘the enlargement of the airspace and alveoli 

destruction’(5). This was originally a histological diagnosis, but in recent years it has 

most often been diagnosed radiologically (Figure 2). To confirm COPD, spirometry is 

required (discussed below) (6).  
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Figure 1: Normal airways vs. airways with chronic bronchitis, the latter showing airway 
wall inflammation and oedema and mucus occluding the airway. Adapted from 
lubopitko.com Feb,2019 “http://encyclopedia.lubopitko-bg.com/acute_bronchitis.html”  
(7).  

 

 

 

 

Figure 2: Normal alveoli versus emphysema, the latter showing damaged alveoli with 
loss of elasticity and subsequent airway collapse. Adapted from Drugs.com, Feb,2019 
“https://www.drugs.com/health-guide/emphysema.html” (5).  

 

 

http://encyclopedia.lubopitko-bg.com/acute_bronchitis.html
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COPD is a long-latency disease that develops over many years after the initial 

causative exposure (8). Active smoking remains a leading risk factor, although other 

factors currently being identified include air pollution and occupational exposures (9). 

People with COPD are usually diagnosed at a late stage. This might be because they 

only present to medical professionals when they are experiencing persistent 

breathlessness and/or reduced daily activity, where often significant lung capacity has 

already been lost (10). The earlier an individual with COPD is treated, the more likely 

they are to achieve effective outcomes (11).  

 

1.1.1 Epidemiology  

In 2016 the World Health Organization (WHO) reported that there were approximately 

251 million cases of COPD worldwide (12). The prevalence of COPD varies between 

1% and 4% of the population, usually in those who are 35 years old and above (13). 

Furthermore, recorded COPD mortality was 3.2 million in 2015, which makes it one of 

the four main leading causes of death (12, 14). In this context, without better 

interventions, COPD is soon expected to be the third leading cause of death with 4.5 

million deaths annually (15, 16). 

The cost of COPD treatment is about $2.1 trillion per annum. Thus, it has a substantial 

economic impact on the health care system, and this is projected to be doubled by 

2030 (17). 

In the UK, 1.2 million people are currently living with a diagnosis of COPD. However, 

it is estimated that many people are living with undiagnosed COPD (18). Generally, it 

is reported that the prevalence of COPD in males is 10 % higher than in females (18). 
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In 2012, the number of deaths due to COPD was 29,776, about 5 % of the total number 

in the UK and 26.1 % of deaths due to lung diseases. Along with lung cancer and 

pneumonia, COPD is one of the main three leading contributors to pulmonary mortality 

in the UK (18). 

In the UK, the annual cost of COPD is about £1.9 billion with one million bed days and 

about 140,000 hospital admissions annually (19).  

As COPD increases the burden on health care systems, considerable research 

attention is required. 

 

1.1.2 Aetiology  

COPD is usually associated with long-term exposure to harmful substances such as 

cigarette smoke (4). Smoking and other risks for developing COPD are described 

further below. 

 

1.1.2.1 Cigarette smoking  

Cigarette smoking is a major cause of developing COPD worldwide. The majority of 

COPD patients in high-income countries have a history of tobacco exposure, which is 

thought to be a responsible cause for nine in every ten cases, indicating that people 

who smoke are at higher risk of developing COPD. However, not all smokers develop 

COPD because of cigarette smoking and this may be related to genetic susceptibility 

(20, 21). Decline in forced expiratory volume in one second (FEV1), which is a marker 

of COPD disease severity, is related to smoking history (22). Some studies have 
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compared smokers with non-smokers with airflow limitation and found that smokers 

were more susceptible to worsening symptoms and lung cancer (4).  

Indeed, cigarette smoking is not only harmful to active smokers, but it has also been 

shown that other people exposed to cigarette smoke are at risk of developing COPD 

(passive smoking) (21). 

 

1.1.2.2 Genes  

Genetic polymorphisms may contribute to developing COPD. Research has shown 

that smokers who have a family history of severe COPD are at increased risk of 

developing airflow limitation (4). Alpha-1 proteinase inhibitor deficiency, also known as 

Alpha-1 antitrypsin deficiency (AATD), is an autosomal co-dominant genetic condition 

caused by mutations in the SERPINA1 gene on chromosome 14 (20, 23). Genetic 

mutations lead to a reduction in the production of alpha1-antitrypsin, commonly 

leading to liver and/or lung disease. Individuals who have AATD may live a normal life 

with no serious medical condition. However, factors such as smoking cigarettes, or 

occupational exposure to fumes or dust may increase the likelihood of developing 

COPD. AATD is screened for by measuring serum alpha-1-antitrypsin concentration, 

and if deficient a genetic analysis is performed. All in all, many different forms of 

mutations may lead to different severity level of AATD. 

 

1.1.2.3 Occupational exposure  

According to the American Thoracic Society (ATS) (4), the rate of developing COPD 

due to occupational exposure to dust, fumes or chemicals is 10% to 20% (4). Paulin 
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et al. studied the impact of occupational exposures on 1075 participants (COPD n = 

721 and non-COPD smokers n = 354). Among the COPD participants, exacerbations 

and decreased quality of life were correlated with occupational exposures (24). 

Another study in the United States reported that among 9823 participants, the overall 

percentage of COPD due to occupational exposure was 19.2% (25).  Thus, whilst 

cigarette smoking is the primary cause of COPD, occupational exposures are likely to 

play a role.  

 

1.1.2.4 Air pollution 

Exposure to air pollution for a long period may affect lung function, which increases 

the risk of COPD (4). Air pollution could be indoor, including burning animal dung or 

other biomass smoke, coal, and wood, or outdoor, such as industrial pollution (4, 26).  

More than three billion people worldwide are affected by exposure to indoor or outdoor 

pollution (26). To lower the impact of air pollution on developing COPD, researchers 

have suggested using biogas instead of biomass for cooking, and improving indoor 

ventilation which has been associated with a reduced decline of lung function and 

COPD risk (26).   

 

1.1.2.5 Age and gender  

It is known that COPD is more prevalent in elderly people. However, it is not clear if 

age should be considered a risk factor for developing COPD because of the long-time 

exposure of the causative agent (4, 8). Regarding sex as a risk factor, the current data 

are inconclusive. In the past, the prevalence of smoking in men has been higher than 
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in women, with a higher incidence of developing COPD in men compared to women 

(20, 27). However, recent changes have meant that COPD is now more commonly 

seen in women, reflecting the progressive increase in prevalence of smoking in women 

(27). Other researchers reported that the chance of developing COPD is equal in both 

sexes and this would depend on their behavioural smoking changes (4, 20). 

 

1.1.2.6 Asthma 

People have questioned whether people with asthma are at increased risk of 

developing COPD. Existing asthma may lead to COPD as it has been reported that 

patients who have asthma are at 12.5-fold higher risk of developing COPD (28). Vonk 

et al. showed that in 228 asthmatic patients, 16% developed COPD (29). In 2018, 

Boaheng et al. conducted a meta-analysis and reported that individuals with a previous 

history of asthma (childhood or adult onset asthma) are 7.2 times more likely to 

develop COPD (p = < 0.00001) (30). 

Both asthma and COPD patients experience exacerbations, poor quality of life and 

reduced lung function (31, 32). Asthma is a complex disease characterised by chronic 

airway inflammation where patients suffer from wheezing and chest tightness with 

variable expiratory airflow limitation (33). As discussed above, COPD is a preventable 

disease characterised by persistent symptoms usually caused by significant exposure 

to noxious particles or gasses (4). Asthma-COPD overlap (ACO), also called asthma-

COPD overlap syndrome, is characterised by persistent airflow limitation with several 

features that associated either with asthma or COPD (34). ACO happens when 

patients experience symptoms of both diseases, which leads to breathlessness, but 

essentially asthma and COPD are different. For instance, unlike COPD, the symptoms 
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of asthma are not constant and people with asthma may be symptom-free for a while 

(34). 

While stopping smoking may reduce the likelihood of developing COPD, it is essential 

to reduce any risk factor in the early stages, otherwise, lung function will continue to 

worsen over time and lead to COPD. 

 

1.1.3 Diagnosis of COPD 

The diagnosis of COPD requires the presence of post-bronchodilator airflow limitation 

and a history of exposure to risk factors (35).  

The diagnosis typically requires a history of smoking (or other relevant risk factor) as 

well as the presence of lower respiratory tract symptoms including, breathlessness, 

wheezing, cough or/and sputum production. Lung function testing (spirometry) is an 

essential diagnostic test for many respiratory diseases including COPD (36). In COPD, 

the diagnosis is confirmed by spirometry, which measures the exhaled volume of air 

from the point of maximal inhalation (FVC) and the exhaled volume of air during the 

first second (FEV1) (4). When the FEV1/FVC ratio is less than 0.70 following 

administration of a bronchodilator, and there is an appropriate clinical context, the 

diagnosis of COPD is confirmed (4, 36). The grade of airflow obstruction in COPD 

depends on the FEV1 percentage of normal FEV1 in a healthy individual matched for 

height, sex, age and ethnicity. The GOLD document defines the grade of COPD airflow 

obstruction, as shown below (Table 1) (4).  

For quality assurance, three attempts at spirometry are recommended. Among the 

three attempts, there should be no more than 5% or 150 ml difference in FEV1. Figure 
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3 below demonstrates the normal spirometry flow-loop manoeuvre against a COPD 

manoeuvre (4).  

 

Table 1: Classification of the air flow limitation severity. Adapted from the Global 
Initiative for Chronic Obstructive Lung Disease (GOLD) report,2019(4). 

 

 

Figure 3: Normal spirometry flow loop vs COPD flow loop: note the ‘scalloping’ of the 
flow on expiration demonstrating airflow obstruction. Adapted from Sharinginhealth.ca 
“https://www.sharinginhealth.ca/respiratory/investigations/pulmonary_function_tests.
html#loops” (37)  
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In addition to the diagnosis of COPD via spirometry, there are different assessment 

tools suggested by GOLD to support the management approach in COPD (4). This is 

achieved through the published ABCD assessment tool. This tool assesses: severity 

of breathlessness (Medical Research Council (MRC) dyspnoea scale); quality of life 

using COPD Assessment Test (CAT) questionnaire); and exacerbation/hospitalisation 

history. The classification is shown below (Figure 4). 

 

Figure 4: ABCD assessment tool. Adapted from the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) report,2019 (4) 

 

 

 

1.1.4  COPD management   

The goals of COPD management are to control or improve symptoms, increase 

respiratory capacity to improve exercise tolerance, and to reduce exacerbation 

frequency and overall mortality (38).  
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COPD management is classified into two sections: stable COPD management and 

non-stable (exacerbation) management. 

 

1.1.4.1 Stable COPD management  

Stable COPD is managed by providing different interventions. These include 

preventative interventions such as vaccination, smoking cessation or non-

pharmacological treatments including pulmonary rehabilitation and pharmacological 

interventions such as inhalers.  

 

The London Respiratory Team has developed the COPD value pyramid, reflecting 

what is currently known about the cost-effectiveness of some of the most frequent 

interventions in COPD (Figure 5). 
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Figure 5: The COPD value pyramid. Adapted from Zoumot Z, Jordan “farewell to 
therapeutic nihilism”, Thorax 2014; 69:973-975.(39). 

 

 

 

1.1.4.1.1 Smoking cessation  

Cigarette smoking is the most common cause of COPD in developed countries and 

much of the developing world; therefore, smoking cessation is an essential COPD 

management element. It may also reduce respiratory symptoms (40). Joseph et al. 

investigated the relationship between smoking status, hospitalisation and mortality in 

a UK COPD population. Among 16, 479 COPD patients, 35.1% were current smokers 

(n = 5787), 54.3% ex-smokers (n = 8941) and 1.9% had never smoked. They reported 

that when smokers were compared to ex-smokers, ex-smokers had a significantly 

reduced risk of hospitalisation, mortality and COPD related emergency visits 

(41).Other research conducted on 5887 participants in the US and Canada, reported 

that smoking cessation led to a significantly reduced decline in FEV1 when compared 
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to a control group (42). Additionally, another study found that smoking cessation led 

to positive outcomes in respiratory symptoms such as breathlessness (43). 

 

1.1.4.1.2 Vaccination  

Most acute exacerbations of COPD are triggered by acquired respiratory infections; 

therefore identifying effective ways to prevent acute respiratory infections is essential 

(44). Influenza and pneumococcal vaccines are currently recommended for COPD 

patients. In 2017 Walters et al. published a review, including 2171 COPD patients, to 

determine the efficacy of pneumococcal vaccination for reducing pneumonia in COPD. 

They reported that vaccinated people were less likely to have an episode of 

community‐acquired pneumonia. Furthermore, vaccinated people were less likely to 

develop COPD exacerbation; in every eight vaccinated COPD patients (95% CI 5 to 

58) one person would be prevented from experiencing an acute exacerbation (45). 

Others have reported that influenza vaccination is associated with a reduction in 

hospital visits/admissions, exacerbation frequency and overall mortality (44, 46-48) 

and pneumococcal vaccination has been associated with a reduction in pneumonia 

incidence (49).     

 

1.1.4.1.3 Pulmonary rehabilitation  

Pulmonary rehabilitation (PR) is a comprehensive training programme that contributes 

to improved COPD outcomes (4, 50). A systematic review reported that PR 

significantly improves dyspnoea, quality of life and exercise capacity (51). More details 

about PR are provided below. 
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1.1.4.1.4 Pharmacological therapy  

Pharmacological therapy in COPD is based on the disease grade and the desired goal 

(4). It has been reported that pharmacological treatment has an impact on respiratory 

symptoms, quality of life, exercise capacity and preventing exacerbations (4). 

Bronchodilators such as short-acting beta2 agonists (SABA) and long-acting beta2 

agonists (LABA), and short-acting antimuscarinics (SAMA) and long-acting 

antimuscarinic (LAMA) are mainly used to improve FEV1 and relieve symptoms (52, 

53). In stable COPD, the use of bronchodilators does not only improve FEV1 and 

relieve symptoms, but there is also a positive impact on reducing exacerbation and 

hospital admissions. Combination bronchodilators might be more effective than a 

single agent. Recent studies have compared the benefits of using both LABA and 

LAMA together and using each alone; combination drugs are associated with a better 

FEV1, respiratory symptoms and quality of life (4). Research has also examined how 

exacerbation and lung function are influenced by using triple inhaled therapy 

(LAMA/LABA+ICS). Lipson et al. reported that triple inhaled therapy was associated 

with a lower rate of exacerbation when compared to dual therapy (rate ratio with triple 

therapy, 0.75; 95% CI, 0.70 to 0.81; 25% difference; p < 0.001), and lower annual rate 

of hospitalisation due to COPD exacerbation (rate ratio, 0.66; 95% CI, 0.56 to 0.78; 

34% difference; p < 0.001) (54). From the lung function point of view, research 

indicates that when triple inhaled therapy is compared to dual therapy, inhaled triple 

therapy shows a better FEV1 with a 97 ml difference (p < 0.0001)(55). 

 Anti-inflammatory drugs, such as inhaled corticosteroids (ICS), also contribute to 

reducing exacerbations. It has been reported that the benefit of ICS could be evaluated 
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by measuring eosinophils levels in the blood (56). In moderate to severe COPD 

patients, inhaled ICS may partially increase the risk of pneumonia; however, it is 

usually prescribed to frequent exacerbators in addition to bronchodilator (4).  

Antibiotic therapy could be used as prophylactic therapy in stable COPD as it 

reduces exacerbation in moderate to severe COPD (57). Another common class of 

drugs prescribed to COPD patients is mucolytics, which helps to aid sputum 

clearance (58).  

Overall, combination therapy appears to be better than using a single agent. One 

agent may facilitate the function of the other (59).  

 

1.1.4.1.5 Long-term oxygen therapy and ventilatory support  

When COPD severity worsens, patients may became hypoxaemic during or after 

exercise where oxygen might be needed to relieve symptoms, enhance exercise 

capacity and decrease disability (60). Long-Term Oxygen Therapy (LTOT) (> 15 

hr/day) has increased survival in patients with chronic respiratory failure with severe 

hypoxemia during rest (4). It is usually required when blood gas showed resting paO2 

≤ 7.3 kPa or < 8kPa with the presence of other significant conditions such as 

polycythaemia, or pulmonary hypertension (61). Ventilatory support such as non-

invasive ventilation (NIV) is beneficial for COPD exacerbation with acute (hypercapnic) 

respiratory failure and for COPD with obstructive sleep apnoea (OSA), showing a 

positive impact in reducing hospitalisation and increasing survival (62). NIV can also 

be used at home. Murphy et al. investigated the effect of NIV plus oxygen on reducing 

the rate of hospital readmissions and mortality in those with persistent hypercapnia 
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following exacerbation. They studied 116 COPD patients; 59 with home oxygen only 

and 57 patients with NIV plus oxygen. When the NIV plus oxygen group was compared 

to the oxygen group, they reported that NIV plus oxygen prolonged hospital 

readmission rate (63.4% vs 80.4%) and reduced mortality (16 vs 19) at 12 months 

(63). Others have shown a survival rate ten years longer in people with COPD who 

used NIV with or without LTOT when compared to those who received only LTOT (p 

< 0.05). It has also been reported that when NIV is used at home, exercise capacity, 

FEV1 and quality of life are improved (64). 

 

1.1.4.1.6 Surgical intervention  

Lung volume reduction surgery (LVRS) is a surgical procedure in which parts of the 

lungs are removed to decrease hyperinflation, improve respiratory muscles and 

improve ventilation (65). Recent research has reported that LVRS was associated with 

an increased mortality rate when compared to a control arm (66). However, 

bronchoscopic volume reduction (BVR) interventions, such as endobronchial valve 

placement procedures, are now available to reduce hyperinflation with a lower risk of 

mortality (67). Another surgical intervention that may improve exercise capacity and 

decreases dyspnoea in severe COPD is bullectomy, which is the surgical removal of 

a bulla. Moreover, lung transplant surgery in severe COPD patients is a further option 

(68).  
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1.1.4.2 COPD exacerbation management  

1.1.4.2.1 Definition of exacerbation 

According to the GOLD report, a COPD exacerbation is defined as an ‘acute 

worsening of respiratory symptoms that results in additional therapy.’ COPD 

exacerbations may be classified as mild (treated with bronchodilators), moderate 

(treated with bronchodilators and antibiotic or corticosteroid) and severe (leads to 

hospitalisation or an emergency room visit) (4).   

However, there are other definitions of COPD exacerbations by other researchers and 

health care providers. For example, Anthonisen et al. defined COPD exacerbations as  

‘an increase of two major respiratory symptoms (dyspnoea, sputum purulence, sputum 

volume) or one major and one minor respiratory symptoms (cold, sore throat, wheeze, 

cough) for two consecutive days’ (69, 70). Uniting the definitions into one standard 

definition may facilitate better exacerbation management (71). 

 

1.1.4.2.2 Exacerbation aetiology  

Most exacerbations are caused by airway infection with viruses or bacteria, or by 

environmental pollution. These cause further inflammation, especially in the small 

airways of COPD patients, which may lead to tissue damage (72). It has been reported 

that the percentage of exacerbation due to a respiratory infection is 50-70% (73), Ten 

per cent is due to environmental pollution and 30% due to unknown causes (74). 

Inflammatory response is not confined to the airway and can be seen in blood. 

According to published data, after investigating sputum cell counts and cytokines 

(interleukin-6 and interleukin-8) on 57 COPD participants prior to and at exacerbation, 
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sputum inflammation was increased during exacerbation compared to baseline (75). 

Others investigated neutrophils in blood and sputum on 64 COPD participants and 

reported a noticeable elevation in both measures during exacerbation (76). 

Furthermore, in 145 COPD participants, sputum eosinophil levels were elevated 

during exacerbation (77, 78). 

 

1.1.4.2.3 Exacerbation frequency 

Frequent exacerbators are defined as those who have two or more exacerbations per 

year. The more frequent the exacerbations, the lower health-related quality of life and 

the higher the mortality rate (79). Donaldson et al. reported that the decline of lung 

function (FEV1) per year is elevated in frequent exacerbators compared to infrequent 

exacerbators (4.22% vs. 3.59%) (80). Indeed, experiencing more unreported 

exacerbations may lead to hospitalisation.  

 

1.1.4.2.4 Exacerbation and hospital admission  

Hospital admission due to COPD exacerbation is a serious problem worldwide. For 

health care providers, hospital admission is a significant component of total care costs 

(81). In the UK, COPD exacerbation is considered the second most common cause of 

emergency hospital admission (82). According to Hunter et al. in 7002 patients with a 

diagnosis of COPD recruited from 72 general practices, 25% (1756 participants) had 

at least one hospital admission a year due to COPD exacerbation; of those, 11 % (794 

COPD patients) had at least one readmission (83). 
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Given the importance of reducing hospitalisations due to exacerbation, further work is 

still required to investigate the possible factors that lead to hospital 

admission/readmission. 

 

1.1.4.2.5 Clinical management of exacerbation  

Treating and managing COPD exacerbations is essential to reduce symptoms and the 

number of episodes per year (4).  

Short-acting bronchodilators are not only used in the stable phase, but can also 

manage exacerbations by increasing the dose or frequency, which may help to relieve 

symptoms (84). Oral corticosteroids are usually used when exacerbations do not 

respond to bronchodilators alone, and antibiotics when there has been a change in 

the character of the sputum. Albert et al. reported that azithromycin reduces 

exacerbation frequency per year and improves quality of life (85). Furthermore, Uzun 

et al. stated that azithromycin significantly decreased exacerbation rate when 

compared to placebo (0·58, 95% CI 0·42-0·79; p = 0·001) (86). 

In severe exacerbations, attention to comorbidities is vital to provide better health care 

(87). 

 

1.1.5 COPD and comorbidities  

COPD often co-exists with other diseases (‘co-morbidities’) which may have a 

significant influence on the condition. Overall, the presence of comorbidities should 

not change the treatment of COPD, and it should be treated with the usual standard 
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care regardless of COPD diagnosis. The most common comorbidities in COPD are 

cardiovascular diseases (4). 

 

1.1.5.1 COPD and cardiovascular comorbidities  

Cardiovascular disease (CVD) is a frequent comorbidity in COPD (88). The existing 

evidence indicates that CV risk is more pronounced in COPD patients who are middle-

aged to elderly and thus early intervention is essential to achieve better outcomes (89). 

Hypertension is a leading risk factor for CVDs, including ischemic heart disease, heart 

failure, stroke and peripheral disease. 

 

1.1.5.1.1 Hypertension 

Hypertension is a common condition in the general population and the comorbidity 

most likely to occur in patients with COPD. It significantly increases the risk of CVD 

(90, 91). Worldwide, the prevalence of hypertension amongst adults is 31.1% (92). 

Over time high blood pressure may damage the wall of the arteries causing them to 

become susceptible to fatty plaque build-up, which leads to CVD. In patients with 

COPD, it has been reported that the prevalence of hypertension is higher in moderate 

to severe COPD (93-95). This might be accounted for by shared common risk factors 

such as age and smoking (96).    

Early management and control of hypertension are essential, and it should be treated 

based on the standard guidelines. There is no evidence reporting that beta blockers 

for hypertension are contraindicated in the presence of COPD (4, 97).  
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1.1.5.1.2 Ischemic heart disease (IHD)  

During a COPD exacerbation, and for up to 30 days afterwards, it has been reported 

that there is a high risk of myocardial damage in those patients with concomitant 

ischemic heart disease (IHD).  

There is a growing interest in the relationship between IHD and COPD as they are 

both leading causes of morbidity and mortality worldwide (98, 99). 

 

1.1.5.1.2.1 COPD-IHD epidemiology 

Long-term exposure to risk factors may result in both IHD and COPD. The most 

common shared risk factor is smoking, so it is common to have IHD and COPD at the 

same time, especially in older adults with a smoking history (9, 100, 101). The risk of 

developing COPD in patients with IHD, particularly acute coronary syndrome (ACS), 

is significantly higher when compared to the general population (99). In IHD, 

developing COPD varies from 4% to 18%, furthermore, patients with IHD, airflow 

limitation increases with age, and the majority of cases are in patients that have not 

received a formal diagnosis of COPD (102-105). 

 

1.1.5.1.2.2  Diagnosing COPD-IHD comorbidity  

Airflow limitation is frequent in cardiovascular diseases (106, 107). Furthermore, there 

are often missed diagnoses of COPD in hospitalised IHD patients or missed diagnoses 

of IHD in hospitalised COPD patients. (107), Soriano et al. reported that airway 

limitation was found in 60% of CVD patients: 87% of them had coronary artery disease 

(CAD) (107). On the other hand, in COPD patients, ACS often occurs with typical 

symptoms of COPD, including dyspnoea instead of chest pain (107). Early detection 
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of developing IHD in COPD patients is a challenge (108). However; in COPD, 

increased arterial stiffness is an independent predictor of cardiovascular events 

including IHD. Rom et al. observed the occurrence of CV events, including IHD, in 174 

admitted patients by measuring arterial stiffness using pulse wave velocity (PWV). 

Those patients were followed up for an average period of 43 to 60 months to record 

the number of CV events and how PWV changed. They concluded that the increase 

of PWV was positively correlated to CV event occurrence (109).  

These results suggest that increased PWV measures may be a predictor of a future 

CV event. As both COPD and IHD share several risk factors (99-101), it is 

recommended that IHD patients should be referred to pulmonologists for pulmonary 

evaluation and assessment of risk factors. Similarly, patients with confirmed COPD 

are advised to be assessed for their CV risk profile. Therefore, early intervention to 

manage breathing problems in IHD and cardiac problems in COPD at the same time, 

by referring to exercise programmes, smoking cessation, or medication prescription if 

needed, may reduce overall mortality (Figure 6) (110). The GOLD report that CVD is 

the most important coexisting disease along with COPD and also highlight the 

importance of CV risk assessment in the COPD population (4). 
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Figure 6: COPD and IHD recommended evaluation.   

 

 

 

1.1.5.1.3 Heart failure  

Heart failure (HF) is a consequence of IHD. The evidence has shown that for every 10 

cases of HF patients, nearly nine are due to the presence of IHD or hypertension (111). 

In COPD, the prevalence of heart failure ranges from 20% to 70%. It has been reported 

that undiagnosed/unrecognised heart failure may mimic acute exacerbations of 

COPD, with 40% of those mechanically ventilated due to hypercapnic respiratory 

failure showing evidence of a left ventricular problem. In general, there is no existing 

evidence that heart failure should be treated differently in the presence of COPD since 
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beta-blockers are safe for COPD and are required in the treatment of heart failure 

(112). 

1.1.5.1.4 Stroke 

Stroke is a fatal comorbidity in COPD and in the general population (112). COPD is a 

risk factor for CVD, but the relationship between COPD and stroke in particular is still 

not fully understood, including how treatment for COPD may decrease stroke risk 

(113). However, in 2018, Kim et al. published a systematic review and meta-analysis 

to investigate the relationship between COPD and stroke. Their conclusion suggested 

that COPD increases the risk of stroke, independent of other shared CVD risk factors 

but that further studies are needed (114). 

 

1.1.5.1.5 Peripheral vascular disease 

Peripheral vascular disease usually refers to the narrowing of the arteries of the lower 

limbs. It is a consequence of atherosclerotic disease and may significantly affect 

functional capacity and quality of life in COPD patients (113). In an extensive cohort 

study on COPD patients with different levels of COPD severity, 8.8% of the COPD 

participants had peripheral vascular disease compared to 1.8% of non-COPD control 

participants (113). Functional capacity and overall health status were significantly 

worse in those with COPD and peripheral vascular disease compared to those without 

peripheral vascular disease. Indeed, it is essential for clinicians to consider peripheral 

vascular disease and understand what functional impairment this may have in people 

with COPD. 
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1.2 Assessment of arterial stiffness in clinical practice 

1.2.1 Introduction  

Arterial stiffness is a hallmark of arteriosclerosis (thickening and loss of elasticity of 

the arterial wall), biological ageing and aortic compliance. One of the major factors in 

developing arteriosclerosis is inflammation, which contributes to stiffening of the large 

arteries (114). The aorta works as a channel for delivering adequate blood supply to 

peripheral arteries while dampening sudden oscillations in blood pressure produced 

by ventricular ejections (115). In younger people, most arteries have good compliance 

and elasticity. With ageing, those arteries usually stiffen. Aortic stiffness reflects the 

elastic resistance to deformation influenced by complex interactions between 

extracellular matrix components including collagen, elastin, and fibrillin fibres and the 

cells of vascular smooth muscle (115). Elevated arterial stiffness is associated with an 

increased risk of CV events such as stroke and myocardial infarction, which are the 

two leading causes of death worldwide. There has been much interest in the 

relationship between arterial stiffness and cardiovascular disease. Both pulse 

pressure and pulse wave velocity measure arterial stiffness. Both measures indicate 

that arterial stiffness is elevated with age or conditions which themselves are 

associated with higher cardiovascular risk, including hypertension, hyperlipidaemia, 

and diabetes mellitus (116). To detect any changes early, before the clinical 

appearance of vascular disease, aortic stiffness may act as a marker of future CVD 

(117). 
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1.2.2 Pathophysiology 

The aorta has different functions. It does not just serve as a channel for the last phase 

of the heartbeat (systole) but it also functions as a storage space for blood. The aorta 

stores half of the ejected blood volume of the heart for every beat. During diastole, the 

aorta recoils and forces the reserved blood volume towards the peripheral circulation. 

This phenomenon is referred to as the Windkessel function, which is the earliest model 

used to explain the arterial system (118).  

In healthy people, the normal left ventricular ejection fraction results in a pulse 

pressure with a moderately slow pulse wave velocity at 5 to 7 m/s (115), During 

diastole, the pulse wave is reflected at different points in distal arteries which branch 

at the origin of arterioles. 

This reflected wave acts together with the slow pulse wave to produce the dicrotic 

notch. The end result of these two pressure waves determines the final aortic blood 

pressure shape and waveform (119). 

In younger, compliant blood vessels, pulse pressure amplification takes place when 

the reflected pulse wave returns during diastole which results in a higher pulse 

pressure in the peripheral arteries when compared to the central arteries. In contrast, 

as we age, the reflected wave achieves the central pulse during systole due to the 

increased pulse wave velocity, in turn increasing the systolic blood pressure. When 

the increased systolic blood pressure is divided by the pulse pressure, this process is 

referred to as the augmentation index, which is considered an aortic stiffness marker. 

When mechanical stress disturbs the elastin or the arterial wall elastic fibers, the 

augmentation index increases (120) (see Figures 7). 
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Figure 7: Elastin fibres in the aorta; the aorta gradually reduces with increased CV 
risks. Adapted from  Sethi S. Aortic stiffness: pathophysiology, clinical implications, 
and approach to treatment. Integrated blood pressure control. 2014;7:29-34 (121).  

 

 

1.2.3 History 

The assessment of arterial pulse has long been considered an essential part of the 

clinical examination. In the 19th century ‘golden age of the pulse, the Sphygmograph 

(Figure 8A) was invented (122, 123). As interpreting the pulse shape was possible, it 

was reported that age and certain kinds of diseases, such as hypertension, were 

significant influences on the shape of the waveform. In the late 19th century, Riva-

Rocci (124) developed the mercury sphygmomanometry (Figure 8B), which focused 

on absolute systolic and diastolic blood pressure presented as numbers rather than 

waveforms. This gained popularity amongst health care providers compared to use of 

the sphygmograph. Only more recently have clinicians again realised and recognised 

the importance of arterial waveform to confirm arterial stiffness.  
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Figure 8a: Sphygmograph: applied to an arm with pulse shape recorded, Figure 8b: 
Sphygmomanometry: inflatable cuff applied on the upper arm and inflated to the point 
where blood cannot flow. A stethoscope is placed downstream when the cuff pressure 
is released and blood can be heard squirting and sounds continue in turbulent flow, 
presenting systolic and diastolic pressures. Adapted from Science museum, Pulse-
measurement, sphygmometers and sphygmographs  (125). 
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1.2.4 Pulse pressure  

Pulse pressure can be defined as the difference between systolic and diastolic blood 

pressures. It is a consequence of cardiac contraction that is effectively influenced by 

the characteristics of the arterial tree (126). Pulse pressure is generally determined by 

cardiac output, large arteries and aortic stiffness, and pulse wave reflection. Thus, 

pulse pressure constitutes a surrogate marker for arterial stiffness, as reported in 1922 

by Bramwell (127). 

Systolic and diastolic pressure both tend to increase with age. However, diastolic 

blood pressure mainly increases up to the age of 60 and then begins to decline due to 

arterial stiffness (128). 

Standard sphygmomanometry can measure pulse pressure. It is a quick and 

straightforward method to measure arterial stiffness. However, assessing arterial 

stiffness by measuring pulse pressure can be inaccurate, particularly in elderly people 

(129). The amplification of the pressure wave determines the peripheral blood 

pressure as the pressure wave travels through the aorta to the peripheral arteries. 

Thus, measuring pulse pressure peripherally, such as brachial blood pressure, does 

not usually reflect the real central pulse pressure, with a possible difference of up to 

20 mmHg between them (130, 131). Brachial blood pressure is determined by the 

pulse wave amplification that travels from the aorta to the peripheral arteries. Due to 

that amplification, peripheral systolic blood pressure, and consequently pulse 

pressure, might differ from the central blood pressure (130, 131). Pulse wave 

amplification decreases with age and is most pronounced in a young population (132). 

Thus, the use of peripheral blood pressure as a marker for arterial stiffness is less 

effective in young people. In this context, central pressure might be more accurate as 
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a cardiovascular risk marker than peripheral pressure. Thus, central blood pressure, 

not peripheral blood pressure, contributes to the development of the early stages of 

cardiovascular disease, including carotid atherosclerosis, coronary atherosclerosis 

and left ventricular hypertrophy (133). Furthermore, carotid intimal medial thickness, a 

marker of CV risk (134) is not dependent on peripheral but on carotid pressure (135). 

Several studies have reported that pulse pressure is as an essential predictor of 

cardiovascular morbidity and mortality. Franklin et al. reported that in elderly people 

with hypertension, pulse pressure was a better predictor of CV disease, such as 

coronary heart disease, than systolic or diastolic blood pressure alone (136). These 

findings have been confirmed in other studies (137, 138). In contrast, in people under 

50, diastolic blood pressure is possibly a better predictor of coronary heart disease. 

However, central pulse wave velocity is a better marker of CV risk that suits all ages 

of adulthood.  

 

1.2.5 Pulse wave velocity  

Accurate prediction of CV risk is a challenge for clinicians. CV risk factors can be 

calculated using scores such as QRISK (139), which is ‘a well-established CVD risk 

score, in use across the NHS since 2009, which is designed to identify people at high 

risk of developing CVD who need to be assessed in more detail to reduce their risk of 

developing CVD’, or it could be measured directly through techniques to assess 

arterial stiffness, a marker of CV risk (140). 

In clinical practice, there are several validated ways to measure arterial stiffness (117). 

Aortic pulse wave velocity (aPWV), also known as carotid-femoral pulse wave velocity 

(cfPWV), measures central arterial stiffness. Arterial stiffness is a gold-standard 
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predictor of individual cardiovascular risk and a biomarker of elevated cardiovascular 

risk in COPD patients (141), as it is in healthy populations.  

PWV is defined as the speed at which the blood pressure pulse travels from the aorta 

through the arterial tree to the peripheral arteries. PWV is mainly determined by the 

artery wall stiffness and the artery lumen diameter. It is calculated by measuring the 

delay time (transit time) of the travelled pulse between two points of known distance: 

carotid and femoral (117). Mathematically, cfPWV is calculated by dividing the 

distance of the travelled pulse (in metres) by the time delay (in seconds) between the 

pulse wave arrival to the two sites (Figure 9) (142). cfPWV is a recommended method 

of measuring the clinical marker of arterial stiffness PWV non-invasively (143-145). 
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Figure 9: cfPWV measurement. PWV = L: the distance between carotid and femoral 
arteries / Δt: time between the pulse wave obtained at carotid and femoral adapted 
from Townsend RR, Recommendations for Improving and Standardizing Vascular 
Research on Arterial Stiffness: A Scientific Statement From the American Heart 
Association. Hypertension (Dallas, Tex : 1979). 2015;66(3):698-722. (142). 

 

 

 

cfPWV is highly reproducible and equivalent to aortic stiffness(140, 146), which may 

predict future CVD and other causes of mortality independent of CV risk factors (117, 

147). Also, the Framingham Heart Study (a long term, ongoing cardiovascular cohort 

study that began in 1948) (148) analysed the first episode of significant cardiovascular 

disease in relation to arterial stiffness (PWV), central pulse pressure, and wave 

reflection (augmentation index) in 2232 participants. Eight to nine years later, 

151/2232 developed CVD. In a multivariable analysis adjusted for all confounders 

including age, sex, and smoking, aPWV was associated with 48% increase in CV risk 
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(95% CI, 1.16 to 1.91 per SD, p=0.002). In contrast, both central pulse pressure and 

augmentation index were not related to CVD in the multivariable model. Therefore, 

arterial stiffness assessed by aPWV is believed to be a gold predictor of CV risk and 

the European Society of Hypertension has reported it as such(149). 
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1.2.6 Factors affecting aortic stiffness  

Different modifiable and non-modifiable CV risk factors that may affect aortic stiffness 

are shown in figure 10.  

 

Figure 10: Modifiable and non-modifiable cardiovascular risk factors. 

 

 

1.2.6.1 Age  

Arterial stiffness in the large arteries seems to be a consequence of the natural ageing 

process. Thus, age is the primary essential determinant of arterial stiffness (150). A 

number of researchers have confirmed positive correlations between age and arterial 

stiffness using different methods of measures (151, 152). However, as the larger 

central arteries progressively change with age, the elastic properties of the small 

muscular arteries alter slightly as well (153, 154). 
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1.2.6.2 Hypertension  

Aortic stiffness is highly related to age; however, it is also reported that the process of 

aortic stiffness might be accelerated with the presence of hypertension (155, 156). 

Bentos et al. found that the progression of age-induced aortic stiffness was three times 

higher in those with poor control of their hypertension compared to those whose 

hypertension was well controlled (157). Other research has reported that increased 

arterial stiffness is more common who develop hypertension due to being born 

underweight (158). Interestingly, other studies have suggested that aortic stiffness is 

an independent predictor of hypertension progression in people with normal blood 

pressure, indicating that hypertension is related to lower arterial elasticity (159, 160). 

 

1.2.6.3 Smoking 

Acute stiffening in the arteries occurs in smokers as well as in non-smokers (161, 162). 

Second-hand smoking has also been associated with acute increased arterial stiffness 

(161). Thus, accelerated arterial stiffening has been shown in long-term smokers (163, 

164).  

Other researchers have observed that the effect of long-term smoking in both active 

and passive smokers on arterial stiffness is independent of blood pressure level 

(165).Indeed, there is no interventional study investigating whether smoking cessation 

leads to a reduction in aortic stiffness. However, if it is the case that smoking cessation 

reduces pulse pressure, it is expected that it may improve aortic stiffness as well (166). 
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1.2.6.4 Physical inactivity 

Physical inactivity  is linked with an increased risk of cardiovascular disease in the 

general population (167). PA is defined as any movement produced by skeletal 

muscles. Patients with COPD tend to have lower PA levels (168).  

Sievi et al. (169) carried out a study on 123 COPD patients where PA was recorded 

for seven consecutive days after measuring baseline arterial stiffness. They reported 

that there was a statistically significant negative association between PA and arterial 

stiffness (r = −9.32, p = 0.02). Stickland et al. (170) measured PA for three consecutive 

days on 33 COPD patients; they also found that PA was statistically significantly 

correlated with arterial stiffness (r = −0.38, p = 0.03).  

Accordingly, compared to a healthy population matched for age, people with COPD 

are more likely to be less active in daily life as they are limited by their breathlessness. 

Hence, data supporting the association between daily physical activity and arterial 

stiffness might partially explain increased arterial stiffness in people with COPD (171).  

In both studies, the relationship between PA and arterial stiffness suggests that higher 

PA levels appear to influence arterial stiffness and therefore may reduce CV risk. 

Moreover, increasing daily activity through exercise programmes might reduce CV risk 

and not been investigated. 

 

1.2.6.5 Other factors  

Patients with diabetes mellitus are at increased risk of premature cardiovascular risk 

(172, 173). Dabelea et al. measured PWV on 298 young adults with type 1 diabetes 

over five years and found that PWV was statistically significantly increased by 0.1 
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m/s/year (p < 0.0001), demonstrating the importance of early detection of arterial 

stiffness as a cardiovascular risk marker and initial management of the underlying 

causes in this population (174). On the other hand, Bruno et al. measured aortic 

stiffness on 314 participants; 84 with and 175 without type 2 diabetes mellitus. They 

reported that on top of hypertension, type 2 diabetes worsens arterial compliance by 

endothelium-related mechanisms (175). 

Another significant cardiovascular risk is obesity which has been associated with 

increased mortality (176). In 2010, the World Health Organisation reported that over 

700 million people worldwide were considered obese. In 2017, Li et al. conducted a 

meta-analysis investigating the relationship between arterial stiffness in people with 

overweight and obese. By comparing 1124 people with obesity/overweight and 1884 

controls with a similar cohort, those with obesity showed a statistically significantly 

higher PWV (SMD 0.50 m/s; 95% CI 0.15 to 0.86; p = 0.005), indicating that arterial 

stiffness as a CV risk marker is increased in obese people without cardiovascular 

diseases (177). 

 

Hyperlipidaemia is also a well-known leading cause of cardiovascular diseases (178). 

Wang et al. measured PWV in 1447 people (mean age = 61.3 years) to investigate 

the relationship between triglycerides (TG) and arterial stiffness. They reported that a 

lower level of TG was statistically significantly associated with lower arterial stiffness, 

suggesting that management of hyperlipidaemia, including TG, may be an essential 

therapeutic consideration to overcome future CVD (179). 
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1.2.7 Arterial stiffness and COPD  

In people with COPD, cardiovascular disease (CVD) is a leading cause of mortality, 

with up to one-third of people with COPD eventually dying from CVDs (180). The 

association between COPD and an increased prevalence of CVD and CV risk has 

recently been quantified, comprising a two- to five-fold higher risk of major 

cardiovascular disease in people with COPD compared to those without COPD (181).  

This may be due to the fact that smoking is a major risk factor for both COPD 

and CVD, in addition to other modifiable and non-modifiable CV risk factors as 

explained above (180). Therefore, early prediction and reduction of cardiovascular risk 

is essential in people with COPD. In healthy people, several studies have provided 

data using aPWV as a primary outcome to predict CV events. Reference values for 

aPWV have been found to depend on age, blood pressure, heart rate and metabolic 

disorders (182, 183) (e.g. diabetes and hyperlipidaemia). Moreover, it is known that 

people with COPD have increased arterial stiffness compared to those without COPD 

(184, 185). The UCL Respiratory team has previously reported a relationship between 

the frequency of exacerbation and arterial stiffness (186). However, inflammatory 

markers, airflow obstruction, emphysema severity, COPD exacerbation and physical 

activity level have all also been reported to be independently associated with arterial 

stiffness in people with COPD (187). 

Besides the presence of cardiovascular risk factors in people with COPD, 

modification of connective tissue in the arterial wall (increased elastin degradation and 

collagen replacement) worsened by a persistent systemic inflammation, affecting both 

airways and blood vessels, and oxidative stress have been proposed as 

pathophysiological links between COPD and increased cardiovascular risk (187) 
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(Figure 11). Non-pharmacological interventions such as pulmonary rehabilitation may 

play an important role in reducing aortic stiffness in COPD.  

 

Figure 11: Increased arterial stiffness in COPD. Black arrows show the leading 
mechanism of increased arterial stiffness. Red arrows show factors including 
inflammatory markers which contribute to increase arterial stiffness. Adapted from 
Vivodtzev I, Arterial stiffness in COPD. Chest. 2014;145(4):861-75 (188).  

 

 

1.3 Pulmonary rehabilitation 

1.3.1 History and definition  

The concept of pulmonary rehabilitation (PR) can be traced back to Dr Charles 

Denison’s 1895 book Exercise and Food for Pulmonary Invalids (189). Dr Denison 

was the first to recommend that supervised exercise would be beneficial to those 

patients with respiratory conditions (189, 190). 
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In 1952 (57 years later), Brach et al. (191) added to that knowledge and studied the 

possibility of reducing dyspnoea in patients with pulmonary emphysema. They started 

by examining two patients whose dyspnoea improved with oxygen administration 

followed by participating in a supervised exercise programme. They reported that while 

on oxygen, during the exercise programme there was a noticeable daily improvement 

in both dyspnoea and distance walked. However, they also stated that even without 

oxygen, there was a significant improvement, with minimal breathlessness 

experienced.  

In 1969, Thomas Petty published work which was the first to argue that a 

comprehensive rehabilitation programme could provide short- and long-term benefits 

for people with COPD (192). At that time, it was not easy to convince others about the 

benefits of PR; mainly to those who believed that patients with COPD had reduced 

and insufficient lung capacity to be able to exercise and benefit to the point where 

skeletal muscle function could improve (193).  However, in 1992 the European 

Respiratory Journal working group produced the first international report for health 

care providers indicating that PR was an effective management strategy for COPD 

patients (50). Furthermore, the report produced three essential aims of the 

programme, which were: ‘1) a decrease of physical and psychological impairment due 

to the disease, 2) an increase in physical and mental fitness and performance and 3) 

maximal social reintegration of the patient to lower the handicap.’  

The exercise elements in PR contain aerobic training for both the lower and upper limb 

exercises. The benefits of PR can be acquired regardless of smoking status, sex, age 

or lung function (194). Given the significant evidence supporting the effectiveness of 
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PR in COPD, there was a harmonised statement from different guidelines 

recommending the referral of COPD patients to the PR programme. 

Thus, there are guidelines for PR worldwide. PR is defined by the European 

Respiratory Society (ERS) and American Thoracic Society (ATS) as ‘an evidence-

based, multidisciplinary, and comprehensive intervention for patients with chronic 

respiratory diseases who are symptomatic and often have decreased daily life 

activities’ (195). 

 

1.3.2 Aims and effectiveness of PR  

PR is a well-established non-pharmacological evidence-based intervention that is 

effective in reducing hospital admission due to COPD and in reducing overall 

financial costs (196). In managing COPD, PR has been shown to be essential for 

facilitating improvements in exercise tolerance, overall health-related quality of life, 

and in the ability to carry out daily activities, as well as for reducing anxiety and 

depression (51, 197, 198). 

The main aim of PR in patients with chronic respiratory conditions is to improve 

exercise capacity, which is reduced due to breathlessness, and to facilitate 

independence in daily life (199). Distinguishing the difference between physical 

activity and exercise capacity is essential. Physical activity is related to exercise 

and how it enhances individual fitness, whereas exercise capacity is associated 

with the ability of the individual to exercise (200). Thus, it is recommended by the 

BTS that PR should consist of comprehensive components to improve exercise 

capacity, education, medication usage, breathing technique, and nutritional and 

psychological support (201). Therefore, PR programmes are run by 
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multidisciplinary teams including nurses, physiotherapists, doctors, psychologists, 

nutritionists and occupational therapists to help patients to self-manage their 

symptoms (51). 

Assessing the effectiveness of PR is usually carried out by evaluating exercise 

capacity at the start and the end of the programme (202). The most common tests 

for assessing exercise tolerance and overall patient performance are the six-

minute walk test (6MWT) and the incremental shuttle walk test (ISWT) (203).  

The 6MWT is a self-paced test which measures the distance of a person can walk 

in a 30-metre course, walking back and forth, repeatedly, for six minutes (202). In 

contrast, the ISWT is a pre-paced test which measures the walked distance in a 

10-metre course where patients walk up and down synchronising with bleeps which 

gradually increase in frequency and require the patient to speed up to keep up with 

the bleeps. The test lasts up to 20 minutes (204). To determine the influence of 

any of the tests, heart rate, oxygen saturation, and dyspnoea level are measured 

prior to and after each test. Both tests are reliable. However, the 6MWT has been 

reported to be a poor indicator of hospital admission and mortality compared to the 

ISWT (204). PR involvement after hospitalisation has been associated with 

reducing hospital re-admission and overall mortality in COPD patients; thus, it 

reduces the overall costs of frequent hospitalisation (192, 205).  

PR helps patients to move from a state of being dependent at the start of the 

programme to less dependent, by modifying their overall behaviour in a safe 

multidisciplinary programme (200). High-intensity exercises in PR can reduce 

oxygen demand through muscle re-conditioning (206). Williams et al. believed that 

PR changed patients’ attitude to breathlessness (207). Therefore, PR has a 
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positive impact on quality of life. Increasing the mobility of people with COPD leads 

to the ability to walk further, more independence with regard to household tasks, 

such as cooking, and improving socialisation, which therefore helps people to 

experience their favourite activates. PR also helps patients to cope with their 

condition and symptoms. Furthermore, it allows patients to meet with others who 

have the same condition and to benefit from each other (208, 209). As PR 

increases mobility, it improves quality of life and facilitates a decrease in the 

adverse psychological effects of COPD (51). 

In patients who experience muscle dysfunction and ventilatory impairment, PR has 

proven benefits after participation (51). It is not always possible to maintain the 

benefits of PR as the duration of PR’s positive effects vary from patient to another 

(210). However, patients who experience these benefits are more likely to continue 

to exercise and would be optimal candidates for follow-up PR (211). Patients 

referred to PR for a second time are more likely to have a similar benefit to their 

previous PR participation. Thus, re-enrolling in PR increases the maintenance of 

benefits for three to twelve months (212). 

All in all, the benefits of PR are varied, and therefore it is recommended that PR 

should be offered in addition to other treatments and management strategies, such 

as smoking cessation, to achieve a better quality of life (213). 

 

1.3.3 Structure and content of PR  

Globally, the availability of PR depends on geographical location (51, 192) and its 

content varies in terms of group size, exercise intensity and length of sessions (214).   
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The UK national PR audit reported there were significant variations in PR programmes 

across the country. These variations included location, PR process, criteria of referral, 

healthcare providers who deliver PR, and patients’ level of attendance (214). The 

differences in referral criteria and referral process highlighted that some programmes 

accept self-referral, re-referral, and auto-referral after hospitalisation, whilst some 

programmes do not. Most of the programmes have access to nurses, physiotherapists, 

occupational therapists, and dieticians to deliver the PR components. However, the 

availability of respiratory doctors and psychologists is limited and based on the 

programme area. Additionally, the location of PR varies; some PR programmes are 

held in community or, convenience centres, hospitals or practice surgeries (214). 

The national PR audit also reported differences in the services provided and the 

suitability criteria of PR programme involvement, with only 19% of UK PR programmes 

accepting those who are in the severe stages of their disease with an MRC scale of 5. 

It has also been recommended to start PR following hospitalisation for those admitted 

to hospital due to exacerbation. Only 66% of PR accept those patents after 

hospitalisation, while 22% arrange for PR to start in no less than a month following 

discharge. Thus, recommendations were made to the PR programme providers to 

ensure that they have clear referral criteria in place. Moreover, it was also 

recommended that patients should have the opportunity to receive PR regardless of 

their current exercise capacity and the disease severity with an MRC scale score of 2-

5 (214). 

The National UK PR guidelines (201) outline the required components to provide 

effective PR. They suggest that PR should be offered at least twice a week as frequent 

sessions usually increase the likelihood of improvement in the patient’s condition. The 
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guidelines also state that patients with mild to severe COPD and all patients who have 

been hospitalised due to exacerbation should be referred to PR. Mann et al. studied 

the literature with regard to PR and exacerbation; they concluded that attending PR 

following exacerbation is recommended as exacerbation has an impact on physical 

symptoms and psychological effect which both patients and health care providers do 

not appreciate (100). 

Effective PR should be multidisciplinary, including exercise, education, self-

management, and psychological and nutritional support. Every aspect itself 

contributes to the effectiveness of PR when delivered by experts from each field (203). 

 

1.3.4 Patient suitability for PR  

According to NICE guidelines (215), when patients believe that they are functionally 

disabled, a PR programme is recommended. Those patients usually score three to 

five on the MRC breathlessness scale. The guidelines also report that referral to PR 

should be offered to those who are in a stable condition, with exercise limitation due 

to breathlessness. The BTS (201) agree with the NICE guidelines and underline the 

importance of referring within four weeks of discharge, those hospitalised due to 

exacerbation. Therefore, it is recommended that the time and location of the 

programme should be arranged based on patients’ convenience wherever possible 

(215). Stenton et al. reported that the mMRC breathlessness scale is the most 

common tool to use in referring to PR. However, the MRC breathlessness scale should 

not be used exclusively in patient referral as exercise capacity has been shown to 

improve with PR regardless of MRC breathlessness scale score (216).  
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Given the importance of PR, the BTS has stated that health care providers who refer 

patients to PR should have sufficient knowledge of what PR is; this will allow them to 

educate patients about the benefits of the programme and motivate them to start (201). 

 

1.4 Pulmonary rehabilitation and arterial stiffness in COPD 

In coronary artery disease (CAD), it has been reported that exercise programmes 

reduce aPWV (216). However, the exercise programmes in the study were highly 

heterogeneous, and all those studies reporting benefits with regard to aortic stiffness 

were related to cardiac rehabilitation programmes, not PR (216). There is thus 

uncertainty about the effect of PR on aortic stiffness in COPD. It is in this context that 

we have conducted and published a systematic review (217) (details discussed in the 

systematic review chapter) to investigate this topic further. In summary, the question 

of whether or not CV outcomes improve in response to PR remains unanswered. 

Notably, and from the available literature, physical activity is an important outcome 

that contributes to the influence of PR on other outcomes and it is rarly measured 

during PR enrolment. Our main hypothesis is that patients who had the greatest 

physical activity, and the greatest improvement in exercise capacity during PR, would 

be those that experienced the greatest aortic stiffness reduction. 

  



67 
 

2. Hypothesis and aims 
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This project examines the hypothesis that there are groups of patients with COPD who 

do and do not achieve cardiovascular risk reduction in response to pulmonary 

rehabilitation. 

Aims of project 

 To assess the repeatability of aPWV measurements.  

 

 To compare the baseline characteristics of COPD patients with/without CVD 

and how these are associated with measured arterial stiffness.  

 

 To identify the associations of baseline cardiovascular risk in COPD patients 

enrolling on a pulmonary rehabilitation programme, calculated using a risk 

score (QRISK2) and measured using aPWV.  

 

 To identify the characteristics of patients who do, and do not achieve 

cardiovascular risk reduction in response to pulmonary rehabilitation. 

 

 To evaluate whether a measurement of physical activity (step counts by a 

pedometer (Yamax Digi- Walker SW-200)) is correlated with arterial stiffness 

during, and six weeks, after pulmonary rehabilitation.  

 

 To identify the continuation effects of pulmonary rehabilitation on 

cardiovascular risk 6 weeks following patient’s discharge from PR and the 

associations of change in risk. 

 

 To identify what factors are associated with aPWV at admission in hospitalised 

patients for COPD exacerbations.  

 

 To identify what factors might be associated with a reduction in CV risk during 

hospitalisation. 

 

 To identify the association between physical activity and CV risk during COPD 

exacerbation recovery. 
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3. Methods 
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3.1. Ethical approval 

The study was approved by the local ethics committee and UK Health Research 

Authority (HRA) (reference 16/LO/1974) Appendix 1. All participants provided fully 

informed written consent before entering the study. The trial was registered at 

ClinicalTrials.gov (218). 

 

In this thesis, we were interested in investigating cardiovascular risk changes in two 

separate COPD populations: (1) while undergoing pulmonary rehabilitation; and (2) 

during hospitalisation for exacerbation. Below are the methods for each.  

 

PR population 

Subjects studied 

Consecutive patients enrolling on PR classes with a confirmed diagnosis of COPD 

(post-bronchodilator FEV1/ FVC <0.70 and appropriate exposure history) were 

recruited. The participants referred to PR were scheduled for an assessment visit 

before the first class, performed by registered physiotherapists. With patients agreeing 

to take part, a full medical history, including cardiovascular risk and co-morbidities was 

documented during this assessment visit, then again at the end of the PR class 

(usually six weeks), and a third time six weeks following PR.  
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Study setting 

The participants were recruited form Central and North West London NHS Foundation 

Trust pulmonary rehabilitation classes at the Peckwater center and St. Pancras 

Hospital, both in London (UK). To enable recruitment, a CNWL honorary contract was 

signed on 10/11/2016 (appendix 2) 

Method of sampling 

The strategy used in this research was consecutive sampling. 

Recruitment of participants 

The initial approach was made by clinicians running the PR programme; any patients 

expressing an interest in taking part were provided with a written information leaflet 

(appendix 3). Patients expressing willingness to take part were then introduced to the 

research team, and recruitment started. Recruitment began by the participants being 

given a clear verbal description of the research, including the purpose and the benefits 

of conducting this study. Also, time was given for any questions that needed to be 

clarified for the participants; furthermore, the participants were provided with the 

researcher’s contact details for any further information. At that stage, any interested 

COPD patient who agreed to participate was asked to sign a written consent form 

(appendix 4). 
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Eligibility criteria 

 Inclusion criteria 

-Patients diagnosed with COPD. The patient had to have been referred to PR by 

his/her physician, with spirometry results confirming that he/she had chronic 

obstructive pulmonary disease (defined as post-bronchodilator FEV1/VC <0.70) and 

a compatible exposure history. 

-Ability to exercise. 

 Exclusion criteria 

-Neuromuscular diagnosis. 

-Patient involved in any ongoing drug intervention study. 

 

 Cardiovascular diseases (CVD) 

We classified our participants into those with and without cardiovascular diseases, 

based on their cardiovascular history. CVD was categorised either by self-report of 

CVD or doctor diagnosis of heart failure, ischemic heart disease (myocardial infarction, 

angina pectoris), peripheral arterial disease or cerebrovascular disease (stroke). 

 

Study design 

The following figure is a summary of the study design. Each measure is explained in 

detail in the study procedures section below.  
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Study design (PR population) 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

  



74 
 

Pulmonary rehabilitation programme  

The PR course consisted of sessions two hours long, twice each week for six weeks. 

The PR programme was based on the British Thoracic Society (BTS) PR guidelines 

(219). The first hour was comprised of an exercise component for both lower and upper 

limbs, supervised by respiratory physiotherapists. It included low resistance training 

exercises, such as free weights, and therabands and aerobic exercises, such as 

treadmill walking and cycling. The intensity of the workout was individualised, based 

on the condition of each participant. The physiotherapists encouraged the participants 

to exercise for a minimum of 10 minutes on each exercise at level 3 to 4 on the Borg 

scale (appendix 5). The second hour consisted of education, which was delivered by 

a multidisciplinary team, including nurses, physiotherapists, doctors, psychologists, 

dietitians, and occupational therapists. 

 

 Statistical consideration 

In this study, we recorded and analysed factors that may predict a CV response to PR. 

Primary outcomes 

The primary outcome of this study was the factors determining the change in arterial 

stiffness after pulmonary rehabilitation. The aPWV was measured pre- and post- the 

PR program.  
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Secondary outcomes 

 Change in exercise capacity. Incremental shuttle walking distance (ISWD) 

recorded pre- and post- the PR program. 

 Change in physical activity level through the use of a simple step counter 

(pedometer). 

 Change in dyspnea, by recording MRC dyspnea score pre- and post- the PR 

program. 

 Change in quality of life, by recording CAT (COPD assessment test) recorded 

pre- and post- the PR program. 

 Change in mental health, pre- and post-HADS questionnaire.  

 Change in any re-assessed evaluation at the six-week follow-up period. 

 

Details of the measurement methods are described below. 

 

Power sample calculation 

We sought advice about our sample size calculation and data analysis from the 

UCL/UCLH JRO Statistical Advice Service. To understand the sample size, it was first 

necessary to outline the statistical plan. The outcome variable of interest is the aortic 

pulse-wave velocity (aPWV). We defined a significant improvement in aPWV as 

0.5ms-1 (181). We classified participants as responders or non-responders, defined 

by the presence or absence of a significant improvement in aPWV. We contacted the 

authors of the largest study related to this (185), who told us that 35% of their 

participants were responders, according to these criteria. In our analysis plan, we 

conducted a univariable analysis, assessing the factors which would predict responder 



76 
 

status. In a sensitivity analysis, we excluded from the non-responder group any 

individuals who had experienced a significant INCREASE in aPWV. Significant 

variables in the univariable model were then included in a multivariable model. We 

planned to include two a priori variables in the primary univariate model: the 

incremental shuttle walk test (ISWT) and the physical activity level. In COPD patients, 

the ISWT has been shown to be an effective measure of CV risk changes in response 

to PR (141). Furthermore, it has been reported that cardiovascular risk might be 

reduced due to a higher physical activity level, which had not been measured in any 

of the previous studies, including the largest Vanfleteren paper (185). For these 

reasons, we believed these two variables were the most important. However, we also 

planned analysis, assessing the whole range of demographic and clinical variables, 

and we were planning to include one of these in the primary model if there were any 

of significance. As we required ten responders per variable, with two a priori variables 

+ one additional variable, we required 30 responders. As the responder rate was 35%, 

we therefore required enrolment of 86 participants. To allow for 10% of participants 

not completing the study, we therefore enrolled 95 participants in total.  

 

Statistical analysis  

The data were tested for normality using the Kolmogorov–Smirnov test, and expressed 

as mean (SD) for normally distributed data (parametric) or median (IQR) for non-

normally distributed data (non-parametric), as appropriate. The analysis of the primary 

outcome is described above in the sample size section.  In brief, we examined the 

change in aPWV pre- and post-exercise, and classified patients as responders 

(reduction of 0.5ms-1) or non-responders (less reduction).  A multivariable analysis 
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was then conducted on responder status participants, including the change in exercise 

capacity (change in ISWT pre- and post), physical activity (mean of steps/day), and 

one further variable that was the most important emerging from the univariable 

analyses of change in aPWV against all other factors, if any. For other comparisons, 

T-test (paired test) was used for parametric data, and Wilcoxon signed-rank used for 

non-parametric paired data. Relationships were analysed by using the Pearson 

correlation for normally distributed data, and the Spearman rank correlation coefficient 

test was used for non-parametric data. Our data were analysed using the Statistical 

Package for the Social Sciences (SPSS), Version 21 software. 

 

Patient and public involvement (PPI) 

The proposed design was discussed with patients attending COPD clinics. We 

engaged with our local British Lung Foundation Breathe Easy group to assist in 

dissemination of the findings. We had close links with this group. Patients taking part 

as research participants did not otherwise take part in the research design. 

 

Hospitalised population 

Ethics approval was granted as a substantial amendment to our original submission 

to assess patients at PR by the Rec committee (reference 16/LO/1974) on 03 April 

2018. (appendix 6). 
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 Subjects studied 

Patients admitted to hospital due to an exacerbation with a confirmed diagnosis of 

COPD (post-bronchodilator FEV1/ FVC <0.70 and appropriate exposure history) were 

recruited. When patients were admitted to respiratory wards, a full explanation of the 

research was given. With patients agreeing to take part, a full medical history including 

cardiovascular risk and co-morbidities was documented during admission when 

approached, at discharge, and six weeks following discharge. 

 

 Study setting 

Participants were recruited from the Royal Free London NHS Foundation Trust. 

 Method of sampling 

The strategy used in this research was convenience sampling.  

 Recruitment of participants 

In this research, patients were recruited from in-patient wards. The initial approach 

was made by clinicians on the ward; any patients expressing an interest in taking part 

were provided with a written information leaflet (appendix 7). Patients expressing 

willingness to participate were introduced to the researchers for recruitment. A clear 

verbal description was given, including the purpose and the benefits of conducting this 

study. Also, there was time for any questions. Then, any interested COPD patient who 

agreed to take part were asked to sign a consent form (appendix 8). 
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 Eligibility criteria 

 Inclusion criteria 

-Patients diagnosed with COPD with spirometry results in their medical records 

confirming that they had chronic obstructive pulmonary disease (defined as post-

bronchodilator FEV1/VC <0.70 and a compatible exposure history). 

 -Admitted to the hospital because of COPD exacerbation. 

 Exclusion criteria 

-Patient involved in any ongoing drug intervention study. 

 

 COPD exacerbation 

Based on the GOLD report, “COPD exacerbations are defined as an acute worsening 

of respiratory symptoms that result in additional therapy”(4). 

 

 Study design 

The following figure is a summary of the study design for the hospitalised patients. 

Further details are described in the study procedures section below. 
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 Study design (hospitalised participants)   
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 Statistical consideration 

In this project, we recorded and analysed factors that may predict CV changes during 

hospitalisation. 

 

 Primary outcomes 

The primary outcome of this study is the change in arterial stiffness after hospital 

admission, and the factors determining that. The aPWV was measured during 

admission, at discharge and six weeks later. Details of the measurement methods are 

described below. 

 

 Secondary outcomes 

-Change in physical activity level through the use of a simple step counter 

(pedometer). 

-Difference in dyspnea, by recording MRC dyspnea score. 

-Change in quality of life, by recording CAT (COPD assessment test). 

- Difference in mental health, using the HADS questionnaire.  

-Change in blood biomarkers (white cell count, C - reactive protein, eosinophils, 

neutrophils, hemoglobin, and platelets).  
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 Sample size and statistical analysis 

After completing the main project in the PR population, we aimed to recruit 30 

participants for a pilot study investigating what factors were associated with the 

change in CV risk in COPD patients who were hospitalised due to COPD exacerbation. 

The data were tested for normality using the Kolmogorov–Smirnov test and expressed 

as mean (SD) for normally distributed data (parametric) or median (IQR) for non-

normally distributed data (non-parametric), as appropriate. For comparisons, a T-test 

(paired test) was used for parametric data, and Wilcoxon signed-rank used for non-

parametric paired data. Relationships were analysed by using the Pearson correlation 

for normally distributed data, and the Spearman rank correlation coefficient test was 

used for non-parametric data. Data were analysed using the Statistical Package for 

the Social Sciences (SPSS), Version 21 software. 

 

Measurement methods (in both PR and hospitalised populations) 

 

 Study Procedure 

The following procedure describes the way that the data was collected from the 

assigned participants. Comprehensive data was gathered from each participant, 

including demographic and clinical information as indicated in appendix 9 (data 

collection sheet (PR)) and appendix 10 (data collection sheet (hospitalised)). In 

addition, the researcher gathered information about their COPD exacerbation status. 
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This was to identify the duration of the recovery period between the last exacerbation 

that the patient had experienced and the start of PR or current hospitalisation. 

Furthermore, the researcher also gathered CV information before and after the 

program and during hospitalisation to identify characteristics that may have influenced 

the CV response to the PR or to the medical intervention. We also collected and/or 

measured baseline parameters that needed to be recorded before conducting PR for 

all participants, including spirometry (FEV1, FVC and FEV1/VC) and exercise capacity 

(ISWT). However, for those hospitalised patients, the spirometry results were recorded 

from the patients’ medical records. Additionally, to meet our research criteria, we 

measured arterial stiffness as an indicator of CV risk (aPWV). Furthermore, additional 

assessment forms were given to the participants which enabled the investigators to 

score breathlessness, quality of life, and anxiety & depression levels using CAT COPD 

assessment (appendix 11), MRC dyspnoea (appendix 12) and HADS (appendix 13) 

forms. Patients were provided with a simple step-counter (pedometer) and asked to 

record daily steps on a given diary recording sheet to measure their physical activity. 

The following measurements were made at the start, end of PR and six weeks later, 

and the duration between these times and the number of classes attended were 

recorded. For those hospitalised patients, the measurements were made at admission, 

discharge, and six weeks following discharge.  

 

 Arterial stiffness measurement (aPWV) 

In this study, we used a validated measure of cardiovascular risk (140). Arterial 

stiffness was determined by measuring arterial pulse wave velocity (aPWV) 

between the carotid and femoral arteries using Vicorder (Skidmore Medical, Bristol, 
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UK) equipment. Based on the manufacturer’s instructions, the participant was 

asked to lie at 45°. Then, a 30 mm partial inflatable cuff was placed on the neck on 

top of the carotid artery to pick up the carotid pulse wave and a 100mm wide blood 

pressure cuff was placed on the upper right thigh on top of the femoral artery to 

measure the femoral pulse, as shown in Figure 12. To preserve the patients’ 

modesty, clothing was not removed, but we ensured that there were no large items 

in the subjects’ pockets.  

Figure 12: Femoral and carotid cuff 
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Next, the participant laid supine to measure the distance between the suprasternal 

notch and each of the femoral and carotid arteries, as shown in figure 13.  

Figure 13: Measuring the distance between the suprasternal notch and the cuffs.  

 

 

 

After the distance was recorded, the bed was raised back to 45° to start the aPWV 

measurement. The cuffs were inflated simultaneously to 65mmHg and waveforms 

were recorded simultaneously over about 10 consecutive heartbeats to estimate 

transit time. In the present study, path length was defined as recommended by the 

manufacturer by direct measurement between the suprasternal notch to the top of the 

thigh cuff. Carotid to femoral PWV was calculated as: 

aPWV (m/s) = Arterial Path length/Transit time 

Arterial Path length (m) = (suprasternal notch to top of thigh cuff) + (suprasternal 

notch to carotid pulse) + 0.065m 
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Next, the display screen was frozen to record the measured aPWV and expressed in 

meters per second. After 10 minutes’ rest, one aPWV set was measured for each 

participant (three readings a set). The mean of those measures was used. Figure 14 

shows a screenshot of the Vicordor display screen. 

Figure 14: Screenshot of the aPWV display screen; the upper waveform represents 
the carotid pulse, whereas the lower waveform represents the femoral waveform. The 
estimated Transit Time (TT) and the calculated aPWV are shown on the right side of 
the screen.  

 

 

 Spirometry measurements (FEV1, FVC and FEV1/FVC) 

Participants were referred to PR or admitted to the hospital with spirometry results 

confirming COPD. However, to ensure contemporaneous lung function results, we 

performed post-bronchodilator hand-held spirometry in the PR group using a Micro 1 

Handheld Spirometer (CareFusion, Basingstoke, UK) which conform to the 

requirements of the ATS/ERS standards (220) , and these values were used for 

analysis. The Micro I device is a portable and rechargeable spirometer. It is accurate 

to the ATS/ERS standardisation of lung function (Figure15). The participants were 
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seated during this test. Measurements were made in triplicate to published quality-

assurance criteria (221). 

Figure 15: Micro 1 Handheld Spirometer. 

 

 

 Exercise capacity: Incremental Shuttle Walking Test (ISWT) 

The ISWT was conducted in accordance with ERS/ATS guidelines (204). Participants 

were instructed on how to perform the test. Two cones were placed a distance of 9m 

apart. The course is nine m in length and the cones are placed with an inset of 0.5 m 

from either end (figure16). Next, a pre-recorded CD played a dictated tempo from a 
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metronome such that the walking speed is externally paced. The number of laps and 

time given are divided into 12 levels, each level containing an additional lap compared 

to the previous one, with the shortened time between laps requiring increased walking 

speed. Heart rate, oxygen saturation, and dyspnea (Borg scale) (appendix 4) were 

measured prior to and directly after the test. These outcomes were re-measured one 

and two minutes after recovery. The walking test was terminated when the patient was 

unable to complete a full shuttle within the time frame allowed. To counteract a 

possible learning effect and ensure a maximal result on the ISWT, a second ISWT 

was conducted. The test showing the higher distance was used in the analysis.  

 

Figure 16: Incremental Shuttle Walk Test. The arrows demonstrate the direction of 
patient walks.  

 

 

 

 Physical activity monitoring 

We asked participants to wear a Yamax Digi-walker SW-200 step counter pedometer 

on the waist of their left side of the body all the time whether inside or outside the PR 
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class (except when sleeping and showering) and to record the total daily physical 

activity on a diary card. We instructed our participants to place the pedometer on the 

belt or waistband, in the middle of the thigh, based on the manufacture instructions 

and consistent with other studies (figure 17) (222, 223). 

We asked participants to record daily physical activity on a diary card for the six-week 

duration of the exercise class and six-weeks after. Evidence showed that this 

pedometer recorded an accurate measure of step count in healthy fit individuals, 

moderately obese patients, and COPD patients (223, 224). The Yamax Digi-walker 

SW-200 step counter has a spring-suspended horizontal lever arm which moves up 

and down in response to the hip’s vertical movement, enabling it to count each step 

taken by that hip motion. The diary cards (appendix 14) had a week by week record 

(total six weeks) and were collected at the end of the PR. Participants were given a 

new diary card at that time to record the following six weeks and then asked to return 

it at the follow-up appointment.  

To minimise any misunderstandings, we contacted patients one week after the start 

of the PR to make sure that they were able to use and record data from the step 

counter. For those hospitalised patients, we asked them to wear the step counter from 

the day of discharge for six weeks and to return the diary steps record sheet at the 

follow-up appointment.  
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Figure 17: Yamax Digi-Walker SW-200 pedometer device and instructions.  
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 Questionnaires (Health-related quality of life assessments) 

In this study, we used three validated questionnaires: 1) COPD assessment CAT, 2) 

mMRC, 3) HADS.   

 

 COPD Assessment CAT Test 

The COPD Assessment Test is a validated test that consists of eight items. It is a self-

administered questionnaire where patients place their responses on a 0-5 scale. The 

total score of this test is forty, which represents a reduced health-related quality of life 

(225) (Appendix 10). The minimum important difference of the CAT is 2 points (226). 

 

 Modified Medical Research Council (mMRC) Questionnaire 

The mMRC is a scale of 5 statements listed below. This scale represents the grade of 

dyspnea symptoms. The score corresponds well with other breathless scales, lung 

function, and other health status measures (227). (Appendix 11).  

Grade 1: Not troubled by breathlessness except on strenuous exercise.  

Grade 2: Short of breath when hurrying on the level or walking up a slight hill. 

Grade 3: Walks slower than most people on the level, stops after about a mile or 

stops after 15 minutes walking at own pace.  

Grade 4: Stops for breath after walking about 100 yards or after a few minutes on 

level ground. 

Grade 5: Too breathless to leave the house, or breathless when undressing. 
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 Hospital Anxiety and Depression Scale (HADS) 

The HADS is designed to assess anxiety and depression. It contains 14 items, 

divided into two domains: 1) seven questions for anxiety, and 2) seven questions 

for depression. Each question is scored from zero to three; the maximum score of 

each domain is twenty-one. The normal level in each domain is less than seven. 

Scores of eight to eleven are considered to show mild anxiety and depression; 

eleven-fourteen show moderate anxiety and depression; and fifteen-twenty one 

show severe anxiety and depression (228). (Appendix 12). 

 

 Confidentiality 

All participants’ data were kept confidential. A study code and number were set for 

storing all confidential information. In the study, the original paper questionnaires, 

assessment forms and participants' contact information were stored in accordance 

with the patient consent form and the patient information sheet for this study. These 

data were kept in a locked space at UCL Respiratory, Royal Free Campus, London, 

NW3 2QG.  Mr Yousef Aldabayan (primary researcher) acted as the data controller 

for the study.  

Mr Yousef Aldabayan (primary researcher), University College London, processed 

and stored the original paper questionnaires, assessment forms and participants' 

contact information in accordance with all applicable legal and regulatory 

requirements, including GDPR. This project was covered by UCL Data Protection 

Registration, reference No Z6364106/2016/08/46 health research. 
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 Quality assurance 

This study was performed in accordance with Good Clinical Practice (GCP). 

 

 Record keeping and archiving 

At the end of our study, all essential files and data were securely archived by the 

research team and will be stored for a minimum of 10 years. This documentation will 

be available for inspection by authorised inspectors upon request. We kept a record 

of patients’ telephone numbers and addresses to enable later contact.  Source 

documentation was on paper files stored in a locked office at UCL. Electronic files 

were kept on password-protected UCL computers. The research team had access to 

the Pulmonary Rehabilitation clinical record, but not other records. 

 

 Finance 

This is a PhD research study and has been funded by the student’s sponsor, the Saudi 

Arabia Cultural Bureau (SACB).  

 

 Risk assessment 

We conducted a risk assessment but did not anticipate any significant harm or risk. 

The only potential risks are those associated with the spirometry, which was already 

familiar to the participants. The participants may have felt a little breathless during the 

spirometry test or have had brief discomfort similar to other blood pressure 
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measurements during the arterial stiffness measurement aPWV. This was explained 

to the patient. We had bronchodilators available in case the participants developed 

shortness of breath, which would have been managed by the clinical and research 

team, including the researcher. If any unexpected findings had arisen on the test 

results - though these are all routine - for example, worsening airways obstruction, we 

would have informed the patient and asked them to see their GP for further 

management. Also, we did not anticipate any significant discomfort or burden 

concerning the questionnaires, diary cards or pedometer. To minimise any risks, the 

patient rested at least ten minutes before any initial evaluation procedure.  
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4. Pulmonary Rehabilitation and Cardiovascular Risk in COPD: a 
systematic review 
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4.1 Introduction 

According to the World Health Organisation (WHO) (2), chronic obstructive pulmonary 

disease (COPD) is a leading cause of death. In part, the elevated mortality in COPD 

derives from an enhanced risk of cardiovascular disease (CVD) (3). Without mitigation, 

COPD will be the third most common cause of death by 2030 (2). I have previously 

described COPD as “a common, preventable and treatable disease that is 

characterised by persistent respiratory symptoms and airflow limitation due to airway 

and/or alveolar abnormalities usually caused by significant exposure to noxious 

particles or gases” (229). We also described arterial stiffness as a gold-standard 

predictor of individual cardiovascular risk (140), and a biomarker of elevated 

cardiovascular risk in COPD patients (141), as it is in healthy populations. It can be 

measured using aortic pulse wave velocity (230). It is known that COPD patients have 

increased arterial stiffness compared to controls (185, 231), and a previous study in 

our department reported a relationship between the frequency of exacerbation and 

arterial stiffness (186). 

Interventions to reduce cardiovascular risk in COPD patients are therefore of profound 

importance, yet existing evidence is not consistent and requires further investigation. 

As previously stated in the introduction, Pulmonary Rehabilitation (PR) – a group 

exercise and education programme - is an evidence-based effective intervention in 

COPD to reduce symptoms, improve exercise performance and prevent exacerbation 

(232). Whilst exercise may reduce cardiovascular risk, the effect of exercise training 

and/or PR programmes on cardiovascular risk in COPD remains controversial. The 

objective of this systematic review was to summarise and report the effect of PR on 

cardiovascular risk in COPD. 
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4.2 Method 

4.2.1 Search Strategy 

This systematic review is concordant with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) guidelines (233). The search was 

completed on the 27th of May 2017 and was updated on the 26th of March 2019. The 

search was performed using six electronic databases (Excerpta Medica dataBASE 

(Embase); MEDLARS Online (Medline); Allied and Complementary Medicine 

Database (AMED); Web of Science database; Cochrane clinical trials database; and 

Cumulative Index of Nursing and Allied Health Literature (CINAHL)).  

All relevant titles and abstracts were read to evaluate eligibility based on our inclusion 

criteria. After reading the full texts, the first author eliminated non-relevant articles, 

whereas potentially relevant articles were reviewed by the other authors to confirm 

eligibility.  

 

4.2.2 Inclusion and exclusion criteria 

The included studies met the following criteria:  

1) Studies of patients with spirometrically-confirmed COPD. 

2) Patients enrolled in a PR or an exercise training program. 

3) Patients had a cardiovascular risk assessment measured using aPWV before and 

after the programme to assess change in CV risk. 
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We excluded books, systematic reviews, non-English manuscripts, conference 

abstracts with no full-text and non-full text articles. 

The primary outcome was: change in cardiovascular risk measured using arterial 

stiffness in response to pulmonary rehabilitation or an exercise-training programme. 
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4.3 Results 

Our search strategy (available in the supplementary appendix 15), identified 767 

articles, and one additional article was identified by screening reference lists. Of these, 

only three met all our inclusion and exclusion criteria (Figure 18). Of the three included 

studies, two investigated COPD patients who had been enrolled on a PR programme, 

and one reported outcomes from patients enrolled in an exercise endurance training 

programme. In summary, with regard to the effect of PR on CV risk in COPD, we found 

one larger negative study(185) and two smaller positive studies (141, 230). 
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Figure 18: PRISMA Flow Diagram. 
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A detailed description of the three studies is given in Table 2. The sample size and 

duration of the included studies varied:  four weeks, seven weeks and two years. The 

sample size ranged from 17 – 330 participants.  
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Table 2: Detailed description of the included studies. 

Author 

(Ref) 

Subjects Study 
Design 

Disease 
severity 

(m FEV% 
predictd) 

CV 
measures  

Detailed description of exercise 
and/or PR programme  

 

CV response following 
exercise and/or PR 

programme.  

 

p. value 

Vivodtzev(

141) 

COPD 

patients 

(n=17) 

Prospectiv

e 

randomize

d trial 

Trained, 

n=10 

(47±20%) 

Untrained

, n=7 

(54±13%) 

 

(c-r PWV) 

Duration: 4 weeks. 

Session detail: 

5 day/wk. (18±8 to 30±12 min 
exercise time) 

Intensity training endurance: 

Intensity was increased depending 
on the tolerance of the patients (to 
6/10 on Borg scale). PWR increased 
from 38% ± 12% to 65% ± 12% of 
peak workload at the end of training. 

↓ aPWV in Trained group 

Baseline measurement 
(10.3 ± 0.7 m/s) 

After intervention 

(9.2 ± 0.8 m/s) 

 

P =0.001 

Gale(230) 

 

 

Controls 

(n=20) 

COPD 

patients 

(n=32) 

Prospectiv

e cohort 

study 

(45 ± 

20%) 

 

(aPWV) 

Duration: 7 weeks. 

Duration/ sessions: 

3 day/wk. (2.25 hours exercise time) 

Intensity training endurance: 

The ISWT was used to set the 
intensity of exercise training at 60-
70% VO2 peak. 

↓ aPWV 

Baseline measurement 

(9.8 ± 3.0 m/s) 

After intervention 

(9.3 ± 2.7 m/s) 

P =<0.05 
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Vanfletere

n(185) 

 

 

Controls 

(n=168) 

COPD 

patients 

(n=162) 

Prospectiv

e cohort 

study 

(51.4 

±17.4%) 
(aPWV) 

Duration: 8 weeks 

Duration/ sessions: 

5 day/wk. (duration not specified) 

Intensity training endurance: 

Moderate to high intensity. The 
intensity was increased during the 
rehabilitation period, based on 
dyspnoea and fatigue symptom 
scores. 

No change in aPWV 

Baseline measurement (10.7 ± 
2.7 m/s) 

After intervention (10.9 ± 2.5 
m/s) 

P =0.339 

Date presented as mean (SD). Abbreviations: FEV1= forced expiratory volume in 1 second; CV= cardiovascular; PR= pulmonary rehabilitation; COPD= chronic obstructive pulmonary 
disease; c-r PWV= carotid-radial pulse wave velocity; aPWV= aortic pulse wave velocity; PWR= peak work rate; ISWT= incremental shuttle walk test; VO2= oxygen uptake. 
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4.3.1 Quality assessment 

Among the three included studies, two were cohort studies and one was a randomized 

clinical trial. To assess the quality and the risk of bias of each article, the Newcastle-

Ottawa scale (modified)(72) was used for cohort studies, as indicated in Table 3 A, 

and the Cochrane risk of bias tool (modified)(234) was used for the randomised clinical 

trial, as indicated in Table 3 B.  
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Table 3 A: Risk of bias of the included cohort studies:  

First author 
Population 

representative 

Sample size 

adequate 
Confounders 

Statistical 

analysis 

Missing 

data 

Methodology of the 

outcome 

Objective 

assessment 

Gale(230) 

2011 
3 2 3 3 3 3 3 

Vanfleteren(185) 

2014 
3 3 3 3 3 3 3 

0 = definitely no (therefore high risk of bias), 1= Mostly no, 2= Mostly yes, 3= definitely yes (therefore low risk of bias). 

Table 3 B: Risk of bias in the included randomised trial. 

First author 

Random 

sequence 

generation 

Allocation 

concealment 

Blinding of participants 

and personnel 

Blinding of 

outcome 

assessment 

Incomplete 

outcome 

data 

Selective 

reporting 

Other 

sources of 

bias 

Vivodtzev(141) 2010 Unclear Unclear Unclear Low Low unclear Low 

Low: Low risk of bias, High: High risk of bias, Unclear: Unclear risk of bias. 
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4.4 Discussion 

This systematic review was conducted to evaluate the effects of exercise and/or 

pulmonary rehabilitation (PR) on cardiovascular risk in COPD as assessed by arterial 

stiffness.  As reported in Table 2, there was one (larger) negative, and two (smaller) 

positive studies. Controversy remains over the effects of PR on cardiovascular risk.  

Studies were too heterogeneous to permit meta-analysis. This is the first systematic 

review to address the important question of whether PR affects cardiovascular risk in 

COPD. 

 

Vivodtzev conducted a study in 2010 to investigate whether exercise training 

decreased arterial stiffness in patients with COPD. The randomized trial of aerobic 

endurance training was run for four weeks with 17 stable patients with moderate to 

severe COPD, and free from diabetes and respiratory exacerbation within the 

preceding three months. The participants were divided into two groups: a trained group 

(n=10) and an untrained group (n=7). Arterial stiffness was measured blindly by 

recording the carotid-radial pulse wave velocity (c-r PWV). The baseline 

measurements of c-r PWV were similar in both groups. After four weeks of an aerobic 

endurance training programme, c-r PWV readings were stable in the untrained group 

and significantly reduced in the trained group (from 10.3 ± 0.7 to 9.2 ± 0.8 m/s, P = 

0.001). The c-r PWV reduction correlated with improvements in walking distance (r = 

0.49), systolic blood pressure (r = 0.79), muscle endurance (r = 0.48), and fasting 

glucose (r = 0.59) in all patients (P = < 0.05), and with changes in maximal heart rate 

and oxygen consumption (r = 0.70, P = 0.02) in trained patients. The authors 
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concluded that arterial stiffness appears to be improved following exercise in stable 

patients with COPD. 

 

Gale conducted a study in 2011 to investigate if pulmonary rehabilitation affected 

cardiovascular risk factors in patients with COPD. The study was run for seven weeks 

in the context of a multidisciplinary pulmonary rehabilitation programme on a total of 

32 stable COPD participants who were free from ischemic heart disease, cardiac 

failure, diabetes mellitus or malignancy. These 32 participants were compared with 20 

healthy controls at the baseline assessment. In all subjects, aortic pulse wave velocity 

was measured before the programme, and repeated for those who completed PR. On 

the initial measurements of aortic stiffness, aPWV was increased in patients compared 

to the control group (p<0.05). After seven weeks of the multidisciplinary pulmonary 

rehabilitation programme, 22 patients completed the programme. The aPWV was 

remeasured for those who had completed the programme and was significantly 

reduced in comparison to the baseline measurement (from 9.8 ±3.0 m/s to 9.3 

±2.7m/s, p= ≤ 0.05). Gale concluded that cardiovascular risk measured by aortic 

stiffness was significantly improved following multidisciplinary pulmonary rehabilitation 

in patients with COPD. 

 

Vanfleteren conducted a study in 2014 that aimed to confirm increased arterial 

stiffness in COPD, evaluate its relationship with systemic inflammation and, most 

importantly, to examine if the increased arterial stiffness was influenced by PR. The 

study was run for two years on a total of 168 healthy control participants who had 

normal pulmonary function tests and 162 COPD patients. Among the COPD group, 

only 129 patients completed the PR programme and were re-assessed. It was 
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reported that arterial stiffness was increased in COPD patients at baseline 

measurement compared to the controls. Furthermore, it was reported that systemic 

inflammatory markers were not related to increased arterial stiffness in COPD. Overall, 

there was no change in the aPWV measurement after PR (10.7±2.7 versus 

10.9±2.5ms, p= 0.339). The authors concluded that changes in arterial stiffness in 

COPD were not related to markers of systemic inflammation, and not influenced by 

pulmonary rehabilitation. 

 

We noted heterogeneity across the included studies regarding exercise intensity and 

programme duration (and such heterogeneity prevented meta-analysis). In the Gale 

study (230), arterial stiffness significantly improved after PR.  Additionally, there was 

a significant reduction in central mean arterial pressure (103±14 to 95±14mmHg; 

p=<0.001), which may account for the reduction in aPWV. The larger negative study 

by Vanfleteren (185) was well designed, consisting of 40 sessions, twice as many as 

Gale (230). There was no effect on reduction of aPWV or on mean arterial pressure.  

The Vivodtzev study did not include an education component (141). 

The available data on the ability of PR to reduce cardiovascular risk in COPD, 

therefore, remains contradictory. Importantly, we noted that CV responses to PR 

appeared highly heterogeneous in the Vanfleteren paper (185). This raises the 

important hypothesis that some patients may benefit and that some patients may be 

at increased risk from PR in COPD (see the figure 19 below which is figure 2 in the 

original paper of Vanfleteren (185)). This may be clinically important. 
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Figure 19: aPWV at baseline and after pulmonary rehabilitation in Vanfleteren paper 
(185). 

 

 

 

Cardiovascular co-morbidity is common in COPD. Chen conducted a systemic review 

and meta-analysis aiming to quantify the magnitude of the association between COPD 

and an increased prevalence of cardiovascular risk-factors and co-morbidity (181). 

The meta-analysis included 27 observational studies. The pooled odds of 

cardiovascular disease were higher in subjects with COPD compared to people 

without (meta-odds ratio OR 2.46, 95% CI 2, 02-3.00; p<0.0001). This comprised a 

two to five-fold higher risk of major cardiovascular disease sub-types (ischemic heart 

disease, cardiac dysrhythmia, heart failure, diseases of the pulmonary circulation and 
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arterial diseases), and a one-third increased risk of hypertension and diabetes. No 

significant increased risk of cerebrovascular disease, dyslipidaemia or obesity was 

detected in patients with COPD. 

The papers examined in this systematic review included information on baseline 

cardiovascular risk. In the Vanfleteren paper, among 162 COPD patients, there was 

no statically significant difference in aPWV after PR (p=0.339), despite the prevalence 

of recorded cardiac comorbidities including myocardial infraction (n=16 [9.9%]), heart 

failure (n=5 [3.1%]), peripheral arterial diseases (n=30 [18.5%]), cerebrovascular 

disease (n=14 [8.6%]), diabetes (n=7 [4.3%]) or any other cardiovascular diseases 

(n=50 [30.9%]). Furthermore, even after subdividing the patients into subgroups based 

on cardiovascular risk factors including smoking (ever smoked), hypertension, 

hyperlipidemia, age and obesity, there was no notable difference in response (p˃0.05). 

In the positive studies, Vivodtzev reported that none of the participants had a history 

of ischemic heart disease or stroke. They reported that the significant reduction in 

PWV correlated with systolic BP (r=0.79) and fasting glucose (r=0.59). In the Gale 

study, none of the participants had reported cardiovascular disease. However, PR did 

improve some cardiovascular risk factors, including both blood pressure and 

cholesterol (p=<0.05). 

 

None of the three included studies in this review reported data on subsequent risk of 

hospital admission or mortality following the exercise programme. Puhan conducted a 

systematic review aiming to compare the effect of PR after COPD exacerbation in 

reducing hospital admission and mortality (235). The review involved 20 RCTs (1477 

participants). Eight studies including 810 participants contributed data on hospital 
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readmission indicating that PR reduced hospital readmission (pooled odds ratio (OR) 

0.44, CI 0.21 to 0.91), but the results were heterogeneous (77%). Six studies 

contributed data on mortality. The duration of the follow-up period ranged from 3-48 

months, with one study showing reduced mortality and four no effect. The quality of 

evidence was low. None of the trials considered mortality as a primary outcome, and 

the analysis did not show a statistically significant influence of PR on mortality (OR= 

0.68, CI 0.28 to 1.67), with significant heterogeneity reported across the studies. 

 

It can be seen from the analysis above that CVD and CVRs are very prevalent among 

COPD patients, which might be expected to proportionally influence the aPWV. 

Therefore, the variety of the included patients in terms of CVDs and CVRs might also 

explain the heterogeneity in the results of this systematic review.  

 

The available data on the ability of PR to reduce cardiovascular risk assessed by 

aPWV in COPD, therefore, remains contradictory. Interestingly, Oliveira performed a 

systemic review with the aim of examining the effect of exercise training on arterial 

stiffness in coronary artery disease (CAD) patients assessed by measuring arterial 

stiffness or related indexes (e.g., indexes of wave reflection or arterial compliance) 

(236). Five studies were included in this review, with a total of 271 participants varying 

in age (48-67 years) and exercise programme duration (6 to 20 weeks). Participants 

were diagnosed with CAD after an acute myocardial infarction, coronary artery bypass 

graft or coronary angioplasty. Overall, Oliveira found that exercise programs in CAD 

patients led to improved outcome measures. Specifically, there was a significant 

reduction in PWV despite the use of different methods of measurement, including 
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brachial-ankle PWV (reduction of 0.120 m/s), carotid-femoral PWV (4.1 m/s to -0.7 

m/s) and carotid-radial PWV (0.7m/s). The authors reported a greater reduction in 

PWV in CAD patients who completed a 20-week (-1.0± 0.3 m/s) versus a 12-week 

training course (-0.6 ± 0.2 m/s). 

Since the publication of our original review and after updating our search, we have 

identified one further study. Moore evaluated the relationships between exercise 

capacity, physical activity and cardiovascular risk in COPD patients during PR. Once 

again, there was no overall change in arterial stiffness with PR but by grouping 

participants into low- and high-exercise tolerance groups, they reported that the lower 

exercise tolerance group had a better CV benefit (237). Physical activity was not 

related to a reduction in cardiovascular risk in this study, but activity was only 

measured for three days prior to commencing PR. Importantly, my study (described 

later) is the only one to measure physical activity during PR,  

In summary, we are unable to conclude whether there is or is not a significant change 

in aortic pulse-wave velocity in response to PR in COPD. Therefore, further work is 

required to definitively address this question and, in particular, whether there may be 

subgroups of patients who do and do not respond. There is an urgent unmet need for 

evidence-based standardised interventions that reduce the risk of cardiovascular 

events in patients with COPD. Conducting further studies considering confounding 

variables, such as cardiovascular risk factors and disease, medication, exercise 

intensity and duration of the programme, may better assess the benefits of a PR 

programme on CV risk in COPD. 
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Strength and Limitations 

The strength of this work is that there is no previous systematic review of the effect of 

PR on CV risk in COPD measuring aPWV. A potential limitation of this report was that 

we excluded non-English studies. 

 

4.5 Conclusion 

We have systematically searched for and reported those studies that evaluated the 

effect of PR on CV outcomes in COPD. There are some existing data evaluating the 

effect of PR on cardiovascular risk in COPD, with two (larger and higher quality) 

negative studies, and two (smaller) positive ones. Study heterogeneity results in 

continuing controversy in the field. The negative study by Vanfleteren also reported 

inter-patient heterogeneity in responses that are unexplained, that require further 

evaluation and may be clinically important. Results generated from this report will be 

of importance for researchers interested in assessing the benefits of PR on reducing 

CV risk in COPD. 
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5. Repeatability assessment of aPWV values generated by Vicorder 
(Skidmore Medical, Bristol, UK) software in healthy subjects 

 

 

This chapter describes the validation process for the methodology of measuring aPWV 

using Vicorder (Skidmore Medical, Bristol, UK) software in the context of a pilot study 

involving healthy participants. 
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5.1 Introduction and Aim 

Aortic pulse wave velocity (aPWV) is the gold standard independent indicator of 

cardiovascular risk (140, 238). There are several devices that can measure the 

aPWV, including the Vicorder (Skidmore Medical, Bristol, UK), which requires little 

operator training compared to other established devices such as SphygmoCor (AtCor 

Medical, New South Wales, Australia) (140). The aim of this study was to define the 

repeatability of the measured values generated by Vicorder aortic pulse wave velocity 

by assessing intra/inter-observer variability in the context of a study involving a group 

of healthy participants.  By understanding the repeatability of the measurement, we 

will be better able to understand the impact of pulmonary rehabilitation on aPWV in a 

later study.  

 

5.2 Hypothesis 

Our assumption is that there will be little change in aPWV values over a short period 

of time among the participants, thus, any variations in the measurements represent a 

measurement error in the device, or operator error in making the measurement.    

    

5.3 Methods 

To achieve the above aim, the following methods were used in this study. 
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5.3.1 Study subjects 

Ten healthy participants were enrolled into the study. The only inclusion criterion for 

the healthy group was being free from any active respiratory or cardiovascular 

diagnosis.  

 

5.3.2 Measurements protocol 

The following procedure describes the way that the data were collected from the 

assigned participants. Two sets of aPWV measurements were taken in this study 

(three aPWV readings each set). All the measurements were taken in the same 

environment throughout this protocol. Furthermore, to assess error, this procedure 

was conducted by two operators (completing two sets each). The order in which the 

operators made the measurements was random (sealed envelope).  

First, the whole procedure was explained to the participant followed by obtaining 

his/her verbal consent. Before the start, demographic data were collected. Based on 

the manufacturer’s instructions, the participant was asked to lie down at approximately 

30° from horizontal. Then both the carotid and femoral cuffs were attached to the 

participant. A 20 mm wide inflatable carotid cuff was positioned over the carotid 

palpation area and a 118 mm blood pressure cuff was placed over the femoral artery 

around the upper right thigh, ensuring that there were no large items in the participant’s 

pocket. Next, the participant lay down in a flat position to measure the path length 

between the suprasternal notch and the top border of the femoral cuff. When the 

distance had been recorded, the bed was raised back up to 30° to start the aPWV 

measurement. Based on the manufacturer’s instructions, the cuffs were inflated to 

between 60 mmHg and 70 mmHg and the aPWV was taken when precise waveforms 
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were observed on the screen. At that time, the participant was warned that the cuffs 

would “briefly tighten then relax” and was instructed to relax (no talking) while 

measuring aPWV. Lastly, all the equipment was taken off completely from the 

participant, who was asked to relax for five minutes before starting the second set of 

the repeated measurements. 

 

Variables 

The main variable measured was aPWV. The measures were used to assess how this 

device (Vicorder) is repeatable and valid prior to use in future research.  

5.3.3 Statistical analysis 

 

Our data were analysed using the software Statistical Package for the Social Sciences 

(SPSS), Version 21. The Kolmogorov-Smirnov test was used to examine the 

distribution of the data. All the given values were expressed as a mean ± standard 

deviation (SD). Intraclass and interclass correlation coefficient (ICC) were used as 

appropriate to identify the agreement of the repeated aPWV readings throughout each 

operator’s measurements as well as between the operators. ICC values were 

interpreted as follows; 0-0.20 indicated slight agreement; 0.21-0.40 indicated fair 

agreement; 0.41-0.60 indicated moderate agreements; 0.61-0.80 indicated substantial 

agreements; and ˃ 0.81 indicated “almost perfect” agreement (239, 240). Moreover, 

the coefficient of variation (CV) was used to clarify the precision of our data based on 

repeated measurements; the smaller the CV the more precise the measurements.   
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5.4 Results 

Ten healthy participants (nine male, one female), without any history of respiratory or 

cardiovascular diseases, were included in this study.  The mean ± SD of the 

participants’ age was 30.4 ± 6.7 years old. To measure the repeatability of the aPWV 

using Vicorder device, two operators were involved in measuring the aPWV of each 

participant twice. A total of four measured sets (three readings per set) were taken, 

two sets by each operator. Table 4 shows the intraobserver variation between the first 

operators’ measurements sets. Table 5 shows the intraobserver variation between the 

second operators’ measurement sets. Table 6 shows the Interobserver variation 

between the operators’ measurement sets. Table 7 shows the means, standard 

deviations, CV, and ICC for both raters.  
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Intraobserver variation 

Table 4: Data as recorded by the first operator:  

Subject 

NO 

Age 

(yrs) 

Sex 

(M/F) 

Smoking 

Status 

(Y/E/N) 

aPWV 

mean, 

set 1 

(ms-1) 

aPWV 

mean 

set 2 

(ms-1) 

Intraobserver 

Difference (set 

1 mean – set 2 

mean) 

(ms-1) 

 

Intraobserver 

mean 

mean of set 1 

and set 2 

(ms-1) 

1 27 F No 6.5 6.4 0.1 6.4 

2 27 M Ex 7.7 7.7 0 7.7 

3 37 M Yes 7.4 7.4 0 7.4 

4 37 M Never 7.9 7.8 0.1 7.8 

5 43 M Never 8.3 8.4 - 0.1 8.3 

6 22 M Ex 7.5 7.3 0.2 7.4 

7 26 M Ex 8.2 8.1 0.1 8.1 

8 29 M Ex 6.6 6.6 0 6.6 

9 24 M Yes 7.8 7.9 - 0.1 7.8 

10 32 M Never 6.4 6.5 - 0.1 6.4 
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Intraobserver variation 

Table 5: Data as recorded by the second operator:  

Subject 

NO 

Age 

(yrs) 

Sex 

(M/F) 

Smoking 

Status 

(Y/E/N) 

aPWV 

mean, 

set 1 

(ms-1) 

aPWV 

mean 

set 2 

(ms-1) 

Intraobserver 

Difference (set 

1 mean – set 2 

mean) 

(ms-1) 

 

Intraobserver 

mean 

mean of set 1 

and set 2 

(ms-1) 

1 27 F No 6.4 7.0 -0.6 6.7 

2 27 M Ex 7.5 7.4 0.1 7.5 

3 37 M Yes 7.5 7.5 0 7.5 

4 37 M Never 8.3 8.1 0.2 8.2 

5 43 M Never 9.1 8.8 0.3 8.9 

6 22 M Ex 7.2 7.8 - 0.6 7.5 

7 26 M Ex 8.3 8.0 0.3 8.1 

8 29 M Ex 6.5 6.4 0.1 6.5 

9 24 M Yes 7.9 8.1 - 0.2 8.0 

10 32 M Never 6.7 6.6 0.1 6.6 
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Interobserver variation 

Table 6: Comparing both operators:  

Subject 

NO 

Age 

(yrs) 

Sex 

(M/F) 

Smoking 

Status 

(Y/E/N) 

aPWV 

operator 1 

Overall 

Mean 

(ms-1) 

aPWV 

operator 

2 Overall 

Mean 

(ms-1) 

Interobserver 

difference 

(operator 1 – 

operator 2 

means) 

(ms-1) 

Interobserver 

Mean 

(ms-1) 

1 27 F No 6.4 6.7 - 0.3 6.6 

2 27 M Ex 7.7 7.5 0.2 7.6 

3 37 M Yes 7.4 7.5 - 0.1 7.4 

4 37 M Never 7.8 8.2 - 0.4 8.0 

5 43 M Never 8.3 8.9 - 0.6 8.6 

6 22 M Ex 7.4 7.5 - 0.1 7.4 

7 26 M Ex 8.1 8.1 0 8.1 

8 29 M Ex 6.6 6.5 0.1 6.5 

9 24 M Yes 7.8 8.0 - 0.2 7.9 

10 32 M Never 6.4 6.6 - 0.2 6.5 
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Table 7:  Intra- and Inter-Observer analysis of data across both operators:  

Operator’s sets m ± SD CV 
(%) 

 (ICC) 

Set 1 by 1st operator 7.43 ± 0.69 0.09 --- 

Set 2 by 1st   operator 7.41 ± 0.70 0.09 --- 

Set 1 by 2nd  operator 7.54 ± 0.87 0.11 --- 

Set 2 by 2nd operator 7.57 ± 0.74 0.09 --- 

Total sets by 1st operator 7.39 ± 0.69 0.09 0.990 

Total sets by 2nd  operator 7.55 ± 0.78 0.10 0.923 

Total sets ( both operators) 7.47 ± 0.72 0.09 0.932 

Data presented as mean and standard deviation (SD) Abbreviations: m: Mean, SD: Standard Deviation, 

CV: Coefficient Variation, ICC: Intraclass or Interclass Correlation Coefficient as appropriate. 

 

5.5 Discussion 

The current study examined the repeatability of the aortic pulse wave velocity 

measurements using Vicorder (Skidmore Medical, Bristol, UK) technology. Ten 

healthy participants (nine males, one female) without any history of cardiopulmonary 

disease were included.  

In the present study, a two-way mixed effects model of intraclass correlation coefficient 

(ICC) was used to investigate both intra- and interobserver variability. Each participant 

had his/her measured aPWV by both operators in random order.  The intraclass 

coefficient (ICC) for the intraobserver variation within the sets of each operator was ˃ 

0.81, indicating “near perfect” agreement between the first and second sets. Moreover, 

by comparing the total measurement sets of both operators, ICC for the interobserver 

difference was 0.93, which also shows “near perfect” agreement. Additionally, the 
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coefficient variation (CV) of both operators was very low, indicating high precision in 

the measurements.  For the main study we can therefore be confident that observed 

differences reflect true differences in physiology. 

There are different ways of using the Vicorder device to obtain an accurate result. The 

method of our measurements was to follow the manufacturer’s instruction as 

described above.  

Hickson et al. compared different methods of measuring aortic pulse wave velocity in 

122 participants using the Vicorder and SphygmoCor devices. Their results were 

similar in aPWV means but carotid to femoral transit times were considerably different. 

Further studies were conducted to overcome the differences by introducing an 

equation to produce an adjusted value.  The adjustment was necessary because the 

path length when using the Vicorder device should be measured from the suprasternal 

notch to the middle of the femoral cuff instead of the top of it. As the measured velocity 

involves part of the femoral artery, they hypothesised that it would have different 

characteristics with regard to aortic stiffness. It was concluded that the path length 

should be calculated as follows:   

 

𝐴𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ

= (𝑠𝑢𝑝𝑟𝑎𝑠𝑡𝑒𝑟𝑛𝑎𝑙 𝑛𝑜𝑡𝑐ℎ 𝑡𝑜 𝑡𝑜𝑝 𝑜𝑓 𝑡ℎ𝑖𝑔ℎ 𝑐𝑢𝑓𝑓) 𝑎𝑛𝑑 (𝑠𝑢𝑝𝑟𝑎𝑠𝑡𝑒𝑟𝑛𝑎𝑙 𝑛𝑜𝑡𝑐ℎ 𝑡𝑜 𝑐𝑎𝑟𝑜𝑡𝑖𝑑 𝑝𝑢𝑙𝑠𝑒)

+ 65𝑚𝑚 

 

This path length was reported as being more anatomically accurate, and the corrected 

Vicorder values were similar to the SphygmoCor device values. This equation was 

used in measuring the path length in the current study. However, the aPWV path 
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length is not uniform across existing studies in the literature, which make it more 

difficult for comparison. 

   

Another study (241) measured aPWV in 318 healthy participants in a supine position. 

The participants were younger than those included participants of our study and they 

were more women than men. Those reasons perhaps explain why their aPWV 

average was lower than those of the ten participants in our study. However, our pilot 

study was conducted to understand the repeatability of the measurement to be better 

able to recognise how accurate our measures will be in a future study involving COPD 

patients. In COPD patients, taking aPWV measures in a completely supine position 

might be difficult and could cause breathlessness.   

 

In the context of COPD, aPWV was measured in 98 stable COPD patients using the 

Vicorder device (186). Their measurements were taken using a similar method. Sixty-

five millimetres were added to the path length, as recommended by Hickson and 

colleagues. 

 

Several minutes of rest are recommended before taking aPWV (186, 241). Therefore, 

the importance of having rest between sets is indicated in arterial stiffness 

measurement recommendations (140). In this study, raters made sure that participants 

did not speak during the tests, that they lay in the proper position and that they 

breathed normally during the measurements. Operators did not collect data on other 

variables that may influence aPWV measures, such as alcohol, caffeine, sleeping or 

smoking. To minimise any confounding of future aPWV measures, we collected 

information on these variables in a future study.    
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5.6 Conclusion 

The main finding of this study is that measures of aPWV using Vicorder (Skidmore 

Medical, Bristol, UK) are repeatable. The demonstrated agreement between 

operators’ measurements indicates that any significant aPWV change in a future study 

represents patient physiological change and does not indicate measurement error in 

the device nor operator error in taking the measurement.  
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6. Baseline characteristics of COPD patients with/without 
Cardiovascular Disease. 
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6.1 Introduction 

The previous chapters have given a general background about the use of and 

repeatability of aortic pulse wave velocity (aPWV). As aPWV is the primary outcome 

of our main project, we planned initially to investigate what other variables might be 

associated with aPWV in COPD. I have also described previously that CV risk can be 

measured either directly by aPWV or calculated by QRISK score which is “a well-

established CVD risk score, in use across the NHS since 2009, which is designed to 

identify people at high risk of developing CVD who need to be assessed in more detail 

to reduce their risk of developing CVD”(139). This chapter aims to identify the 

associations of baseline cardiovascular risk in COPD patients, measured using aPWV 

and calculated using a risk score (QRISK), with other baseline variables, and to 

compare results between groups with and without a reported history of CVD.  

 

6.2 Research question 

Do associations between baseline characteristics and markers of cardiovascular risk 

measured by aPWV or QRISK differ in COPD participants with and without a history 

of CVD?  

6.3 Study design 

Prospective single centre study.  

6.4 Methodology  

To identify associations between baseline characteristics and CV risk in people with 

COPD, we divided our study population into a non-CVD (n = 68) and CVD subgroup 
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(n = 34). CVD was categorised either by self-report of CVD or by doctor’s diagnosis of 

heart failure, ischemic heart disease (myocardial infarction, angina pectoris), 

peripheral arterial disease and stroke. 

We included patients who were diagnosed with COPD with spirometry results 

confirming that he/she had chronic obstructive pulmonary disease defined as post-

bronchodilator FEV1/VC < 0.70 and a compatible exposure history. 

Outcomes 

Outcomes are the associations between baseline characteristics and arterial stiffness 

and QRISK among participants. Additional outcomes are comparisons between 

baseline characteristics in both subgroups, with and without CVD.  

The baseline characteristics consist of:  

 Static respiratory function using post bronchodilator spirometry (FEV1, FEV1 

predicted and FEV1/FVC ratio) 

 Smoking history (pack years)  

 Number of exacerbations in the past 12 months where the patient needed to 

take antibiotics or steroids  

 Exercise capacity measurement using the Incremental Shuttle Walking Test 

(ISWT)  

 Self-reported quality of life using CAT-score 

 Dyspnoea using mMRC-score 

 Daily symptoms including daily cough and phlegm  

 Use of respiratory medication (inhalers or tablets)  

 Comorbidities  
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 BMI (calculated from height and weight)  

 Anxiety and depression questionnaire (HADS)  

 

Study procedure 

Recruitment 

Full details about recruitment are described in the Methods chapter. Briefly, patients 

that met the inclusion criteria and who agreed to attend PR were asked about their 

interest in participating in the research. If agreed, recruitment started with a clear 

verbal description about the research, including a short introduction to the subject and 

the purpose and benefits of the research. On that day, before starting the PR, we 

measured baseline exercise capacity and baseline static respiratory function by 

conducting the first Incremental Shuttle Walking Test (IWST) and spirometry, 

respectively. Baseline aPWV and the second pre-PR ISWT were measured on the first 

day of PR just before starting exercise.  

The methods of measuring aPWV, spirometry and ISWT are identical to those 

explained in the methods chapter. 

 

6.5 Analysis 

Data were tested for normality using the Kolmogorov–Smirnov test and expressed as 

mean (SD) for normally distributed data (parametric) or median (IQR) for non-normally 

distributed data (non-parametric) as appropriate. Associations were analysed using 

Pearson and/or Spearman correlation tests for continuous variables and Mann-

Whitney U-tests for non-continuous (nominal and ordinal) variables. 
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6.6 Results 

We approached 102 consecutive patients who had been referred to a pulmonary 

rehabilitation programme pre-assessment visit in Camden, London, UK. Ultimately, 

out of the 102 COPD patients, 68 patients did not have CVD, and 34 patients had a 

history of CVD defined as the present diagnosis of heart failure, ischemic heart 

disease (myocardial infarction, angina Pectoris), peripheral arterial disease or stroke. 

The characteristics of these 102 patients are provided in Table 8. The mean age of 

the participants was 71 years, 58% were male, and the mean FEV1 was 1.26 L (50.7% 

predicted). Table 9 also compares the 68 non-CVD patients with the 34 CVD patients. 

CVD patients were generally similar to those who do not have CVD in terms of sex, 

smoking history, exacerbation frequency and calculated CV risk, but had lower 

diastolic blood pressure (74 vs 82 mmHg, p = 0.05), higher FEV1/FVC % (51 vs 46%, 

p = 0.05) and were older (74 vs 68 years, p = 0.02). 
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Table 8: Baseline characteristics of subjects with Chronic Obstructive Pulmonary Disease (COPD) 
divided into two groups; with and without CVD. 

Subjects 

Demographics 

Total 

population (102) 

Non-CVD (68) CVD (34) p-

value  

 

Age (years) 71.31±9.06 68.43±14.15 74.75±9.06 0.02 

Male 59 (58%) 38 (56%) 21 (62%) 0.27 

Female  43 (42%) 30 (44%) 13 (38%) 

Active smoker 30 (29%) 20 (29%) 10 (29%) 0.09 

Ex-smokers 72 (71%) 48 (71%) 24 (71%) 

Smoking history (pack-years) 45 (27-63) 45 (27-64) 41 (22-58) 0.72 

Exacerbation within last 12 months.  1(0-2) 1(0-2) 1(0-3) 0.78 

Frequent exacerbations(≥2 within 

past 12 months)  

34(33%) 20(30%) 14(41%) 0.79 

Daily cough  61 (60%) 40(61%) 21(62%) 0.86 

Daily phlegm  56 (55%) 35(35%) 21(62%) 0.69 

Body composition 

Body Mass Index (kg/m2) 26.70±6.09 26.60±6.47 27.04±5.71 0.74 

Pulmonary function 

FEV1 (L) 1.26±0.41 1.19±0.50 1.36±0.49 0.12 

FEV1 (% predicted) 50.69±16.29 47.64±18.49 55.51±18.14 0.05 

FEV1/FVC % 47.51±11.88 46.20±12.07 51.23±11.61 0.05 

Cardiovascular measures  
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Aortic pulse wave velocity (m/s) 10.84±2.29 10.94±2.30 10.55±2.27 0.46 

Systolic pressure (mmHg) 138±18 138±18 137±19 0.72 

Diastolic pressure(mmHg) 80±13 82±13 74±13 0.01 

Mean pressure (mmHg) 98±15 96±24 98±12 0.77 

Pulse pressure (mmHg) 77±14 78±15 76±11 0.57 

Functional outcomes  

ISWT (m) 254.3±118.4 261.6±113.60 238.5±127.4 0.36 

mMRC grade 3 (2-4) 3 (2-4) 3 (3-4) 0.89 

CAT 19.96±8.06 19.65±8.50 20.58±7.20 0.60 

Anxiety scores (HADS)  5 (2-7) 5 (3-9) 6 (2-7) 0.86 

Depression scores (HADS)  5 (2-6) 5 (3-7) 6 (3-8) 0.20 

CV risks determinants   

Diabetes  Yes:  18 (18%) 

 

Yes:  12 (18%) 

 

Yes:  6 (18%) 

 

0.21 

Hypertension Yes:  54 (54%) Yes:  30 (44%) Yes:  24 (71%) 

 

0.08 

Hyperlipidemia Yes:  44 (43%) 

 

Yes:  21 (31%) 

 

Yes:  23 (68%) 

 

0.06 

Ischemic heart disease Yes:  5 (5%) 

 

Yes:  0 (0%) 

 

Yes:  5 (15%) 

 

^ 

Myocardial infarction Yes:  4 (4%) Yes:  0 (0%) Yes:  4 (12%) ^ 
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Table 9: Baseline Characteristics in all subjects and divided into subgroups with and without Cardiovascular 

Disease. Data are presented as n (%), mean±SD or median IQR. Abbreviations: COPD, Chronic Obstructive 
Pulmonary Disease; CVD, Cardiovascular Disease; BMI, Body Mass Index; FEV1, Forced Expiratory Volume in 
1 second; FEV1%, Predicted Forced Expiratory Volume in 1 second. FVC%, Predicted Forced Vital Capacity; 
ISWT, Incremental Shuttle Walk Test; MRC, Medical Research Council dyspnoea scale; CAT, COPD 
Assessment Test; aPWV, Aortic Pulse Wave Velocity; H.A.D., Hospital Anxiety Depression; DM, Diabetes 
Mellitus; SABA, Short-acting Beta Agonist; LABA, Long-acting Beta Agonist; SAMA, Short-acting Muscarinic 

Antagonist; LAMA, Long-acting Muscarinic Antagonist; ICS, Inhaled Corticosteroid. ^ No data to compare with. 

 

   

Peripheral arterial disease Yes:  7 (7%) 

 

Yes:  0 (0%) 

 

Yes:  7 (21%) 

 

^ 

Heart failure Yes:  7 (7%) 

 

Yes:  0 (0%) 

 

Yes:  7 (21%) 

 

^ 

Atrial fibrillation Yes: 13 (13%) 

 

Yes: 0 (0%) 

 

Yes:  13 (38%) 

 

^ 

Stroke Yes: 10 (10%) 

 

Yes: 0 (0%) 

 

Yes:  10 (29%) 

 

^ 

Respiratory Medicine 

SABA 89(88%) 61(92%) 27(82%) 0.81 

LABA 66(65) 42(65%) 24(73%) 0.20 

SAMA 5(5%) 5(9%) 0(0%) ^ 

LAMA 64(63) 46(71%) 19(58%) 0.54 

ICS 63(62) 40(61%) 23(70%) 0.51 

Other Respiratory Medicine  13(13) 11(16%) 2(6%) 0.23 
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Next, we went on to examine the relationship between baseline CV risk (measured by 

aPWV) and other baseline variables measured among all participants and within the 

subgroups; non-CVD and CVD patients (Table 9). Among all participants, simple 

correlation analysis showed statistically significant correlations between baseline 

aPWV and age (rho = 0.23, p = 0.03, lung function including FEV1/FVC % (rho = -0.38, 

p = <0.001), systolic blood pressure (rho = 0.24, p = 0.03), and depression scores (rho 

= -0.27, p = 0.01). Among non-CVD participants, there were significant correlations 

between baseline aPWV and age (rho = 0.26, p = 0.05), quality of life (rho = -0.31, p 

= 0.02), lung function including FEV1/FVC % (rho = -0.49, p = <0.001), and depression 

scores (rho = -0.38, p = 0.01). Lastly, the CVD group showed statistically significant 

correlations only between baseline aPWV and systolic blood pressure (rho = 0.41, p 

= 0.03), and mean blood pressure (rho = 0.40, p = 0.03). 
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Table 9: Correlations between baseline characteristics and arterial stiffness in all patients and 
among the subgroups. 

Subjects 

 

Total 

population 

(102) 

Non-CVD (68) CVD (34) 

Demographics r P r P r P 

Age (years) 0.23 0.03 0.26 0.05 0.27 0.16 

Smoking history (pack-years) 0.15 0.19 0.24 0.08 -0.03 0.89 

Exacerbation within last 12 

months.  

0.07 0.50 0.01 0.95 0.18 0.35 

Hospitalised due to exacerbation  

within last 12 months 

0.16 0.14 -0.00 0.98 0.36 0.053 

Pulmonary function    

FEV1 (L) -0.24 0.03 -0.27 0.04 -0.20 0.30 

FEV1 (% predicted) -0.28 0.01 -0.32 0.02 -0.12 0.54 

FEV1/FVC % -0.38 0.00 -0.49 0.00 -0.17 0.39 

Blood pressures  

Central systolic pressure (mmHg) 0.24 0.03 0.11 0.42 0.41 0.03 

Central diastolic pressure(mmHg) 0.03 0.82 0.05 0.73 0.27 0.16 

Central mean pressure (mmHg) 0.17 0.12 0.01 0.96 0.40 0.03 

Central pulse pressure (mmHg) 0.03 0.78 0.51 0.70 0.21 0.27 

Functional outcomes  

ISWT (m) -0.15 0.15 -0.23 0.08 -0.05 0.80 

mMRC grade -0.01 0.96 0.03 0.86 -0.05 0.80 
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As discussed in the introduction chapter, QRISK is a CVD risk score which is designed 

to identify people at high risk of developing CVD. This tool is only suitable for those 

with no CVD diagnosis, so we went further to investigate how QRISK correlated with 

other baseline measures and how similar correlations were when correlated to 

baseline aPWV in the non-CVD group. When correlated with other baseline variables, 

both QRISK and baseline aPWV showed statistically significant correlations with 

depression (rho = 0.44, p = 0.001, rho = -0.38, p = 0.01 respectively). Unlike aPWV, 

QRISK did not show any other statistically significant correlations (table 10). 

CAT -0.17 0.15 -0.31 0.02 -0.02 0.69 

Anxiety scores (HADS)  -0.01 0.37 -0.21 0.14 0.16 0.42 

Depression scores (HADS)  -0.27 0.01 -0.38 0.01 0.03 0.89 

CV risks measure    

QRISK score  0.18 0.08 0.25 0.06 0.28 0.15 

FEV1: forced expiratory volume in 1 second; FVC: forced vital capacity; ISWT: incremental shuttle walk test; mMRC: 

modified Medical Research Council; HADS; hospital anxiety and depression score. 
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Table 10: Correlations between baseline characteristics and QRISK 
score and/or aPWV in 68 COPD patients without -CVD. 

 QRISK (n=68) aPWV (n=68) 

Outcome  r P r P 

Age (years) -- -- 0.26 0.05 

Smoking history (pack-years) 0.19 0.16 0.24 0.08 

Exacerbation within 12 months.  -0.12 0.37 0.01 0.95 

Hospitalised within last 12 months 0.05 0.69 -0.00 0.98 

Body Mass Index (kg/m2) -- -- -0.21 0.13 

Pulmonary function 

  FEV1 (L) -0.05 0.69 -0.27 0.04 

  FEV1 (% predicted) -0.07 0.69 -0.32 0.02 

  FEV1/FVC % -0.07 0.55 -0.49 0.00 

Blood pressures 

Systolic pressure (mmHg) 0.09 0.06 0.11 0.42 

Diastolic pressure(mmHg) -0.11 0.40 0.05 0.73 

Mean pressure (mmHg) -0.10 0.43 0.01 0.96 

Pulse pressure (mmHg) -0.09 0.49 0.51 0.70 

Functional outcomes  

ISWT (m) -0.24 0.06 -0.28 0.03 

mMRC grade -0.07 0.59 0.03 0.86 

COPD CAT assessment 0.21 0.11 -0.24 0.07 

Anxiety score (HADS)  -0.29 0.25 -0.21 0.14 
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Next, we investigated the correlations between non-continuous baseline 

characteristics with baseline aPWV in all participants and within the subgroups, non-

CVD and CVD (table 11). In all participants, aPWV was statistically significantly higher 

in men compared to women (11.28 vs 10.21m/s, p = 0.02), in those who reported 

taking other respiratory medications (e.g. carbocysteine) (12.42 ± 2.32 vs. 10.60 ± 

2.23 m/s, p = 0.04), and lower in active smokers compared to ex-smokers (10.14 vs 

11.07m/s, p = 0.02). In the non-CVD group, aPWV was statistically significantly higher 

in men (11.58 vs. 10.21m/s, p = 0.01). Lastly, in the CVD group, aPWV was statistically 

significantly higher only in symptomatic participants with daily phlegm when compared 

to those who did not have daily phlegm (11.26 ± 2.18 vs. 9.26 ± 2.22, p = 0.04). 

Depression scores (HADS)  0.44 0.001 -0.38 0.01 

CV risks measure  

aPWV/QRISK  0.28 0.04 0.28 0.04 

FEV1: forced expiratory volume in 1 second; FVC: forced vital capacity; ISWT: 

incremental shuttle walk test; mMRC: modified Medical Research Council; HADS; 

hospital anxiety and depression score. – means this variable is contained in the QRISK 

calculation.  
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Table 11: Associations between non-continuous baseline characteristics & arterial stiffness in all patients and among subgroups 

Subjects 

Demographics 

n 

Total 

population 

(102) aPWV 

m/s 

P-

value 
n 

Non-CVD  

aPWV m/s 

(68) 

 

p-value n 

CVD 

aPWV m/s 

(34) 

 

p-value 

 

Gender 

Male 49 11.28±2.25 

0.02 

31 11.58±2.02 

0.01 

18 10.75±2.58 

0.64 

Female 38 10.21±2.22 27 10.21±2.43 11 10.22±1.72 

Smoking status 

Active smoker 24 10.14±1.46 

0.02 

16 10.27±1.55 

0.51 

8 9.86±1.26 

0.21 

Ex-smokers 63 11.07±2.49 42 11.20±2.49 21 10.82±2.53 

Frequent Exacerbation (≥2 in<12months) 

Yes 34 11.24±1.95 0.30 20 11.20±2.06 0.64 14 11.25±2.14 0.18 
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No 53 10.55±2.45 32 10.58±2.06 21 10.13±2.31 

Hospitalised due to exacerbation last 12 months 

Yes 10 12.11±2.02 0.06 6 11.80±1.44 0.25 4 12.58±2.87 

0.08 

No 75 10.67±2.26  50 10.89±2.35  25 10.23±2.05 

Daily cough 

Yes 53 10.68±2.19 

0.50 

35 10.58±2.39 

0.32 

18 10.89±1.81 

0.56 

No 25 10.86±2.55 17 11.13±2.14 8 10.29±3.37 

Daily phlegm 

Yes 49 10.68±2.31 

0.59 

31 10.34±2.36 

0.06 

18 11.26±2.18 

0.04 

No 28 10.75±2.41 19 11.46±2.20 9 9.26±2.22 

CV risks determinants 

Diabetes 

Yes 17 10.09±2.30 0.20 12 10.04±2.72 0.23 5 10.20±0.91 0.76 
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No 70 10.99±2.27 46 11.18±2.15 24 10.63±2.47 

Hypertension 

Yes 47 10.83±2.35 

0.71 

26 10.80±2.29 

0.88 

21 10.87±2.48 

0.15 

No 40 10.79±2.24 32 11.06±2.34 8 9.72±2.49 

Hyperlipidemia 

Yes 37 10.95±1.88 

0.91 

18 11.07±1.29 

0.87 

19 10.83±2.34 

0.64 

No 50 10.71±2.56 40 10.88±2.65 10 10.01±2.34 

Respiratory Medicine 

SABA 

Yes 76 10.73±2.37 

0.11 

54 10.87±1.42 

0.25 

22 10.41±2.46 

0.19 

No 10 11.55±1.47 4 11.93±1.42 6 11.29±1.59 

LABA 

Yes 58 10.97±2.41 0.40 37 11.03±2.42 0.67 21 10.89±2.44 0.19 
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No 37 10.53±2.09 30 10.83±2.43 7 9.72±1.69 

SAMA 

Yes 5 12.03±2.27 

0.25 

5 12.03±2.27 

0.34 

0 --- 

--- 

No 80 10.76±2.30 52 10.85±2.32 28 10.60±2.30 

LAMA 

Yes 57 11.19±2.19 

0.07 

41 11.41±2.21 

0.03 

16 10.63±2.08 

0.91 

No 28 10.11±2.43 16 9.78±2.26 12 10.56±2.08 

ICS 

Yes 56 10.87±2.45 

0.91 

36 10.97±2.44 

0.88 

20 10.71±2.54 

0.82 

No 29 10.76±2.04 21 10.92±2.17 8 10.31±1.69 

Other Respiratory Medicine 

Yes 11 12.42±2.32 

0.04 

9 12.12±2.14 

0.19 

2 13.75±3.60 

0.11 

No 74 10.60±2.23 48 10.73±2.31 26 10.36±2.01 
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Table 11: Presents associations between non-continuous baseline characteristics and aPWV in all subjects and divided subgroups. Data is presented as 

numbers (n), and mean±SD. or median. Abbreviations: COPD, Chronic Obstructive Pulmonary Disease; CVD, Cardiovascular Disease; aPWV, Aortic Pulse 
Wave Velocity; SABA, Short-acting Beta Agonist; LABA, Long-acting Beta Agonist; SAMA, Short-acting Muscarinic Antagonist; LAMA, Long-acting Muscarinic 
Antagonist; ICS, Inhaled Corticosteroi
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6.7 Discussion 

We report COPD patients without cardiovascular comorbidity at equal measured CV 

risk to COPD patients with concomitant CVD. Importantly, we also report that aPWV 

is more related to spirometry than QRISK, which suggests that aPWV is a better CV 

risk measure in COPD populations.  

The association between COPD and an increased prevalence of CVD and CV risk has 

recently been quantified, compromising a two- to five-fold higher risk of major 

cardiovascular disease in people with COPD compared to those without. (181). 

Previous relationships between arterial stiffness in people with COPD and a 

concomitant CVD diagnosis have been contradictory. Wang et al. (184) performed a 

systematic review and meta-analysis investigating associations between COPD and 

subclinical risk markers for CVD, including PWV. They found that PWV was increased 

in people with COPD compared to healthy controls, independent of concomitant CVD. 

Our findings suggest that COPD patients with and without CVD have similar CV risk.  

Our results also confirm the previously reported associations between aPWV and age, 

sex and respiratory function (table 10). Interestingly, we found a new association 

between HADS depression score and arterial stiffness in all participants, as evidenced 

by a statistically significant inverse correlation (rho = -0.27, p = 0.01). This could be 

explained by the fact that participants with a relatively low risk of developing CVD are 

mostly younger patients and therefore more likely to experience reduced quality of life 

due to their condition. On the other hand, lack of awareness of disease severity could 

explain the reduced depression scores in people with increased arterial stiffness.  
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Whilst both aPWV and QRISK correlated with baseline measures, QRISK unlike 

aPWV did not show any significant correlation with respiratory function or exercise 

capacity. This could be explained by the fact that QRISK does include some chronic 

inflammatory conditions such as rheumatoid arthritis but not COPD. Additionally, it 

does not include respiratory related measures including respiratory symptoms or lung 

function, suggesting that it might not be the best CV risk measure in the COPD 

population. 

Patel et al. (186) reported that arterial stiffness was elevated in people with COPD and 

frequent exacerbations and that it rose acutely during an exacerbation. Additionally, 

participants suffered from myocardial injury during an exacerbation, particularly in 

those with underlying ischemic heart disease. Similarly, we found a trend towards an 

association between aPWV and the frequency of exacerbations requiring 

hospitalisation in COPD with known CVD history (rho = 0.36, p = 0.053). Thus, our 

results also suggest that elevated aPWV in COPD is associated with severe 

exacerbations which require hospitalisation.  

Data supporting an association between chronic daily (productive) cough and arterial 

stiffness in people with COPD have previously been reported (32). People with COPD 

and chronic bronchitis appeared to have stiffer arteries, but after adjusting for 

confounders, this relation was no longer statistically significant. In our participants, we 

did not find an association among all participants and the non-CVD group. However, 

we did show that people with COPD and CVD who produce mucus on a daily basis 

have greater aPWV compared to those who do not produce mucus on a daily basis 

(11.26 vs 9.26 m/s, p = 0.04). 

Regarding respiratory medicines, it has been reported that arterial stiffness can be 

modified by long-acting beta2-agonist inhalers or corticosteroid/long-acting beta2-
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agonist combination inhalers. A 12 week study comparing the difference between the 

ICS/LABA fluticasone furoate/vilanterol with tiotropium bromide in people with COPD 

and baseline aPWV >11m/s showed an approximate 1m/s reduction compared to 

baseline in both arms (242). However, when comparing the effect on arterial stiffness 

(baseline aPWV > 11m/s) between a once-daily fluticasone furoate/vilanterol or 

vilanterol group with a placebo group, equal reductions in aPWV were seen after 24 

weeks (243). 

We found a trend towards a lower aPWV in SABA-inhaler users. In contrast with 

previous studies, we found that LAMA-inhaler users had higher aPWV than 

participants using no inhalers or other inhalers. This contradiction might be due to the 

difference in frequency, duration, dose and technique of inhaler use between our study 

and the previous trial (242, 243).  

Blood pressure, together with age, are the main determinants of arterial stiffness in 

the general population, including people with COPD (157). Similarly, our results 

showed an association between aPWV and systolic blood pressure (rho = 0.24, p = 

0.03). 

Interestingly, in participants with CVD, blood pressure was consistently lower than in 

participants without CVD. This difference was statistically significant in diastolic BP 

(74 vs 82 mmHg, p = 0.01). This is most likely due to more frequently reported use of 

blood pressure-lowering drugs in the group with known cardiovascular comorbidity. 

We noted that the CVD group had better respiratory function when compared to 

participants without CVD. The increased lung function in the CVD group could be 

explained by the more frequent use of respiratory inhalers in those patients. 

Additionally, since we were investigating a COPD population suffering from dyspnoea 

(a common reason for referral to PR), increased lung volumes in participants with 
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concomitant CVD could be explained by the fact that heart disease can lead to 

dyspnoea as well (244). 

The strengths of this study are that all testing was performed to established guidelines 

and quality assurance, and arterial stiffness was determined by aPWV, which is a gold 

standard method for measuring arterial stiffness. Our main limitation was the relatively 

small sample size in the CVD subgroup. Furthermore, most baseline characteristics 

are self-reported. Additionally, we used multiple statistical comparisons. 

Our results have important implications for clinical practice. First, physicians should 

know that COPD patients without cardiovascular comorbidity appear to have an equal 

CV risk measure compared to COPD patients with concomitant CVD. Second, our 

study suggests that arterial stiffness is more likely to be a better CV risk measure when 

compared to QRISK in people with COPD.  

 

6.8 Conclusion 

We report that COPD patients with and without CVD have equal measured arterial 

stiffness. Associations between baseline characteristics and arterial stiffness in all 

participants were in accordance with previous studies, whilst data suggest differences 

when comparing subgroups with and without cardiovascular comorbidity. Our results 

add weight to the importance of the aPWV measure, with aPWV more closely 

associated with reduced respiratory function when compared to QRISK, and 

demonstrates that aPWV is likely to be a better CV risk measure in individuals from a 

COPD population. The next chapter explains the influence of PR on reducing 

cardiovascular risk in people with COPD with pre- and post-PR measures.  
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7. Pulmonary Rehabilitation and Cardiovascular Risk in COPD 
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7.1 Introduction 

I have previously discussed that COPD is a leading cause of global morbidity and 

mortality (1) and patients with COPD have more co-morbidity than smoking-matched 

controls (245), including a 2-5 fold greater risk of cardiovascular (CV) disease (246). 

CV diseases are a major cause of death in COPD (10). Also I have explained that the 

World Health Organisation reported that COPD will be the third most common cause 

of death by 2030 if no new interventions are put in place (247), and reducing mortality 

in COPD requires health-care professionals to take an holistic approach. Early 

detection and prediction of cardiovascular (CV) risk is therefore critical in people with 

COPD (10). Arterial stiffness assessed by aortic Pulse Wave Velocity (aPWV) is 

recognised as a gold-standard biomarker of increased CV risk in COPD, as it is in 

healthy populations (140, 248, 249). Elevated arterial stiffness occurs as a 

consequence of biological aging and atherosclerosis which may lead to increased risk 

of cardiovascular mortality (114). It has been consistently reported that the main 

contributing factors relating to increased arterial stiffness are hypertension, metabolic 

disorders and chronic inflammation (188) all of which are commonly present in COPD 

(89). Therefore, reducing aortic stiffness may lower the risk of future CVD which is a 

major cause of death in COPD. However, it remains unknown whether increased aortic 

stiffness in COPD is modifiable (185, 250). We have previously reported that CV risk 

in COPD is stable over time, but elevated at exacerbations (186). 

 

It is known that physical activity (PA) reduces CV risk.  In coronary artery disease, 

exercise programmes reduce aPWV (251). Reduced physical activity is common in 

COPD (169, 252). Pulmonary Rehabilitation (PR) is an evidence-based intervention in 

COPD to reduce symptoms, improve exercise performance, reduce exacerbations 
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and improve health-status (4, 195, 205, 232). We have previously reviewed the 

literature on the effect of PR on aortic stiffness in COPD (217). Whilst the large and 

well-conducted study by Vanfleteren reported that, on average, there was no influence 

of PR on arterial stiffness in COPD, the data suggest that arterial stiffness responses 

to PR were highly heterogeneous such that there may have been sub-groups of 

patients who did and did not benefit. Previous work has not examined the relationship 

between physical activity, PR outcomes and aortic stiffness in COPD. We 

hypothesised that patients who had the greatest physical activity, and the greatest 

improvement in exercise capacity during PR would be those that experienced the 

greatest aortic stiffness reduction. This study aimed to investigate the characteristics 

of COPD patients who do and do not experience aortic stiffness reduction during PR. 

We also wanted to examine how changes in aPWV relate to physical activity and 

exercise capacity and assess whether changes in aortic stiffness during PR were 

sustainable six weeks after the end of the class (see next chapter).  

 

7.2 Method  

The study was approved by the local ethics committee and UK Health Research 

Authority (HRA) (reference 16/LO/1974). All participants provided fully informed 

written consent before entry into the study. The trial was registered at 

ClinicalTrials.gov (218) . 

 

7.2.1 Participants 

We approached 106 consecutive patients enrolling on the Central and North West 

London NHS Foundation Trust PR classes held at the Peckwater Center, and St. 
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Pancras Hospital in London, UK. A total of 102 (58 male, 44 female) with a confirmed 

diagnosis of COPD (post-bronchodilator FEV1/ FVC <0.70 and appropriate exposure 

history) were recruited (Figure 1); only two patients refused to take part). Participants 

referred to PR were scheduled for an assessment visit before the first class, performed 

by registered physiotherapists. In patients agreeing to take part, a full medical history 

including cardiovascular risk and co-morbidities was documented during this 

assessment visit. Of 102 participants, 54 completed the PR with complete pre- and 

post-measurements and this group comprised the main analysis. 

 

Pulmonary Rehabilitation 

The PR course consisted of sessions two hours long, twice each week for six weeks. 

The PR programme is based on British Thoracic Society (BTS) PR guidelines (219). 

The first hour comprised an exercise component to both lower and upper limbs 

supervised by respiratory physiotherapists. It included low resistance training 

exercises such as free weights, and therabands. It also included aerobic exercises 

such as treadmill, walking, and cycling. The intensity of the workout was individualised 

based on the condition of each participant. Physiotherapists encouraged the 

participants to exercise for a minimum of 10 minutes on each exercise at level 3 to 4 

on the Borg scale. The second hour consisted of education which was delivered by a 

multidisciplinary team including nurses, physiotherapists, doctors, psychologists, 

dietitians, and occupational therapists. 
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Measurements 

Comprehensive data were gathered from each participant including demographic and 

clinical information. COPD exacerbation frequency was defined as the number of 

events treated with oral antibiotics and or corticosteroids in the previous year. 

Breathlessness, quality of life, and anxiety & depression were assessed using CAT 

COPD, MRC dyspnoea and HADS questionnaires respectively. aortic stiffness was 

directly measured by arterial pulse wave velocity (aPWV; further detail in the Methods 

chapter) and calculated using QRISK2 to estimate the risk of having a heart attack or 

stroke over the next ten years (139).   

The measurements were made at the start and end of PR, and the duration between 

these times and number of classes attended were recorded. A complete explanation 

of the measurements made is described in the Methods chapter.  

 

Briefly, arterial stiffness was determined by measuring aPWV between the carotid 

and femoral arteries using Vicorder (Skidmore Medical, Bristol, UK) equipment. We 

have previously reported that aPWV is stable over time in patients with COPD (186) 

and thus any changes that we see during PR can likely be attributed to the PR 

intervention. We performed post-bronchodilator hand-held spirometry to confirm 

COPD .The participants were seated during this test and measurements were made 

in triplicate to published quality-assurance criteria (253). The Incremental Shuttle 

Walking Test (ISWT) was conducted to measure exercise capacity in accordance to 

the ERS/ATS guidelines (204). Finally, we asked participants to wear a step counter 

pedometer and record daily physical activity on a diary card, for the six-week 
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duration of the PR class using a Yamax SW-200 electronic pedometer, which has 

previously been shown to be a reliable and valid device (222, 223, 254).  

 

7.3 Statistical Analysis 

Data were assessed using histograms and tested for normality using the Kolmogorov–

Smirnov test.  Data are expressed as mean (SD) for normally distributed data or 

median (IQR) for non-normally distributed data as appropriate. We examined the 

change in aPWV pre- and post-exercise and classified our participants as responders 

(reduction of ≥0.5 m/s) or non-responders (less benefit than this). 

 

To complete a power calculation we contacted the authors of the largest previous 

study (185), who reported that 35% of their participants were responders according to 

these criteria (≥0.5 m/s reduction). A priori, and as described in the trial registration, 

we planned a multivariable analysis on responder status including change in exercise 

capacity (change in ISWT pre- and post), physical activity (mean of steps/day) with or 

without inclusion of one other variable decided on the basis of significance in simple 

correlation analysis. This required us to have 30 responders. For other comparisons, 

paired t-tests were used for parametric data, and Wilcoxon signed-rank testing was 

used for non-parametric paired data. Relationships were analysed using Pearson 

correlation for normally distributed data, and Spearman rank correlation for non-

parametric data. Data was analysed using Statistical Package for the Social Sciences 

(SPSS), Version 21. 
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7.4 Results 

Baseline Characteristics of the Patients 

We approached 106 consecutive patients enrolling on two PR programmes in 

Camden, London, UK and 104 agreed to take part.  Spirometry did not confirm COPD 

in two of these. The CONSORT diagram is illustrated as Figure 20. Ultimately, 92 

patients started and 54 patients completed PR within 6-10 weeks of starting (termed 

“completers” and this group forms the main analysis). The characteristics of these 54 

patients are provided in Table 12, which shows they had a mean age of 73 years, 63% 

were male and the mean FEV1 was 1.23L (50% predicted). Table 12 also provides 

information on the 102 total population, and compares the 54 completers with the 48 

non-completers (who attended the assessment visit but did not start, or complete PR 

within the designated time). The dropout rate during PR was 36%. The completers 

were generally similar to the non-completers in age and sex, but tended to have more 

severe COPD and greater baseline aortic stiffness. 
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Figure 20: Consort diagram of the approached participants.  
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Table 12: Baseline characteristics of subjects with chronic obstructive pulmonary disease (COPD) 
referred to PR and consented for the study, divided into those who did and did not complete PR. 

  

Subjects 

Demographics 

Total 

population 

(102) 

Completed 

PR (54) 

Not completed 

(48) 

p-

value  

 

  Age (years) 71.31±9.06 72.71±8.48 69.71±9.54 0.10 

  Male 59 (58%) 34 (63%) 25 (52%) 0.27 

  Female  43 (42%) 20 (37%) 23 (48%) 

  Active smoker 30 (29%) 12 (22%) 18 (37%) 0.09 

  Ex-smokers 72 (71%) 42 (78%) 30 (63%) 

  Smoking history (pack-years) 45 (27-63) 47 (23-60) 44 (31-66) 0.49 

Body composition     

  Body Mass Index (kg/m2) 26.70±6.09 26.47±6.13 26.99±6.10 0.67 

Pulmonary function     

  FEV1 (L) 1.26±.41 1.23±0.41 1.51±0.58 0.01 

  FEV1 (% predicted) 50.69±16.29 50.47±17.55 60.29±19.39 0.01 

  FEV1/FVC % 47.51±11.88 49.20±12.28 58.07±10.93 <0.01 

Haemodynamic     

  Aortic pulse wave velocity (m/s) 10.84±2.29 11.34±2.33 10.05±2.03 0.01 

  systolic pressure (mmHg) 138±18 139±19 137±17 0.47 

  diastolic pressure(mmHg) 80±13 80±14 79±12 0.91 

  mean arterial pressure (mmHg) 98±15 100±12 96±18 0.31 

  pulse pressure (mmHg) 77±14 76±16 78±11 0.52 

Functional outcomes (pre-PR)     
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  ISWT (m) 254.32±118.41 254.1±116.6 254.6±122.1 0.98 

  mMRC grade 3 (2-4) 3 (2-4) 3 (2-4) 0.65 

  CAT 19.96±8.06 18.72±6.72 21.56±8.78 0.08 

  Anxiety scores (HADS)  5 (2-7) 5 (2-7) 6 (3-11) 0.06 

  Depression scores (HADS)  5 (2-6) 5 (2-6) 6 (4-8) 0.06 

CV risks determinants       

Diabetes  Yes:  18 (18%) 

 

Yes:  7 (13%) 

 

Yes:  9 (19%) 

 

0.37 

Hypertension Yes:  54 (54%) Yes:  29 

(46%) 

Yes:  25 (52%) 

 

0.56 

Hyperlipidaemia Yes:  44 (43%) 

 

Yes:  24 

(44%) 

 

Yes:  20 (42%) 

 

0.78 

Ischemic heart disease Yes:  5 (5%) 

 

Yes:  1 (2%) 

 

Yes:  4 (8%) 

 

* 

Myocardial infarction Yes:  4 (4%) 

 

Yes:  3 (6%) 

 

Yes:  1 (2%) 

 

* 

Peripheral arterial disease Yes:  7 (7%) 

 

Yes:  4 (7%) 

 

Yes:  3 (6%) 

 

* 

Heart failure Yes:  7 (7%) 

 

Yes:  2 (4%) 

 

Yes:  5 (10%) 

 

* 

Atrial fibrillation Yes: 13 (12%) Yes: 9 (17%) Yes:  4 (8%) * 
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Effectiveness of PR 

First, we wanted to confirm that the PR programme met standard goals. In the 54 

completers there was a significant improvement from baseline to completion in mean 

(SD) ISWT (254.3±118.4 vs. 305.1±115.0m, p<0.001), CAT questionnaire (18.7±6.7 

vs. 16.4±6.7, p<0.01) and mMRC dyspnoea score (3(2-4) vs. 3(2-3), p<0.001). We 

therefore concluded that our PR was effective, and that we could go on to assess the 

effect of PR on aortic stiffness.   

 

Primary Analysis 

As expected, we did not see an overall difference in aortic stiffness in response to PR 

(Table 13; Figure 21) and we did identify group of responders and non-responders 

(Figure 22). There was a trend to an overall reduction in systolic and mean arterial 

blood pressure, that was not statistically significant but at a clinically meaningful level 

(>3mmHg). 

   

Stroke Yes: 10 (10%) 

 

Yes: 3 (6%) 

 

Yes:  7 (15%) 

 

* 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. FEV1: forced expiratory volume in 1 second; 

FVC: forced vital capacity; ISWT: incremental shuttle walk test; mMRC: modified Medical Research Council; HADS; 

hospital anxiety and depression score.*too few for comparison. 
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Table 13: Differences in aortic pulse wave velocity and other haemodynamics 
measures in 54 COPD subjects who completed PR. 

 

Haemodynamic 

measurement 

Baseline After PR p-value 

Aortic pulse wave velocity (m/s) 11.34±2.33 11.14±2.58 0.34 

systolic pressure (mmHg) 139±19 135±14 0.09 

diastolic pressure (mmHg) 80±14 78±10 0.39 

mean arterial pressure (mmHg) 100±12 96±16 0.09 

pulse pressure (mmHg) 76±16 78±12 0.62 

 

As previously reported by Vanfleteren (185), we did identify a group of individuals who 

experienced a clinically significant change in aPWV in response to PR. Of the 54 

patients, 30 (56%) had a significant response (defined as a reduction of 0.5m/s or 

greater) and 24 had no clinically significant improvement (figure21, 22).  
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Figure 21: Changes in aortic pulse wave velocity (aPWV) before and after pulmonary 
rehabilitation. Solid line and circles represent the mean.  
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Figure 22: Changes in aortic pulse wave velocity (aPWV) before and after pulmonary 
rehabilitation. Among all participants (A), responders (B), non-responders (C), 
responders and non-responders (D) 

                               A                                                                      B 

 

                                C                                                                        D 
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Next, we wanted to assess changes in aortic stiffness, and exercise capacity among 

responders and non-responders after the end of the PR class.  

The results for the 30/54 responders and the 24/54 non-responders in whom these 

data were available are presented in Table 14. There was a significant aPWV 

reduction in the responder’s group (11.58 vs 10.44 m/s, p= <0.001) and significant 

aPWV increase in non-responders (11.04 vs 12.01 m/s, p=0.01) at the end of PR.  
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Table 14: Differences in aortic pulse wave velocity, exercise capacity, and physical activity among all patients, responders, and non-
responders between pre, and the end of PR. 

 
All participants  Responders  Non-responders 

 

Outcomes Pre PR (n=54) Post PR 

(n=54) 

P Pre PR (n=30) Post PR 

(n=30) 

P* pre PR 

(n=24) 

Post PR 

(n=24) 

P 

aPWV m/s 11.34 ±2.33 11.14 ±2.58 0.34 11.58 ±2.43 10.44 ±2.20 <0.001 11.04 ±2.20 12.01 ±2.80 0.01 

ISWT 

m 

254.1 ±116.64 305.1 ±115.0 <0.001 263.6 ±121.0 322.5 ±120.4 <0.001 242.1 ±112.3 283.3 ±106.3 <0.001 

Outcomes  

During PR 

 (n=54) 

 

During PR 

 (n=30) 

  
During 

PR(n=24) 
 

P~ 

 

PA step/day  4376±2719  5235±2723   3355±2390  0.01 

Data are presented as mean (SD). aPWV: aortic Pulse Wave Velocity; ISWT:  incremental shuttle walk test.~ responders versus non-responders 
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As described above, in our a priori statistical plan, we had elected to perform a multi-

variable analysis including change in ISWT, average step count over the duration of 

the PR class, and the possibility of a third variable chosen if simple correlation of other 

variables against change in PWV proved to be statistically significant. However, in 

simple correlation analysis, we did not identify any other baseline factors associated 

with change in PWV after PR (Table 15). The step count data during PR is included in 

Table 14. 
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Table 15: Correlation between change in aortic stiffness (aPWV) after PR with baseline 
and the difference at the end of PR of both demographic and clinical measures in 54 
patients with COPD. 

Outcomes  Mean±SD, or 

median (IQR). 

baseline p-value Delta 

change 

p-value 

Age (years) 72.71±8.48    r= - 0.01 0.93 r= - 0.01 0.93 

FEV1 (L) 1.23±0.41      r= -0.10 0.47 r=  0.35 0.80 

FEV1 (% 

predicted) 

50.47±17.55      r= -0.09 0.49 r=  0.06 0.66 

FEV1/FVC % 49.20±12.28      r= 0.05 0.71 r= - 0.09 0.52 

BMI (kg/m2) 26.47±6.13      r= 0.02 0.85 r= 0.02 0.85 

SBP (mmHg) 139±18      r= 0.21 0.12 r=  0.23 0.08 

DBP (mmHg) 80±14      r= 0.11 0.42 r=  0.32 0.02 

MAP (mmHg) 96±16      r= 0.18 0.19 r=  0.27 0.05 

QRISK% 32.23±16.87      r= -0.02 0.86 r= -0.02 0.86 

Smoking (pack 

years)  

47 (23-60)      r= -0.08 0.56 r= -0.08 0.56 

 

Next, we went on to explore the relationship between change in aPWV and the two 

variables we had specifically intended to examine: change in exercise capacity 

(assessed by ISWT) and physical activity (assessed using average step count). 

Change in aPWV related to both change in exercise capacity and to physical activity. 

In simple correlation analysis, there was a significant association between larger 

reduction in aPWV and greater change in ISWT (rho=-0.32, p=0.020, Figure 23A) and, 

when expressed as percentage change, there was a significant association between 
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greater reduction in PWV and higher physical activity (rho=-0.30, p=0.042, Figure 

23B).  
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Figure 23: Scatter plots demonstrating correlations between absolute ∆aPWV and 
∆ISWT after completing PR (23A – rho=-0.32, p=0.020) and between ∆aPWV% and 
average PA (23B – rho=-0.30, p=0.042). 

                              23A                                                                  23B

 
 

We noted that the starting blood pressure was higher in the responders than the non-

responders (103.61±12.55 vs. 95.90±12.44mmHg, p=0.03) and that a greater 

proportion of the non-responders were already prescribed anti-hypertensive 

medication (81% vs. 39%, p=0.02).  The blood pressure in the responders reduced by 

a clinically and statistically significant degree: the mean fall in systolic BP was 

6.30mmHg (p=0.043), diastolic BP was 4.94mmHg (p=0.041) and mean arterial 

pressure was 5.39mmHg (p=0.020). There were no alterations in any of the 

participant’s medications during the rehabilitation programme. 

 

We performed multivariable regression analysis to better understand the relationship 

between physical activity, exercise capacity and change in aortic stiffness during PR.  

For every 1000 additional steps walked during PRA, adjusted for baseline aPWV, 

aPWV decreased by 0.2 m/s (95%CI, 0.4 to 0.0m/s change, p=0.03). There was not 

an independent effect of change in exercise capacity on pulse wave reduction 

(p=0.19).  
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Next, a receiver operating characteristic (ROC) curve was developed to assess the 

how baseline characteristics predicted the response status, as shown in figure 24 

below. The area under the ROC curve (AUC) is a measure of how well a parameter 

can distinguish between two diagnostic groups (in this case, responders/non-

responders). 

Figure 24: ROC curves of each baseline characteristic..                                                               

 

(AUC 0.51, 95%CI 0.35 to 0.67, p= 0.87) 

 
(AUC 0.64, CI 0.49 to 0.79, 0.07) 
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(AUC 0.50, 95%CI 0.34 to 0.65, p= 0.99) 

 
 

(AUC 0.59, 95%CI 0.44 to 0.44, p= 0.23) 
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(AUC 0.59, 95%CI 0.43 to 0.76, p= 0.24) 

 

 

(AUC 0.59, 95%CI 0.44 to 0.75, p= 0.22) 
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(AUC 0.61, 95%CI 0.46 to 0.76, p= 0.14) 

 

(AUC 0.64, 95%CI 0.49 to 0.79, p= 0.07) 
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(AUC 0.65, CI 0.50 to 0.80, p=0.06) 

 

(AUC 0.55, 95%CI 0.39 to 0.71, p= 0.49) 
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(AUC 0.45, 95%CI 0.38 to 0.70, p= 0.57) 

                

(AUC 0.57, 95%CI 0.41 to 0.73, p= 0.37) 
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(AUC 0.53, 95%CI 0.37 to 0.69, p= 0.68) 

 

(AUC 0.75, 95%CI 0.61 to 0.89, p= 0.03) 
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Among all the baseline variables, only physical activity showed acceptable predictive 

performance, defined as an AUC ≥0.7 (AUC 0.75, 95%CI 0.61 to 0.89, p= 0.03). The 

next best predictors were mean arterial pressure (AUC 0.65, 95%CI 0.50 to 0.80, 

p=0.06), diastolic blood pressure (AUC 0.64, 95%CI 0.49 to 0.79, p= 0.07), and 

smoking history (AUC 0.64, 95%CI 0.49 to 0.79, 0.07). This suggests that physical 

activity is the only variable with an acceptable predictive performance to identify 

responders and non-responders. 

Figure 25: ROC curves of the three variables with higher AUC values when compared 

to others (PA, MAP, smoking history). Diastolic blood pressure is not included as this 

is a component of MAP. 
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Clinically, it would be most useful to have a test that was sensitive to pick up likely 

responders. At 80% sensitivity, a cut off of 2825 steps/day was 60% specific. At 80% 

sensitivity, a cut off of 100 pack years was 66% specific.  At 80% sensitivity, a cut off 

of 93 mmHg was 58% specific.  

 

An independent statistician advised that in multi-variable analysis we should only 

include one variable per ten patients meeting the outcome.  As we have 30 responders 

and required ten responders per variable, we included three variables in a 

multivariable regression, as shown in the Table 16. 

Table 16: multivariable regression including Physical activity, smoking history, and 

MAP.   

Variables  B S.E. Wald df Sig Exp(B) 

PA (steps/day) .000 .000 6.118 1 .013 1.000 

Smoking history (pack-years) -.007 .011 .479 1 .489 .993 

MAP (mmHg) -.028 .027 1.136 1 .287 .972 

Abbreviations: PA: physical activity; MAP: mean arterial pressure. 
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Next, we developed a ROC curve using these three variables together, which showed 

acceptable predictive performance (AUC 0.78, CI 0.65 to 0.91, p= 0.001) as shown in 

the Figure 26 

Figure 26: ROC curve of variables combined.  

 

 

Finally, we wanted to assess aPWV among non-responders over this period.  Out of 

24 non-responders, 14 participants had a change in aPWV in response to PR within 

0.5m/s and were termed the “no change” group, and 10 participants had more than 

0.5 m/s increase and were termed the “increased” group. The data of aPWV and 

exercise capacity of these groups are presented in table 17. There was no alteration 

in aPWV in the no change group (10.83 vs 10.79, p=0.75) at the end of the PR class 

but they had a significant improvement in their exercise capacity (250 vs 314, p= 

0.003). in contrast, those who had more than 0.5 m/s increase did not show any 
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significant improvement in their exercise capacity at the end of the PR class (180 vs 

208, p= 0.11).  
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Table 17: Differences in aortic pulse wave velocity, and exercise capacity among non-responders, pre, and post PR. 

 
Non-responders 

 at PR completion (n=24) 
No change (n=14) Increased (n=10)  

Outcomes 
pre PR 

 

Post PR 

(n=24) 

 

P 
Pre PR 

 

Post PR 

(n= 14) 
P 

pre PR 

 

Post PR 

(n=10) 

 

P 

aPWV m/s 11.04±2.20 12.01±2.80 0.005 10.83±3.03 10.79±3.07 0.75 11.44±0.72 13.43±1.16 0.01 

ISWT m 242.1±112.3 283.3±106.3 0.002 250.0±109.7 314.0±105.8 0.003 180.0±108.44 208.0±106.1 0.11 

Data are presented as mean (SD). aPWV: aortic Pulse Wave Velocity; ISWT:  incremental shuttle walk test. 
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7.5 Discussion 

We report that elevated aortic stiffness in COPD can be reduced in 56% of patients 

through effective pulmonary rehabilitation, and that this reduction is correlated with 

greater physical activity and a reduction in blood pressure. This has not been 

previously reported: existing studies indicated that aortic stiffness was not influenced 

by PR overall and were not able to identify the characteristics of responder and non-

responder groups.  Our results widen the accepted benefits of PR to include reduction 

of aortic stiffness, suggesting that PR programmes should focus on maximising 

physical activity outside of the course to achieve holistic benefits, and demonstrating 

that elevated aortic stiffness in COPD is modifiable with PR. 

 

56% of patients completing PR in our study had a significant reduction in aortic 

stiffness (defined as a 0.5m/s reduction or greater). The responders had a clinically 

meaningful and statistically significant reduction in blood pressure.  Change in aPWV 

was related to both change in exercise capacity during PR, and to physical activity 

outside of the class. Multivariable analysis confirmed that physical activity was the 

more important of these two factors. Change in aortic stiffness was not restricted to 

those with or without a previous history of cardiovascular diseases or recognised 

cardiac risk factors. There was no alteration in potential confounders such as anti-

hypertensive medication during the PR. Our results emphasise the importance of 

physical activity on reduction of aortic stiffness in COPD. 
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We have conducted a systematic review summarising studies examining the effect of 

PR on CV risk reduction measured by aPWV in COPD (217). This identified four 

papers. Our results are in keeping with the largest of these by Vanfleteren (185), a 

well-conducted study which found no overall difference in aPWV with PR, but in which 

there were a group of patients who responded. Vanfleteren was not able to identify the 

reasons for this differential response, but did not measure physical activity – our major 

hypothesis. Our response rate at 56% is higher than the 35% response rate in this 

study (personal communication). Two smaller studies identified in our review (141, 

230) both found an overall reduction in aortic stiffness with exercise. Vivodtzev 

investigated the effect of endurance training on aortic stiffness in 17 patients with 

COPD. There was a 10% reduction in arterial stiffness after exercise endurance in the 

trained COPD group (141). Gale investigated the impact of pulmonary rehabilitation 

on reducing aortic stiffness in COPD. In a study of 32 COPD patients and 20 healthy 

controls, there was a significant improvement in aortic stiffness in COPD patients after 

PR (230). Moore evaluated the relationships between exercise capacity, physical 

activity and cardiovascular risk in COPD patients during PR. Once again, there was 

no overall change in arterial stiffness with PR but by grouping participants into low- 

and high-exercise tolerance groups, they reported that the lower exercise tolerance 

group had a better CV benefit (237). Physical activity was not related to reduction in 

cardiovascular risk in this study, but activity was only measured for three days prior to 

commencing PR. Importantly, our study is the only one to measure physical activity 

during PR,  
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People with COPD are known to be less active than healthy controls (170). Physical 

inactivity is a major risk factor for CV disease in general, and a predictor of mortality 

in COPD (255). Reduced physical activity is associated with increased cardiovascular 

risk and may potentially explain the increased prevalence of CV diseases in people 

with COPD (169). A systematic review (252) demonstrated consistent associations 

between physical activity, mortality and exacerbations, but found insufficient evidence 

to make firm conclusions about the major determinants of physical activity in COPD. 

COPD is often accompanied by hypertension and the American Heart Association 

have stated that increasing physical activity reduces blood pressure and therefore may 

reduce cardiovascular risk (256). Given the impact of physical activity on adverse 

outcomes in COPD, improving physical activity should be a key goal of COPD 

management. There is little previous information on the relationship between exercise 

capacity and aortic stiffness in COPD. Stickland reported that VO2 max during a 

cardiopulmonary exercise testing test was independently associated with arterial 

stiffness in COPD subjects without CVD (170). 

 

In our study, 56% of patients had a beneficial aortic stiffness response during PR, 

defined as a reduction of 0.5m/s or greater in aPWV. Meta-analysis of >12 000 

subjects has demonstrated that a difference of ≥0.5 m/ s in aPWV corresponds to a 

7.5% reduction in CV risk, such that a 0.5m/s reduction in aPWV can be considered 

clinically meaningful (246). We therefore selected a reduction of 0.5m/s or greater as 

a clinically meaningful change in aPWV. Walking an additional 2500 steps was 

associated with a reduction of 0.5m/s in aPWV. However, walking an additional 2500 

steps/day might be a challenge for patients with more severe COPD. 
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The question of whether elevated aortic stiffness is modifiable in COPD is clinically 

important. Our study builds on studies suggesting that CV risk in COPD may be 

modifiable with respiratory interventions such as long-acting bronchodilators and 

inhaled corticosteroids (257), and not solely require interventions directly targeting the 

CV system. 

 

The strengths of this study include the fact that patients with and without CV history 

were approached sequentially, and therefore that our subjects are representative of 

those attending PR classes in the UK. The completers were similar to the non-

completers, except that they had slightly elevated aortic stiffness and COPD severity. 

All testing was performed to established guidelines and quality assurance, and arterial 

stiffness was determined by aPWV which is a gold standard method for measuring 

arterial stiffness. Our study was adequately powered, with an a priori power calculation 

and statistical plan. One of the limitations of our study is the relatively high dropout 

rate (36%). However, this is a recognised problem in pulmonary rehabilitation 

programmes and our rate is lower than the UK national COPD Audit data reporting a 

38% dropout rate (258). The reasons for high attrition rates in PR and how to mitigate 

this remain poorly understood and require further study. PR in other settings may be 

of a different, often longer duration, and this may be a more effective approach. We 

measured physical activity using a pedometer. We selected the best available device 

and deliberately chose simple, inexpensive equipment such that our results can be 

implemented easily in clinical practice. We recognise that additional information on 

physical activity and intensity would have been provided using an accelerometer, and 
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that such equipment does not rely on participants manually recording and resetting 

the device on a daily basis.  However, steps are a more intuitive concept for patients 

and clinicians to understand than markers of energy expenditure, and the chosen 

Yamax pedometer has been identified as the most reliable and valid device available 

(222, 223, 254).   

 

A previous study in our department (186) recruiting a similar cohort (n= 90, age 

72.07±9.92 years and FEV1 1.28±0.54L) monitored aortic stiffness in COPD patients 

over time in the absence of PR. In this study the proportion of participants who had a 

decrease in aortic stiffness of >0.5m/s was 30% compared to 56% in our study with 

the PR intervention. In our current study, non-responders were defined as those who 

did not achieve >0.5 m/s reduction in aortic stiffness. This included those with no 

change (26%; aPWV remained within 0.5 m/s of baseline) and those with greater than 

a 0.5m/s increase in aortic stiffness.  Among the 90 patients in the previous study with 

no PR intervention, the proportion of those with an increase of more than 0.5m/s was 

23/90 (26%) compared to 10/54 (18%) of our participants who attended PR.  This 

indicates a downward shift in the whole population in aPWV in patients undergoing PR 

compared to those assessed over time with no intervention. However, those who had 

more than 0.5 m/s increase were those who did not achieve improvement in their 

exercise capacity at the end of the PR. This led us to an important question in that 

group: whether aPWV will keep increasing, or start to decrease suggesting a delayed 

PR response (see later).   
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Our results have important implications for clinical practice. First, they emphasise the 

value of encouraging people with COPD to maintain physical activity, and that 

encouraging this during PR may be associated with optimal, holistic benefits from PR 

in reducing aortic stiffness. Second, our study increases the evidence base for PR in 

that we have shown that PR can reduce aortic stiffness in a proportion of patients with 

COPD, likely through an effect on reducing blood pressure.  Importantly this benefit 

was not restricted to those with (or without) established CV disease, and we provide 

the first evidence that a non-pharmacological COPD-targeted intervention may be able 

to modify aortic stiffness in COPD. 

 

7.6 Conclusions 

We report that elevated aortic stiffness in COPD is potentially modifiable in a subgroup 

of patients through pulmonary rehabilitation and that this reduction is related to 

physical activity. Our results widen the accepted benefits of PR to include reduction of 

aortic stiffness, suggest that PR programmes should focus on maximising physical 

activity, and demonstrate that elevated aortic stiffness in COPD is modifiable with PR.  
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8. Alterations in aortic stiffness following completion of pulmonary 
rehabilitation in patients with COPD 
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8.1 Introduction  

I have previously described that patients with chronic obstructive pulmonary disease 

(COPD) have elevated cardiovascular (CV) risk (246), and cardiovascular disease is 

a major cause of death in COPD (10).  At the start of my thesis, the current literature 

indicated that changes in cardiovascular risk during pulmonary rehabilitation (PR) 

(assessed using aortic stiffness) were heterogeneous, suggesting that there may be 

sub-groups of patients who do and do not benefit (218). This was the main subject of 

my research.  We then offered patients a six-week follow-up visit to evaluate what 

happened to cardiovascular risk in the period following PR. In general, the benefits of 

PR reduce over time (259), which has led to an interest in understanding how to 

maintain benefits achieved. Regarding this, most studies have investigated the effect 

of a maintenance intervention following PR such as a “supervised exercise 

programme” to maintain exercise capacity, symptoms or quality of life, but they have 

not investigated cardiovascular risk. The reported data are variable (260); thus, the 

role of maintenance is still controversial. We aimed to investigate changes in CV risk 

six weeks following PR completion. We hypothesised that the benefits of PR on CV 

risk may be maintained out to six weeks following PR completion, and that this may 

relate to physical activity and/or exercise capacity. 

 

8.2 Methods  

The participants in this project are part the same as in my previous study which was 

approved by the local ethics committee and UK Health Research Authority (HRA) 

(reference 16/LO/1974). 
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8.2.1 Participants 

Participants who completed the PR programme were asked to attend again six weeks 

after the end of PR for re-evaluation. A step counter pedometer was given to wear 

throughout this period. At the end of the six weeks, the patients were re-assessed, 

completing the same evaluations described in the previous chapter. We approached 

59 consecutive patients who had completed the PR programme held at Central and 

North West London NHS Foundation Trust (Peckwater Centre and St. Pancras 

Hospital PR classes in London, UK). Of the 59 participants who completed PR, 29 (19 

male, 10 female) with a confirmed diagnosis of COPD attended the follow-up 

assessment visit six weeks from PR completion.  

 

Measurements 

A complete explanation of the measurements made is listed in the Methods chapter. 

Figure 27 demonstrates an overview of the methods in this project. 
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Figure 27: Method overview. 
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8.3 Statistical Analysis 

The statistical methods used in this project are the same as those used in the previous 

chapter. Briefly, data were tested for normality using the Kolmogorov–Smirnov test 

and visualised using histograms. Data are expressed as mean (SD) for normally 

distributed data or median (IQR) for non-normally distributed data, as appropriate. For 

comparisons, paired t-tests were used for parametric data and Wilcoxon signed-rank 

testing was used for non-parametric paired data. Relationships were analysed using 

the Pearson correlation for normally distributed data and Spearman rank correlation 

for non-parametric data. Data were analysed using Statistical Package for the Social 

Sciences (SPSS), Version 21. 

 

8.4 Results 

Baseline Characteristics of the Patients 

 

We approached 59 consecutive patients who had enrolled and completed a PR 

programme in Camden, London, UK, and all of them agreed to take part and attend a 

six-week follow-up assessment visit. The CONSORT diagram is illustrated in Figure 

28. Ultimately, out of the 59 PR participants, 54 patients completed PR within 6-10 

weeks of starting. Only 29/54 patients attended six weeks later for the follow-up visit, 

and the main analysis is drawn from this group. The characteristics of these 29 patients 

when starting PR are provided in Table 18, which shows they had a mean age of 74 

years, 66% were male, and the mean FEV1 was 1.27L (49.7% predicted). Table 18 

also provides information on the 54 total PR participants and compares the 29 who 
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attended the follow-up assessment visit with the 25 who did not attend. The 

participants who attended the follow-up visit were generally similar to those who did 

not attend in age, sex, CV risk, and COPD severity, but had lower systolic blood 

pressure (135 vs 146 mmHg, p= 0.03) and were less symptomatic (mMRC; 3 (2-3) vs 

4 (3-4), p= 0.03). 
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Figure 28: Consort diagram of the approached participants.  
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Table 18: Pre PR baseline characteristics of subjects with chronic obstructive pulmonary disease 
(COPD) who completed PR, divided into 29 patients who did attend the 6 week follow-up visit and 
25 who did not. 

  

Subjects 

Demographics 

Total 

completed PR 

(54) 

Did not 

attend F/U 

(25) 

Did attend F/U 

(29) 

p-

value  

 

  Age (years) 72.71±8.48 70.67±8.88 74.02±7.87 0.11 

  Male 34 (63%) 15 (60%) 19 (66%) 0.53 

  Female  20 (37%) 10 (40%) 10 (34%) 

  Active smoker 12 (22%) 5 (20%) 7 (24%) 0.82 

  Ex-smokers 42 (78%) 20 (80%) 22 (76%) 

  Smoking history (pack-years) 45 (23-57) 48 (24-64) 44 (22-56) 0.67 

Body composition     

  Body Mass Index (kg/m2) 26.47±6.13 26.52±7.16 26.41±5.29 0.94 

Pulmonary function     

  FEV1 (L) 1.23±0.41 1.17±0.44 1.27±0.38 0.33 

  FEV1 (% predicted) 50.47±17.55 48.04±17.61 52.35±17.82 0.36 

  FEV1/FVC % 49.20±12.28 47.83±11.77 49.71±12.54 0.46 

Haemodynamic     

  Aortic pulse wave velocity (m/s) 11.34±2.33 11.63±1.98 10.75±2.95 0.41 

  Systolic pressure (mmHg) 139±19 146±20 135±16 0.03 

  Diastolic pressure(mmHg) 80±14.13 84±14 77±13 0.06 

  Mean pressure (mmHg) 100±12.98 104±13 96±11 0.01 

  Pulse pressure (mmHg) 76±16 72±20 80±12 0.11 
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Functional outcomes (pre-PR)     

  ISWT (m) 254.1±116.64 247.50±115.3

5 

252.67±112.58 0.87 

  mMRC grade 3 (2-4) 4 (3-4) 3 (2-3) 0.03 

  CAT 18.72±6.72 18.88±7.22 18.60±6.40 0.88 

  Anxiety scores (HADS)  5 (2-7) 5 (2-8) 4 (2-6) 0.18 

  Depression scores (HADS)  5 (2-6) 5 (3-8) 4 (2-6) 0.09 

CV risks determinants       

Diabetes  Yes:  7 (13%) 

 

Yes:  2 (8%) 

 

Yes:  5 (17%) 

 

0.34 

Hypertension Yes:  29 (54%) Yes:  12 

(48%) 

Yes:  17 (59%) 0.63 

Hyperlipidaemia Yes:  24 (44%) 

 

Yes:  10 

(40%) 

 

Yes:  14 (48%) 

 

0.72 

Ischemic heart disease Yes:  1 (2%) 

 

Yes:  0 (0%) 

 

Yes:  1 (3%) 

 

0.37 

Myocardial infarction Yes:  3 (6%) 

 

Yes:  1 (4%) 

 

Yes:  2 (7%) 

 

0.96 

Peripheral arterial disease Yes:  4 (7%) 

 

Yes:  2 (8%) 

 

Yes:  2 (7%) 

 

0.82 

Heart failure Yes:  2 (4%) Yes:  0 (0%) Yes:  2 (7%) 0.20 
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We did not see an overall difference in aortic stiffness (or blood pressure), between 

the end of PR and six weeks later (Table 19).  

   

Atrial fibrillation Yes: 9 (17%) 

 

Yes: 2 (8%) 

 

Yes: 7 (24%) 

 

0.14 

Stroke Yes: 3 (6%) 

 

Yes: 1 (4%) 

 

Yes: 2 (7%) 

 

0.69 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. FEV1: forced expiratory volume in 1 second; 

FVC: forced vital capacity; ISWT: incremental shuttle walk test; mMRC: modified Medical Research Council; HADS; 

hospital anxiety and depression score. 
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Table 19: Differences in aortic pulse wave velocity and other haemodynamic 
measures in 29 COPD subjects who did attend 6 week follow-up after PR completion. 

 

Haemodynamic measurement At PR 

completion  

6 weeks later  p-

value 

Aortic pulse wave velocity (m/s) 10.75±2.95 10.98±2.62 0.83 

Systolic pressure (mmHg) 135±14 141±20 0.15 

Diastolic pressure (mmHg) 78±11 79±11 0.34 

Mean pressure (mmHg) 94±21 100±12 0.11 

Pulse pressure (mmHg) 78±10 77±10 0.75 

 

We investigated relationships between changes in aPWV at the follow-up 

assessment visit with the other measured variables at the end of PR. However, in 

simple correlation analysis, we did not identify any other factors associated with 

the change in PWV six weeks after PR completion (Table 20). 
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Table 20: Correlation between changes in CV risk (aPWV) at 6 weeks assessment 
visit with other measured variables at the end of PR in 29 patients with COPD. 

 

Outcomes  Mean±SD, or median 

(IQR) “post PR” 

 p-value 

Age (years) 74.02±7.87 r=-0.20 0.28 

FEV1 (L) 1.28±0.38 r=0.01 0.98 

FEV1 (% predicted) 52.12±16.96 r=0.18 0.40 

FEV1/FVC % 48.42±12.43 r=-0.25 0.28 

BMI (kg/m2) 26.32±5.36 r=-0.15 0.44 

SBP (mmHg) 135±14 r=-0.16 0.44 

DBP (mmHg) 78±11 r=-0.17 0.40 

MAP (mmHg) 94±21 r=0.07 0.74 

Smoking (pack 

years)  

44 (22-56) r=-0.12 0.55 

 

Next, we assessed whether changes in exercise capacity, and physical activity were 

maintained six weeks after the end of the PR class. The results for the 29/54 patients 

in whom these data were available are presented in Table 21. There were no overall 

differences in exercise capacity when comparing the end of PR with six weeks later, 

or average physical activity during the PR compared to physical activity in the following 

six weeks. 
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In the previous chapter, we identified a group of individuals who did and did not 

experience a clinically significant change in aPWV in response to PR (termed 

responders and non-responders). Of the 54 approached participants, 56% (30/54) 

were responders, defined as ≥0.5 m/s reduction. Only 13 out of 30 responders 

attended the six-week follow-up appointment visit.   

We specifically wanted to examine whether those patients who experienced aortic 

stiffness reduction with PR maintained this response at six weeks. The mean aPWV 

was not different in the responders from the end of PR to the six-week visit (10.11 vs. 

10.16 m/s, p=0.76), and of the 13 people in this group, only one patient experienced 

a subsequent rise in PWV of ≥0.5m/s. The beneficial aortic stiffness reduction of the 

responders who attended was therefore maintained in 92%. 
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Table 21: Differences in aortic pulse wave velocity, physical activity and exercise capacity among all patients, responders, and non-responders between 
the end of PR and six weeks later. 

 

All participants 

 at PR completion (n=29) 

Responders  

at PR completion (n=13) 

Non-responders 

  at PR completion (n=16) 

 

Outcome

s 

Post PR 

(29) 

 

At 6 weeks 

(29)  

P= 

Post PR 

 

 

At 6 weeks 

(n-13) 

 

P= 

Post PR 

 

 

At 6 weeks 

(n=16) 

 

P# P~ 

aPWV 

m/s 
10.75±2.95 10.98±2.62 0.83 10.11±2.86 10.16±2.61 0.76 12.01±2.80 11.66±2.49 0.17 0.05 

ISWT m 270.0±106.3 299.0±99.0 0.30 322.5±120.4 332.1±99.8 0.55 283.3±106.3 270.0±91.2 0.77 0.10 

Outcome

s 

During PR 

 

During 6 

weeks 

P= 

During PR 

 

During 6 

weeks 

P= 

During PR 

 

During 6 

weeks 

P# P~ 



 200 
 

(n=29) following PR 

(n=29) 

 following PR 

(n=13) 

 following PR 

(n=16) 

PA 

step/day 
4401±2719 4228±2314 0.23 5235±2723 5576±2021 0.38 3353±2390 3255±2044 0.37 0.01 

Data are presented as mean (SD). aPWV: aortic Pulse Wave Velocity; ISWT:  incremental shuttle walk test; PA: average physical activity. # post versus six weeks; ~ responders versus 

non-responders at the six week time point 
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Next, we investigated the non-responding group. Out of 16 non-responders, 10 

participants had a change in aPWV in response to PR within 0.5m/s and were 

termed the “no change” group, and 6 participants had more than 0.5 m/s increase 

and were termed the “increased” group. Generally, both groups were similar in age 

(74 vs 75 years, p= 0.86), and BMI (27 vs 28 kg/m2, p= 0.56). The “increased” 

group had a higher baseline aPWV (pre PR) when compared to those with no 

change; the difference was not statistically significant, but clinically meaningful 

(11.44 m/s vs.10.83, p=0.63).   

 

Then, we reviewed the overall differences in aPWV and ISWT among non-

responders, both the “increased” and “no change” groups, between post PR and 

the follow-up period; (table 22). The “increased” group showed a significant 

reduction in aPWV at six weeks (13.43 vs. 12.86m/s, p<0.001), associated with a 

significant increase in exercise capacity during this period (208.0 vs. 235.0m, 

p=0.02), perhaps suggesting a delayed response to PR in this group. 
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Table 22: Differences in aortic pulse wave velocity, and exercise capacity among non-responders, post PR, and six weeks later 

 

 

 

Non-responders 

  at PR completion (n=16) 

No change (n=10) Increased (n=6) 

Outcome

s 

Post PR 

 

 

At 6 weeks 

(n=16) 

 

P= 

Post PR 

 

At 6 weeks (n= 

10) 
P 

Post PR  

 

At 6 weeks (n=6) P= 

aPWV 

m/s 
12.01±2.80 11.66±2.49 0.17 10.79±3.07 10.82±2.81 0.86 13.43±1.16 12.86±1.21 <0.001 

ISWT m 283.3±106.3 270.0±91.2 0.77 314.0±105.8 291.0±79.08 0.18 208.0±106.1 235.0±116.7 0.02 

Data are presented as mean (SD). aPWV: aortic Pulse Wave Velocity; ISWT:  incremental shuttle walk test.  
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8.5 Discussion 

We have reported previously that elevated CV risk in COPD is modifiable during PR, 

and associated with increased physical activity. In this study, we have extended our 

findings, and report that 92% of responders  who attended maintained this benefit, 

with both average physical activity and a change in exercise capacity, in the six weeks 

following PR, related to a change in aortic stiffness over this period. We can also report 

that non-responders, in particular those who had >0.5m/s increase during PR, had a 

delayed PR response and showed improvement at six weeks after PR.  The findings 

of this study highlight the continued benefits of PR on cardiovascular risk. Recently, 

there has been growing interest in the influence of PR on CV risk reduction, during but 

not after. 

 

This is the only study to re-assess patients six weeks following PR to assess if CV 

benefits obtained during PR are maintained. We approached 54 patients who were 

enrolled and had completed a six-week PR course. Thirty patients were classified as 

‘responders’ (defined as a 0.5m/s reduction or greater in aPWV during PR), and 24 

did not. Twenty-nine attended and were successfully assessed at the follow-up visit. 

After comparing those who did and did not attend the follow-up assessment, we have 

shown that they were generally similar, but those who did attend were less 

symptomatic and had lower blood pressure. 

In the previous chapter, consistent with Vanfleteren (185) and in contrast with others 

(141, 230), we did not identify an overall influence of PR on aortic stiffness reduction, 

but we did identify groups of responders and non-responders. Six weeks later, there 

was no overall difference in aortic stiffness among all participants: responders and 
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non-responders (10.76 vs. 10.98 m/s, p=0.83). In simple correlation analysis, we did 

not identify any other factors associated with the change in PWV six weeks after PR 

completion. 

When the responders were compared to the non-responders at six weeks, we report 

that the responders had a significantly lower aPWV (10.16 vs. 11.66m/s, p=0.05), and 

were more physically active (5576 vs. 3255 step/day, p=0.01). On the other hand, we 

were not able to confirm that PWV had progressively decreased in non-responders 

(12.01 vs. 11.66m/s, p= 0.17) over this time. 

The non-responders included those who achieved a change in aPWV within 0.5m/s 

(the “no change” group) and those who achieved >0.5 m/s increase (the “increased” 

group) during PR.  From this point of view, we subdivided our non-responders and 

showed that the “no change” group maintained similar aortic stiffness (10.79 vs. 

10.82m/s, p= 0.86) and exercise capacity (314 vs. 291m, p=0.18) at six weeks. In 

contrast, the six patients who appeared to have an increase in aPWV during the PR 

programme showed a significant reduction in aPWV at six weeks (13.43 vs. 12.86m/s, 

p<0.001), associated with a significant increase in exercise capacity during this period 

(208 vs. 235m, p=0.02), perhaps suggesting a delayed response to PR in this group. 

 

Since COPD is incurable, treatment is focused on limiting the influence of symptoms 

and maintaining exercise capacity and physical activity. The evidence has shown that 

PR improves quality of life and exercise capacity over a short term PR enrolment (51). 

However, it is still unclear how to maintain this improvement over a more extended 

period following PR. Brooks et al. reported that after completing PR, followed up 

patients “once every three months a year”. Exercise capacity was initially maintained 
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and then gradually deteriorated over 12 months (261). A systematic review (260), 

compared sustained post PR benefits in 619 COPD patients divided into two groups: 

a supervised exercise program group and a usual care group. They concluded that 

the control group was less successful than the supervised group for preserving 

exercise capacity in the shorter term (6 months) but not in the long term (12 months). 

In 2018, another systematic review (262) reported that from the patient’s perspective, 

the main facilitators for physical activity maintenance following PR enrolment include 

their beliefs, social support, and environment. 

 

To our knowledge, no study has measured CV risk following PR completion.  In our 

project, and from that particular aspect, we have shown that participants maintained 

their exercise capacity (270 vs. 299 m, P= 0.30) and aortic stiffness (10.75 vs. 10.98, 

p= 0.83) six weeks after PR completion. We had previously shown that both exercise 

capacity and physical activity were related to CV risk reduction during PR. However, 

we have recognised from the available literature that maintaining PR benefits on 

exercise capacity is likely to deteriorate over time and is probably less focused on 

improving physical activity from the patient’s perspective. This has led us to an 

important question on how that might affect the maintenance of aortic stiffness over a 

more extended period following PR completion. 

 

The strengths of this study include the fact that it is the only study to re-assess CV risk 

following PR and CV risk was determined by aPWV which is a gold standard method 

for measuring arterial stiffness. The main limitation of our study is the small sample 

size (un-powered) and the high dropout rate. Finally, we only assessed the continual 
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CV risk benefits out to six weeks of PR completion, and future studies would usefully 

consider a longer-term period. 

 

8.6 Conclusion 

We report that the PR benefit on aortic stiffness reduction is maintained for at least six 

weeks following PR and patients who appeared to have an increase in their aortic 

stiffness during PR may have a delayed PR response. Our results widen the accepted 

importance of PR to include a follow-up assessment visit, demonstrating that the 

increased aortic stiffness during PR can be reduced six weeks later.  
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9. Arterial stiffness in hospitalised COPD patients (A pilot study) 
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9.1 Introduction 

I have previously described chronic obstructive pulmonary disease (COPD) as a 

common smoking-related condition and the fourth leading cause of death worldwide 

(263). It is recognised that exacerbations and comorbidity contribute to disease 

complexity (93, 264) and are a common cause of hospitalisation and death. (72).  

According to the GOLD report, a COPD exacerbation is defined as an “acute 

worsening of respiratory symptoms that results in additional therapy”.  Exacerbations 

are associated with significant mortality (3% when hospitalised & 4% within the first 

month of hospital discharge) (4, 264-266). Cardiovascular comorbidity is considered 

a leading cause of mortality in those with reduced lung function (267). In COPD, the 

presence of cardiovascular comorbidity may negatively affect symptoms, quality of life, 

physical activity, hospitalisation, and exacerbation recovery. Furthermore, 

cardiovascular comorbidity is common in hospitalised patients due to COPD 

exacerbations, and my Department has previously reported increased cardiovascular 

risk in community treated exacerbations (268, 269).  

Arterial stiffness measured by aortic Pulse Wave Velocity (aPWV) is recognised as a 

gold standard independent indicator of cardiovascular (CV) risk in COPD and healthy 

population (147, 148). In COPD patients, arterial stiffness is higher when compared to 

healthy subjects matched for age, sex, and smoking history (245). 

We hypothesised that cardiovascular risk (measured by aortic stiffness) will reduce 

during exacerbation recovery towards discharge in hospitalised patients with COPD 

exacerbations.   
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9.2 Aims 

 To assess changes in CV risk during hospitalisation (admission towards 

discharge). 

 To identify factors associated with increased aPWV at admission in COPD 

patients hospitalised with exacerbations. 

 To identify if there is an association between physical activity and changes in 

CV risk during recovery from a hospitalised exacerbation.   

9.3 Methods 

Ethics approval was granted as a substantial amendment to our original submission 

to assess patients at PR, by the Rec committee (reference 16/LO/1974) on 03 April 

2018. 

9.3.1 Participants 

We approached 37 consecutive hospitalised patients at the Royal Free Hospital in 

London, UK. A total of 30 (19 male, 11 female) with a confirmed clinical COPD 

exacerbation were recruited (Figure 27); only seven patients were unable to take part 

because they were very sick and limited due to breathlessness. In patients agreeing 

to take part, a full medical history including cardiovascular risk and co-morbidities was 

documented at the first day of admission (medical report and patient report). Of 30 

participants, 29 patients were successfully re-assessed at discharge, and those 

patients comprise the main analysis. Of the 29 patients with complete admission and 

discharge measures, nine participants attended a follow-up assessment. According to 

the national COPD audit, the median length of stay for COPD patients in England was 

four days (270). Therefore, we classified our participants who hospitalised for 1-4 days 
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as a short hospital stay group and those who stayed longer as a long hospital stay 

group.  

Measurements 

A complete description of the measurements made is provided in the methods chapter. 

Figure 29 demonstrates an overview of the methods in this project.  

Figure 29: Method overview. 
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Follow-up  

Participants discharged from hospital were asked to attend six weeks later for re-

evaluation. A step counter pedometer was given to wear throughout this period. At the 

end of the six weeks, patients were re-assessed, completing the same evaluations as 

those while hospitalised. 

 

9.4 Statistical Analysis 

Data were tested for normality using the Kolmogorov–Smirnov test and visualised 

using histograms.  Data are expressed as mean (SD) for normally distributed data or 

median (IQR) for non-normally distributed data as appropriate. 

For comparisons, paired t-tests were used for parametric data, Wilcoxon signed-rank 

testing was used for non-parametric paired data and repeated ANOVA testing was 

used for related measures throughout admission, discharge, and follow-up period. 

Relationships were analysed using Pearson correlation for normally distributed data, 

and Spearman rank correlation for non-parametric data. Data was analysed using 

Statistical Package for the Social Sciences (SPSS), Version 21. 
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9.5 Results 

Baseline Characteristics of the Patients 

Thirty participants agreed to take part, the CONSORT diagram is illustrated as Figure 

30. Ultimately, 12 patients were admitted for 1-4 days (short hospital stay) and 18 

patients were admitted for 5 ≥ days (long hospital stay).  The characteristics of these 

30 patients are provided in Table 23, which shows they had a mean age of 73 years, 

63% were male and the mean FEV1 was 1.05L (42% predicted). Table 23 also 

provides information of the total population and compares the short stay group with 

the long stay group.  

Those who admitted for a short hospital stay were generally similar to those admitted 

for a long stay, but those hospitalised longer tended to have more severe COPD, were 

more symptomatic, and had a greater smoking history and baseline CV risk. 
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Figure 30: Consort diagram of the approached participants.  
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Table 23: Baseline characteristics of subjects with chronic obstructive pulmonary disease (COPD) 
admitted to hospital due to exacerbation and consented for the study, divided into two groups; 
short hospital stay (≤ 4 days) vs long hospital stay group (≥ 5 days). 

 

  

Subjects measures Total 

population (30) 

Hospital stay 

1-4 days (12) 

Hospital stay  

5 ≥ days (18) 

p-

value  

 

Age (years) 73.25±10.47 73.83±9.63 72.86±11.26 0.81 

Male 19 (63%) 6 (50%) 13 (72%) 0.23 

Female 11 (37%) 6 (50%) 5 (28%) 

Active smoker 8 (27%) 5 (42%) 3 (17%) 0.13 

Ex-smokers 22 (73%) 7 (58%) 15 (83%) 

Smoking history (pack-years) 62 (46-105) 48 (43-58) 82 (58-129) 0.01 

Exacerbation frequency, /year 4 (2-6) 2 (1-5) 5 (3-6) 0.04 

Pulmonary function     

FEV1 (L) 1.05±.33 1.10±0.43 1.00±0.20 0.73 

FEV1 (% predicted) 42(35-65) 57(35-71) 38(35-51) 0.34 

FEV1/FVC % 44.43±10.59 50.46±10.11 37.65±7.62 0.01 

Haemodynamic     

Aortic pulse wave velocity (m/s) 10.38±1.26 9.80±1.19 10.77±1.18 0.07 

systolic pressure (mmHg) 133±13 138±11 130±14 0.42 

diastolic pressure(mmHg) 80±15 77±9 82±18 0.47 

pulse pressure (mmHg) 88(71-100) 74(67-86) 96(85-102) 0.01 

Assessment questionnaires     



 215 
 

mMRC grade 4 (3-4) 3 (3-4) 4 (4-4) 0.01 

CAT 28.53±6.73 26.16±5.52 30.11±7.41 0.12 

Anxiety scores (HADS) 9 (4-16) 6 (3-11) 11 (6-17) 0.02 

Depression scores (HADS) 9.33±4.20 7.00±2.29 10.89±4.51 0.01 

Blood chemistry     

WCC (×109/L) 9.6(7.4-12.2) 9.8(8.1-11.8) 9.3(6.4-14.1) 0.64 

Eosinophils (×109/L) 0.10(0.01-0.55) 0.14(0.05-

0.55) 

0.08(0.02-

0.55) 

0.68 

Neutrophils (×109/L) 8.07±3.99 7.62±2.62 8.37±4.76 0.62 

Haemoglobin (gram/L) 129.93±82.40 135.58±19.65 126.17±23.85 0.26 

Platelets (×109/L) 253.90±82.40 249.08±48.60 257.11±100.13 0.79 

CRP (mg/L) 14.50(4-47) 4(3-31) 38(9-61) 0.01 

CV risks determinants     

Diabetes Yes:  6 (20%) 

 

Yes:  1 (8%) 

 

Yes:  5 (28%) 

 

* 

Hypertension Yes:  19 (63%) Yes:  7 (58%) Yes:  12 (67%) 

 

* 

Hyperlipidaemia Yes:  16 (53%) 

 

Yes:  5 (42%) 

 

Yes:  11 (61%) 

 

* 

Ischemic heart disease Yes:  4 (13%) 

 

Yes:  2(17%) 

 

Yes:  2 (11%) 

 

* 
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Next, we wanted to examine overall differences in CV risk and other measures from 

admission to discharge (Table 24). We did identify that participants experienced a 

clinically significant reduction in aPWV as the exacerbation recovered.  There were 

also reductions in blood markers of inflammation. 

Myocardial infarction Yes:  1 (3%) 

 

Yes:  0 (0%) 

 

Yes:  1 (6%) 

 

* 

Heart failure Yes:  3 (10%) 

 

Yes:  1 (8%) 

 

Yes:  2 (11%) 

 

* 

Stroke Yes: 4 (13%) 

 

Yes: 1 (8%) 

 

Yes:  1 (6%) 

 

* 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. FEV1: forced expiratory volume in 1 second; 

FVC: forced vital capacity; mMRC: modified Medical Research Council; HADS; hospital anxiety and depression score; 

WCC: white cell count; CRP: C-reactive protein.*too few for comparison. 
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Next, we went on to examine the relationship between baseline CV risk (measured by 

aPWV) and other baseline variables measured at admission (Table 25). In simple 

correlation analysis, there was a significant positive association between baseline 

aPWV and age (rho=0.35, p=0.05), CRP (rho=0.48, p=0.01), smoking history 

Table 24: Differences in aortic pulse wave velocity and other measures in 29 COPD subjects 
who admitted to hospital due to exacerbation (admission to discharge period). 

 

 

 

Measures Admission  Discharge  p-value 

Aortic pulse wave velocity (m/s) 10.31±1.21 10.15±1.20 0.04 

Blood chemistry    

WCC (×109/L) 11.01±5.24 9.33±3.01 0.12 

Eosinophils (×109/L)  0.24±0.31 0.16±0.12 0.34 

Neutrophils (×109/L) 8.38±4.09 6.62±2.62 0.03 

Haemoglobin (gram/L) 127.40±20.13 122.88±19.06 0.04 

Platelets (×109/L) 249.91±77.33 283.79±88.95 0.04 

CRP (mg/L) 42.68±58.98 14.45±17.04 0.002 

Assessment questionnaires    

mMRC grade 4 (3-4) 4 (3-4) 0.10 

CAT 27.70±818 26.93±6.07 0.25 

Anxiety scores (HADS)  9 (4-16) 10 (4-14) 0.19 

Depression scores (HADS)  9 (6-11) 7 (6-11) ˂0.001 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. mMRC: modified Medical 

Research Council; HADS; hospital anxiety and depression score; WCC: white cell count; CRP: C-

reactive protein. 
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(rho=0.43, p=0.02, Figure 31A), and exacerbation frequency/year (rho=0.61, p= 

˂0.001, Figure 31B).  

 

Table 25: Correlation between baselines CV risk (aPWV) and other baseline 
measures of 30 hospitalised COPD patients. 

Outcomes  Mean±SD, or 

median (IQR). 

 p-value 

Age (years) 73.25±10.47 r= 0.35 0.05 

FEV1 (L) 1.05±.33 r=-0.18 0.48 

FEV1 (% predicted) 42(35-65) r=0.03 0.91 

FEV1/FVC % 44.43±10.59 r=-0.01 0.99 

Systolic pressure (mmHg) 133±13 r=0.19 0.34 

Diastolic pressure(mmHg) 80±15 r=-0.02 0.92 

Pulse pressure (mmHg) 85±15 r=0.34 0.07 

Smoking history (pack years) 62 (46-105) r=0.44 0.02 

WCC (×109/L) 9.6(7.4-12.2) r=0.14 0.46 

Eosinophils (×109/L) 0.10(0.01-0.55) r=-0.27 0.15 

Neutrophils (×109/L) 8.07±3.99 r=0.31 0.09 

Haemoglobin (gram/L) 129.93±82.40 r=-0.18 0.35 

Platelets (×109/L) 253.90±82.40 r=-0.03 0.89 

CRP (mg/L) 14.50(4-47) r=0.48 0.01 

Exacerbation frequency, /year 3.50 (2-6) r=0.61 ˂0.001 
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mMRC 4 (3-4) r=0.02 0.89 

Anxiety 9 (4-16) r=0.24 0.21 

Depression 9 (6-11) r=0.09 0.61 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. FEV1: forced expiratory 

volume in 1 second; FVC: forced vital capacity; mMRC: modified Medical Research Council; HADS; 

hospital anxiety and depression score; WCC: white cell count; CRP: C-reactive protein. 
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Figure 31: Scatter plots demonstrating correlations between baseline aPWV and 
smoking history at hospital admission (31A – rho=-0.43, p=0.02) and between baseline 
aPWV and exacerbation frequency (31B – rho=-0.61, p= ˂0.001). 

                            31A                                                           31B 

 

 

Next, we went on to explore the relationship between the change in aPWV and the 

change in the other variables from admission to discharge. We did not identify any 

significant associations (Table 26).  
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Table 26: Correlation between the change in CV risk (aPWV) at hospital discharge 
and the change of other measures. 

Measures  p-value 

∆WCC (×109/L) r= - 0.04 0.83 

∆Eosinophils (×109/L) r= 0.22 0.27 

∆Neutrophils (×109/L) r= -0.27 0.19 

∆Haemoglobin (gram/L) r= -0.35 0.08 

∆Platelets (×109/L) r= -0.16 0.44 

∆CRP (mg/L) r= -0.05 0.80 

∆Mmrc r=0.159 0.42 

∆CAT r=0.27 0.15 

∆Anxiety (HADS) r=-0.015 0.94 

∆Depression (HADS) r=0.146 0.45 

∆: delta between admission and discharge; WCC: white cell count; 

CRP: C-reactive protein; mMRC: modified Medical Research 

Council; HADS; hospital anxiety and depression score.  
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Follow-up  

Next we examined whether changes in CV risk continued to six weeks after hospital 

discharge and how physical activity (PA) may influence this. The characteristics of 

these 9/29 patients are provided in Table 27, which shows they had a mean age of 72 

years, 44% were male and the mean FEV1 was 1.20 L. Table 27 also provides 

information from the 30 total population and compares the nine patients who attended 

the follow up with those 20 patients who did not attend. Both groups were generally 

similar, but those who did attend had less smoking history. 
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Table 27: Baseline characteristics of subjects with chronic obstructive pulmonary disease (COPD) 
admitted to hospital due to exacerbation and consented for the study, divided into those who did 
attend F/U assessment vs those who did not. 

  

Subjects measures Total 

population (30) 

Did not attend 

follow-up   

(20) 

Attend follow-

up (9) 

p-

value  

 

Age (years) 73.25±10.47 73.77±10.38 72.04±11.22 0.66 

Male 19 (63%) 15 (71%) 4 (44%) 0.16 

Female 11 (37%) 6 (29%) 5 (56%) 

Active smoker 8 (27%) 5 (24%) 3 (33%) 0.68 

Ex-smokers 22 (73%) 16 (76%) 6 (67%) 

Smoking history (pack-years) 62 (46-105) 73 (51-122) 47 (33-55) 0.04 

Exacerbation frequency, /year 4 (2-6) 5 (3-6) 3 (1-4) 0.09 

Pulmonary function     

FEV1 (L) 1.05±.33 0.99±0.18 1.20±0.44 0.44 

FEV1 (% predicted) 42(35-65) 44(31=61) 39(35-71) 0.69 

FEV1/FVC % 44.43±10.59 41.97±13.36 47.20±11.28 0.34 

Haemodynamic     

Aortic pulse wave velocity (m/s) 10.38±1.26 10.56±1.30 9.97±1.42 0.24 

systolic pressure (mmHg) 133±13 134.57±14.84 131.75±10.80 0.63 

diastolic pressure(mmHg) 80±15 82.51±16.61 82.22±18.28 0.21 

pulse pressure (mmHg) 88(71-100) 86(67-99) 94(83-100) 0.22 

Assessment questionnaires (at admission)    

mMRC grade 4 (3-4) 3 (4-4) 3 (3-4) 0.21 
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CAT 28.53±6.73 29.09±6.95 27.22±6.35 0.49 

Anxiety scores (HADS) 9 (4-16) 11 (6-16) 4 (3-16) 0.23 

Depression scores (HADS) 9.33±4.20 10.23±4.45 7.22±2.72 0.07 

Blood chemistry     

WCC (×109/L) 9.6(7.4-12.2) 8.8(6.7-12.6) 11.3(8.6-12.6) 0.78 

Eosinophils (×109/L) 0.10(0.01-0.55) 0.07(0.03-

0.62) 

0.12(0.05-

0.24) 

1.00 

Neutrophils (×109/L) 8.07±3.99 7.93±4.55 8.39±2.45 0.78 

Haemoglobin (gram/L) 129.93±82.40 127.47±24.18 135.66±17.47 0.36 

Platelets (×109/L) 253.90±82.40 247.80±91.08 268.11±59.58 0.54 

CRP (mg/L) 14.50(4-47) 16(4-66) 13(8-43) 0.88 

CV risks determinants     

Diabetes Yes:  6 (20%) 

 

Yes:  3 (14%) 

 

Yes:  3 (33%) 

 

* 

Hypertension Yes:  19 (63%) Yes:  16 (76%) Yes:  3 (33%) 

 

* 

Hyperlipidaemia Yes:  16 (53%) 

 

Yes:  14 (67%) 

 

Yes:  2 (22%) 

 

* 

Ischemic heart disease Yes:  4 (13%) 

 

Yes:  3(14%) 

 

Yes:  1 (11%) 

 

* 

Myocardial infarction Yes:  1 (3%) Yes:  0 (0%) Yes:  1 (11%) * 
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Next, we went to investigate the changes between admission and follow-up. There 

were no overall differences in PWV or anxiety and depression six weeks later but 

mMRC grade was significantly reduced (p=0.05) (Table 28).   

 

   

Heart failure Yes:  3 (10%) 

 

Yes:  2 (10%) 

 

Yes:  1 (11%) 

 

* 

Stroke Yes: 4 (13%) 

 

Yes: 3 (14%) 

 

Yes:  1 (11%) 

 

* 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. FEV1: forced expiratory volume in 1 second; 

FVC: forced vital capacity; mMRC: modified Medical Research Council; HADS; hospital anxiety and depression score; 

WCC: white cell count; CRP: C-reactive protein.*too few for comparison. 
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Physical activity was measured for six weeks after hospital discharge. To better 

understand the progression from admission to follow up, table 29 provides information 

of aPWV and PA from each individual as well as among all participants (those nine 

who attended the follow-up visit).  

 

Table 28: Characteristics of subjects with COPD at admission, discharge and follow 
up. 

   

Subjects measures  At 

admission  

(9) 

At discharge 

(9) 

At follow-up  

 (9) 

P~  

 

Aortic pulse wave 

velocity (m/s) 

9.97±1.42 9.83±1.09 9.64±1.01 0.32 

Assessment questionnaires     

mMRC grade 4 (3-4) 3 (3-4) 3 (3-3) 0.05 

CAT 27.22±6.35 24.22±5.83 20.66±6.02 0.06 

Anxiety scores (HADS) 4 (3-16) 4 (3-12) 8 (5-11) 0.13 

Depression scores 

(HADS) 

7.22±2.72 6.00±2.24 7.56±2.60 0.18 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. mMRC: modified Medical Research 

Council; HADS; hospital anxiety and depression score. ~ P value among available data at admission, discharge 

and follow-up (ANOVA analysis). 
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Next, we went to investigate the associations between change in aPWV and physical 

activity against change in other variables between discharge and follow-up. We did 

not identify any significant correlations in either the change in aPWV (Table 30) or the 

physical activity (Table 31) against other variables. 

Table 29: Actual data of aPWV and physical activity among all 
who attended follow-up. 

 

 Admission Discharge Follow-Up  

Participant

s  

aPWV m/s   aPWVm/s    aPWVm/s 

  

PA step/day 

All (9) 9.97±1.42 9.83±1.09 9.64±1.01 2837 (1547 -

7035) 

Individual 1 10.76 10.12 9.40 2837.30 

Individual 2 9.30 9.30 8.90 12304.90 

Individual 3 9.50 9.00 8.50 10105.51 

Individual 4 9.30 9.20 9.50 1501.73 

Individual 5 9.90 9.90 9.70 1592.28 

Individual 6 9.30 9.20 9.60 2023.60 

Individual 7 9.60 9.60 9.90 3411.97 

Individual 8 9.40 9.60 9.20 538.17 

Individual 9 12.70 12.60 12.10 3966.12 

Data are presented as mean (SD), median (IQR) or n (%) as appropriate. aPWV: aortic 

pulse wave velocity; PA:  physical activity.  
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Table 30: Correlations between change in aPWV and change in other outcomes from 
discharge to follow-up. 

 

Outcomes  At discharge    Correlation  P  

PA  2837 (1547 -

7035) 

-0.39 0.29 

∆CAT 3 (3-4) 0.51 0.16 

∆ mMRC grade  24.22±5.83 0.04 0.91 

∆Anxiety (HADS) 4 (3-12) 0.23 0.54 

∆Depression 

(HADS) 

6.00±2.24 0.22 0.57 

Data are presented as mean (SD), or median (IQR) as appropriate. ∆: delta 

between discharge and follow-up; aPWV: aortic pulse wave velocity; PA: 

physical activity; mMRC: modified Medical Research Council; HADS; hospital 

anxiety and depression score. 
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Table 31: Correlations between PA and change in other outcomes from discharge to 

follow-up. 

 

Outcomes  At discharge    Correlation  P  

 

aPWV m/s 9.83±1.09 -0.17 0.65 

CAT 3 (3-4) -0.24 0.52 

mMRC grade 24.22±5.83 0.10 0.79 

Anxiety (HADS) 4 (3-12) -0.126 0.75 

Depression (HADS) 6.00±2.24 0.34 0.36 

Data are presented as mean (SD), or median (IQR) as appropriate. ∆: delta 

between discharge and follow-up; aPWV: aortic pulse wave velocity; PA: 

physical activity; mMRC: modified Medical Research Council; HADS; hospital 

anxiety and depression score. 

 

9.6 Discussion 

This preliminary study informs on the important topic of cardiovascular risk in patients 

hospitalised with COPD exacerbations and how this changes as the exacerbation 

recovers. We report that the elevated aortic stiffness seen in COPD hospitalised due 

to exacerbation is reduced at discharge (10.31±1.21 vs. 10.15±1.20 m/s, p=0.04). The 

magnitude of elevated aortic stiffness at admission was associated with age, smoking 

history, exacerbation frequency, and C-reactive protein level. I recognise that the 

power of this study is limited and therefore the results must be treated with caution. 

We divided patients into those with shorter and longer hospital stay.  Comparing those 

who had a short hospital stay, defined as ≤ 4 days against those with a long hospital 
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stay ≥ 5 days, we have shown a trend that CV risk was higher in the longer hospital 

stay group (10.77±1.18vs. 9.80±1.19 m/s, p=0.07), more than the clinically significant 

cut off at 0.5m/s. Furthermore, this group had significantly more severe airflow 

obstruction (FEV1/FVC%; 37.65±7.6250 vs.46±10.11, p=0.01) and had higher 

smoking history (82(58-129) vs. 48 (43-58) pack/yr, p=0.01), were more symptomatic 

(mMRC; 4 (4-4)vs 3 (3-4), p=0.01), and had a higher exacerbation frequency (5 (3-6) 

vs. 2 (1-5)/yr, p=0.04). Among inflammatory markers, only CRP was found to be higher 

in the long hospital stay group (38(9-61) vs. 4(3-31) mg/L, p=0.01). In addition, HADS 

showed that this group were more anxious (6 (3-11) vs. 11 (6-17), p=0.02) and 

depressed (7.00±2.29 vs. 10.89±4.51, p=0.01).  

 

A previous study in our department (186) monitored aortic stiffness in COPD patients 

over time in patients with stable COPD and showed the reliability of this measurement 

tool. Therefore, this could facilitate detection of changes due to clinical status or 

therapeutical intervention during hospitalisation. Aortic pulse wave velocity is a 

repeatable, validated gold standard non-invasive CV risk marker in COPD and healthy 

populations (25). 

 

To our knowledge, there is no known study that measured arterial stiffness in 

hospitalised COPD patients which emphasises the importance of our current work. 

Our findings were consistent with the literature on elevated inflammatory markers 

during COPD exacerbations (271, 272). 
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In this preliminary study, we followed our participants for six weeks after hospital 

discharge, and used a step counter pedometer to wear throughout this period. Of 30 

participants, only nine attended the follow-up visit. First, we investigated aPWV in the 

nine participants from admission to follow up. We were not able to confirm that PWV 

progressively decreased (9.83±1.09 vs. 9.64±1.01, p=0.32) over this time.  

In COPD, it is known that a higher level of physical activity is associated with lower 

arterial stiffness which may, therefore, lead to lower CV risk (169). Among the 

participants in this small pilot study, we could not show any association between 

physical activity and CV risk after hospitalisation (rho= -0.39, p=0.29). This could be 

because participants were not ready to be physically active after hospitalisation and 

were asked to wear the pedometer from the first day of discharge. During the follow-

up visit, most patients explained that six weeks wasn’t long enough for them to feel 

fully recovered and they would perform better in their daily steps with an extended 

period. 

 

The strengths of this study include the fact that patients with and without CV risk history 

were approached sequentially, and therefore that our subjects are representative of 

those COPD patients hospitalised due to exacerbations. All testing was performed to 

established guidelines and quality assurance, and arterial stiffness was determined by 

aPWV which a standard gold method for measuring arterial stiffness. Another strength 

is the fact that we successfully recruited most people when unwell. The major limitation 

of our study is the small sample size and the high drop out at the follow-up visit; 

however, this is a preliminary study. Finally, we only assessed the influence of physical 
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activity on arterial stiffness out to six weeks of hospital discharge, and future studies 

would usefully consider longer-term responses. 

 

9.7 Conclusions 

We report that elevated aortic stiffness in COPD at hospital admission is significantly 

associated with age, smoking history, exacerbation frequency, and CRP level. This 

elevated aPWV is reduced during recovery from the exacerbation towards discharge. 

This demonstrates that elevated aortic stiffness in hospitalised COPD is modifiable; 

however, we did not identify specific factors that have driven this reduction, and a 

larger sample size would be needed. 
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10. Conclusion, discussion, and suggested future studies  
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This chapter summarises the main findings of this PhD thesis and includes some 

suggestions for future work.  

The main findings of this PhD are summarised as follows: 

 

 1- Systematic review.  

 Previous studies examining the role of pulmonary rehabilitation or an exercise 

training program on CV risk in COPD assessed using pulse wave velocity are 

heterogeneous, using different measurements methods and programme 

content.  

 

 Results suggesting groups of aPWV responders and non-responders to PR in 

the larger higher quality study were unexplained and required further 

evaluation.  

 

 

2- Repeatability assessment of aPWV.  

 Measures of aPWV using Vicorder (Skidmore Medical, Bristol, UK) are 

repeatable. 

  Any measured aPWV change therefore represents physiological change and 

does not indicate measurement error in the device nor operator error in taking 

the measurement. 

 

3- Baseline characteristics of COPD patients with/without Cardiovascular 

Disease. 
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 COPD patients with and without CVD have similar measured CV risk.  

 Aortic pulse wave velocity is more closely associated with reduced lung function 

compared to QRISK, demonstrating that aPWV is likely to be a better CV risk 

measure in the COPD population. 

 

4- PR and CV risk in COPD.  

A) Elevated aortic stiffness in COPD can be reduced in some patients through 

pulmonary rehabilitation.   

 56% of patients responded with a significant reduction in aortic stiffness. 

 

B) Aortic stiffness reduction during PR is associated with both exercise 

capacity and, more closely, to physical activity.   

   Walking an additional 2500 steps/day is associated with a reduction of 0.5m/s 

in aPWV. 

 

5- Alterations in aortic stiffness following completion of PR in COPD.  

A) The benefit of PR on aortic stiffness is maintained for at least six weeks 

following completion.   

 92% of responders who attended maintained this response six week later.  

 

B) Patients who appeared to have an increase in their aortic stiffness during 

PR had a delayed PR response.  

 

 



 236 
 

6- Arterial stiffness in hospitalised COPD patients.   

 Aortic stiffness in COPD at hospital admission is significantly associated with 

age, smoking history, exacerbation frequency, and CRP level.  

 Elevated aPWV is likely reduced during recovery from exacerbation toward 

discharge, but a larger sample size is needed to confirm this. 
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Discussion:  

In summary, my work has addressed the role of the pulmonary rehabilitation on 

reducing aortic stiffness in COPD and here I provide my overall opinion on the current 

state of the art. Given that the number of patients diagnosed with COPD is increasing 

worldwide, and cardiovascular diseases constitute a significant risk of death in COPD, 

finding better solutions to their health needs, notably better CV risk prevention, 

whether through exercise programmes or maximising physical activity is urgently 

required. 

 

CVD in COPD: It is now well known that comorbidities are frequent and significant in 

COPD, and often contribute to symptoms, exacerbations, hospital admissions, and 

mortality. Cardiovascular disease is a prominent comorbidity and a leading cause of 

death in COPD. Yet, non-pharmacological interventions, including pulmonary 

rehabilitation, usually focus on improving exercise capacity, pulmonary symptoms, 

and quality of life without paying close attention to cardiovascular outcomes and thus 

failing to maximise the holistic benefits of PR in a way that is patient centred. In 

addition, there are no drug studies that have conclusively been shown to reduce CV 

risk in the context of COPD Thus, it was not understood whether PR has an impact on 

CV risk in the COPD population. Many COPD patients are living with undiagnosed 

CVD. Because exercise is widely recommended for different medical conditions, 

including COPD and CVD patients, I believe it is essential to include a pre- and post-

cardiovascular measure (aPWV for example) as part of PR classes, at the very least 

to identify and manage those with highest risk. This would facilitate delivery of high-
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quality, holistic healthcare to patients and provide assurance on how suitable 

exercises are from a cardiac point of view, in addition to the pulmonary outcomes.   

 

Interactions between COPD and CVD: All major health organisations and reports, 

including the World Health Organisation and COPD GOLD Strategy Document report 

that CV comorbidities are common in COPD. However, the guidelines do not give 

specific advice on how to reduce CV risk in COPD.  Cardiovascular diseases related 

to COPD may be attributed to the presence of chronic inflammation in both 

populations, which is a feature of the COPD lung and a major cause of atherosclerosis. 

This may be the reason why both conditions are more common in COPD than may be 

accounted for by shared etiological factors, including gender, smoking, and age. I 

suggest that there is value in screening cardiovascular profiles in COPD patients and 

airflow limitation in CVD patients.  Furthermore, I suggest that guidelines should 

provide clearer advice on how to assess and manage CV risk in COPD. 

 

Exercise and vascular modification: The mechanism of increased CV risk in COPD 

and I suggest that this is an important area for future research, as it may lead to new 

therapies to reduce CV risk.  Consider the role of endothelial cells, which have an 

important role in vascular health.  Exercise has significant effects on endothelial cells 

which have an important physical role in keeping the arterial lining smooth, whilst also 

being vaso-active (273). They inhibit white blood cells and platelets from causing 

damaging inflammation with risk of thrombosis, and therefore reduce CV risk.  I believe 

that PR can play an important role in arterial modification and this would provide an 

important area of mechanistic study in COPD. 



 239 
 

 

Exercise and CV response: Since exercise programmes (cardiac rehabilitation) have 

proved effective in reducing aortic stiffness in CVD, I believe pulmonary rehabilitation 

can play a role too. However, the optimal course duration to achieve aortic stiffness 

reduction in CVD population was variable, some responded at the 6th week and some 

at the 20th week. Our results were similar but we reported non-responders at the initial 

visit did respond six weeks after PR. Therefore, I believe a longer PR duration will be 

more likely to achieve aortic stiffness reduction. Furthermore, we only monitored 

physical activity not exercise training on those who had a delayed PR response. In this 

context, I believe that one of the factors that have the best impact on CV reduction in 

response to PR is the length of the exercise program as the optimal length to achieve 

CV risk reduction is still unknown and requires further investigation. 

 

All in all, further advances in CV risk prevention in COPD could offer a solution to 

mitigate the burden of elevated cardiovascular disease COPD; however, the existing 

literature did not show solid evidence of efficacy due, in general, to poor quality and 

variation among the current studies. Therefore, future studies must focus on 

conducting high-quality research in larger populations, following identical CV risk 

measures, exercise intensity, and exercise duration. Only by doing this can we better 

explain the role of PR on CV risk reduction which will help to improve patients' quality 

of life and may lower the mortality and morbidity associated with COPD. 
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Future work suggestions  

1- What is the optimal length of PR?  

In patients with coronary artery, the exercise programme duration to achieve 

arterial stiffness reduction varies from 6-20 weeks; however, the optimal duration 

is unknown in the COPD population. We have shown that elevated aortic stiffness 

in COPD can be reduced through a six-week pulmonary rehabilitation programme 

and that those who appeared to have a significant increase in aortic stiffness during 

PR had a delayed PR response six weeks later. Our study was a cohort and did 

not have a control group. Further work is needed to include a control group 

matched in age and smoking history with a longer PR duration ≥12-weeks. 

Measuring aPWV at 12 weeks and 18 weeks would facilitate identifying the optimal 

PR duration to achieve an aortic stiffness response. Indeed, this would therefore 

allow comparison of how effective long-term PR compared to short-term PR is in 

reducing CV risk in COPD patients.  

2- What is the benefit of maintenance PR?  

We have shown that the benefit of PR on aortic stiffness extends to six weeks 

following PR completion. However; this was among responders only, and exercise 

training was not observed during the follow-up period. It would be worth examining 

this in a longer follow-up time with supervised exercise which could improve the 

initiation and continuation of exercise outside PR. It would then be interesting to 

examine the effectiveness of supervised group exercise in maintaining PR CV risk 

benefits in COPD patients in comparison to a non-supervised group; this may 

better explain the role of supervised exercise benefits on CV risk following PR.   
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 273 
 

 



 274 
 

 



 275 
 

 



 276 
 

 



 277 
 

 

  



 278 
 

Appendix 4. Consent form (PR project). 
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Appendix 5: Borg scale.  

 

 

Appendix 6: HRA amendment approval. 
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Appendix 7: Patient information sheet (hospitalised population). 
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Appendix 8: Consent form (hospitalised project). 
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Appendix 9: Main project PR participant’s assessment sheet 
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Appendix 10: Hospitalised participant’s assessment sheet.  
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Appendix 11: COPD Assessment Test (CAT).  
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Appendix 12: mMRC (Modified Medical Research Council) Dyspnoea Scale.  

 

  

MRC Dyspnoea Scale

1 Breathless only with strenuous exercise

2 Short of breath when hurrying on the level or up a slight hill.

3 Slower than most people of the same age on a level surface or
Have to stop when walking at my own pace on the level.

4 Stop for breath walking 100 meters or 
After a walking few minutes at my own pace on the level

5 Too breathless to leave the house.
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Appendix 13: HADS assessment  
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Appendix 14: pedometer diary card 
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Appendix 15: Data bases search strategies and excluded studies of the systematic 

review.  

 Medline Search Strategy 

1 exp Pulmonary Disease, Chronic Obstructive/ 
 

2 (chronic adj3 (airflow or airway or lung or pulmonary) adj3 obstructi*).mp. 

3 
(copd* or coad*).mp. [mp=title, abstract, original title, name of substance word, 
subject heading word, keyword heading word, protocol supplementary concept 
word, rare disease supplementary concept word, unique identifier] 

4 1 or 2 or 3 

5 exp Cardiovascular Diseases/ 

6 exp Risk Factors/ 

7 exp Cardiovascular Diseases/et [Etiology] 

8 

(cardiovascular adj5 risk).mp. [mp=title, abstract, original title, name of 
substance word, subject heading word, keyword heading word, protocol 
supplementary concept word, rare disease supplementary concept word, 
unique identifier] 

9 
cardiovascular.mp. [mp=title, abstract, original title, name of substance word, 
subject heading word, keyword heading word, protocol supplementary concept 
word, rare disease supplementary concept word, unique identifier] 

 
10    risk factor*.mp. [mp=title, abstract, original title, name of substance word, 
subject heading word, keyword heading word, protocol supplementary concept 
word, rare disease supplementary concept word, unique identifier] 

11 5 or 9 

12 6 or 10 

13 11 and 12 

14 7 or 8 or 13 

15 
Aortic stiffness.mp. [mp=title, abstract, original title, name of substance word, 
subject heading word, keyword heading word, protocol supplementary concept 
word, rare disease supplementary concept word, unique identifier] 

16 
Arterial stiffness.mp. [mp=title, abstract, original title, name of substance word, 
subject heading word, keyword heading word, protocol supplementary concept 
word, rare disease supplementary concept word, unique identifier] 

 
17  Pulse wave velocity.mp. [mp=title, abstract, original title, name of substance 
word, subject heading word, keyword heading word, protocol supplementary 
concept word, rare disease supplementary concept word, unique identifier] 

18 14 or 15 or 16 or 17 

19 exp Pulmonary Disease, Chronic Obstructive/rh [Rehabilitation] 

20 exp Exercise Therapy/ 
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21 exp Exercise Tolerance/ 

22 exp Exercise Test/ 

23 

((exercise or endurance) adj (tolerance or training or therap* or test*)).mp. 
[mp=title, abstract, original title, name of substance word, subject heading word, 
keyword heading word, protocol supplementary concept word, rare disease 
supplementary concept word, unique identifier] 

24 

((lung or pulmonary or cardiopulmonary) adj rehab*).mp. [mp=title, abstract, 
original title, name of substance word, subject heading word, keyword heading 
word, protocol supplementary concept word, rare disease supplementary 
concept word, unique identifier] 

25 19 or 20 or 21 or 22 or 23 or 24 

26 4 and 18 and 25 
 

 

 

 AMED Search Strategy 

 1.exp pulmonary disease chronic obstructive/  

 2. (chronic adj3 (airflow or airway or lung or pulmonary) adj3 obstructi*).mp.  

 3. (copd* or coad*).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier]  

 4. 1 or 2 or 3  

 5. exp Cardiovascular disease/  

 6. exp risk factors/  

 7. (cardiovascular adj5 risk).mp. [mp=title, abstract, original title, name of substance 

word, subject heading word, keyword heading word, protocol supplementary 

concept word, rare disease supplementary concept word, unique identifier]  

 8. cardiovascular.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier]  
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 9. risk factor*.mp. [mp=title, abstract, original title, name of substance word, subject 

heading word, keyword heading word, protocol supplementary concept word, rare 

disease supplementary concept word, unique identifier]  

 10. 5 or 8  

 11. 6 or 9  

 12. 10 and 11  

 13. 7 or 12  

 14. Aortic stiffness.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier]  

 15. Arterial stiffness.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier]  

 16. Pulse wave velocity.mp. [mp=title, abstract, original title, name of substance 

word, subject heading word, keyword heading word, protocol supplementary 

concept word, rare disease supplementary concept word, unique identifier]  

 17. 13 or 14 or 15 or 16  

 18.exp Rehabilitation/  

 19. exp exercise therapy/  

 20 . exp Exercise tolerance/  

 21. exp Exercise testing/  

 22. ((exercise or endurance) adj (tolerance or training or therap* or test*)).mp. 

[mp=title, abstract, original title, name of substance word, subject heading word, 
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keyword heading word, protocol supplementary concept word, rare disease 

supplementary concept word, unique identifier]  

 23. ((lung or pulmonary or cardiopulmonary) adj rehab*).mp. [mp=title, abstract, 

original title, name of substance word, subject heading word, keyword heading word, 

protocol supplementary concept word, rare disease supplementary concept word, 

unique identifier]  

 24. 18 or 19 or 20 or 21 or 22 or 23  

 25. 4 and 17 and 24 

 

 EMBASE Search Strategy 

1 exp chronic obstructive lung disease/ 

2 (chronic adj3 (airflow or airway or lung or pulmonary) adj3 obstructi*).mp. 

3 (copd* or coad*).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier] 

4 1 or 2 or 3 

5 exp cardiovascular disease/ 

6 exp risk factor/ 

7 exp cardiovascular disease/et [Etiology] 

8 exp cardiovascular risk/ 

9 (cardiovascular adj5 risk).mp. [mp=title, abstract, original title, name of 

substance word, subject heading word, keyword heading word, protocol 

supplementary concept word, rare disease supplementary concept word, 

unique identifier] 
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10 cardiovascular.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier] 

11 risk factor*.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier] 

12 5 or 10 

13 6 or 11 

14 12 and 13 

15 7 or 8 or 9 or 14 

16 exp arterial stiffness/ 

17 Aortic stiffness.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier] 

18 Arterial stiffness.mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier] 

19 exp pulse wave/ 

20 Pulse wave velocity.mp. [mp=title, abstract, original title, name of substance 

word, subject heading word, keyword heading word, protocol supplementary 

concept word, rare disease supplementary concept word, unique identifier] 

21 15 or 16 or 17 or 18 or 19 or 20 

22 exp chronic obstructive lung disease/rh [Rehabilitation] 

23 exp pulmonary rehabilitation/ 
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24 exp kinesiotherapy/ 

25 exp exercise tolerance/ 

26 exp exercise test/ 

27 exp endurance training/ 

28 ((exercise or endurance) adj (tolerance or training or therap* or test*)).mp. 

[mp=title, abstract, original title, name of substance word, subject heading word, 

keyword heading word, protocol supplementary concept word, rare disease 

supplementary concept word, unique identifier] 

29 ((lung or pulmonary or cardiopulmonary) adj rehab*).mp. [mp=title, abstract, 

original title, name of substance word, subject heading word, keyword heading 

word, protocol supplementary concept word, rare disease supplementary 

concept word, unique identifier] 

30 ((treadmill or step) adj test*).mp. [mp=title, abstract, original title, name of 

substance word, subject heading word, keyword heading word, protocol 

supplementary concept word, rare disease supplementary concept word, 

unique identifier] 

31 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 

32 4 and 21 and 31 

 

 web of science Search Strategy 

#1 TOPIC: (chronic NEAR/3 (airflow or airway or lung or pulmonary) NEAR/3 

obstructi*) DocType=All document types; Language=All languages;   

#2 TOPIC: (copd* or coad*) DocType=All document types; Language=All 

languages;   

#3 #2 OR #1 DocType=All document types; Language=All languages;         
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#4 TOPIC: (cardiovascular NEAR/5 risk) DocType=All document types; 

Language=All languages;   

#5 TOPIC: ("Aortic stiffness") DocType=All document types; Language=All 

languages;   

#6 TOPIC: ("Arterial stiffness") DocType=All document types; Language=All 

languages;   

#7 TOPIC: ("Pulse wave velocity") DocType=All document types; Language=All 

languages;   

#8 #7 OR #6 OR #5 OR #4 DocType=All document types; Language=All languages;   

#9 TOPIC: ((exercise or endurance) NEAR/1 (tolerance or training or therap* or 

test*)) DocType=All document types; Language=All languages;   

#10 TOPIC: ((lung or pulmonary or cardiopulmonary) NEAR/1 rehab*) DocType=All 

document types; Language=All languages;   

#11 #10 OR #9 DocType=All document types; Language=All languages;   

#12 #11 AND #8 AND #3 DocType=All document types; Language=All languages;                

 

 Cinhal plus Search Strategy 

S1.  (MH "Pulmonary Disease, Chronic Obstructive+")  

S2 . chronic N3 (airflow or airway or lung or pulmonary) N3 obstructi*      

S3. copd* or coad*    

S4. S1 OR S2 OR S3    

S5. (MH "Cardiovascular Diseases+") 

S6. (MH "Risk Factors+")      
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S7.(MH "Cardiovascular Diseases+/ET")     

S8.(MH "Cardiovascular Risk Factors")    

S9. cardiovascular N5 risk  

S10. cardiovascular      

S11. risk factor*    

S12. S5 OR S10    

S13. S6 OR S11 

S14. S12 AND S13 

S15. S7 OR S8 OR S9 OR S14   

S16. "pulse wave velocity"   

S17. "arterial stiffness"   

S18. "Aortic stiffness"  

S19. S15 OR S16 OR S17 OR S18  

S20. (MH "Pulmonary Disease, Chronic Obstructive+/RH")   

S21. (MH "Rehabilitation, Pulmonary+") 

S22. (MH "Therapeutic Exercise+")   

S23. exercise tolerance      

S24. (MH "Exercise Tolerance+")   

S25. (MH "Exercise Test+")     

S26. (exercise or endurance) N1 (tolerance or training or therap* or test*) 

S27. (lung or pulmonary or cardiopulmonary) N1 rehab* 
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S28. S20 OR S21 OR S22 OR S23 OR S24 OR S25 OR S26 OR S27  

S29. S4 AND S19 AND S28 

 

 Cochrane library Search Strategy 

#1  MeSH descriptor: [Pulmonary Disease, Chronic Obstructive] explode all trees 

#2  chronic and (airflow or airway or lung or pulmonary) and obstructi* or copd* or 

coad* (Word variations have been searched) 

#3.  #1 or #2 

#4.   Cardiovascular risk factor* or Aortic stiffness or Arterial stiffness or Pulse wave 

velocity (Word variations have been searched) 

#5. ((exercise or endurance) and (tolerance or training or therap* or test*)) or ((lung 

or pulmonary or cardiopulmonary) and rehab*) (Word variations have been 

searched) 

#6.  #3 and #4 and #5 

 

 

 Excluded studies.  

 

First author 

 

Study title 

 

 

Reason 

Jane L 

Canavan 

 2015 

Does pulmonary rehabilitation reduce 

peripheral blood pressure in patients 

with chronic obstructive pulmonary 

No PWV measures. 
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disease? 

Jensen, M. H. 

2012 

Pulmonary rehabilitation improves 

cardiovascular risk in patient with COPD 

Conference abstract 

with no full text 

Miek Hornikx 

2013 

The Influence of Comorbidities on Outcomes 

of Pulmonary Rehabilitation Programs in 

Patients with COPD: A Systematic Review 

Systematic Review 

S S C Kon 

2011 

EFFECT OF PULMONARY 

REHABILITATION ON 

CARDIOVASCULAR RISK FACTORS IN 

COPD 

Conference abstract 

with no full text 

McCarthy B 

2015 

Pulmonary rehabilitation for chronic 

obstructive pulmonary disease 

Systematic Review 

Reis LF 

2013 

A long-term pulmonary rehabilitation program 

progressively improves exercise tolerance, 

quality of life and cardiovascular risk factors in 

patients with COPD 

No PWV measures. 

Noriane A 

Sievi 

 2015 

Physical inactivity and arterial stiffness in 

COPD. 

Patients not involved 

into exercise training 

or PR programs 

Stickland 

MK2013 

Physical activity and arterial stiffness in 

chronic obstructive pulmonary disease. 

Patients not involved 

into exercise training 

or PR programs 

Filip JJ Triest 

2016 

Cardiovascular risk, chronic 

obstructive pulmonary disease and 

Review article 
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pulmonary rehabilitation: Can we 

learn from cardiac rehabilitation? 
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Publications  

Appendix 16. Systematic review  
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Appendix 20. Pulmonary rehabilitation, physical activity and aortic stiffness in 

COPD.  
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