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Abstract 

Background: Chronic obstructive pulmonary disease (COPD) is associated with an 

increased risk of cardiovascular disease, a finding that might be mechanistically linked 

to systemic vascular abnormalities. In fact, coexistent cardiovascular disease is a major 

cause of disability and death in COPD patients with only mild airflow obstruction. It 

remains unknown however whether these patients may present with systemic vascular 

dysfunction. Moreover, it remains unclear whether specific lung structural 

abnormalities (i.e., emphysema versus airway disease) would be associated with 

greater systemic vascular dysfunction. We hypothesized that patients with mild COPD, 

particularly those with larger emphysema burden, would present with abnormalities in 

systemic vascular function compared to controls.  

Methods: In an observational and prospective study, we measured central and 

peripheral pulse wave velocity (PWV), flow mediated dilation (FMD) of the brachial 

artery, systemic levels of plasma interleukin-6 (IL-6) and tumor necrosis factor alpha 

(TNFα) in 16 COPD patients (FEV1=86±13 % predicted) and 16 age- and gender-

matched sedentary controls. Emphysema and airway disease burden were quantified 

by chest computed tomography in patients. 

Results: Patients and controls were well-matched by comorbidities burden, including 

cardiovascular disease. Patients presented with greater central aortic stiffness 

(aPWV=9.57±1.39m/s versus 7.74±1.30m/s; p=0.002) but preserved peripheral arterial 

compliance (p =0.43) compared to controls. Patients had impaired shear rate-corrected 

FMD (- 1.86-fold; p=0.03) and delayed maximum vasodilatory response (-16.5 s; 

p<0.01). Emphysema extent (but not airway disease) and lung transfer factor for carbon 
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monoxide (DLCO) were significantly related to higher central arterial stiffness and both 

impaired and slowed flow-mediated dilation of the brachial artery (r values ranging 

from 0.50 to 0.66; p<0.05).  

Conclusion: Systemic vascular dysfunction is present in patients with mild COPD, 

particularly in patients with greater emphysema burden and low DLCO. These patients 

might be at higher risk of negative cardiovascular events thereby deserving more 

detailed screening and closer longitudinal follow-up. 
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Chapter 1 

Introduction 

 

1.1 Chronic Obstructive Pulmonary Disease 

Chronic obstructive pulmonary disease (COPD) is a leading cause of 

morbidity and mortality worldwide, resulting in a substantial economic and social 

burden (1). COPD is characterized by persistent and progressive airflow limitation 

and associated with an enhanced chronic inflammatory response of the airways, alveoli, 

and, perhaps, the microvasculature (1). Comorbidities contribute to the severity of 

symptoms, exacerbation frequency, and ultimately the quality of life in individual 

patients. Although the nature of the disease is considered preventable and 

treatable by healthcare professionals, the prevalence of COPD is projected to be 

the third leading cause of mortality worldwide by 2020 (1). The available data 

suggests the prevalence of clinically defined COPD in adults aged 30 years or 

older is 14.3% in men and 7.6% in women (2). However, stress must be placed 

upon the fact that these estimations are made from reported clinical diagnoses 

(2,3). The unfortunate reality is that COPD remains a highly underdiagnosed 

condition, resulting in an underestimation of the reported data. It presents itself 

as a global health issue and a need for robust clinical research in all its domains 

is of high importance. 

The primary risk factor associated with the development and progression 

of COPD is the inhalation of tobacco smoke. In addition to other numerous risk 
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factors that have been identified through epidemiological studies, cigarette 

smoke stimulates a chronic inflammatory response that results in a number of 

physiological and structural abnormalities, ultimately leading to the hallmark 

symptoms of COPD: dyspnea and exercise intolerance (1,4). These abnormalities 

including parenchymal tissue destruction, small airway dysfunction, abnormal 

ventilatory mechanics, and vascular dysfunction, worsen with the progression 

and severity of COPD (1,4,5,6). Thus, the implementation of effective strategies 

for early detection and management of COPD may improve prognosis. 

1.2 Diagnosis and Clinical-Functional Gradation of COPD 

It is recommended that any patient presenting with chronic dyspnea, cough or 

sputum production, and a history of exposure to risk factors for the disease should be 

investigated for potential COPD (1). Spirometry is sine qua non for the diagnosis of 

COPD as it establishes the presence and grades the severity of airflow limitation. 

Airflow limitation is defined by a decrease in the ratio of the volume of air exhaled 

after a maximal inspiration, in the first second of a forced expiration over the total 

expired air (FEV1/FVC ratio). For the sake of simplicity and consistency, the Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) proposes a forced expiratory 

volume in 1s (FEV1)/forced vital capacity (FVC) cutoff of <0.7 to define airflow 

limitation (1). The functional severity of COPD is graded using the postbronchodilator 

% predicted FEV1, which is a function of age, height, sex, and race (1) [Table 1].  
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Table 1. The Global Initiative for Chronic Obstructive Pulmonary Disease 
classification of disease severity by functional criteria (1). 

 
 
However, the stratification of disease severity should be further supported through the 

assessment of the patient’s level of symptoms, comorbidities, and exacerbation risk.  

The introduction of symptomatic and exacerbation impact grading by GOLD has 

served as a beneficial step towards accompanying the vast heterogeneity of COPD 

severity and aiding effective patient management [Table 2]. 

Table 2. The Global Initiative for Chronic Obstructive Pulmonary Disease 
classification of disease severity by clinical criteria (1). 

 

 

Chronic Obstructive Pulmonary Disease Spirometric Impairment 

Post-bronchodilator FEV1/FVC < 0.7 
GOLD Grade I Mild FEV1 ≥ 80% predicted 

GOLD Grade II Moderate 
50% ≤ FEV1 < 80% 
predicted 

GOLD Grade III Severe 
30% ≤ FEV1 < 50 % 
predicted 

GOLD Grade IV Very Severe FEV1 < 30% predicted 

GOLD Group Exacerbation History 
(In the past year) Symptomatic Assessment 

GOLD Group A 
0 or 1 (not leading to 

hospitalization) 

mMRC score < 2 
or 

CAT score of < 10 

GOLD Group B 
mMRC score ≥ 2 

or 
CAT score of > 10 

GOLD Group C 
≥ 2 or ≥ 1 (leading to 

hospitalization 

mMRC score < 2 
or 

CAT score of < 10 

GOLD Group D 
mMRC score ≥ 2 

or 
CAT score of > 10 
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Patients are categorized into group A, B, C, or D depending on their combined 

exacerbation risk and COPD Assessment Test (CAT) or Modified British Medical 

Research Council (mMRC) score (1,7,8). Groups A and B are considered “low risk” 

and Groups C and D “high risk”; however, Groups A and C are “less symptomatic” 

and Groups B and D “more symptomatic”. It is currently recommended that the disease 

should be primarily classified by clinical criteria (Group) with additional information 

provided by spirometric data (Grade). In this model, the beginning and the end of the 

COPD severity spectrum are represented by GOLD Group A, Grade I and GOLD 

Group D, Grade IV, respectively (1). 

1.3 Mild COPD 

Mild COPD (GOLD Grade I) represents a substantial population of COPD 

patients (up to 75% in large series). In Canada, recent estimates suggest that 2.6 

million Canadians (17%) aged 35 to 79 have airflow obstruction compatible with 

at least mild COPD severity (9). Moreover, results from lung function 

measurements for primary care patients aged 40 or older in Ontario revealed the 

prevalence of COPD was 21% among those with a smoking history; of which 

two thirds were unaware that they had COPD (10). Of note, patients with 

relatively preserved lung function may present with increased mortality and decreased 

quality of life compared to their healthy smoking and non-smoking counterparts (11-

13). 
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Table 3. Exacerbation, hospitalization, and mortality risk in COPD. [Taken 
directly from (1)]. 
 

 

 

 

 

 

 

 

As highlighted in [Table 3], patients with early COPD are frequently 

neglected in clinical practice despite impairments in health-related quality of life 

and exercise tolerance (11-14). It was previously thought that abnormalities of 

the pulmonary and cardiovascular system were only present in those with 

moderate to severe COPD. However, even in its earliest manifestation, patients 

with mild COPD present with abnormal respiratory mechanics (12), ventilation 

perfusion abnormalities (12), small pulmonary vascular abnormalities (15), and 

cardiocirculatory impairments (12,15-17). Furthermore, this subpopulation is 

often burdened with the presence of comorbidities that significantly contribute to 

disease severity and mortality (1,18,19). Early COPD is still under systematic 

investigation to fully elucidate the pathophysiological mechanisms that lead to 

these various impairments. The clinical significance of these findings could lend 

novel support to earlier interventions able of slowing the progression of a disease 

with its steepest decline in its earliest stage.  
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1.4 Dysfunction Beyond the Lungs in Mild COPD: Systemic Vascular 
Abnormalities 

There is cumulating evidence to indicate that the consequences of COPD 

are not restricted to the lungs. It is now well documented that COPD is often 

accompanied by cardiovascular comorbidities (18). Systemic vascular 

derangements may further impair quality of life, increase the risk of 

hospitalization and cardiovascular mortality in COPD patients (20). In fact, more 

patients with COPD die of cardiovascular causes rather than the respiratory 

causes that characterize the disease (21). The coexistence of COPD and 

cardiovascular disease may be due to common etiological factors, specifically 

smoking. In fact, smoking has been shown to promote and increase both 

pulmonary and systemic inflammation (1,22). 

It is noteworthy that airflow limitation, as measured by FEV1% predicted, 

is independently associated with cardiovascular risk even after adjusting for 

smoking and other traditional cardiovascular risk factors including age, sex, and 

cholesterol (21,23-27). The mechanisms driving an increased prevalence of 

cardiovascular disease in COPD has been subject to controversial discussion. 

Similar to the, “chicken and the egg” conundrum, it is debatable which system is 

affected first. For instance, it remains unclear whether the negative pro-

inflammatory and hyper-oxidative consequences “spill over” into the systemic 

circulation thereby causing subsequent vascular abnormalities, or if the 

cardiovascular derangements occur prior to lung abnormalities (28). This 

controversy can be partially attributed to the difficulty of screening and 

diagnosing early COPD. Moreover, there is a significant lack of cardiovascular 
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investigations in this subpopulation, despite the increased mortality for 

cardiovascular causes in the early stages of the disease (21). Although promising 

etiological pathways exist, the underlying pathophysiology of increased 

cardiovascular disease risk in COPD remains controversial (29). 

 

1.4.1 Arterial Stiffness 

Increased central arterial stiffness (as measured, for example, by pulse 

wave velocity) is now well documented in COPD, particularly in those with 

moderate to severe disease (18,24,26,27) [Table 4]. Arterial stiffness is a 

consequence of aging and arteriosclerosis and is associated with an increased risk 

of atherosclerosis, myocardial infarction, stroke, and mortality (30). However, its 

effects go beyond simply a marker of cardiovascular disease, as central arterial 

stiffness in itself causes elevated arterial pressures and increases cardiac 

afterload (30).  In COPD, arterial stiffness is not only independently associated 

with the severity of the disease, but also systemic inflammation, oxidative stress, 

and high sympathetic tone; all of which are physiological pathways that lead to 

cardiovascular disease (25).  

The stability and compliance of the arterial wall are regulated through a 

slow and dynamic process of elastin and collagen production and degradation. 

Dysregulation of this protein balance (overproduction of collagen and diminished 

production of elastin) contributes to the development of arterial stiffness (30). 

Elastin degradation of the parenchymal tissue in the lungs causes emphysema, 

whereas elastin degradation in the systemic vasculature leads to increased collagen 
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and thicker arteries. Interestingly, this reduction in systemic vascular compliance is 

independently associated with emphysema severity in COPD (23). Even more 

intriguing is that in COPD, skin elasticity (wrinkling) is associated with emphysema 

severity independent of age and smoking (46). These associations provide clinically 

significant insight into the potential of a pathophysiological susceptibility of elastin 

degradation in this population. However, studies investigating the mechanisms of this 

association have produced conflicting results, mainly due to methodological 

differences as there is no validated marker of cardiovascular risk in the COPD 

population (24,31).  
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Table 4. Characteristics and main results of previous studies which measured central arterial stiffness by aortic pulse 
wave velocity in patients with COPD. 
 

Study/Year COPD Disease 
Severity Study Population Mean Value 

aPWV Main Results 

Sabit et al. / 2007 (31) FEV1%pred = 
56.7±21.1% 

COPD (n=75); 
Controls (n=42) 

11.4±2.7 m/s; vs. 
8.95±1.7 m/s 

aPWV in COPD>Controls for FEV1%pred >50% and 
FEV1%pred <50% (p<0.05). aPWV correlated with age, 
physical activity, and IL-6. 

McAllister et al. / 2007 
(24) 

FEV1%pred = 
51±20% Patients (n=157) 

GOLD stage I/II: 
8.37 m/s; 
GOLD stage 
III/IV: 9.05 m/s. 

aPWV is associated with disease severity. Emphysema 
severity is associated with aPWV in COPD patients, 
independent of airflow limitation and systemic 
inflammation. 

Maclay et al. / 2009 
(32) 

FEV1%pred = 
47.6±20.1% 

COPD (n=18); 
Controls (n=17) 

11±2 m/s; vs. 
 9±2 m/s. 

aPWV in COPD>controls, is independent of smoking. CRP 
in COPD>controls 

Sabit et al. / 2010 (33) 
 
FEV1%pred = 
56.9±20.6% 

COPD stage I/II 
(n=20) and stage 
III/IV (n=16) 

11.5±2.0 m/;s vs. 
8.5±1.6 m/s 

aPWV in COPD>controls. Subclinical left ventricular 
dysfunction related to aPWV in COPD. 

Gale et al. / 2011 (34) FEV1%pred = 
45±20% 

COPD Stage II 
(n=13); and Stage 
III/IV 
(n=19);Controls 
(n=20) 

9.8±2.7 m/s; vs. 
8.5±1.4 m/s 

aPWV in COPD>controls and IL-6 in COPD>controls. 
Pulmonary rehabilitation significantly reduced aPWV. 

Albu et al. / 2011 (35) FEV1%pred = 
47.3±19.2% 

COPD (n=38); 
Current or ex-
smoking controls 
(n=36) 

7.02±0.82 m/s; vs. 
6.12±1.3 m/s 

aPWV in COPD>controls, and more significant in severe 
COPD 

Maclay et al. / 2012 
(36) 

 
FEV1%pred = 
47.8±18.5% 

COPD (n=16); 
Controls (n=15) 

10.4±2.0 m/s; vs. 
8.5±1.7 

aPWV in COPD>controls and CRP in COPD>controls. 
COPD patients have increased skin elastin degradation 
compared to controls, which is related to emphysema 
severity and aPWV. 
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John et al. / 2013 (37) FEV1%pred = 
59±20% 

COPD (n=52); 
smoking controls 
(n=32) 

10.8±1.9 m/s; vs. 
9.9±2.3 

aPWV in COPD>smoking controls. Microvascular 
glomerular damage is related to increased aPWV. 

Vivodtez et al. / 2013 
(38) 

Stage II/II 
FEV1%pred = 
DNS 

COPD (n=38); 11.1±1.9 m/s aPWV correlated with IL-6 and TNFα. 

Patel et al. / 2013 (39) 
FEV1%pred = 
52.0±18.9% 
 

Frequent COPD 
exacerbators (n=72); 
Infrequent COPD 
exacerbators (n=26) 

11.4±2.1 m/s; vs. 
10.3±2.0 m/s 

aPWV in frequent COPD exacerbators > infrequent COPD 
exacerbators. aPWV and CRP acutely rise during 
exacerbation. aPWV is related to exacerbation frequency, 
age, FEV1/FVC, and CRP. 

Cinarka et al. / 2014 
(40) 

GOLD Stage I/II: 
FEV1%pred = 
64±9% 
GOLD Stage 
III/IV: 
FEV1%pred = 
38±8% 

Stage I/II (n=32) and  
Stage III/IV (n=30); 
Controls (n=22) 

GOLD Stage I/II: 
9.9±3.3 m/s; 
GOLD Stage 
III/IV: 12.7±3.9 
m/s; vs. 
Controls:  
7.3±2.9 m/s; 

aPWV in Stage III/IV > Stage I/II > controls. aPWV 
correlated with age, FEV1%pred, hypoxemia, but not 
correlated with CRP. 

Vanfleteren et al. / 
2014 (41) 

GOLD Stage III-
IV 
FEV1%pred = 
51.4±17.4% 

COPD (n=162);  
Never smoking 
Controls (n= 65); 
Ex-smoking controls 
(n=102) 

10.9±2.8 m/s vs. 
8.7±2.2 m/s vs. 
9.0±2.9 m/s 

aPWV in COPD > never and ex-smoking controls. aPWV 
not related to systemic inflammation, and did not improve 
following exercise-based pulmonary rehabilitation.  

Bhatt et al. / 2014 (42) 

GOLD Stage II: 
FEV1%pred = 
64.8±7.5% 
GOLD Stage 
III/IV: 
FEV1%pred = 
37.4±8.4% 

COPD Stage II 
(n=101); 
COPD Stage III/IV 
(n=52). 

10.14±2.88 m/s; 
vs. 9.69±2.79 

aPWV in COPD not different between disease severities. 
aPWV not associated with CRP or %emphysema. Age and 
SBP are independent predictors of aPWV,  
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Refaat et al. / 2015 (43) FEV1%pred = 
40.1±5.6%; 

COPD Stage I/II 
(n=13); Stage III/IV 
(n=25) 
Controls (n=22) 

9.5±4.1 m/s; vs. 
13.6±3.6 m/s; vs. 
7.8±1.5 

aPWV in Stage III/IV > Stage I/II > controls. Age, 
FEV1%pred, and PaO2 were correlated with aPWV in 
COPD.  

Rabinovich et al. / 2016 
(44) 

FEV1%pred = 
57.9±18.5%; 
 

COPD (n=186); 
Controls (n=110) 

10.3±2.1 m/s; vs. 
9.6±1.9 m/s 

aPWV in COPD > controls. aPWV was related to pDES, a 
biomarker of systemic elastic degradation in vascular tissue. 

John et al. / 2016 (45) FEV1%pred = 
58±18%; 

COPD (n=185); 
Smoking Controls 
(n=106) 

10.2±2.3 m/s; vs. 
9.6±2.0 

aPWV in COPD > controls. aPWV was not related to 
FEV1%pred, but was significantly related to age and MAP. 

 

Values are expressed in mean±SD. Abbreviations in sequence of appearance: COPD= chronic obstructive pulmonary disease; aPWV= 
carotid-femoral pulse wave velocity; FEV1%pred= predicted forced expired volume in 1 second; IL-6= interleukin-6; CRP= C-reactive 
protein; TNFα= tumor necrosis factor-α; FEV1/FVC= ratio of forced expired volume in 1 second and forced vital capacity; SBP= systolic 
blood pressure; PaO2= arterial partial pressure of oxygen; pDES= plasma desmosine; MAP= mean arterial pressure.  
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1.4.2 Systemic Endothelial Dysfunction 

The vascular endothelium is a monolayer of cells that synthesize and 

release numerous factors that regulate vascular tone and homeostasis (47,48) 

[Figure 1]. Disrupting this tightly regulated balance results in endothelial 

dysfunction; a deleterious state that promotes and is characterized by vascular 

inflammation, oxidation of lipoproteins, smooth muscle proliferation, collagen 

deposition, elastin degradation, and thrombus formation (47). All of these 

conditions represent a key preclinical stage in the development and expression of 

cardiovascular disease (47).  

Nitric oxide (NO) is a principle determinant of endothelial health and an 

essential vasodilator that is continuously synthesized in endothelial cells (see 

below Figure 1) from L-arginine by the enzyme nitric oxide synthase (eNOS) 

(49). In addition to its vasomotor action, NO is responsible for a multitude of 

anti-inflammatory and anti-oxidative functions that regulate vascular 

homeostasis. Its physiological benefits range from down-regulating neutrophil 

and platelet aggregation, to free radical scavenging (49). Accordingly, 

diminished NO bioavailability plays a major role in the development of 

endothelial dysfunction and represents a preclinical indication of cardiovascular 

abnormalities such as atherosclerotic plaque development. Because eNOS is 

especially sensitive to vascular inflammation, NO bioavailability may be a 

mechanism that facilitates the development of endothelial dysfunction in 

systemic diseases (50).  
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Figure 1. Illustration of the vascular anatomy. The outermost layer, known as the 
tunica externa, is comprised of elastin tissue and collagen fibers. The tunica media 
is the middle layer and made up of mainly vascular smooth muscle. Relaxation and 
constriction of vascular smooth muscle mediates vasodilation and vasoconstriction, 
respectively. A monolayer of vascular endothelial cells lines the entire interior 
surface of the vascular system forming an interface between the blood in the lumen 
and the arterial vessel wall. Endothelial cells are key regulators in cardiovascular 
homeostasis, which means dysfunction of these cells is an important site for the 
development of cardiovascular disease.  

 

Endothelial dysfunction has been well documented in COPD, particularly 

in those with moderate to severe disease [Table 5] (27,51-54). Of note, it has 

been found to worsen with disease severity and increase the risk of all-cause 

cardiovascular morbidity and mortality (27,55). This is not surprising considering 

that the traditional risk factors for endothelial dysfunction are commonly found 

in patients with COPD: smoking, aging, hypertension and chronic inflammation 

(47,56). However, the association between airflow obstruction and endothelial 

dysfunction occurs independently of the aforementioned risk factors (27). The 

pathophysiological mechanisms of endothelial dysfunction in COPD remain 

relatively uninvestigated, particularly in mild COPD. Even the existence of 

endothelial dysfunction in mild COPD has yet to be determined, further stressing 

the need for investigations of the systemic vasculature in this population.
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Study/Year COPD Disease Severity Study Population Mean Value 
FMD Main Result 

Barr et al. / 2007 
(51) FEV1 = 2.31±0.76 L 

Former Smokers 
with COPD (n=42): 
- Stage I (n=12); 
- Stage II (n=21); 
- Stage III/IV 

(n=9). 
Former Smokers 
without COPD 
(n=60). 

Whole sample = 
3.8±3.1% 

Impaired FMD associated with post-bronchodilator 
FEV1 and emphysema. (FMD at 1-min). FMD not 
related to smoking. 

Eickhoff et al. / 
2008 (27) FEV1%pred = 41±18% 

COPD (n=60); 
Smoking Controls 
(n=20); 
Non-Smoking 
Controls (n=20). 

11±3%; vs. 16±2%; 
vs. 19±3% 
 

FMD in COPD < Smoking controls < Non-Smoking 
controls. FMD significantly related to severity of airflow 
obstruction and CRP. Age, sex, CRP, and FEV1%pred 
independently associated with FMD. 

Clarenbach et al. / 
2013 (52) 

Stage I/II FEV1%pred = 
71.5±12.1% 
Stage III FEV1%pred = 
36.8±5.6% 
Stage IV FEV1%pred = 
25.0±4.9% 

COPD Stage I/II 
(n=38); 
COPD Stage III 
(n=26); 
COPD Stage IV 
(n=42). 

4.3±2.0%; vs. 
2.8±1.5%; vs. 
2.0±1.3% 

FMD in COPD progressively impaired with worsening 
disease severity. FMD associated with FEV1%pred, 
DLCO, and physical exercise. FMD not associated with 
smoking, systemic inflammation (CRP & IL-6) or 
oxidative stress (malondialdehyde). 

Ives et al. / 2014 
(53) FEV1%pred = 55±4% 

COPD 
- Stage I (n=3); 
- Stage II (n=13); 
- Stage III (n=8); 
- Stage IV (n=6). 
Controls (n=30) 

FMD: 
3.1±0.5%; vs. 
6.7±0.6%;  
Normalized 
FMD/SR: 
0.12±0.03; vs. 
0.25±0.03 

FMD and normalized FMD in COPD < controls. No 
difference in time to peak diameter. Administration of 
oral antioxidant cocktail significantly improved FMD in 
COPD patients. 

 

	

Table 5. Characteristics and main results of previous studies which measured flow mediated dilation of the brachial artery 
in patients with COPD.  
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Clarenbach et al. 
2015 (54) FEV1%pred = 26.2±5.9% 

COPD Controls 
(n=13); 
COPD LVRS 
Intervention group 
(n=14). 

Before LVRS: 
2.0±0.9%; vs. 
2.4±1.3%. 
After LVRS: 
1.5±1.0%; vs. 
4.8±2.7%. 

LVRS significantly improves FMD in severe COPD and 
emphysema. FMD associated with FEV1%pred, and not 
with systemic inflammation (CRP). 

Hartmann et al. / 
2016 (57) FEV1%pred = 60±5% COPD (n=10); 

Controls (n=10). 
6.0±0.9%; vs. 
5.9±1.0% 

Moderate COPD patients have preserved endothelial 
function, during rest (FMD) and during 10% MVC 
handgrip exercise. 

Costanzo et al. / 
2017 (58) 

FEV1%pred = 
61.9±16.6% 

Elderly COPD 
(n=41); 
Elderly matched age 
and sex Controls: 
(n=35) 

14.2±8%; vs. 
12.3±6.8% 

FMD in elderly COPD not different compared to 
matched controls. IL-6 and CRP were not different 
between COPD and controls and not correlated with 
FMD. 

 

Values are expressed in mean±SD. Abbreviations in sequence of appearance: COPD= chronic obstructive pulmonary disease; FMD= flow 
mediated dilation; FEV1= forced expired volume in 1 second; FEV1%pred= predicted forced expired volume in 1 second; CRP= C-
reactive protein; DLCO= lung diffusing capacity for carbon monoxide; IL-6= interleukin-6; SR= shear rate; LVSR= lung volume reduction 
surgery; MVC= maximum voluntary contraction. 
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Chapter 2 
Literature Review 

2.1 Background 

COPD is a preventable and treatable disease primarily characterized by chronic 

inflammation of the lungs and airways leading to both persistent and progressive 

airflow obstruction. The airflow obstruction is a consequence of various structural 

abnormalities, including disrupted alveolar attachments (emphysema) and mucosal 

hypersecretion and hypertrophy, that result from the characteristic chronic 

inflammatory processes. However, there is cumulating evidence to suggest that the 

inflammatory reaction associated with the disease is not restricted to the pulmonary 

airways and vasculature (1-4). It has been shown that stable COPD patients present 

with elevated levels of systemic inflammatory biomarkers such as tumor necrosis 

factor-alpha (TNFα) (5), interleukin-6 (IL-6) (4), and C-reactive protein (CRP) (6,7). 

The comorbities in line with the pathology of systemic inflammation including 

osteoporosis, metabolic syndrome, and most importantly for the scope of this thesis, 

cardiovascular disease, are all well established in COPD patients. Cardiovascular 

disease being the most clinically important as the majority of COPD patients die of 

cardiovascular complications rather than respiratory failure (8). Interestingly though, 

airflow obstruction and COPD are independently associated with cardiovascular 

disease morbidity and mortality (1-4,8,9). Despite attempts to elucidate this complex 

association, the underlying mechanism(s) remain unclear and the shared risk factors 

only partially explain the association. Interactive pathways that increase cardiovascular 

disease risk in COPD have been theoreticized and provide promise for explaining the 
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excess of cardiovascular abnormalities, i.e. chronic low-grade systemic inflammation 

and oxidative stress. Unfortunately, investigations seeking to validate and explain the 

existence of preclinical/clinical cardiovascular disease in mild COPD remain 

nonexistent. The potential for the existence of preclinical cardiovascular risk in mild 

COPD will be discussed and reviewed in the following sections. Furthermore, the 

potential for these interactive pathways to explain the excess presence of 

cardiovascular mortality will be explored. 

 
2.2 Central Arterial Stiffness 

There is growing evidence that COPD is often accompanied by the 

manifestation of systemic arterial stiffening. Arterial stiffness is a surrogate marker for 

various cardiovascular diseases such as coronary artery disease and myocardial 

infarction (10). However, the association between arterial stiffness and airflow 

obstruction in COPD occurs independent of smoking, age, hypertension, and physical 

inactivity (11). The mechanisms of arterial stiffness are relatively well understood for 

the normal aging population, being largely governed by the structural and functional 

components of the vascular wall: extracellular matrix, vascular smooth muscle, and the 

endothelium (10,12). However, the pathophysiological mechanism(s) leading to this 

systemic vascular wall abnormality in COPD remain inconclusive.  

To understand the mechanisms and consequences of arterial stiffness, the 

architecture of the vascular tree must be broken down into two major compartments: 

central and peripheral. The former embodying the aorta and large central arteries, and 

the latter being the conduit and smaller branch arteries. The reason for separating the 

vascular system into two compartments has to do with differences in anatomical and 
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physiological function. The central compartment functions to mechanically cushion 

and dampen the pressure oscillations produced by the contracting left ventricle. For 

this to be achieved, the vascular wall of the central arteries must anatomically be 

comprised of compliant and distensible tissue. As outlined in the extensive reference 

work by Mcdonald, the aorta’s extracellular matrix is dominantly comprised of elastin, 

which is responsible for its elastic property (13). As you travel peripherally down the 

arterial tree, the vascular wall’s elastin:collagen ratio transitions to a collagen dominant 

composition. In conjunction with more vascular smooth muscle cells, the vascular 

walls of the peripheral compartment are generally more rigid than the central 

compartment. For the structural function, the rigid and contractile properties of the 

peripheral compartment serve to supply and distribute blood flow accordingly to 

muscles and organ tissues (5).  

Arterial stiffening, expressed in the terms of compliance and distensibility, is a 

natural process of aging; however, the degree to which this occurs is more severe in 

Stage II-IV COPD patients compared to their healthy counterparts (1,11). As 

aforementioned, the stiffening not only alters the structural integrity of the vasculature, 

but also the functional and physical properties. One of the primary consequences of 

arterial stiffening is based on the physical laws of wave travel. The forward travelling 

pulse wave propagates through the arterial tree, and is reflected backward towards the 

aorta due to peripheral vascular resistance and at structural bifurcations (13). Thus, the 

forward propagating wave and the reflected wave are always interacting with each 

other along the vascular tree, summing to generate the characteristic arterial pressure 

wave form. Arterial stiffness, however, increases the velocity of the pulse wave and 
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produces abnormalities in the amplitude and timing of the arterial pressure wave form. 

In health, the reflected pressure wave returns from the peripheral arterial compartments 

during diastole, making the pulse pressure (PP) higher in the peripheries than the 

central arteries (13). However due to a faster propagation velocity in stiffer arteries, the 

reflected waves are seen closer to the aorta and more in phase with the forward pulse 

wave (13). The resulting arterial wave morphology displays an amplified PP during 

systole, which as demonstrated in The Framingham Heart Study, is an independent 

predictor of cardiovascular risk (14). Mills and colleagues performed pulse wave 

analysis of an aortic pressure wave form derived from the radial artery and 

demonstrated that Stage II-IV COPD patients present with amplified central PP and 

reduced wave reflections times compared to healthy controls (15). The former, in fact 

being a result of the latter. To summarize, stiffening of the central arterial compartment 

reduces its ability to dampen the pressure oscillations produced by the contracting left 

ventricle and consequently increases pulsatile stress on the cardiac system (13). This 

elevates arterial pressures, increases the cardiac afterload, and promotes cardiac 

hypertrophy (12). Thus, although central arterial stiffness is a validated clinical marker 

of cardiovascular risk, itself is also a risk factor and is a potential interactive 

pathway for the elevated cardiovascular risk in COPD (10).   

 
 
2.2.1 Potential Mechanisms of Central Arterial Stiffness in COPD 

 The pathological interplay between arterial stiffness and COPD has 

proven to be complex as they manifest independent of shared risk factors. Low-

grade inflammation has been implicated as a promising physiological link 
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between COPD and arterial stiffness through its atherogenic properties. As 

previously noted, persistent low-grade systemic inflammation is now well 

validated in Stage II-IV COPD patients, as measured by circulating pro-

inflammatory cytokines and acute phase proteins (16,17). Although a driving force in 

the pathology of both COPD and cardiovascular disease, studies investigating systemic 

inflammation and arterial stiffness have produced conflicting results (1,6,11,18-21).  

 Research investigating the role of systemic inflammation in the development of 

arterial stiffness in health has shown a clear association. When categorizing healthy 

individuals according to CRP levels (<1, 1-3, and >3 mg/L), Yasmin and colleagues 

showed that the systemic circulating levels were independently associated with both 

central and peripheral arterial stiffness (22). Furthermore, this group also confirmed 

previous findings from Abramson et al. that the levels of systemic inflammation 

correlated with central and peripheral arterial pulse pressures (22,23). However, similar 

to most published work in this field there lacks causality. To explore the existence of 

causality and to extend the work of Yasmin and colleagues, Vlachopoulos et al. 

administered a vaccine to generate a mild systemic inflammatory response in healthy 

individuals. Using a randomized double-blind sham procedure-controlled design with 

the objective to investigate the acute effect of systemic inflammation on measurements 

of arterial stiffness, it was found that carotid-femoral PWV was increased in response 

to acute systemic inflammation and significantly correlated to CRP and IL-6 (24). It is 

noteworthy that due to the fact that healthy non-smokers were included, these studies 

present evidence to contradict the previous hypothesis that the bronchial inflammation 

caused by smoking is responsible for the association between inflammatory biomarkers 
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and cardiovascular risk. 

In COPD, however, knowledge regarding the mechanisms of increased arterial 

stiffness remains incomplete. Sabit et al. were one of the first groups to identify the 

presence of arterial stiffness in a group of predominantly Stage II-III COPD patients 

(11). They demonstrated numerous important associations that would eventually pave 

the way for cardiovascular investigations in this patient population. First and foremost, 

they discovered a significantly faster aortic pulse wave velocity (aPWV) and a greater 

augmentation index (difference between the first and second systolic peaks as a 

percentage of PP) in COPD patients with FEV1%pred > 50% and FEV1%pred < 50% 

(11). Secondly, they found that aPWV increased with disease severity and was 

inversely related to lung function (FEV1 and FVC). Furthermore, they elucidated the 

association between both aPWV and lung function with circulating IL-6 and TNFα and 

arterial PaO2, thus suggesting potential physiological links between pulmonary and 

vascular disease (11). These findings were soon later accompanied with both 

confirmation and contradiction by Mcallister et al. The presence of arterial stiffness in 

this population was replicated and its association with disease severity, airflow 

obstruction, age, and BMI was demonstrated (1). However, contradicting Sabit and 

colleagues finding that arterial stiffness was associated with systemic inflammation, 

McAllister et al. found no such association. An explanation for this contradiction arises 

from the different inflammatory markers examined and the different pulse wave 

measure sites used by Sabit and McAllister. The former measured IL-6 and TNFα and 

PWV from the carotid to femoral artery, and the latter measured CRP and PWV from 

the carotid to radial artery. Both measures have the power to predict cardiovascular 
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risk, however carotid to femoral PWV is considered the gold standard, has stronger 

predictive value, and ultimately measures a different compartment of the vascular tree 

(central vs. peripheral) (25). In fact, methodological differences account for the 

majority of contradicting evidence on the association between systemic inflammation 

and arterial stiffness in COPD (2). What remains unclear is the source of the systemic 

inflammation in COPD. A linear trend exists between the degree of airflow obstruction 

and levels of systemic inflammatory markers, suggesting a parallel process in the 

pathology of both COPD and systemic vascular disease (20).  

It is noteworthy to acknowledge that although the first publication reporting 

systemic arterial stiffness in COPD demonstrated that patients with even mild-to-

moderate severity airway obstruction had increased arterial stiffness compared to 

control subjects (11), there remains a lack of any investigation into systemic vascular 

health in mild COPD [Table 4]. Indeed, a number of studies investigating arterial 

stiffness have included patients with mild COPD; however, they were categorized for 

statistical purposes in groups predominantly composed of patients with moderate 

COPD (1,11,26,27). Consequently, no study to date has investigated the presence of 

systemic arterial stiffness in a homogenous group of COPD patients with mild COPD 

(GOLD Stage I). 

 

2.3 Systemic Endothelial Dysfunction  

The endothelium is an essential regulator in vascular homeostasis, involved in 

a multitude of physiological functions including vasomotor tone and structure, and 

vascular smooth muscle cell proliferation and migration regulation (28). The 
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vasomotor function of the endothelium plays a direct role in the regulation of tissue 

oxygen supply and metabolic demand during rest and exercise. Endothelial dysfunction 

is characterized by a deleterious state of vascular inflammation, oxidation of 

lipoproteins, smooth muscle cell proliferation, and impaired vasomotor function (28). 

The dysfunction precedes the clinical expression of atherosclerosis and independently 

predicts adverse cardiovascular events (28). Furthermore, many studies have shown an 

independent association between airflow obstruction and systemic endothelial 

function, providing further support for a pathological link between COPD and 

cardiovascular disease (4,29,30).  

Flow-mediated dilation (FMD) is a clinical method of assessing endothelium-

dependent NO-mediated vascular function in humans, correlating with coronary artery 

disease (31) and independently predicting adverse cardiovascular events (32). 

Accordingly, an impairment in FMD is reflective of reduced NO bioavailability and 

endothelial dysfunction. Barr et al. investigated FMD and its relation with airflow 

limitation and emphysema in former smokers. In this study, 40% of the subjects had 

COPD (n=42): 12 had mild COPD, 21 had moderate COPD, and 9 had severe or very 

severe COPD. The authors showed that COPD patients had a significantly impaired 

FMD response that was associated with lower FEV1 and higher computed tomography 

(CT) percentage of emphysema (29). Eickhoff et al. soon after confirmed these 

findings, extending the work of Barr et al. by examining both endothelium-dependent 

and –independent function. The authors found that COPD patients had attenuated 

endothelium-dependent and –independent function compared to non-smoking controls 

that were independently associated with FEV1% predicted (4). It is important to note 
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that endothelium-independent dilation reflects vascular smooth muscle function (33), 

which the authors found not to be significantly different compared to smoking-controls, 

suggesting it is not a manifestation unique to COPD rather an abnormality caused by 

smoking. Similar to the relationship between arterial stiffness and COPD, Eickhoff et 

al. also showed that systemic inflammation was an independent predictor of FMD (4), 

and therefore may be a parallel driving force in the pathogenesis of endothelial 

dysfunction and COPD.  In fact, Clarenbach et al. demonstrated that the severity of 

COPD is a significant determinant of the degree of endothelial dysfunction (20). The 

most interesting finding from the aforementioned studies examining endothelial 

function in COPD, is that the association is independent of cigarette smoking. Which, 

is striking given smoking causes both endothelial dysfunction and airflow obstruction. 

Furthermore, Clarenbach et al. found no association between Pocock risk score and 

FMD (30), thus suggesting airflow limitation may be a more important determinant of 

endothelial function that traditional cardiovascular risk factors such as smoking. 

However, clinical investigations into the presence of systemic endothelial dysfunction 

in early COPD are currently absent, despite the excess cardiovascular mortality (8). 

Reason to suggest the manifestation of systemic endothelial dysfunction occurs early 

in the pathology of COPD, is the reported presence of elevated circulating endothelial 

microparticles (EMPs) in patients with mild COPD (34). EMPs are small vesicles 

indicative of endothelial cell perturbation (35) and are elevated in coronary artery 

disease (36). Unfortunately, the current data regarding the potential mechanism(s) 

linking endothelial dysfunction and COPD do not unequivocally establish a causal 

relationship.  
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2.3.1 Potential Mechanisms of Systemic Endothelial Dysfunction in COPD 

There are long-standing hypotheses linking low-grade systemic inflammation, 

oxidative stress, sympathetic activation, and/or hypoxia with cardiovascular disease in 

COPD. However, research examining the impact of these on endothelial dysfunction 

in COPD is lacking and in some cases conflicting. In the cross-sectional study 

performed by Clarenbach et al., the authors investigated if the following were 

determinants of endothelial function in a cohort of COPD patients: hypoxaemia, 

oxidative stress, sympathetic activation, and systemic inflammation (30). The authors 

found that hypoxaemia, oxidative stress, and systemic inflammation did not play a 

predominant role in determining endothelial function in patients with COPD (30). They 

also found that circulating CRP and IL-6 levels were not increased across the spectrum 

of disease severity, conflicting with previous findings from Eickhoff et al. who found 

elevated markers of systemic inflammation that independently predicted FMD (4,30). 

The discrepancy could also be result of methodological differences. At concentrations 

known to predict adverse cardiovascular events, CRP decreases the endothelium-

dependent NO production pathway in a dose-dependent fashion (37). This was 

demonstrated by Verma et al., who incubated endothelial cells with CRP and 

demonstrated a marked down-regulation in eNOS (37). The consequential reduction in 

endothelial NO bioavailability is central in the pathogenesis of endothelial dysfunction 

and subsequent atherosclerosis (38). CRP has also been shown to stimulate other 

known atherogenic processes including IL-6 release, upregulation of adhesion 

molecules on the endothelium, and the facilitation of macrophage LDL uptake (39). 

Furthermore, Wang et al. demonstrated that the proatherogenic effects of CRP extend 
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beyond the endothelium, stimulating vascular smooth muscle cell proliferation and 

migration and elevating intracellular reactive oxygen species (40). Thus, although 

initially being suggested as a marker of vascular dysfunction, currently-available data 

indicates that CRP may underlie a pro-inflammatory and pro-atherosclerotic 

phenotype. However, it remains unknown whether these mechanisms could mediate 

systemic endothelial dysfunction in patients with early COPD. 

A secondary pathway through which inflammatory cells could facilitate the 

pathogenesis of endothelial dysfunction in patients with COPD is vascular oxidative 

stress. Biomarkers of oxidative stress, including hydrogen peroxide and superoxide, 

are increased in the exhaled breath and systemic circulation in COPD patients (41) and 

accumulating evidence suggest that oxidative stress alters endothelial function. 

Cigarette smoking is a predominant source of oxidative stress in COPD, however, the 

unfortunate aspect of COPD is that even with cessation of smoking the presence of 

oxidative stress continues with the progression of the disease (42). Moreover, during 

acute exacerbations, macrophages become activated and release an augmented amount 

of reactive oxygen species (42,43). Early canine studies have demonstrated the ability 

of oxidative stress to avidly inactive endothelial derived NO (44). Further research had 

led to a greater understanding of the progressive vascular oxidative injury mediated 

through eNOS uncoupling (45,46). Indeed, under physiological conditions the 

concentration of oxidants is efficiently controlled by endogenous antioxidants. 

Likewise, under conditions of experimental or pathophysiological oxidant/antioxidant 

imbalance, administration of antioxidants can improve oxidant status and NO 

bioavailability. Kuzkaya et al. demonstrated that following exposure of endothelial 
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cells to peroxynitrite, administration of tetrahydrobiopterin fully restored eNOS 

activity (46). The benefit of tetrahydrobiopterin on endothelial function was also 

demonstrated by Heitzer et al. in chronic smokers. Brachial artery infusion of 

tetrahydrobiopterin significantly improved endothelium-dependent vasodilation in 

chronic smokers, demonstrating that a depletion of this antioxidant may influence the 

production of superoxide rather than NO via eNOS (47).  

Patients with COPD appear to display an alteration in the tenuous 

oxidative/antioxidative balance, suggested by elevated biomarkers of oxidative stress 

(41,48). Unfortunately, to date there has been no study investigating the relationship 

between oxidative stress and endothelial function in patients with mild COPD. 

Although an investigation has reported that oxidative stress is not the principle 

determinant of impaired FMD in moderate to severe COPD (30), administration of 

various antioxidants has been shown to improve FMD in these patients (49,50). Thus, 

oxidative stress mediated endothelial dysfunction may play a contributing role to the 

increased cardiovascular risk seen in this patient population. 

The conflicting evidence regarding the contribution of systemic inflammation 

and oxidative stress in the development of systemic endothelial dysfunction in COPD 

is likely related to the vast disease heterogeneity. Nevertheless, the presented evidence 

suggests that compared to their healthy counterparts, patients with moderate-to-severe 

COPD have significantly impaired endothelial function. However, similar to arterial 

stiffness, whether the previously observed abnormalities in systemic endothelial 

dysfunction would also occur in the earlier stages of COPD remains largely unknown. 
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Chapter 3 
Objectives and Hypotheses 

3.1 Objectives 

The main objective of this prospective study was to investigate the presence of 

systemic vascular dysfunction in COPD patients with mild airflow obstruction in 

comparison to age- and gender- matched sedentary controls. 

Secondarily, we aimed to investigate whether those derangements, if present, 

would be associated with: i) increased circulating inflammatory markers and ii) worse 

structural (more severe emphysema and/or airway disease) and gas exchange (lower 

lung diffusing capacity) abnormalities, i.e., greater disease burden. 

 

3.2 Hypotheses 

Our primary hypothesis was that patients, compared to controls, would 

present with evidence of: 

a) systemic vascular dysfunction as indicated by: 

- increased central and peripheral arterial stiffness; and  

- impaired endothelium-dependent flow-mediated dilation of a conduit artery 

(brachial artery). 

Secondarily, we hypothesized that: 

b)  patients would present with elevated circulating pro-inflammatory markers 

compared to controls; and 
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c) patients with more extensive systemic vascular dysfunction would present 

with higher circulating pro-inflammatory markers and more extensive 

structural and gas exchange abnormalities. 

 

Confirmation of our hypotheses will demonstrate, for the first time, that abnormalities 

in systemic vascular function precede significant decreases in the key marker of COPD 

severity: FEV1. This would lend novel support to the notion that the systemic 

consequences of COPD begin in the mild stages of the disease. Moreover, confirmation 

of our investigation hypotheses would suggest a mechanistic link between pro-

inflammatory status and disease burden with systemic vascular dysfunction in mild 

COPD. Consequently, non-pharmacological and pharmacological interventions able to 

alleviate these deleterious consequences of COPD might prove therapeutically valuable 

in this growing patient sub-population. 
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Chapter 4 

Methods 

4.1 Population  
 

Sixteen males and females (age>50, with COPD according to the latest GOLD 

criteria (1)) were referred from outpatient clinics at Kingston General Hospital (KGH) 

and Hotel Dieu Hospital (HDH) to our laboratory for research participation. COPD 

patients were required to present with mild airflow limitation; i.e., FEV1/FVC<0.7 and 

postbronchodilator FEV1≥80% (GOLD spirometric stage I) (2). Sixteen age- and 

gender- matched sedentary controls were recruited from the Kingston community and 

reported to the laboratory for scheduled research visits. Inclusion and exclusion criteria 

below were used to screen participants: 

Inclusion Criteria: 

 All Participants: 

a) Aged 50 or older; 

b) Long-term physical inactivity according to Baecke’s questionnaire 

(total score<8);  

c) Preserved left ventricle ejection fraction (>50% by transthoracic 

echocardiography); 

COPD Participants: 

d) Spirometric diagnosis of mild COPD (FEV1/FVC<0.7 and 

postbronchodilator FEV1≥80% predicted, i.e., GOLD grade I); 

e) Long-term previous or current smoking (≥10 pack-years); 

Control Participants: 
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f) Normal spirometry; FEV1/FVC≥0.7 and post-bronchodilator 

FEV1≥80%;  

Exclusion Criteria: 

a) Concurrent major respiratory disease (including asthma, interstitial lung 

disease, bronchiectasis); 

b) Concurrent major cardiovascular disease (including non-controlled 

essential hypertension, coronary artery disease); 

c) Orthopedic/rheumatological limitation precluding handgrip exercise; 

d) Insulin-controlled type I diabetes mellitus; 

e) Hospitalization or exacerbation within the 6 weeks prior to study 

participation. 

This study received ethics approval from Queen’s University and Affiliated Teaching 

Hospitals Research Ethics Board [6014640 DMED-1770-15] [Appendix 1]. 

 
4.2 Recruitment  

Participants from the COPD group were recruited from the COPD outpatient 

clinics at Hotel Dieu Hospital, Kingston, ON. In addition, local respirologists who 

often assess patients with the health status and age pertinent to this study were provided 

with “consent to contact” forms. A qualified MD (Dr. JA Neder) collected and 

reviewed this information prior to any contact of research personnel with potential 

participants. Selected participants were provided a full Consent Form for the study on 

the 1st visit [Appendix 2]. 

Controls (smokers and non-smokers) were healthy participants recruited from 

past research participation at the Respiratory Investigation Unit, Division of 
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Respirology who gave permission to be re-contacted for future studies. Advertisements 

were placed on bulletin boards to provide an overview of the research performed at 

LACEP. They invited readers and members of community groups such as KGH staff, 

volunteers, and culture clubs to contact LACEP. Advertisements were concentrated in 

geographical areas and published works that reflect the demographics of the desired 

study population. We adhered to all location-specific advertising guidelines and 

provided laboratory contact information and the date of ethical approval for each 

advertisement. 

 

4.3 Habitual Physical Activity  

Habitual physical activity levels were determined using the Baecke 

Questionnaire (3). This survey comprises 16 questions relating to the frequency, 

intensity, and type (occupational, leisure-time, and sport domains) of daily physical 

activity. The total score is used to stratify the participants into either low, moderate, or 

high physical activity levels [Appendix 3].  

 

4.4 Comorbidities Burden  

 Comorbidities were systematically screened during the study visits for the 

following conditions: i) those included in the Charlson Comorbidity Index; ii) those 

included in the COTE index [Appendix 4]; iii) comorbities listed in the participant’s 

medical record; iv) any comorbities that were expressed during the initial enrollment 

conversation and/or following study visits. The presence of a comorbidity was 

confirmed by a qualified MD (Dr. JA Neder) by reviewing the patient’s medication list 
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and/or confirmatory tests recorded on their medical record. Any condition that had 

previously been resolved was excluded from the comorbidity assessment. 

 

Visit 1: 

4.5 Blood Sampling and Analysis 

 Upon arriving to the laboratory in the morning following an 8 hour fast, a 

registered nurse obtained resting blood samples from the participant using standard 

venipuncture into a lithium-heparin tubes. The vacutainers were inverted 8 times, and 

centrifuged under standard conditions (15 minutes at 1000 x g). The plasma was then 

immediately extracted and aliquoted to be stored at -80° C for subsequent analysis. 

Commercially available high-sensitivity enzyme-linked immunosorbent assay 

(ELISA) kits were used to determine plasma concentrations of IL-6 (HS600B Lot. 

P111201, R&D Systems, MN, USA) and TNFα (HSTA00D Lot. P102561, R&D 

Systems, MN, USA) according to manufacturer’s instructions. All samples were 

analyzed in duplicate and batch analyzed to eliminate inter-assay variation. The intra-

assay coefficients of variations for IL-6 and TNFα were 12.8±8.6% and 10.4±6.4%, 

respectively. 

 

4.6 Pulmonary Function Tests 

4.6.1 Spirometry  

Spirometry was performed by all participants following the completion of 

blood sampling by a trained technician according to ATS/ERS standards (4). COPD 

participants had previously received a diagnosis from pre- and post-bronchodilator 



	 47	

pulmonary function tests conducted within the last year. The appropriate technique of 

a FVC maneuver was demonstrated by the technician to the participant in a seated 

position. A minimum of three acceptable FVC maneuvers was used as the criteria for 

an adequate test. Acceptable repeatability was achieved when the difference between 

the largest and next largest FVC and FEV1 were ≤0.150 L (4). Even when the highest 

FVC and FEV1 values came from different maneuvers, the FEV1/FVC ratio was 

calculated using these values. Subjects were screened for a history of asthma, and were 

placed into the mild COPD group if they had an FEV1/FVC<0.7 and post-

bronchodilator FEV1> 80% predicted (1). 

 

4.6.2 Body Plethysmography 

Body plethysmography uses gas compression in a body box of known volume 

to measure thoracic gas volume. Thoracic gas volume is equal to functional residual 

capacity (FRC) when the maneuver is performed at the end of a normal expiration. 

Seating subjects wore nose clips with their hands rested on their cheeks, and at the end 

of a normal expiration, panted into a mouthpiece at a rate of approximately one breath 

per second. After a shutter was introduced across the breathing tube, the panting 

maneuver continued for 3-5 more breaths. The calculation of FRC is based on Boyle’s 

law and relies on the inverse relationship between the change in lung volume and 

change in body box pressure while panting. The maneuver was repeated until at least 

three FRC values agreed within 5%, while the reported FRC was averaged from three 

acceptable and repeatable panting maneuvers (5). 
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4.6.3 Diffusing Capacity for Carbon Monoxide (DLCO) 

Participants with COPD completed DLCO tests to determine the effect of 

emphysema and pulmonary microvasculature damage on gas transfer. The subjects 

exhaled to residual volume, at which point they were instructed to take a full breath of 

test gas. The inhalation of test gas proceeded to 85% of the vital capacity in less than 4 

seconds, after which the breath was held for 10 seconds to allow carbon monoxide to 

transfer into the blood. Subsequent exhalation was relatively rapid (less than four 

seconds, but not forced) to ensure proper dead space clearance and gas sampling. The 

reported DLCO value was the average of two or more acceptable tests within 3 mL min-

1 mmHg-1 or 10% of each other (6). 

 

4.6.4 High Resolution Computed Tomography  

Thoracic CT scans were acquired in the COPD group at suspended inspiration 

without intravenous contrast, and reconstructed using a spatial contrast algorithm with 

1.25-mm slice thickness. Study scans were acquired on Siemens and GE 64-slice 

scanners (GE Healthcare, Waukesha, Wisconsin) using a single spiral acquisition from 

apex to base (64 × 0.625 mm collimation, 120 kVp, 100 mA). Quantitative measures 

of emphysema and airway wall thickness were generated with VIDA software (VIDA 

Diagnostics, Iowa City, Iowa). Threshold-based measures of the percentage of low 

attenuation areas (% LAA)-950 were calculated for each lung CT scan by quantifying 

the percentage of the overall lung density histogram below the −950 Housefield unit 

threshold (emphysema index, %) (7). The radiologist used an electronic score sheet to 

record the extent of each emphysema subtype assessed visually on CT according to the 
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standard definitions (8). 

Visit 2: 

4.7 Central Hemodynamics  

Three-lead echocardiogram (ECG) was used to monitor and record heart rate. 

Resting blood pressure was measured using an automated blood pressure cuff which 

averaged six individual measurements. For continuous measurements during the 

experimental protocol, blood pressure was measured using a Finometer system 

(Finometer MIDI, Finapres Medical Systems, The Netherlands). For this system, a 

small pneumatic cuff was fitted around the middle finger with the hand resting at heart 

level.  

4.8 Arterial Stiffness 

PWV is the velocity of the transmitted arterial pressure wave through the 

cardiovasculature tree. The intrinsic elasticity of the arterial wall has a profound effect 

on the PWV, a variable which directly reflects the efficiency of the cardiovascular 

system (9,10). The energy expended by the heart per beat is proportional to the pressure 

developed, consequently the pressure developed per beat is inversely proportional to the 

intrinsic elasticity of the arterial system (9). That is, with regards to cardiovascular 

efficiency, the more desirable situation is that of a compliant artery, thus reducing the 

required energy expenditure of the heart per beat. Accordingly, the elasticity of the 

arterial system can be quantified non-invasively by measuring the PWV. Consistent 

with the Moens–Korteweg equation [Equation 1], a stiffer artery propagates a faster 

PWV (11): 
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																		PWV =
'()* ⋅ ℎ
2./

 

 
 

Where the pulse wave velocity (PWV), is proportional to the square root of elastic 

modulus of the artery wall ('()*), given that the ratio between the thickness of the artery 

wall (ℎ) and the arterial radius (.) remains constant for a given blood density (/). 

However, by definition velocity is distance/length (ΔL) travelled divided by the time 

(Δt) for the wave to travel that distance. Given that the assumption of constant artery 

wall (ℎ) and the arterial radius (.) remains true, we can derive a simplified equation of 

PWV that can be easily measured [Equation 2]: 

 

									PWV = 	
ΔL
Δt

 
 

Where pulse wave velocity (PWV), is ratio of distance between the arterial sites (ΔL) 

to transit time between the two pressure waves recorded at the arterial sites (Δt). 

 
4.8.1 Central Arterial Stiffness 
 

Central arterial stiffness was assessed by carotid-femoral pulse wave velocity 

(aPWV). aPWV is the GOLD standard for non-invasively assessing the intrinsic 

elasticity of the central arterial walls.  The measurement was conducted in a temperature 

controlled room between the morning hours of 8:00 and 12:00. Participants had fasted 

for 8 hours, abstained from caffeine and smoking for 12 hours and alcohol for 24 hours, 

and did not perform any modality of exercise for 24 hours prior to the research visit. 

Following a 10 min rest period on a research bed, the participant remained supine and 

[1] 

[2] 
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was instrumented for the experimental protocol. Two researchers simultaneously 

recorded carotid and femoral artery pulse waveforms with non-invasive pulse 

tonometers (Non Invasive Pulse Tonometer, AD Instruments, Dunedin, New Zealand). 

Ten pulse waves for each arterial site were recorded to generate the corresponding 

aPWV [Equation 2: ΔL=distance from carotid to femoral arterial site; Δt=transit time 

between the arterial sites].  

4.8.2 Peripheral Arterial Stiffness 

Peripheral arterial stiffness was assessed by recording the PWV from the 

femoral to the dorsalis pedis artery. Following the aPWV measurement, ten pulse 

waveforms were simultaneously recorded at the femoral and dorsalis pedis arterial sites. 

The corresponding peripheral PWV (pPWV) was generated using the aforementioned 

protocol and Equation 2. 

 

4.9 Systemic Vascular Endothelial Function 

Vascular endothelial dysfunction is recognized as an early indicator of 

cardiovascular disease and predicts adverse cardiovascular events before the 

manifestation of clinical symptoms (12,13). As such, vasodilator function is used as a 

surrogate marker of vascular health and any impairment indicates the presence of 

endothelial dysfunction in humans (13). Assessing the magnitude of FMD of the 

brachial artery represents a viable approach to noninvasively evaluate endothelial 

function. FMD results from ischemia induced increases in luminal blood flow and 

internal wall shear stress. The response is considered to be endothelium dependent and 

NO mediated in vivo, however this is dependent upon the methodology of the technique 
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(12). Methodological considerations pertaining to the FMD measurement, such as the 

ultrasound measurement site and duration of ischemia, alter the contribution of different 

vasoactive substances to the dilatory response (12,14). The collective consensus from 

studies examining these methodological considerations, however, is that FMD in 

response to 5 min of ischemia distal to the ultrasound measurement site is endothelium 

dependent and NO specific (12,14-16). 

 

4.9.1 Brachial Artery Flow Mediated Dilation  

The FMD experimental protocol is illustrated in Figure 2. Vascular endothelial 

function testing was conducted according to standardized protocol, in a temperature 

controlled room between the morning hours of 8:00 and 12:00. Participants had fasted 

for 8 hours, abstained from caffeine and smoking for 12 hours and alcohol for 24 hours, 

and did not perform any modality of exercise for 24 hours prior to the research visit. 

 

 

 

 

 

 

Figure 2. Illustration of the FMD experimental protocol. The protocol was repeated 
following a 10 min rest period or until hemodynamics returned to baseline. 
 
 

Following central and peripheral arterial stiffness measurements, the 

participants were instrumented for vascular endothelial function testing. Participants 

remained resting in supine, with their left arm extended onto a separate experimental 
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table and supported by comforting foam. Heart rate and blood pressure were 

continuously monitored via 3-lead ECG and the Finometer device on the right arm, 

respectively. A blood pressure cuff was positioned on the left forearm directly distal to 

the olecranon process. The wrist was elevated 2 cm to ensure a stable and clear 

ultrasound image during cuff inflation and deflation. Brachial artery blood velocity was 

obtained using Doppler ultrasound operating at 4 MHz (Vivid i2, GE Medical 

Systems). The Doppler shift frequency spectrum was analyzed via a Multigon 500P 

TCD spectral analyzer where mean velocity was determined as a weighted mean of the 

spectrum of Doppler shift frequencies. The corresponding voltage output was sampled 

continuously (Powerlab, AD Instruments) and stored (LabChart, AD Instruments) for 

analysis at a later time. 

Brachial artery diameter was obtained using ultrasound imaging technology 

operating at 12-MHz in B-mode (Vivid i2, GE Medical Systems). The probe was 

placed over the left brachial artery and a clear image was obtained without interference 

from adjacent veins. Ultrasound parameters were set to optimize longitudinal B-mode 

images of the lumen/arterial wall interface. Image recording from the Vivid-i was 

achieved with a VGA to USB frame grabber (Epiphan systems Inc., California) and 

recorded as .avi files on an independent computer using commercially available 

software (Camtasia Studio, TechSmith, Michigan). 
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4.10 Data Analysis 

4.10.1 Brachial Artery Diameter 

The brachial artery diameter analysis was performed by a researcher who was 

blinded to the experimental groups. Vessel lumen diameter was analyzed using 

automated edge-detection software that allows the user to select a region of the 

ultrasound image with optimal arterial wall clarity (Encoder FMD and Bloodflow 

v3.0.3, Reed Electronics, United Kingdom). The software continuously identifies and 

tracks the inner arterial wall by using the contrast difference between the wall and the 

lumen of the vessel. Each FMD trial was analyzed offline and compiled into 3s time 

bins. Missing or erroneous diameter points were removed and replaced with 

interpolated diameters. 

 

4.10.2 Shear Stress 

Shear stress was estimated from shear rate (SR) and calculated as mean blood 

velocity/artery diameter. The SR was graphed in 3s time bins and the area under the 

curve (AUC) to the peak brachial artery diameter was used to quantify and control the 

FMD stimulus between participants. 

 

4.10.3 Flow Mediated Dilation 

FMD was calculated as a change in % from the average baseline diameter to 

peak FMD diameter using Equation 3: 

 

														%678 =
9:;<	=>;?:@:. − ;B. D;E:F>G:	=>;?:@:.

;B. D;E:F>G:	=>;?:@:.
×	100% 

 
 

[3] 
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A given FMD is a representation of both the magnitude of the response (vasodilation) 

and the magnitude of the stimulus (shear stress). Accordingly, following the initial 

FMD analysis, %FMD for a given SR stimulus was calculated using the following 

Equation 4: 

 

																		%678/LM =
%678
LM	NOP

 

 
 

Where the %FMD for a given SR stimulus (%678/LM), is the ratio of % change of 

baseline to peak diameter (%FMD, see equation 3) and the shear rate area under the 

curve to peak FMD diameter (SR AUC). 

 

4.11 Statistical Analysis 

Values are reported as means ± SD unless otherwise specified (IBM® SPPS® 

Statistics version 22.0.0.0). According to variable distribution (Kolmogorov-Smirnov), 

controls and COPD patients were contrasted by non-paired t or Mann-Whitney’s test. 

A χ2 test assessed differences in proportions. Pearson’s r assessed linear association 

between continuous variables. The accepted risk for a type I error was less than 5% 

(p<0.05). 

 

 

 

 

 

 

[4] 



	 56	

4.12 References 

1. Vogelmeier C, Agustí AG, Anzueto AR, Barnes P, Bourdeau J, Criner G, 

Fabbri LM, Martinez FJ, Roche N, Rodriguez-Roisin R, Sin D, Singh D, 

Stockley RA, Vestbo J and Wedzicha JA. Global Strategy for the Diagnosis, 

Management and Prevention of COPD, Global Initiative for Chronic 

Obstructive Lung Disease (GOLD) 2017. Available at: http://goldcopd.org/. 

2. Vestbo J, Hurd SS, Agustí AG, Jones PW, Vogelmeier C, Anzueto A, Barnes 

PJ, Fabbri LM, Martinez FJ, Nishimura M, Stockley RA, Sin DD, and 

Rodriguez-Roisin R. Global strategy for the diagnosis, management, and 

prevention of chronic obstructive pulmonary disease: GOLD executive 

summary. Am J Respir Crit. Care Med. 2013; 187: 347-365. 

3. Baecke JA, Burema J, and Frijters JE. A short questionnaire for the 

measurement of habitual physical activity in epidemiological studies. Am J Clin 

Nutr. 1982; 36: 936-942. � 

4. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo 

R, Enright P, van der Grinten CPM, Gustafsson P, Jensen R, Johnson DC, 

MacIntyre N, McKay R, Navajas D, Pedersen OF, Pellegrino R, Viegi G, 

Wanger J, and ATS/ERS Task Force. Standardization of spirometry. Eur 

Respir. J. 2005; 26: 319-338. �  

5. Wanger J, Clausen JL, Coates A, Pedersen OF, Brusasco V, Burgos F, Casaburi 

R, Crapo R, Enright P, van der Grinten CP, Gustafsson P, Hankinson J, Jensen 

R, Johnson D, Macintyre N, McKay R, Miller MR, Navajas D, Pellegrino R, 

and Viegi G. Standardisation of the measurement of lung volumes. Eur Respir 

J. 2005; 26: 511-522. 

6. Macintyre N, Crapo RO, Viegi G, Johnson DC, van der Grinten CPM, Brusasco 

V, Burgos F, Casaburi R, Coates A, Enright P, Gustafsson P, Hankinson J, 

Jensen R, McKay R, Miller MR, Navajas D, Pedersen OF, Pellegrino R, and 

Wanger J. Standardisation of the single-breath determination of carbon 

monoxide uptake in the lung. Eur Respir J. 2005; 26: 720-735.  

7. Kirby M, Pike D, Sin DD, Coxson HO, McCormack DG, and Parraga G. 



	 57	

COPD: Do Imaging Measurements of Emphysema and Airway Disease 

Explain Symptoms and Exercise Capacity? Radiology. 2015; 277: 872-880. 

8. Hansell DM, Bankier AA, MacMahon H, McLoud TC, Müller NL, and Remy 

J. Fleischner Society: glossary of terms for thoracic imaging. Radiology. 2008; 

246: 697–722.  

9. Bramwell JC and Hill AV. Velocity of transmission of the pulse wave: and 

elasticity of arteries. The Lancet. 1922; 199: 891-892. 

10. Vivodtzev I, Tamisier R, Baguet JP, Borel JC, Levy P, and Pépin JL. Arterial 

stiffness in COPD. Chest. 2014; 195: 861-875. 

11. Mackenzie IS, Wilkinson IB, and Cockcroft JR. Assessment of arterial stiffness 

in clinical practice. Q J Med. 2002; 95: 67-74. 

12. Thijssen DH, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, Parker B, 

Widlansky ME, Tschakovsky ME, and Green DJ. Assessment of flow-mediated 

dilation in humans: a methodological and physiological guideline. Am J Physiol 

Heart Circ Physiol. 2011; 300: H2-12. 

13. Widlansky ME, Gokce N, Keaney JF Jr, and Vita JA. The clinical implications 

of endothelial dysfunction. J Am Coll Cardiol. 2003; 42: 1149-1160. 

14. Green DJ, Jones H, Thijssen D, Cable NT, and Atkinson G. Flow-mediated 

dilation and cardiovascular event prediction: does nitric oxide matter? 

Hypertension. 2011; 57: 363-393. 

15. Joannides R, Haefeli WE, Linder L, Richard V, Bakkali EH, Thuillez C, and 

Lüscher TF. Nitric oxide is responsible for flow-dependent dilation of human 

peripheral conduit arteries in vivo. Circulation. 1995; 91: 1314-1319. 

16. Kooijman M, Thijssen DH, de Groot PC, Bleeker MW, van Kuppevelt HJ, 

Green DJ, Rongen GA, Smits P, and Hopman MT. Flow-mediated dilatation in 

the superficial femoral artery is nitric oxide mediated in humans. J Physiol. 

2008; 586: 1137–1145. 

 

 

 



	 58	

Chapter 5 

Results 

 
5.1 Subject Characteristics 
 

The subject characteristics and resting functional values and presented in Table 

6. Patients and controls were well matched for key variables including age, BMI, 

arterial blood pressures, forearm volume, and physical activity levels.  While most 

COPD patients were former smokers, controls typically never smoked. As expected by 

inclusion criteria (i.e., GOLD 2017 spirometric Grade I), patients presented with lower 

FEV1 than controls but only mild airflow obstruction post-bronchodilator. All patients 

provided mMRC scores ≤ 1; moreover, they reported either no exacerbation or a single 

exacerbation not requiring hospitalization in the preceding year, i.e., all patients were 

classified as GOLD 2017 Grade I, Group A. Groups were also well-matched by co-

morbidities burden, including cardiovascular disease [Table 6]. 

Evidence of emphysema was found in all patients with 13/16 (81%) presenting 

with more than 5% LAA. The burden of airway disease, however, was less relevant. 

There was a predominance of centrilobular emphysema involving the upper lobes 

[Table 6].  
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Table 6. Baseline characteristics of patients with COPD and healthy controls.  

 COPD 
(n=16) 

Controls 
(n=16) p Value 

General Characteristics     
       Age, yrs 66±8 64±8 0.33 
       Female/Male, n 11/5 9/7 0.48 
       Height, m 1.67±0.10 1.67±0.11 0.88 
       Weight, kg 79.1±13.5 81.9±13.2 0.80 
       BMI, kg/m2 28.5±4.3 29.4±4.1 0.81 
       Smoking (former/current/never) 12/4/0 4/1/11  
       Smoking History, Pack-years 41.7±14.5* 8.9±13.8 <0.001 
       Forearm Volume, ml 920±259 1020±229 0.28 
       Baecke’s Physical Activity Score 6.5±1.6 7.3±1.1 0.17 

Clinical Characteristics    

       COTE co-morbidity index  1 [0-2] 1 [0-2] 0.90 
       Cardiovascular co-morbidities    
              Systemic hypertension, N 3 4 0.78 
              Hypercholesterolemia, N 4 3 0.78 
              Coronary artery disease, N 2 1 0.88 
              None, N 10 9 0.90 
        COPD medications    
              SABA 4 - - 
              SAMA 2 - - 
              LABA 1 - - 
              LABA+ICS 1 - - 
              LAMA 2 - - 

Cardiovascular Measurements    
       Systolic Blood Pressure, mmHg 129±20 128±20 0.91 
       Diastolic Blood Pressure, mmHg 75±9 82±11 0.09 
       Mean Blood Pressure, mmHg 93±11 98±12 0.27 
       Heart Rate, bpm 63±9 64±15 0.81 

Lung Function    

       FEV1, L 2.15±0.61* 2.89±0.67 0.003 
       FEV1, % predicted 86.2±13.8* 105.1±12.5 <0.001 
       FVC, L 3.39±0.99 3.84±1.01 0.20 
       FVC, % predicted 96.1±15.6 101.9±14.6 0.09 
       FEV1/FVC 0.63±0.05* 0.76±0.05 <0.001 
       TLC, L 6.24±1.06 -  
       TLC,% predicted  107.6±12.1 -  
       RV, L 2.54±0.99 - - 
       RV,% predicted  120.3±25.2 - - 
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Values are expressed in mean±SD. * denotes p<0.05 in comparison to controls. 
COPD=chronic obstructive pulmonary disease; BMI= body mass index; COTE= COPD 
specific comorbidity test; SABA= short acting beta agonist; SAMA= short acting 
muscarinic antagonist; LABA= long acting beta agonist; ICS= inhaled corticosteroid; 
LAMA= long acting muscarinic antagonist; FEV1= forced expired volume in 1 second; 
FVC= forced vital capacity; TLC= total lung capacity; RV= residual volume; DLCO= 
lung diffusing capacity for carbon monoxide; KCO= DLCO divided by accessible 
‘alveolar’ volume (transfer coefficient); CT= computed tomography; LAA= low 
attenuation areas. 
 

5.2 Pro-Inflammatory Markers 

 Blood samples were successfully analyzed in 11 COPD patients and 11 controls 

for circulating plasma IL-6 and TNFα levels. Compared to controls, patients had 

significantly higher IL-6 (p=0.025). Owing to large inter-subject variability, however, 

log [TNFα] did not differ between groups (p>0.05) [Figure 3 & Table 7]. There were 

no significant relationships between circulating plasma IL-6 and log [TNFα] with age, 

MAP, and BMI (p>0.05). 

 

 

 

 

 

       RV/TLC 40 ± 8 - - 
       RV/TLC,% predicted  118.2±20.4 - - 
      DLCO, ml/min/mmHg 14.8±5.9 - - 
       DLCO, % predicted 78.1±17.3 - - 
       KCO, ml/min/mmHg/L 3.1±0.8 - - 
       KCO, % predicted 84.5±15.3 - - 

Thoracic CT    
       Emphysema index, LAA950% 12.7±7.6 - - 
       Upper lobes/total lung ratio 0.80±0.06 - - 
       Centrilobular emphysema, % 72.7±9.4 - - 
       Airway thickness (Pi10), mm 4.1±0.7 - - 
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Figure 3. Levels of circulating IL-6 at rest in patients with mild COPD and controls. 
Values are expressed in mean±SD. * denotes p<0.05 in comparison to controls. 
 
 

 
Table 7. Systemic inflammatory biomarkers. 

Laboratory Marker COPD  Controls p Value 

IL-6, pg/ml 2.22±1.26* 1.35±0.61 0.025 

Log [TNFα] 6.81 [0.26] 6.49 [0.53] 0.26 
 
Values are expressed in mean±SD or median [IQR]. * denotes p<0.05 in comparison to 
controls. COPD=chronic obstructive pulmonary disease; IL-6= interleukin-6; TNFα= 
tumor necrosis factor-α. 
 

In all subjects, circulating plasma IL-6 levels were significantly correlated with 

smoking (r=0.66; p=0.003) and negatively correlated with physical activity levels (r=-

0.57; p=0.01). There was no correlation between IL-6 and FEV1%pred (r=-0.27; 

p=0.25) or TNFα and FEV1%pred (r=-0.21; p=0.38). This relationship remained true 

between IL-6 and FEV1/FVC (r=-0.40; p=0.08), and TNFα and FEV1/FVC (r=-0.38; 

p=0.09). There was a trend for circulating IL-6 levels to be related to circulating TNFα 

levels (r=0.37; p=0.09). 

Examining the correlates of systemic inflammation within the COPD group, 

circulating IL-6 and TNFα levels were not related to lung function (including DLCO) 
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or any clinical and cardiovascular measurements. Moreover, IL-6 and TNFα were not 

related to emphysema burden (p>0.05). Smoking was significantly correlated to 

circulating IL-6 levels (r=0.71; p=0.046), however the relation with physical activity 

did not remain statistically significant (r=-0.69; p=0.057). As expected, there remained 

a tendency for circulating IL-6 levels to be related to circulating TNFα levels (r=0.56; 

p=0.07).  

 

5.3 Pulse Wave Velocity 

Patients with mild COPD exhibited a statistically significant elevation in central 

aortic arterial stiffness (p=0.002), but not in peripheral arterial stiffness (p=0.43) 

compared to controls (aPWV=9.57±1.39 m/s versus 7.74±1.30 m/s; and 

pPWV=9.33±1.54 m/s versus 9.47±2.22 m/s, respectively) [Figure 4].  

 

 

 

 

 

 

 

 

 

 
Figure 4. A. Carotid-femoral pulse wave velocity (aPWV) and B. femoral-dorsal pulse 
wave velocity (pPWV) in patients with mild COPD and controls. Values are expressed in 
mean±SD. * denotes p<0.05 in comparison to controls. 
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Central aortic stiffness was independent of shared risk factors for COPD and 

cardiovascular disease including systemic inflammation, smoking, and MAP [Table 8]. 

Within the group of COPD patients, aPWV was not correlated with subjects’ general 

characteristics, resting cardiovascular measurements or the circulating levels of 

proinflammatory markers (p>0.05). Of note, however, aPWV was negatively related 

to DLCO (r= -0.56, p= 0.01) and positively related to emphysema (but not airway 

disease) (Table 8, Figure 7 B). 

Table 8. Associations between continuous variables and central aortic pulse wave 
velocity. 
 

 All Subjects (n=32) COPD (n=16)  
 r Value p Value r Value p Value 

General Characteristics      
       Age, y 0.59 0.003* 0.39 0.20 
       BMI, kg/m2 -0.09 0.68 -0.22 0.49 
       Smoking History, Pack-years 0.41 0.08 0.20 0.60 
Lung Function     
       FEV1, %predicted -0.26 0.25 0.22 0.52 
       FEV1/FVC -0.345 0.125 0.34 0.30 
       RV, % predicted - - 0.41 0.21 
       DLCO, % predicted - - -0.56 0.01* 
Cardiovascular Measurements     
       Heart Rate, bpm 0.01 0.97 0.10 0.98 
       Mean Blood Pressure, mmHg 0.18 0.42 0.36 0.24 
Thoracic CT     
       Emphysema index, LAA950% - - 0.66 0.01* 
       Airway thickness (Pi10), mm - - 0.18 0.62 
Pro-inflammatory Markers     
      IL-6, pg/ml 0.39 0.09 0.34 0.31 
      TNFα, pg/ml 0.25 0.29 0.05 0.89 

 
 
* denotes p<0.05 statistical significance. BMI= body mass index; FEV1= forced expired 
volume in 1 second; FVC= forced vital capacity; RV= residual volume; DLCO= lung 
diffusing capacity for carbon monoxide; CT= computed tomography; LAA= low 
attenuation areas; IL-6= interleukin-6; TNFα= tumor necrosis factor-α. 
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5.4 Flow Mediated Dilation of the Brachial Artery 

FMD measurements were well tolerated by all subjects. Baseline brachial artery 

diameter did not differ between COPD patients and controls, 0.34±0.06 cm and 

0.35±0.07 cm, respectively (p=0.74). In addition, there was no statistically significant 

difference in baseline brachial artery blood velocity or blood flow between COPD 

patients and their healthy counterparts [Table 9]. Following release of suprasystolic 

compression, patients with mild COPD displayed a marginally lower FMD compared 

to controls (4.11±3.16% versus 5.17±2.57%; p=0.14) [Figure 5A]. The absolute 

diameter change from baseline between COPD patients and controls also displayed a 

tendency to be reduced (0.013±0.009 cm versus 0.017±0.007 cm; p=0.09). However, 

after normalizing for the FMD stimulus (internal wall shear stress), the FMD%/SR of 

the controls was significantly greater (1.86-fold) than that of patients (p=0.03) [Figure 

5B]. Furthermore, patients displayed a significantly slowed maximum vasodilatory 

response to the reactive hyperaemia (-16.47 s; p<0.01) [Figure 6]. 
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Figure 5. A. Reactive hyperaemia flow mediated dilation of the brachial artery from 
baseline diameter in patients with mild COPD and controls (p=0.14). B. Reactive 
hyperaemia flow mediated dilation of the brachial artery normalized for shear rate 
(p=0.03). Values are expressed in mean±SD. * denotes p<0.05 in comparison to controls. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Time to maximal flow mediated dilation of the brachial artery in COPD patients 
and controls. Note that despite an impaired FMD and no difference in baseline brachial 
artery diameter, COPD patients displayed a slowed dilatory response. Values are 
expressed in mean±SD. * denotes p<0.05 in comparison to controls. 
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Table 9. Reactive hyperaemia flow mediated dilation of the brachial artery. 
 

 COPD Controls p Value 
Baseline Brachial Artery Diameter, cm 0.34±0.06 0.35±0.07 0.74 
Baseline Brachial Artery Blood Velocity, cm/s 6.69±2.56 6.36±3.12 0.68 
Baseline Brachial Artery Blood Flow, ml/min 39.93±15.93 37.15±19.44 0.69 
FMD, % 4.11±3.16 5.17±2.57 0.14 
Absolute FMD, cm 0.013±0.009 0.017±0.007 0.09 
Normalized FMD, %/SR 0.00086±0.00064* 0.0016±0.00096 0.03 
SR (AUC) 5187±2810* 3441±746 0.04 
Time-to-Maximal Diameter, s 62.01±20.68* 45.54±11.42 0.007 

 
Values are expressed in mean±SD. * denotes p<0.05 in comparison to controls. 
COPD=chronic obstructive pulmonary disease; FMD=flow mediated dilation; SR=shear 
rate; AUC=area under the curve. 
 
Within the group of COPD patients, normalized FMD% and time-to-maximal FMD 

were not correlated with general characteristics, resting cardiovascular measurements 

or the circulating levels of proinflammatory markers (p>0.05). Normalized FMD% was 

correlated with heart rate (r=0.56; p=0.03) and negatively correlated MAP (r=-0.53; 

p=0.01). There was no correlation with circulating TNFα levels (r=0.16; p=0.65) and a 

tendency for a correlation with circulating IL-6 levels (r=0.58; p=0.08).  Of note, 

however, patients with lower normalized FMD% had more extensive emphysema 

[Figure 7 C) and lower DLCO [Table 10]. Similar results were found regarding to time-

to-maximal FMD, i.e. patients with slower vasodilation had more emphysema and lower 

DLCO [Table 10]. Albeit not statistically significant, there was a trend for patients with 

worse endothelial function to present with greater central arterial stiffening (r=-0.36; 

p=0.11). An overview of the key relationships within the COPD group are shown in 

Figure 8. 
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Table 10. Associations between continuous variables and flow mediated dilation 
of the brachial artery. 
 
 All Subjects COPD 
 r Value p Value r Value p Value 
Normalized FMD, %/SR     
   Clinical Characteristics     
        Age, y -0.30 0.18 -0.44 0.10 
        BMI, kg/m2 -0.10 0.61 -0.23 0.44 
        Smoking History, Pack-years -0.40 0.06 0.49 0.13 
   Lung Function     
        FEV1, %predicted 0.22 0.34 0.16 0.60 
        FEV1/FVC 0.27 0.29 -0.04 0.89 
       RV, % predicted - - 0.29 0.42 
       DLCO, % predicted - - 0.51 0.04* 
   Cardiovascular Measurements     
        Heart Rate, bpm 0.19 0.32 0.56 0.03* 
        Mean Blood Pressure, mmHg -0.25 0.19 -0.60 0.03* 
   Thoracic CT     
       Emphysema index, LAA950% - - -0.54 0.02* 
       Airway thickness (Pi10), mm - - 0.24 0.50 
   Pro-inflammatory Markers     
       IL-6, pg/ml -0.11 0.64 0.58 0.08 
       TNFα, pg/ml -0.15 0.53 0.16 0.65 

Time-to-Maximal Diameter, s     
   Clinical Characteristics      
        Age, y 0.24 0.20 0.02 0.94 
        BMI, kg/m2 -0.26 0.18 -0.12 0.67 
        Smoking History, Pack-years 0.33 0.12 0.07 0.83 
   Lung Function     
        FEV1, %predicted -0.38 0.06 -0.08 0.79 
        FEV1/FVC -0.16 0.44 0.31 0.30 
       RV, % predicted - - 0.34 0.31 
       DLCO, % predicted - - -0.56 0.04* 
   Cardiovascular Measurements     
        Heart Rate, bpm 0.24 0.21 0.41 0.13 
        Mean Blood Pressure, mmHg -0.27 0.16 -0.28 0.32 
   Thoracic CT     
       Emphysema index, LAA950% - - 0.57 0.02* 
       Airway thickness (Pi10), mm - - 0.29 0.41 
    Pro-inflammatory Markers     
       IL-6, pg/ml 0.24 0.30 0.05 0.89 
       TNFα, pg/ml 0.03 0.88 -0.24 0.50 
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* denotes p<0.05 in comparison to controls. FMD= flow mediated dilation; SR=shear 
rate; BMI= body mass index; ; FEV1= forced expired volume in 1 second; FVC= forced 
vital capacity; RV= residual volume; DLCO= lung diffusing capacity for carbon 
monoxide; CT= computed tomography; LAA= low attenuation areas; IL-6= interleukin-
6; TNFα= tumor necrosis factor-α. 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Relationship of lung diffusion capacity for carbon monoxide (DLCO, panel A), 
central arterial pulse wave velocity (aPWV; panel B) and normalized flow mediated 
dilation (FMD; panel C) with emphysema burden by HRCT in COPD patients.  
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Figure 8. Key associations among markers of systemic vascular dysfunction with 
emphysema burden and pulmonary gas exchange impairment (DLCO) in patients with 
mild COPD. 
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Chapter 6 

Discussion 
 

 
It is now well documented that COPD is often accompanied with various 

cardiovascular abnormalities, which further reduces the quality of life, increases 

the risk of hospitalization, and doubles the risk of cardiovascular mortality (1). 

Given the high cardiovascular morbidity and mortality in COPD, we aimed to 

investigate the presence of dysfunction at various levels of the cardiovascular system 

in patients with mild COPD. The novel findings of this research indicate, that compared 

to healthy matched controls, COPD patients with mild airflow obstruction had:  

1) Greater central aortic stiffness, but preserved peripheral arterial 

compliance; 

2) Systemic endothelial dysfunction as indicated by impaired and slowed 

endothelium-dependent flow-mediated dilation of the brachial artery; 

3) Elevated levels of circulating systemic inflammatory biomarker plasma 

interleukin-6; 

 

Furthermore, within the COPD patient group: 

4) Patients with greater emphysema burden and lower lung diffusing capacity 

for carbon monoxide had evidence of poorer systemic vascular function as 

indicated by all markers. 
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These findings provide novel support for the notion that the systemic consequences of 

COPD begin in the mild stages of the disease. Specifically, central aortic stiffness and 

systemic endothelial dysfunction are prominent abnormalities present in mild COPD 

patients that are not fully explained by the shared traditional risk factors. Given the 

clinical power of these measurements to independently predict adverse cardiovascular 

outcomes (2-4), these findings lend support for the need for detailed clinical 

investigations in this neglected subpopulation of COPD patients. Furthermore, early 

introduction of non-pharmacological and pharmacological interventions aiming at 

improving vascular function might prove therapeutically valuable to reduce the burden 

of cardiovascular disease in patients with COPD. 

 

6.1 Subject Characteristics. 

The mild COPD patients in our study were well matched to controls across all 

anthropometric, demographic, and resting cardiovascular variables [Table 6]. The 

majority of our COPD patients and controls were classified as overweight or obese, 

however this is in accordance with the Canadian standards for their age-associated BMI 

(5). The anthropometric and resting cardiovascular measurements of our patients were 

comparable with studies involving mild patients, including age, BMI, and arterial blood 

pressures (6-8). As previously mentioned, all patients presented with abnormal airflow 

obstruction compatible with GOLD Grade I, Grade A COPD severity (post-

bronchodilator FEV1 ≥ 80% predicted and FEV1/FVC < 0.7 with mMRC scores ≤ 1) 

(9). Accordingly, as the COPD patient population included in this research are 

operating on the less extensive margin of the lung function abnormality spectrum, the 
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lack of correlations with other physiological variables and outcomes is expected given 

the narrow range of functional impairment. 

 

6.2 Systemic inflammation 

COPD by definition is characterized by chronic inflammation of the airways 

and lungs (9), however growing evidence suggests this inflammatory state is not 

restricted to the lungs. COPD patients across the spectrum of disease severity have 

shown evidence of elevated low-grade systemic inflammation as measured by 

circulating cytokines and acute-phase proteins (10-13). Our results confirm and extend 

these findings from previous studies by showing that even in the mild stage of the 

disease, GOLD 2017 Grade I, Group A (mMRC ≤ 1) COPD patients present with 

significantly elevated levels of specific circulating cytokines compared to their healthy 

counterparts [Figure 3].  

In COPD, IL-6 and TNFα are important proinflammatory cytokines involved 

in the inflammatory cascade. Elevated levels are associated with development of 

atherosclerosis and cardiovascular disease in COPD (14), which is especially critical 

given their significant increases during exacerbations (15). There is evidence to suggest 

that systemic circulating levels of these cytokines may be elevated in mild COPD, 

however studies have a tendency to group mild and moderate COPD patients when 

statically comparing them to healthy controls (7,12,16,17). For instance, Sabit et al. 

found significantly elevated levels of IL-6 in COPD patients with mild-to-moderate 

airflow obstruction compared to controls (p<0.05), however this group was 

predominantly COPD patients with moderate airflow obstruction (GOLD stage I=15 
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and GOLD stage II = 26) (17). Though, circulating IL-6 levels found in their COPD 

patients (2.11±1.84 pg/ml) were in line with our findings [Table 7]. Clarenbach et al. 

found slightly higher levels of circulating IL-6 levels in mild-to-moderate COPD 

patients (3.4±3.3 pg/ml), however again, this group was predominantly composed of 

moderate COPD patients (FEV1%pred=71.5±12.1) (7). Furthermore, inclusion of 

patients with comorbities also known to be associated with systemic inflammation such 

as diabetes and cardiovascular disease were highly prevalent in that study (18). 

However, we provide further evidence to suggest that systemic IL-6 levels are 

significantly elevated in patients with mild COPD compared to their healthy 

counterparts. 

Conversely, we found no significant difference in circulating TNFα levels 

between mild COPD patients and controls [Table 7]. However, this is in line with the 

findings of a recent systematic review, concluding that systemic circulating TNFα 

levels in COPD patients were in fact not significantly elevated compared to controls 

(13). Why our patients with mild COPD present with elevated circulating IL-6 but not 

TNFα may be due to patient phenotypic differences. There remains a substantial 

heterogeneity and variance with regards to systemic TNFα levels in patients with 

COPD (13). As such, TNFα may not be a COPD-related systemic inflammatory 

biomarker but more a biomarker of generalized systemic inflammation. However, 

further investigations are required to confirm this hypothesis and to characterize the 

systemic inflammatory profile of patients with mild COPD. 

 We found a significant negative correlation between circulating plasma 

IL-6 levels and habitual physical activity levels for all our subjects (p=0.01). The 
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cardiovascular and inflammatory consequences of physical inactivity have been 

extensively reviewed (19), and in line with our findings, Watz et al. showed that 

physical activity was an independent predictor of systemic IL-6 levels in mild 

COPD patients (2.2 [1.6-3.1] pg/ml) (20). We also found a significant positive 

correlation between circulating plasma IL-6 and smoking pack-years in all subjects 

(p<0.01) and in COPD patients alone (p=0.046). This is in agreement with longstanding 

knowledge that cigarette smoking stimulates a chronic inflammatory response in 

COPD that is partially mediated by IL-6 and TNFα (9,21). However, what is not 

known is that even among non-current smokers with COPD, there is still evidence 

of low-grade systemic inflammation (11). This suggests that smoking cessation 

does not attenuate the systemic inflammatory cascade once initiated, and as 

shown by Agusti et al., persistent systemic inflammation increases the risk of 

exacerbations and is associated with poorer outcomes in COPD (22). The etiology of 

low-grade systemic inflammation in COPD is currently unknown as no study has 

powered to assess causality. The pulmonary “spill over” concept, that the inflammatory 

process in the pulmonary vasculature spills over into the systemic circulation inducing 

a generalized inflammatory profile, has been the default etiological explanation. 

However, this theory has yet to receive empirical validation. Therefore, it may be that 

the pulmonary and low-grade systemic inflammation are parallel processes, or 

conceivably reverse causality, that the systemic inflammation is inducing airway 

inflammatory injury. Whether or not these theories prove true, Donaldson et al. and 

Vernooy et al. both demonstrated no correlation between systemic inflammatory 

markers with selected markers of airway inflammation in patients with moderate-to-
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severe and mild-to-moderate COPD, respectively (23,24). Thus, although 

inflammation is present in both the airways and systemic circulation, they do not appear 

to be fully regulated through the same pathophysiological mechanisms.  

 

6.3 Dysfunction Beyond the Lungs: Systemic Vascular Abnormalities 

6.3.1 Systemic Arterial Stiffness 

 Central aortic stiffness was significantly increased in patients with mild COPD 

compared to controls, yet peripheral arterial compliance was well preserved [Figure 4]. 

Our results extend previous findings that central arterial stiffness is increased in COPD, 

by demonstrating that this systemic vascular abnormality is present in patients with 

mild COPD.  

Consistent with previous studies that displayed aPWV measurements in 

Stage I/II COPD patients (8,25,26: 9.26 m/s), our patients presented with similar 

values (9.57 m/s). We found a significant correlation between aPWV and age in 

all our subjects, which is expected as progressive central arterial stiffness is a 

natural process of aging in men and women (27). In contrast, we found no 

significant correlation between aPWV with lung function, markers of systemic 

inflammation, smoking, or MAP [Table 8]. This however contradicts most reports 

that aPWV increases with disease severity and is associated with markers of 

systemic inflammation and arterial blood pressures [Table 4]. However as 

previously acknowledged, the lack of correlation with measurements of lung function 

is expected given the narrow range of functional impairment in our patient population. 

We found significantly elevated systemic IL-6 levels in mild COPD patients, however 
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no association with aPWV was present. Although this is in contrast to previous 

findings, evidence for a causal relationship between arterial stiffness and systemic 

inflammation is lacking. Indeed, it was shown that in response to vaccine-induced 

systemic inflammation, aPWV was increased and correlated to IL-6 and CRP (28). 

However, this was performed in healthy individuals which doesn’t reflect the etiology 

nor the pathophysiology of systemic inflammation in patients with COPD. 

Collectively, the lack of association between aPWV and IL-6 should be viewed lightly, 

as longitudinal studies are required to fully elucidate the causal mechanisms linking 

systemic inflammation and central arterial stiffness in patients with COPD.  

It is important to acknowledge the complexity of arterial stiffness in COPD as 

demonstrated by the conflicting association with systemic inflammation and the lack 

of association with smoking. Although smoking is a risk factor for arterial stiffness, 

many others have demonstrated a lack of association as well (8,29-32). Indeed, 

smoking causes the release of various systemic proinflammatory cytokines that are 

associated with the development of atherosclerosis and vascular extracellular matrix 

degradation (33,34). However, the severity of central arterial stiffening is greater in 

patients with COPD compared to controls matched for age and smoking 

(8,19,31,32,25). Accordingly, smoking may act as an initial instigator for the 

development of central arterial stiffness, but thereafter it appears that other pathological 

mechanisms specific to COPD mediate the progression.  

We are the first to assess lower peripheral arterial stiffness via PWV in patients 

with COPD. Our findings suggest that the development of central arterial stiffness 

occurs prior to peripheral arterial stiffness in mild COPD, thus a reversal of the normal 
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central-to-peripheral arterial stiffness gradient. As outlined in Chapter 2, the central 

and peripheral arterial compartments differ with regards to anatomical and 

physiological function. The former is predominantly comprised of elastin and functions 

to mechanically cushion and dampen the pressure oscillations produced by the 

contracting left ventricle, whereas the latter is generally more collagen dominant and 

serves to supply and distribute blood flow accordingly to muscles and organ tissues 

(36). Thus, in reference to the hypothesis put forth by Maclay and colleagues of a 

systemic susceptibility to elastin degradation in COPD patients (30), the central arterial 

compartment may be especially susceptible to stiffening in COPD.  However, this will 

be addressed in section 6.4. 

The specific pathogenic mechanisms of systemic elastin degradation in COPD 

is currently unknown, however upregulation of proinflammatory cytokines and matrix 

metalloproteinases (MMP) may underlie this susceptibility. Proinflammatory 

cytokines increase the expression of adhesion molecules on the vascular endothelium 

and facilitate the formation of atherosclerosis (33). MMPs are endopeptidases 

upregulated in vascular cells via proinflammatory cytokines, that participate in the 

degradation of elastin in the arterial wall and have been shown to be increased in the 

peripheral lung of patients with early emphysema (37) and in the skin of patients with 

COPD (30). Any imbalance of MMP expression, such as in a low-grade inflammatory 

state, leads to an augmented degradation of the vascular elastin and vascular 

remodeling (34). Maclay et al. showed that COPD patients (FEV1% pred=47.8±18.5) 

had increased expression of MMP-9, a MMP implicated in the development of 

emphysema, that was significantly associated with cutaneous skin elastin degradation. 
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In addition, cutaneous skin elastin degradation was associated with emphysema 

severity and central aortic stiffness (30). Accordingly, if a susceptibility to systemic 

elastin degradation is indeed a characteristic of COPD, it appears to partially mediated 

through an upregulation of proinflammatory cytokines and protease-antiprotease 

imbalance. Although this current study was not powered to measure vascular MMP 

levels, the elevated circulating IL-6 levels and lack of association with central aortic 

stiffness suggests that the early central vascular remodeling in mild COPD may be 

mediated through MMPs. Accordingly, this warrants further investigations into the 

potential pathogenic mechanisms of central arterial stiffness in mild COPD, especially 

those with greater emphysema burden. 

 

6.3.2 Systemic Endothelial Dysfunction 

 The vascular endothelium is essential for the regulation of blood flow, 

coagulation, fibrinolysis, and inflammation. Systemic endothelial dysfunction precedes 

the clinical expression of cardiovascular disease and independently predicts adverse 

cardiovascular morbidity and mortality (3,4,38).  We corroborate and extend previous 

findings that patients with COPD present with systemic endothelial dysfunction, by 

providing evidence that systemic endothelial function is significantly impaired even in 

patients with mild COPD [Figure 5]. 

In this current study, patients free of cardiovascular disease with mild COPD 

presented with significantly reduced and slowed FMD response compared to healthy 

age- gender-matched controls [Figure 5 & 6]. To our knowledge, we are the first to 

report this systemic abnormality in this severity of COPD. As such, the comparison to 
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previous findings must be regarded as a discussion of progression with disease severity. 

Clarenbach et al. examined FMD of the brachial artery in Stage I-IV COPD patients 

and found vascular function was progressively worse with increasing disease severity 

(7). In line with our FMD findings (4.1±3.2%), their Stage I/II COPD patients had a 

FMD of 4.3±2.0%, however the airflow obstruction was more severe than presented in 

ours (FEV1%pred = 71.5±18.5% vs. 86.2±13.8, respectively). Furthermore, the 

majority of patients had cardiovascular comorbidities and were taking medication 

known to effect vascular responses. The authors corroborate our finding as they also 

found no association between FMD and biomarkers of systemic inflammation (CRP 

and IL-6) (7). In contrast, Eickhoff et al. found a significant correlation between FMD 

and CRP and IL-6 (39). However, the methodology of the performed FMD technique 

differs from ours, as they placed the cuff on the upper arm which has been shown to 

produce a significantly greater vasodilatory response (40). We found no significant 

correlations between FMD and age, lung function, BMI, or smoking. The latter two are 

in agreement with previous findings, however the former two are in contrast. With 

regards to smoking, it is interesting as although the deleterious effects of smoking on 

vascular health are well established, systemic endothelial dysfunction occurs 

independently of smoking in COPD (7,39,41).  

It is important to acknowledge that normalizing the FMD to shear rate is not a 

routine practice. However, the stimulus for the FMD response is the ischemia induced 

increases in luminal blood flow and internal wall shear stress. Accordingly, the 

measured FMD is reflective of not only the functionality of the endothelium, but also 

the magnitude of the stimulus (40). It is therefore essential to consider the stimulus for 
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a given FMD response. The clinical relevance of normalizing the FMD to shear stress 

was demonstrated by Padilla et al, who were able to distinguish between a population 

at moderate cardiovascular risk from those of low cardiovascular risk by the 

normalized FMD and not FMD (42). In relation to our findings, the lack of statistical 

significance between FMD and the statistical significant difference between the 

normalized FMD, suggests patients with mild COPD are at higher cardiovascular risk 

than their healthy counterparts. Therefore, the routine practice of normalizing the FMD 

to shear stress when assessing cardiovascular risk in patients with COPD may prove of 

clinical significance. Collectively, in support of previous work, our findings suggest 

that patients with mild COPD present with systemic endothelial dysfunction, however 

factors other than systemic inflammation and smoking may be exerting a greater 

influence on vascular function in this patient population. 

The kinetics of the FMD response has gained clinical value in recent years. A 

delayed FMD response is independently associated with atherosclerosis of the carotid 

artery and increased cardiovascular risk (43,44). A novel finding of our study is that 

patients with mild COPD have a significantly delayed FMD response [Figure 6]. 

Although multiple FMD investigations have been performed in patients with COPD, 

we are the first to present this line of evidence in this clinical population. We found no 

correlation between the time-to-maximal FMD and any clinical characteristic or 

cardiovascular risk factor measured in this current study [Table 10]. However, patients 

with slower vasodilation had more emphysema and lower DLCO [Table 10]. Although 

we cannot exclude the lack of significance between groups is due to low statistical 

power, it is important to note the tendency for a more delayed FMD response with 



	 81	

decreasing lung function (r=-0.38, p=0.06).  

Reactive hyperaemia FMD of the brachial artery is an endothelium dependent 

NO-mediated response and reflects vasomotor function. It has been recognized that an 

impairment in FMD is reflective of reduced NO bioavailability, however the temporal 

recruitment of mechanisms for the time course of FMD are unknown (40). Previous 

studies aiming to elucidate the potential mechanisms of systemic endothelial 

dysfunction in patients with COPD have focused on NO bioavailability. However, most 

were unsuccessful and in most cases conflicting. It is well established that systemic 

endothelial function is progressively impaired with worsening COPD severity 

(7,39,41,45), which is why many have implicated low-grade systemic inflammation 

and oxidative stress as these states are progressively worsened with COPD severity as 

well. Furthermore, systemic inflammation and oxidative stress have shown to exert 

inhibitory effects on endogenous endothelial NO bioavailability. However, in contrast 

as previous noted, it appears systemic proinflammatory markers do not significantly 

contribute to systemic endothelial dysfunction in patients with COPD. In health, CRP 

concentrations known to predict adverse cardiovascular events decrease the 

endothelium-dependent NO production pathway via down-regulation of eNOS in a 

dose-dependent fashion (46). IL-6, a known stimulant for CRP production, upregulates 

adhesion molecules on the endothelium and facilitates macrophage LDL uptake (47); 

known atherogenic processes associated with endothelial dysfunction. Furthermore, 

Wang et al. demonstrated that the proatherogenic effects of proinflammatory cytokines 

extend beyond the endothelium, stimulating vascular smooth muscle cell proliferation 

and migration and elevating intracellular reactive oxygen species (48). However, in 
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COPD these mechanistic pathways to do not fully explain the impairment of 

endothelial function, which suggests other pathological mechanisms are exerting a 

greater influence in COPD. Biomarkers of oxidative stress, including hydrogen 

peroxide and superoxide, are increased in the exhaled breath and systemic circulation 

in COPD patients (9) and accumulating evidence suggest that oxidative stress alters 

endothelial function. Early canine studies have demonstrated the ability of superoxide 

to avidly inactive endothelial derived NO, thus reducing NO bioavailability (49). This 

rapid reaction produces peroxynitrite as a byproduct, which is not a free radical by 

definition but contributes to the oxidative stress (50). Subsequently, peroxynitrite 

uncouples eNOS by oxidizing tetrahydrobiopterin (51), which is an essential cofactor 

for the production of NO from L-arginine. Moreover, uncoupling eNOS causes the 

production of superoxide rather than of NO; completing a viscous feedback loop 

characterized by progressive vascular oxidative injury. The relationship between 

vascular oxidative stress and systemic endothelial function in patients with COPD is 

conflicting, as Clarenbach et al. reported that oxidative stress as measured by 

malondialdehyde was not a principle determinant of impaired FMD, however as 

previously mentioned, the prevalence of cardiovascular comorbidities was high and 

medication known to effect vascular responses were not withheld (7). Conversely, 

improving the antioxidative status with administration of various antioxidants has been 

shown to improve FMD in patients with moderate COPD (52,53). Therefore, although 

our study was not powered to measure biomarkers of systemic oxidative stress, the lack 

of association with the measured variables lends us to suggest that there may be an 

alteration in the tenuous oxidative/antioxidative balance. This warrants further 
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investigations into the relationship between oxidative stress and the magnitude and 

kinetics of FMD in patients with mild COPD. 

 

6.4 Emphysema and its Relations to Arterial Stiffness and Systemic Endothelial 
Dysfunction 

 
The systemic vascular component of COPD has gained clinical interest 

over the recent years, largely due to the recognition of excess cardiovascular 

mortality, especially in early COPD (1,55). However, the inability of shared risk 

factors to explain the relationship between COPD and cardiovascular disease has 

given researchers pause.  Both McAllister and Maclay demonstrated that arterial 

stiffness was associated with emphysema severity (25,30). Gläser et al. found 

that impaired systemic FMD was associated with lower DLCO in smokers (56), 

and Barr et al. found a correlation between systemic FMD and emphysema 

severity (41), suggesting a link between the pulmonary and cardiovascular 

systems in patients with COPD. We extend these findings by demonstrating novel 

evidence that central arterial stiffness and systemic endothelial dysfunction are 

both significantly associated with greater emphysema burden and lower DLCO in 

patients with mild COPD [Figure 7 & 8]. 

The current understanding of the mechanism(s) linking emphysema and 

systemic vascular abnormalities in COPD remains incomplete. Emphysema-

systemic vascular function correlations in COPD have shed light on the complexity and 

systemic nature of the disease. However, due to the lack of longitudinal studies it 

is unknown whether these two occur independently or have causal parallel 

driving forces. The hypothesis that we put forward to understanding the 
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relationship between COPD and cardiovascular disease is of multifactorial 

nature. Such that although all are pathologically related to the development and 

progression of COPD, different pathways may influence distinct vascular 

abnormalities along the arterial tree. For example, the association between 

emphysema/DLCO and central arterial stiffness may be mediated through systemic 

pro-inflammatory and/or protease-antiprotease imbalance induced elastin 

degradation (see section 6.3.1). Conversely, the association between emphysema and 

systemic vascular dysfunction may be in part due to a higher endothelial 

susceptibility to the oxidative consequences of smoking (56). The relationship of 

systemic vascular function with low DLCO might reflect the underlying relation of 

DLCO with emphysema plus any pulmonary microvascular impairment/destruction 

previously demonstrated in patients with mild COPD (57,58). 

It is important to acknowledge that although we found significantly higher 

circulating levels of IL-6, our patients may not be clinically diagnosed under the 

umbrella term “inflammated”. Thus, an alternative explanation for our finding that 

patients with mild COPD present with early signs of centrilobular emphysema, we 

revisit the “vascular hypothesis” of emphysema which suggests a causality of 

microvascular origin, independent of inflammation. This hypothesis was first 

proposed by Averill A. Liebow after noticing that the alveolar septa in centrilobular 

emphysema appear to be remarkably thin and almost avascular (59). Liebow proposed 

that the loss of lung tissue in emphysema may involve the progressive loss of capillary 

blood vessels via endothelial cell apoptosis and the associated loss of extracellular 

matrix. In support of this, Kasahara et al. found increased apoptotic events in the 
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lung tissues of patients with emphysema compared to non-smokers and smokers 

without emphysema (60). Of importance, was the reduction in protein and mRNA 

expression of vascular endothelial growth factor (VEGF), a trophic factor 

required for the survival and maintenance of endothelial cells, in the emphysema 

lungs (60). Furthermore, although inflammation may indeed be one of the causes 

of emphysema in COPD, the lung tissue sampled did not show signs of acute or 

chronic inflammation (60). Thus, the disappearance of lung alveoli in our COPD 

patients with emphysema may be due to apoptosis of alveolar septal endothelial 

cells secondary to reduced VEGF. The cause for the reduction in protein and 

mRNA expression of VEGF is unclear. A genetic deficiency has been 

hypothesized (60), however cigarette smoke (61) and oxidative stress (62) have 

been shown to downregulate its expression. Although it has previously been 

demonstrated that the association of COPD with emphysema and cardiovascular 

abnormalities occurs independently of smoking pack years, it remains plausible 

that the initiation of smoking generates feed-forward loops involving these 

destructive pathways, as evidenced by sustained systemic and airway 

inflammation with smoking cessation (22,63). This is in line with a longstanding 

understanding that smoking is a powerful risk factor for COPD and 

cardiovascular disease (9). Accordingly, the association we found between 

emphysema/ DLCO and systemic endothelial dysfunction may be explained 

through this noninflammatory nature via oxidative stress. The injurious effects 

of pulmonary and systemic oxidative stress on the endothelium have been 

previously demonstrated (49-51), and improving the antioxidative status with 
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administration of various antioxidants has been recently shown to improve FMD in 

patients with moderate COPD (52,53). Consequently, the reduction of VEGF activity 

in the lungs may increase the sensitivity of alveolar walls to oxidative stress leading to 

emphysema and low diffusing capacity, whereas oxidative stress in the systemic 

vasculature may lead to uncoupling of NO-dependent endothelium function.  

 

6.5 Clinical Implications 

The present study provides significant insight into the systemic 

consequences of COPD at various levels of the cardiovascular system. It provides 

support to the notion that the systemic consequences of COPD begin even in patients 

with Stage I of the disease. Furthermore, the interrelationships between the airways and 

systemic vasculature corroborate previous findings that suggest COPD is in fact a 

systemic disease. In clinical practice, these findings lend support to the prognostic 

value of earlier investigations into the presence of systemic vascular dysfunction in 

patients with largely preserved FEV1. 

Beyond the imperative of smoking cessation and lifestyle modification, and 

while current therapeutics targeting the airways and pulmonary function have proven 

clinically invaluable, interventions aiming at improving vascular function might prove 

therapeutically valuable to reduce the burden of cardiovascular disease in patients with 

COPD. Administration of an oral antioxidant cocktail has been shown to significantly 

improve FMD in moderate-to-severe COPD patients (54). Conversely, we recently 

examined the effects of oral antioxidant treatment with N-acetylcysteine (NAC) on 

respiratory, cardiovascular and locomotor muscle function and exercise tolerance in 
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patients with mild COPD (64). However, although this was not translated into 

improvements in exercise tolerance in non-hypoxemic patients with mild COPD, 

improvements in FMD in the absence of exercise performance may have occurred (56). 

Due to statins combination of cholesterol-lowering, anti-inflammatory, and antioxidant 

effects they remain a staple of cardiovascular medicine. As such, patients with COPD 

taking statins have lower exacerbation risk, improved quality of life and reduced all-

cause mortality (65). Our collective collaborative group has provided an overview of 

the heterogeneous pathophysiology of COPD with only mild airway obstruction (54), 

and in corroboration with this study’s novel findings, we lend support for the early 

introduction of non-pharmacological and pharmacological interventions with the goal 

of improving systemic vascular function to reduce the burden of cardiovascular disease 

in patients with COPD. Future research should aim to examine the prognostic value of 

introducing earlier cardiovascular interventions with efforts to relate systemic vascular 

abnormalities to the risk of major future cardiovascular events in COPD, i.e. coronary 

artery disease, myocardial infarction, and stroke. 

 

6.6 Study Limitations 

There are relevant limitations of this clinical study that must be addressed. 

Given that this study has a relatively small sample size; thus, type II error may 

have ultimately reduced the statistical power to detect between-group effects. Although 

this requires cautious interpretation, this is relevant for the following measurements: 

FMD% and circulating TNFα levels, as all displayed a tendency to be impaired in 

patients with COPD. Functional and structural assessments of lung function were 
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performed with conventional non-invasive methods. As such, we were unable to 

separate the membrane and vascular components of gas transfer and therefore their 

relative contributions to low DLCO in COPD subjects. Furthermore, more advanced 

imaging techniques may uncover the potential structural abnormalities in addition to 

emphysema including pulmonary microvascular disease.  

We utilized gold standard carotid-femoral pulse wave velocity methodology for 

assessing central aortic stiffness. Our peripheral arterial stiffness assessment is less 

validated in comparison; however, it provides clinically relevant information regarding 

the arterial stiffness in the lower limbs. Although we provide evidence of central aortic 

stiffness and systemic endothelial dysfunction in mild COPD patients, this study was 

not powered to assess all their potential determinants. Accordingly, future studies 

should aim to comprehensively assess this limitation. With regards to the methodology 

of reactive hyperaemia flow mediated dilation of the brachial artery, we have 

demonstrated with support from previous published work, the clinical importance of 

normalizing the dilatory response to shear rate and assessing the time-to-peak FMD. In 

addition to accompanying the vast heterogeneity and phenotypic differences in COPD 

and to allow meaningful comparisons across populations, we stress the need for 

standardized methodology in the investigative techniques for future work. 
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6.7 Conclusion 

This is the first study to undertake a comprehensive investigation into the 

presence of systemic vascular dysfunction in patients with mild COPD. Our main 

novel findings indicate, that compared to healthy matched controls, COPD patients 

with mild airflow obstruction presented with: 

 

1) Systemic vascular dysfunction as indicated by increased central arterial 

stiffness and impaired endothelium-dependent flow-mediated dilation of a 

conduit artery;  

2) Elevated levels of circulating systemic inflammatory biomarker plasma 

interleukin-6; 

3) Patients with greater emphysema burden and lower lung diffusing capacity for 

carbon monoxide had evidence of poorer systemic vascular function. 

 

Collectively, these data suggest that the mechanisms involved in emphysema 

genesis may have far-reaching effects on the cardiovascular system - even in patients 

with largely preserved FEV1 without a history of recent exacerbations and only modest 

symptom burden. They also indicate that patients with mild COPD who present with 

higher emphysema burden and low DLCO should be considered at increased risk of 

cardiovascular disease thereby meriting more active intervention (e.g., life-style 

modifications, more aggressive anti-atherosclerotic measures) and closer longitudinal 

follow-up. 
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Appendix 3 

Baecke Questionnaire of Habitual Physical Activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Baecke JA, Burema J, and Frijters JE. A short questionnaire for the measurement of habitual 

physical activity in epidemiological studies. Am. J. Clin. Nutr. 1982; 36: 936-942.] 
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Appendix 4 

COPD Specific Comorbidity Test 

(COTE Index) 
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Zagaceta J, Hunninghake G, and Celli B; BODE Collaborative Group. Comorbidities and risk 
of mortality in patients with chronic obstructive pulmonary disease. Am J Respir Crit Care 
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