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Abstract

AIM

To evaluate CRP, leukocytes and exercise capacity in determining current FEV1, in order
to identify appropriate potential determinants for use in developing a predictive diagnostic
model for people at risk of developing COPD.

METHODS

A literature review and meta-analysis was conducted to assess the influence of CRP,

leukocytes and exercise in predicting current FEV; levels.

DISCUSSION

As much of the literature on systemic inflammatory biomarkers relates to the more
advanced stages of COPD, assessing these levels across mild to severe COPD will
establish whether systemic inflammation is lower for milder stages of the disease. This
may provide new information about the value of using a combination of these assessments

as an indicator of people at risk of developing COPD.
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Chapter One: Introduction

11 BACKGROUND

Chronic obstructive pulmonary disease (COPD) is a progressive and only partly reversible
lung disease characterised by airflow limitation and difficulty breathing in and out fully (1,
2). Historically its origins can be traced back almost four centuries with the earliest
reference to emphysema being in 1679. The foundations for understanding the
pathophysiology of the disease did not occur until almost 140 years later when a
description of the clinical components of chronic bronchitis appeared in the literature in
1814 (3). Simple lung function assessment was made possible with the invention of the
spirometer in 1846. However, the first recorded evidence of individual components of the
disease did not occur until 100 years later when Christie recorded that his patient had
“physical signs of emphysema together with chronic bronchitis and asthma” (4). It took
until 1965 before the collective term ‘COPD’ was first coined by William Biscoe at the ot
Aspen Emphysema Conference (5). In 2001, the global initiative for lung disease (GOLD)
defined COPD as *“chronic airflow obstruction that is progressive and only partly

reversible”, a definition that is still in use today (6).

COPD is a major burden of disease and is responsible for high rates of disability, hospital
admission and premature death (7). In Australia, approximately one in thirteen people aged
forty years and over have lung function consistent with the diagnosis, while in 2010 COPD
was ranked as the third leading cause of death globally (8). With such a high impact on
global morbidity and mortality, an increasing amount of research is being conducted on
improving the diagnostic and therapeutic tools used for managing the disease. Airflow
obstruction measured by spirometry is the main way of diagnosing COPD with forced
expiratory volume in the 1% second (FEV:) and its relationship to forced vital capacity
(FVC) the primary method for classifying people into stages of COPD as well as for
measuring the efficacy of treatment (9). Notwithstanding, these measures do not describe
clinical aspects of the disease such as symptoms, quality of life or health status (10, 11),
and they also fail to provide any information about the underlying pathological processes
associated with COPD (12).



In an effort to improve prognostic accuracy a number of studies have investigated the
effect of combining existing assessments into a single measure (13-17). This approach has
yielded more comprehensive scoring systems with multi-dimensional assessments. The
two most prominent of these are the BODE index which combines BMI (body mass
index), airway obstruction, dyspnoea and exercise capacity (15) and the ADO index which

combines age, dyspnoea and air-flow obstruction (18).

While the BODE and ADO have improved predictive values, their use is limited as many
of the individual assessments are associated with the more advanced stages of the COPD
and provide little benefit for interventions targeted at changing the natural progression of

the disease in its earliest stages (19).

A retrospective study of 38,859 patient records collected over a nineteen year period
highlighted this issue. While 85% of the patients in the study had reported relevant
symptoms to their doctor at least once in the five years leading up to being diagnosed with
COPD less than half of them had reported these symptoms in the eleven to fifteen years
before diagnosis (20). The inadequacy in recognising the early signs and symptoms of
COPD represents a missed opportunity for early intervention with the authors of the study
recommending an improvement in the diagnostic tools used to detect COPD from
routinely collected patient data.

Early diagnosis of COPD is important not only because of the limited reversibility of the
disease but also because evidence has shown that the greatest loss of lung function occurs
in the early stages of the disease (21, 22). The rationale for intervening earlier in the
disease cycle is accompanied by a greater potential for altering the pattern of loss of lung

function typically seen as COPD progresses.

In a bid to identify those who were at risk of developing COPD the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) added a fifth category (Stage 0) to its
classification system of stages 1-4 in 2001. A person classified as being in Stage 0 had
chronic cough and sputum but normal spirometry, while the other four stages are
characterised by having FEV;/ FVC < 0.70 and vary by decreasing ranges of FEV;. In
particular these stages are defined as: Stage 1 - Mild COPD (FEV; > 80% normal); Stage 2



- Moderate COPD (FEV; 50-79% normal); Stage 3 — Severe (FEV; 30-49% normal) and
Stage 4 - Very severe (FEV1< 30% normal) (7).

However, the Stage O category was removed in 2006 because data showed that many
people in Stage 0 did not progress to GOLD Stage 1 or beyond. Since its removal, reliable
prognostic determinants such as systemic inflammatory biomarkers that could be used to
assist in identifying people at risk of developing COPD, have been reported in the
literature. These measures are yet to be incorporated into multi-dimensional assessments
for COPD.

With an increase in research aimed at developing more clinically relevant assessments of
COPD, there has been an increasing interest in the use of inflammatory biomarkers as a
measure of disease severity. A recent study combining the BODE index with the systemic
inflammatory biomarker C-reactive protein (CRP) reported that the combination improved
prognostic accuracy (23). Other markers and risk factors of COPD that could also be used
in assessing the early stages of the disease include smoking history, age, history of
exacerbation, the presence of comorbidities, physical activity levels and exercise

intolerance.

1.2 SMOKING

Evidence that cigarette smoking is a major factor in the development of COPD is well
documented (24) with the earliest reports of an association between smoking and clinical
symptoms attributed to the physician Benjamin Rush in 1798 (25). However, the link
between serious pathology and smoking was not confirmed until the late 1950s when
multiple large health organisations around the world formally attributed lung cancer to
smoking (24, 26-29).

In 1967 Petty and his colleagues uncovered the link between smoking and pathological
change that could lead to the development of COPD. The link was mucous gland
hyperplasia. Petty, in reporting on the findings from autopsies on 154 smokers noted the

presence of lung lesions and emphysema in 50% of the cases (30). The association



between smoking and declining lung function was first described by Fletcher and Peto in

their seminal study on male coal miners in the 1970s (31, 32).

Measuring airflow obstruction using the ratio FEV1/FVC is currently the gold standard for
diagnosing COPD (33) with an evaluation of disease progression measured by the rate of
decline in FEV; (34). Estimates that 20% of smokers and 50% of lifelong smokers are

likely to develop COPD later in life are based on these measures (35).

A systematic review of the epidemiological evidence related to declining FEV; and
smoking confirmed their association (34). This review demonstrated that the number of
cigarettes smoked per day was positively correlated with the rate of decline in FEV; and
that current smokers had an accelerated rate of loss of more than 10mL/year compared to
those that had never smoked. Results from this and other reviews also showed that over
time the accelerated rate of decline in FEV; reported in ex-smokers tended to revert back
to the rate of decline reported in people who had never smoked (34, 36, 37). This was
confirmed by other reviews that reported similar decreases for people with and without
COPD (36, 38-40). Given that FEV; is used to assess the severity and progression of
COPD slowing the rate of decline should be interpreted as slowing the rate of disease
progression (41). A study suggesting the risk of developing COPD could fall by as much
as 50% by smoking cessation alone (42) further supports the conclusion that smoking
cessation is more effective in the early stages of the disease compared to the later stages
(31, 34, 37, 39, 43, 44).

Smoking has been associated with increased levels of inflammatory biomarkers in current
smokers compared to those that have never smoked (45-49), while the number of
cigarettes smoked per day has also been linked to increased levels of these biomarkers (46,
48, 50-52). As smoking plays a role in the inflammatory process, correlation with the level
of inflammatory markers could act as an additional measure of its effect.

A landmark study using data from the 3 National Health and Nutrition Examination
Survey (NHANES I11) clearly identified the effects of smoking cessation on inflammatory
biomarkers (53). The survey analysed data from 15,489 current, ex- and non-smokers and
found that the levels of CRP and leukocytes were positively correlated with smoking

intensity and that there was a negative association between these biomarker levels and



smoking cessation. Furthermore, the elevated levels returned to baseline five years after

smoking was stopped.

A study by Asthana et al. challenged part of these findings in reporting a correlation
between smoking intensity and leukocyte count but not CRP levels, suggesting that any
correlation between smoking and CRP was likely to be masked by a stronger relationship
with adiposity (54). These studies highlight the complexities associated with investigating
the link between systemic inflammatory biomarkers and COPD. Furthermore, the effect of
age, sex and race can also influence biomarker levels and has the potential to further

confound the results.

1.3 INFLAMMATION

Chronic inflammation

A core feature of COPD is an abnormal inflammatory response in the central and
peripheral airways to environmental agents such as air pollution and cigarette smoke (55).
The inflammatory response to inhaled stimulants is a normal protective reaction to
smoking that appears to be modified and exaggerated in those that develop COPD. While
there are elevated numbers of innate immune cells in the lungs, evidence suggests that
their defense capabilities are suppressed by smoking (56). This abnormal inflammatory
response is found to persist following smoking cessation despite the absence of the
inflammatory stimulus (57, 58). Smoking also alters the repair mechanism of the lungs
causing an abnormal repair (fibrosis of small airways) or inhibition of repair (seen in

emphysema) (59-62).

Variability in airflow limitation in individuals can also be influenced by secretions and
inflammation in response to inhaled noxious particles such as cigarette smoke (55). This
results in differences in susceptibility of an individual to develop COPD. Results from a
study found that despite the majority of individuals with COPD having a history of
smoking, only 15-30% of all smokers developed COPD (31). It is also possible non-
smokers may develop COPD. Additionally, fixed airway obstruction can be contributed to

by asthma or other chronic disorders that cause inflammation in the lower respiratory tract.



Smoking is thought to cause COPD by inducing a chronic inflammatory response which
increases inflammatory mediators, proteases and oxidative stress, all of which are thought
to damage the lung. Oxidative stress is the dominant driver in this inflammatory process
and in addition to cigarette smoke is also promoted by obesity and tissue hypoxia (63, 64).
Oxidative stress occurs both locally in the lungs and systemically (65) and causes the
circulating and intra-pulmonary leukocytes to increase the production of reactive oxygen
species (ROS) (66).

Systemic inflammation

While COPD was traditionally considered to be a disease of the lungs, more recent
research has led to the disease also being characterised as a systemic inflammatory
disorder, indicated by the presence of elevated circulatory inflammatory biomarkers that
are present even in periods of clinical stability (67-71). While a definitive COPD-specific
biomarker is yet to be identified there are many local and general systemic inflammatory
markers that are elevated in stable COPD (72-74). These include C-reactive protein (CRP),
leukocytes (particularly neutrophils), fibrinogen (67, 69, 75, 76) and Interleukin (IL)-6 (1,
3). All have proven to be reliable as well as powerful diagnostic indicators for morbidity
and mortality in COPD (75, 77). Reports that lung function (FEV1) may be inversely
related to CRP levels have also appeared in the literature (78-80). Furthermore, levels of
these sytemic inflammatory biomarkers have been shown to become even higher during an
acute exacerbation (67, 69).

The GOLD guidelines define an exacerbation as “An event in the natural course of the
disease that is characterised by a sudden change in the patient’s baseline dyspnoea, cough,
and sputum that is beyond normal day-to-day variations” (81). Exacerbations become
more frequent as COPD progresses (82). A history of exacerbations is used as a marker of
disease prognosis in all stages of COPD with the risk of an exacerbation associated with

smoking status (53).



Comorbidities and exercise intolerance

Poor regulation of the inflammatory process that leads to low-grade systemic inflammation
in COPD is also linked to many of the comorbidities frequently associated with the disease
(83-86). Comorbidities such as cardiovascular disease, diabetes, osteoporosis and geriatric

cachexia are common in COPD and are known to have an inflammatory aetiology (87, 88).

More recently, physical activity was found to be a determinant of all-cause mortality in
COPD (89) with higher levels of exercise correlated with fewer hospital admissions, better
functional status and lower mortality (90-94). Prognosis can be predicted clinically by
using a measure of exercise capacity (the six minute walking distance: 6MWD) as a
predictor of future exacerbations and mortality (95-97). Increasing exercise performance

and capacity is therefore an important target for therapeutic intervention in COPD.

Between 1990 and 2006 hospitalisation rates for COPD remained relatively stable (98)
despite mortality rates for the disease having dropped by approximately half between 1980
and 2010 (99). The implication is that while management strategies designed to prolong
life have improved, strategies designed to slow deterioration of the disease remain largely
unsuccessful (100-103).

1.4  THE NEED FOR EARLY DIAGNOSIS

Despite increased awareness and improvements in diagnosis, COPD is still considered to
be under-diagnosed and under-reported around the world. Although a large proportion of
people that have COPD have been exposed to noxious agents such as cigarette smoke,
only 50% of lifelong smokers end up developing the disease (35). As smoking is the
greatest known risk factor for developing COPD later in life it seems appropriate to design
a diagnostic assessment that includes alternative markers of susceptibility in the smoking

population (104).

Diagnosing COPD begins with the presence of symptoms, meaning the disease has already
begun to progress. There is need for more research focusing on earlier diagnosis which

allows for earlier intervention. Reinstating the ‘at risk’ Stage 0 classification with



additional elements that improve the prognostic ability of the classification would increase
the potential for slowing disease progression during the early stages of COPD when the

greatest loss of lung function occurs.

A prospective study of participants comparing those considered to be ’at risk’ of
developing COPD and healthy controls considered GOLD Stage 0 to be a “subclinical
disease” (105). They found that although spirometry measurements were worse, functional
parameters such as dyspnoea, exercise capacity, oxygen saturation and quality of life were
similar to those in the healthy population (105). While another study found that GOLD
Stage 0 did have value as a screening tool and was associated with excess FEV; decline
(133).

While only a small number of individuals in that study progressed from GOLD Stage 0 to
GOLD Stage 1 (1.4%), it highlighted smoking as the major risk factor for developing
COPD. The study also reported that improvement from GOLD Stage 0 to healthy was
associated with smoking cessation, younger age and normal BMI, whereas persistent
GOLD Stage 0 (39.8%) was associated with continued smoking, depressive symptoms,
higher FEV decline and metabolic syndrome in men and older age in women (106). Given
these findings, there is support for reassessing the diagnostic criteria of GOLD Stage 0 and
for reintroducing the classification to enable more accurate identification of those at risk of

developing COPD later in life.

Although the use of systemic inflammatory biomarkers as early detectors of COPD is
promising their value may be underutilised as assessment for COPD is usually not
undertaken until a patient’s symptoms are obvious. One possible solution may be to use
these biomarkers as part of a screening process for all long-term smokers, given the higher
probability they will go on to develop COPD. Notwithstanding the risk to smokers, the
predictive value of this approach should include additional factors for people who are not

smokers, as this disease also affects many non-smokers.

This approach may also have to take in to account a gap in the research with respect to
investigating early detection of the disease. The majority of clinical trials to date have
focused on moderate to severe COPD. This is particularly pertinent with respect to trials

on exercise and inflammatory biomarkers. Investigating these measures in mild COPD will



improve our understanding of the inflammatory process during the earlier stages of the
disease as well as the relationship between the inflammatory process, lung function and
exercise capacity. Furthermore, as smoking is known to increase local and systemic
inflammation in COPD, investigating inflammation in non-smokers may provide further
insight into the value of using systemic inflammatory biomarkers as indicators of people at

risk of developing COPD in the future.

1.5 AIMS OF THE THESIS

There are two aims of this thesis. The first is to evaluate the predictive capacity of
systemic inflammatory biomarkers, lung function and exercise capacity in assessing
current FEV, levels. The second aim is to identify the predictive capacity of these elements
in assessing current FEV; levels, with a view to test these variables in a longitudinal study
for their predictive capacity of future FEV; levels. The results from that study could then
be used to develop a multivariate predictive model that assesses a patient’s risk of
developing COPD.
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Chapter Two: Inflammation in COPD

21 BACKGROUND

From the perspective of inflammation, COPD is a chronic inflammatory disease of the
lungs associated with exposure to cigarettes or other noxious particles and gasses (55, 81,
107). While the pathological changes associated with COPD can vary among individuals
the main changes occur in the central and peripheral airways, lung parenchyma and
pulmonary vasculature. The respiratory tract’s response to these noxious stimuli is a
normal inflammatory response that appears to be modified and exaggerated in some
people, in particular those who go on to develop COPD. While smoking has been
identified as the main risk factor associated with developing the disease other airborne
particles also have the ability to contribute to the ongoing inflammatory process that leads

to structural and functional changes in the airways and airflow limitation (59-62).

Genetic susceptibility can also influence disease development. It has been established that
1-2% of individuals who develop COPD have a genetically induced a-1 antitrypsin
deficiency (108). While an estimated 50% of lifelong smokers develop COPD (35), only
15-30% of all smokers develop the disease (31) indicating an interplay between continuous
smoking and the pathogenesis of COPD (62). The persistence of chronic inflammation
after smoking cessation (57, 58) supports the view that an abnormal inflammatory reaction
in response to smoking is the cause that leads to the development of COPD in genetically

predisposed individuals.

2.2 RESPIRATORY INNATE IMMUNITY

Chronic lung inflammation is associated with an increase in the numbers of macrophages,
neutrophils and lymphocytes across all stages of COPD (109, 110). Within the lung,
exposure to inhaled noxious agents causes a chronic inflammatory response through
activation of alveolar macrophages and epithelial cells (111). This causes them to release
chemotactic mediators that perpetuate the inflammatory process by recruiting additional

cells including neutrophils, monocytes and lymphocytes (particularly CD8+ T cells) (111).

11



Epithelial cells lining

Epithelial cells lining the trachea-bronchial tree are the initial cells to interact with inhaled
substances. These cells are responsible for a number of actions. They act as a physical
barrier to the outside air coming in (airway epithelium), they remove microbes and foreign
particles through the muco-ciliary clearance mechanism and they produce antimicrobial
and anti-inflammatory proteins (112, 113). Additionally, cytokines derived from these
epithelial cells and host defense proteins have pro-inflammatory and immune-regulatory
functions (114).

Ongoing irritation from smoking alters the architecture and function of the airway
epithelium in other ways (115-118). It causes the cells to secrete inflammatory proteases
and mediators including granulocyte-macrophage colony-stimulating factor (GM-CSF),
tumour necrosis factor alpha (TNF-a), transforming growth factor beta (TGF-B) and
interleukins (IL) IL-1b and IL-8 (119, 120) which activate fibroblasts and cause fibrosis
(121-123). TGF-B in particular is believed to induce fibrosis in the small airways because
of its ability to secrete connective tissue growth factor a mediator, which encourages
collagen deposits (124-126).

Alveolar macrophages

Although the level of macrophages, neutrophils, T-lymphocytes and dendritic cells are
related to the degree of airflow limitation (127-129) and are abnormally increased in all
stages of COPD (40), the relationship between the inflammatory cell types and the
mechanisms driving these increases remain unclear (56). Alveolar macrophages have been
identified as playing a pivotal role in orchestrating the inflammatory response associated
with COPD and have been linked to many features of the disease (130). Macrophages are
situated on the surface of the respiratory epithelium, exposing them directly to the outside
environment (130). They have a variety of defense functions that allow them to identify

pathogenic material and engage in phagocytosis and apoptosis of cells (131).

Macrophages are believed to initiate the inflammatory process in COPD because they are
potent producers of pro-inflammatory cytokines and chemotactic factors (including IL-1,

12



IL-6, IL-8, TNF-a, monocyte chemotactic peptide (MCP)-1 and leukotriene LTB-4) and
because of their ability to respond to stimuli by secreting ROS, proteases, and proteins
(109, 110, 132). In addition to the above secretions, the ability of macrophages to take up
and release neutrophil elastase (NE) enables macrophages to breakdown a similar
spectrum of proteins to that of neutrophils. Their chemotactic capacity also adds to the
inflammatory process by promoting infiltration of leukocytes into damaged tissues (133).
This secretion of chemotactic factors from macrophages is increased as a result of cigarette
exposure. The enhanced release of chemo-attractants, particularly 1L-8 and LTB-4 (134)
facilitates neutrophil infiltration into the respiratory tract, which is thought to be a key
driver in the development of COPD (135, 136). These effects are compounded by the fact
that the number of macrophages are found to be 5-10 times higher in people with COPD
(129).

Neutrophils

Neutrophils are frontline defensive cells that secrete inflammatory cytokines, antibacterial
peptides, ROS, lipid mediators and proteases including NE, an enzyme that can degrade
bacteria and proteins including collagen, elastin and a matrix of metallo-proteinase
enzymes (MMP-8 and MMP-9) (137-139). These secretions are strongly linked to the
destruction of lung tissue in emphysema and mucous metaplasia in chronic bronchitis
(140). They have also been implicated as a cause of potent mucus production through the

over-stimulation of sub-mucosal mucous glands and goblet cells (119, 141-144).

Proteolytic enzymes such as MMP-9 break down elastic tissue and contribute to the
development of pulmonary emphysema (145, 146). Macrophages are also able to release
NE which is taken-up from neutrophils, increasing their proteolytic potential and

potentially causing secondary damage (133, 145-147).

Dendritic Cells

Dendritic cells form a dense network in the airways and lung parenchyma. They are
located in close proximity to the outside environment which allows them to recognise and
take up inhaled pathogenic substances (148, 149). They assist with adaptive immune

13



responses by migrating to lymphoid tissues carrying these pathogens. This activates B and

T-lymphocytes (150), macrophages and neutrophils (151, 152).

Natural Killer Cells

Natural killer (NK) cells unlike other innate immune cells, do not respond to pathogens but
instead detect host cells that are stressed or compromised (for example by infection or
tumor) and assist in their destruction. NK cells secrete cytokines such as TNF-a, IL-12 and
interferon gamma (IFN-y) which mediate the inflammatory response to the compromised
cell by activation of other immune cells. It is known that smokers have a reduction in NK
cell activity with evidence that smoking inhibits production of IFN-y, TNF-a, as well as
the cytotoxic abilities of these cells (153).

The lung’s innate immune system is comprised of the airway epithelial cell barrier,
neutrophils, alveolar macrophages, dendritic cells and NK cells. It provides the first line of
defense against microbes. Recent studies have indicated the role of inflammasome, a large
intercellular multi-protein complex that is involved in innate immunity, in the response of
the immune system to airway inflammation in COPD (154-156). While the level of many
of the lung’s innate immune defense cells are elevated in COPD evidence also suggests
that they maybe suppressed in a smoking dependent manner (56). It is this defective innate
immune response that predisposes individuals with COPD to respiratory infection. While
the airways of healthy individuals are sterile, those with COPD are frequently colonized
with bacteria such as Streptococcus pneumonia, Haemophilus influenzae and Moraxella
catarrhalis. It has been reported that in stable COPD up to 30% of patients are colonized

with pathogens while during an exacerbation this can rise to up to 50% (157).

This defective immune response may explain why patients with COPD frequently develop
bacterial and viral infections, a common cause of exacerbations and a significant factor in
disease progression (157). In an acute exacerbation patho-physiological pathways
associated with stable COPD intensify as shown by raised levels of pulmonary and

systemic inflammatory markers, lung hyperinflation and oxidative stress (66, 158-160)
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2.3  ADAPTIVE IMMUNITY AND AUTOIMMUNITY

Chronic lung inflammation is present in mild to severe COPD (109, 110) with the number
of circulating neutrophils remaining elevated even when the condition is stable (67, 70).
Mechanisms other than chronic inflammation such as adaptive immune and autoimmune

responses thought to be implicated in the development and progression of COPD.

The respiratory innate immune system is comprised of epithelial cells, macrophages,
neutrophils, dendrites, and NK cells which mediate the initial defence against pathogens
and are also able to activate cells that are part of the adaptive immune response. Adaptive
immunity is made up of B-lymphocytes (that are able to produce antibodies) and T-
lymphocytes such as CD8+ and CDA4+ cells. The role of adaptive immunity in smokers
with COPD is suggested by the presence of a specific inflammatory pattern in the
respiratory tract of people with COPD. The pattern consists of CD8+ and CD4+ cells
across all stages of COPD (161-163), while lymphoid follicles are found to contain B-
lymphocytes and T-cells in the more severe stages of COPD (163).

Evidence has shown that COPD may also have an autoimmune component that plays a

role in the pathogenesis of the disease through its contribution to inflammation in the
respiratory tract even after smoking cessation (66, 67).

24  SYSTEMIC INFLAMMATORY BIOMARKERS

Our understanding of COPD has changed over the past ten years with the disease now
being characterised by the presence of low-grade systemic inflammation, indicated by
elevated levels of inflammatory biomarkers such as C-reactive protein (CRP), leukocytes,
fibrinogen and interleukin 6 (IL-6) (67-70, 164). Systemic inflammation has also been
identified as playing a role in exercise intolerance by inducing peripheral muscle wasting

which can acts as a further deterrent to physical activity.

Although the pathophysiology underlying the disease process is reasonably well
understood, the pathogenesis of the amplified inflammatory response, the systemic

inflammation and the persistence of inflammation in the absence of noxious stimuli
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(following smoking cessation) continue to remain unclear. In addition to the amplified
inflammatory response, two other processes that may also contribute to the pathogenesis of

COPD are oxidative stress and the imbalance between proteases and anti-proteases.

2.5 OXIDATIVE STRESS

In its response to cigarette smoke, NO,, SO,, particulates as well as inflammation itself,
cause epithelial cells, macrophages, neutrophils and eosinophils to increase their
production of ROS (165, 166). Oxidative stress occurs when the production of ROS
exceeds the body’s antioxidant capabilities. This process has been implicated as a potential
amplifying mechanism in COPD making it central to the pathological processes that lead
to damage in the lung (167, 168). ROS are natural byproducts of oxygen metabolism and
include peroxides and oxygen ions. When in excess they result in damaging biological
effects such as cell dysfunction and even cell death if the damage to cell DNA, proteins,

lipids or enzymes is serious enough (166, 169-171).

26  PROTEASE AND ANTI-PROTEASE IMBALANCE

Imbalance between protease and anti-protease (a substance that inhibits the action of
proteases), results from over-production of proteinases or underproduction of anti-
proteases. Imbalance can also be triggered by the activation or inactivation of proteases
and anti-proteases. Increased secretion of proteases is due to oxidative stress, which primes
their release from both neutrophils (elastase, cathepsin G and proteinase-3) and
macrophages (cathepsins B, L and S) as well as a variety of MMPs. Oxidation decreases
and inactivates several anti-proteinases including secretory leukoproteinase inhibitor, a-1
antitrypsin and tissue inhibitors of MMPs and are all involved in the pathogenesis of
COPD (172).
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2.7 SUMMARY

The inflammatory processes that result from inhaling irritants such as cigarette smoke are
thought to initiate and maintain the inflammatory response in the lungs. This results in
systemic inflammation, skeletal muscle wasting and comorbidities (173). However, as
non-smokers also develop COPD other factors must contribute to the pathogenesis of the

disease.

In COPD the dominant driver of the inflammatory process is oxidative stress, which is
promoted by cigarette smoke, obesity and tissue hypoxia (63, 64). Oxidative stress can
occur both locally in the lungs and systemically and causes the circulating and intra-
pulmonary leukocytes to increase production of ROS (65, 66).

CRP, an acute phase protein, is considered to be a marker of systemic inflammation and
tissue damage. The exact starting point of the systemic inflammation in COPD is
unknown. However, epithelial cells as well as circulating ROS, cytokines (TNF- «, IL-1,
IL-6, IL-17) (78) and GM-CSF have the ability to elevate the level of CRP by stimulating
the liver to increase hepatic production of CRP, fibrinogen and factor VIII or by
stimulating the bone marrow to secrete additional inflammatory cells such as monocytes,
leukocytes and platelets (172, 174) which can also cause systemic inflammation.

While systemic inflammatory biomarkers are produced by the liver in response to
increased levels of cytokines and ROS (78), local production of CRP by monocytes and
lymphocytes within the inflamed lung also occurs making it difficult to pinpoint the exact
source that increases serum inflammatory markers (175). Indeed, many studies have tried
to elucidate the direct cause of this systemic inflammation by focusing on the influence of
the lung compared to other causes of systemic inflammation. These attempts have met
with limited success. The concept of an ‘overspill effect’ of local lung inflammatory
products into the systemic circulatory system during a stable state whilst controversial, is
believed to be the primary mechanism causing elevated serum inflammatory biomarkers.
Results from studies investigating this mechanism have been inconsistent and inconclusive
with no correlation found between lung (sputum) and systemic (blood) levels of these

markers (176). There is however evidence that movement of a-1 antitypsn and secretary
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leukoprotease inhibitor does occur from the lungs to the blood in humans with COPD and

lungs to the lymph in sheep (176).

Serum inflammatory biomarker levels were initially measured in patients with respiratory
disease in the 1980’s in an attempt to understand the association between smoking and
lung function (177, 178). In 2004, Gan et al demonstrated that systemic inflammation was
present in patients with stable COPD (67). This changed our understanding of the systemic
nature of COPD and went some way to explaining the high prevalence of certain

comorbidities.

Currently no COPD-specific inflammatory biomarkers have been isolated. However, many
general systemic inflammatory markers such as CRP, leukocytes, fibrinogen (67, 69, 75)
and interleukin-6 (IL-6) (1, 3) have been found to be powerful diagnostic tools for
morbidity and mortality in COPD (75, 77). Levels of CRP, leukocytes and fibrinogen
become even higher during an exacerbation (67, 69). An increased risk of a further
exacerbation has also been associated with an increase in levels of these markers even in
patients considered to be stable. This occurs regardless of the stage of the disease or

whether there was a history of exacerbations (75).

In this thesis systemic inflammatory biomarkers were chosen to be measured as opposed to
local lung measures to predict the risk of development of COPD for three main reasons.
Firstly, systemic markers are more routinely tested therefore it is likely that the patient will
have medical records that would include these levels. This makes it easier to compare past
levels against current levels to see if they have altered. The second reason is because
sputum measurement may be more difficult to collect than blood testing and maybe less
accurate (not everyone has sputum). Finally, because all smokers are known to have
inflammation in the lungs, local lung inflammation measured from sputum may not

accurately identify the presence of COPD.

In COPD it appears that poor regulation of the inflammatory process leads to chronic low-
grade systemic inflammation. This inflammation has been linked to comorbidities
associated with COPD such as cardiovascular disease, diabetes, osteoporosis and geriatric
cachexia (83-88, 179). Systemic inflammation in COPD also plays a role in exercise

intolerance due to its ability to induce peripheral muscle wasting (180-182) and because of
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its progressive effects on airflow obstruction, causing patients to become more sedentary
(183). This makes exercise capacity a good measure for identifying those at risk of
developing the disease, this will be evaluated chapter four. As a precursor to this
evaluation the following chapter contains a review of the literature on the association

between exercise and inflammatory biomarkers in COPD.
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Chapter Three: Review of the literature

3.1 INTRODUCTION

The objective of this literature review is to investigate the association between exercise,
stable COPD and systemic inflammatory biomarkers in the published literature.

The abnormally exaggerated inflammatory response to inhaled irritants in COPD (55, 72-
74, 81, 107) has implications beyond airflow limitation due to fibrosis and remodelling of
the airways and lung parenchyma (9, 59-66). In addition to being a chronic inflammatory
disease of the lungs, COPD is now also considered a systemic inflammatory disease (67-
71, 164, 184).

Clinically COPD presents as emphysema, chronic bronchitis or asthma with the main
symptoms being declining lung function, increasing breathlessness, cough, sputum and
chest tightness (185). Many comorbidities and systemic consequences of the disease such
as cardiovascular impairment and skeletal muscle dysfunction (186) have an inflammatory
aeitology and have been attributed to the systemic inflammation that also accompanies
COPD (83-88, 173, 179, 186, 187) CRP levels in particular have been found to correlate

with cardiovascular risk factors (88).

Furthermore, systemic inflammation plays a role in exercise intolerance by inducing
peripheral muscle wasting (180-182, 188-190) and because of its progressive effects on
airflow obstruction. Both of these reduce capacity for physical activity and cause a person
to become more sedentary (183). This process can occur before COPD is even diagnosed
as inactivity levels are more pronounced in people with only mild symptoms of dyspnoea
but with low levels of oxygen diffusion and exercise capacity (191).

Muscle wasting is associated with an increase in the inflammatory biomarker TNF- «

(188). The combination of inflammation and ROS provoking muscle breakdown is
considered the most likely cause of this increase since COPD is strongly linked to an

increase in oxidative stress (189, 190). Because TNF- « is able to increase hepatic
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production of CRP, it is possible that muscle wasting may also influence systemic

inflammation (78).

As COPD progresses, skeletal muscle wasting contributes to expiratory airflow limitation
where airflow does not meet the increase in expiratory effort (192). This leads to air-
trapping and hyperinflation (193). Expiratory flow limitation together with hyperinflation
results in an increase in the effort required for ventilation during periods of higher demand
such as when exercising. This produces exertional dyspnoea and fatigue, which curtail
exercise performance and act as an additional factor in reducing exercise capacity (182,
193). Exercise-limiting dyspnoea prevents maximum exercise capacity from being
achieved (194, 195). Evidence identifying chest wall compliance as a contributing factor in
the aetiology of this exercise-limiting dyspnoea has been reported in the literature (196,
197).

Physical activity is a determinant of all-cause mortality in COPD (89) with higher levels
correlated with fewer hospital admissions, better functional status and lower mortality (90-
94). Prognosis can be predicted clinically by using a measure of exercise capacity (the six
minute walking distance: 6MWD) as a predictor of future exacerbations and mortality (95-
97). Improving physical activity and exercise capacity in patients with COPD is therefore
an important target of therapeutic intervention.

While strategies designed to prolong life have improved, strategies designed to slow the
progress of the disease remain largely unsuccessful, with pulmonary rehabilitation (PR) a
key feature in this strategy (100-103). The utilisation of exercise as a therapy for COPD
was first documented in 1952 by Alvan Barach, who found that two of his emphysemic
patients had a reduction in exercise-induced dyspnoea following training that improved
their exercise capacity (198). This ran contrary to the then current understanding that
dyspnoea on exertion was a “major troubling symptom and avoiding dyspnoea was
appropriate disease management” (198). Despite Barach’s finding, evidence of the
beneficial effect of exercise training on COPD was not confirmed until forty years later
(198).
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The first report of a formalised PR program was published by Thomas Petty and his
colleagues in the late 1960s. They reported that out of 124 patients with emphysema, 94
were deemed “better” following a program of exercise that showed improvements in
exercise tolerance (199). Modern PR programs that include exercise as a core component
are still modelled on Petty’s original design. In 2000, a study was published showing PR
resulted in fewer days in hospital and reduced exacerbations (200). More recently, lower
levels of CRP and IL-6 have been reported in patients with COPD who have higher levels
of walking (201).

Reports of a relationship between systemic inflammatory markers and the type and
intensity of exercise training have begun to appear in the literature (202, 203), with
evidence suggesting that biomarkers associated with chronic inflammation are reduced in
people that are physically active as well as people that become physically active (87).
Furthermore, other studies have shown that there is an inverse relationship between CRP
and exercise capacity in those with (204) and without COPD (205).

Despite research showing that exercise reduces exercise intolerance, reverses muscle
dysfunction and improves health related quality of life (206-208), the exact mechanisms
that enables exercise to induce these beneficial and possibly anti-inflammatory effects in
COPD it is yet to be established.

The aim of this literature review is to address this question by investigating the evidence of
a link between serum inflammatory biomarkers, such as CRP and leukocytes, and exercise
in individuals with COPD.

3.2 METHODS

Design

A literature search was conducted on all articles published between 1970 and November
2014 relating to exercise and the systemic inflammatory biomarkers C-reactive protein and
leukocytes in stable COPD. Articles were excluded if the research was not on humans or if

the participants had a history of exacerbation in the previous month.
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Three separate searches were conducted using the following terms:

1. Chronic obstructive pulmonary disease, chronic obstructive lung disease, chronic
airflow obstruction, chronic bronchitis, chronic asthma, chronic emphysema,

obstructive lung disease.

2. Leukocytes, CRP.

3. Exercise.

Results from the three searches were then combined and the exclusion criteria applied.

Search Strateqy

Searches were restricted to publications in English. The search for “COPD OR chronic
obstructive lung disease” was limited to title only. MeSH and corresponding truncated
terms were used with the operator “OR”. The results from the two searches were combined
using the term “AND”.

The following keywords were searched:

‘Chronic obstructive pulmonary disease’ OR COPD, ‘chronic obstructive lung disease’
OR COLD, “chronic airflow obstruction’, “‘chronic bronchitis’, “‘chronic asthma’, *chronic
emphysema’, ‘obstructive lung disease’ OR OLD were combined with “OR” and then with
specific inflammatory biomarker terms: ‘C-Reactive Protein” OR CRP and leukocytes OR
leukocyte and white blood cell OR WBC. This list was then combined with AND exercise.

Information sources

Literature searches of all studies published up until November 2014, were conducted using
Ovid MEDLINE, Cumulative Index to Nursing and Allied Health Literature (CINAHL).
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Inclusion Criteria

The literature was confined to studies that were in English and published between 1970
and December 2014. Only studies relating to patients with stable COPD, that is no
exacerbations in the previous month, were included. Studies had to include a description of

serum levels of CRP or leukocytes in relation to exercise.

Exclusion Criteria

Exclusion criteria included animal studies, studies that included participants with an
exacerbation in the previous month and studies that included participants with known
comorbidities that had an inflammatory aetiology. Studies were assessed to confirm that
FEV: values were consistent with a diagnosis of COPD, and if they did not meet this

criteria they were removed.

Additionally, studies that only used sputum readings for CRP or leukocytes were excluded
because this type of reading is a measure of local lung inflammation not necessarily
systemic inflammation (176). For studies that included both sputum and serum
inflammatory biomarkers, only the serum biomarker measurements were used. All review
articles and studies that included pharmacological therapy as a primary intervention were
also excluded because of the potential of these treatments to influence systemic

inflammatory biomarkers (209-214).

Screening methods

Titles and abstracts were reviewed. Relevant articles were added from the reference lists
from these original articles. Full-text articles were obtained for all studies that met the

eligibility criteria.
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Number of articles retrieved and number included in analysis

The combination of terms of COPD, inflammatory biomarkers and exercise, yielded 420
articles from the databases. The studies selected were imported into Endnote and the
duplicates removed vyielding a total of 28 articles (23, 180, 181, 202-204, 215-237). The
abstracts from all of these articles were assessed by a single reviewer and grouped into

categories represented in Figure 1 below.

Articles identified by the
literature review

(n=42{1)
}L Duplicates eliminated (n=46)
k.
Articles reviewed by
ahstract
(n= 3174}
\( Articles eliminated based on
'L exclusion criteria (n=346)
k.
Articles included based on
selection critera
{n=216)
Articles included from
references of selected articles:
in=2)
f
Total articles included:
(n=28)

Figure |- Articles identified from the literature review
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Quality appraisal strategy

Full-text articles were reviewed by a single investigator. There was wide variability in the
study designs, reporting methods used and results recorded in each of the studies, which
meant they studies had to be grouped based on their different measurement methods and
assessments performed. For example, measurements of biomarkers in relation to different
exercise tasks were taken as either before and after measurements, or one off baseline
measurements. This was further complicated by the different types and intensities of
exercise tasks performed by the subgroups of this data. Papers were grouped into three
categories based on the type and intensity of exercise described in the article (see Figure
2).

The three categories were:

1.  Maximal exercise/sub-maximal exercise. Maximal exercise is exercise performed
until exhaustion; sub-maximal exercise is exercise performed without exhaustion

being reached and it is determined as a proportion of maximal exercise;

2. Low to moderate intensity exercise such as pulmonary rehabilitation (PR); or
3. Standardised exercise testing such as the 6 minute walking distance (6MWD), 12

minute walking distance (12MWD), long-distance corridor walk (LDCW), timed

400-metre walk test or short physical performance battery or daily step count.

Assessment and bias of associated instruments

A range of methods were used to test CRP and leukocyte levels across the studies. This
may have been due in part to recent advances in testing technologies that have increased
the sensitivity of biomarker testing, for example high sensitivity CRP (hs-CRP). As this
technology was not available in the earlier studies, measurement of CRP levels may not

have been as accurate. As mentioned previously, with regard to leukocyte levels only

27



studies that measured serum leukocytes levels were included in the review as sputum

leukocytes levels are not considered to be indicative of systemic inflammation levels.

Data description and associated extraction methods

After applying the exclusion criteria the combined results of the two searches were
imported into Endnote and grouped into categories. Studies that performed exercise tests
or pulmonary rehabilitation assessments were categorised into two groups based on the
methodology of biomarker sampling. The first group measured associations with exercise,
as these studies only presented baseline measurements. The second group measured the
effect of exercise, by recording levels of inflammatory biomarkers before and after

exercise.

Figure 2 describes how the studies were divided into two groups, with the first assessing
the impact of exercise on levels of biomarkers (‘Biomarker measurements Pre and post
exercise’), and the second group assessing the association between exercise and
biomarkers without investigating determinacy (‘Single biomarker measure of baseline

levels’).
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Analysis

Selected studies

/

o

Biomarker measurements Single liomarker measure of
Pre and post exercise baseline levels

/ \

Exercise traming program: Exercise test:
(Pulmonary rehabilitation)) One-oft exercise task (MWD
Low- intensity Muoderate- intensity

Maximal workload:
{Incremental bike test)
High- intensity

Exercise test:
(6MWD)
Maderate- intensity

St minute walking distance; GMW D

Figure 2- Study grouping based number of measurements, type and intensity of exercise

The studies were then further sub-categorised based on whether they used a one-off
exercise test (“Maximal workload: Incremental bike test’, ‘Exercise test: 6MWD’), or a
longitudinal exercise program (‘Exercise training program: Pulmonary rehabilitation’).
Intensity values (‘Low-intensity’, ‘Moderate-intensity’, ‘High-intensity’) of each training

program were also assigned to these groups to facilitate comparison.

These groupings were then made into a table with categories, including: author and year of
publication; number of subjects; exercise intensity or type of exercise test; what systemic
inflammatory markers were recorded; and any association or responses these markers had

with exercise (see Table 1).

29



3.3 RESULTS

Study selection and data abstraction

The first stage of the analysis was to determine the effect of different levels of exercise on
CRP and leukocytes before and after intervention. This was achieved by analysing studies
grouped under the ‘maximal or sub-maximal exercise’ and ‘training program’ groups. The
third group, ‘exercise tests’, was not included in this analysis as exercise was not
performed over a long enough period that would reliably reflect any change in biomarkers

attributable to the exercise.
The second stage of the analysis was to determine if there was a relationship between

exercise and CRP or leukocytes, by comparing results of measurements of biomarkers

before and after exercise.

Study characteristics

Types and intensity of exercise included:

- Maximal and sub-maximal exercise.
-Training program and Training program with nutritional supplementation.
-Exercise tests (6MWD, 6MWD, 12MWD, LDCW, SPPB and daily step count).

Studies that included stable COPD mainly involved participants with mild to severe
COPD. A small number of studies had specific sub-populations such as patients with
muscle-wasting or participants with a previous exacerbation. In addition to this, although
studies that used pharmacological therapy as a primary intervention were excluded, many
of the studies included participants that were concurrently using statins and inhaled
steroids. As both statins and inhaled steroids have been shown to have an anti-
inflammatory effect in COPD their inclusion may have influenced the results of this
review (209-214).
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Quality assessment

All of the studies in the ‘effects of exercise’ category (single bout or training program)
were of low quality with low sample sizes except the study by Broekhuizen et al. (216)
which involved a doubled-blind randomised controlled trial (RCT) measuring the effect of
exercise training and nutrition on COPD. Few studies had healthy controls as a comparator
while the type and intensity of exercise varied making comparison between studies
difficult. The configuration of the pulmonary rehabilitation programs also varied between
trials. Some serum-marker measurements were taken immediately post exercise while
others were measured at some later time. In summary, all of the ‘effect of exercise’ studies

were considered to be of poor quality.
By comparison, studies in the ‘associations with exercise’ category were of better quality

with larger sample sizes and comparable protocols. This made comparison between trials

easier.
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(Part 1)

1€S

Characteristics of studi

Table 1

AFFECTS AND ASSOCIATIONS OF EXERCISE ON INFLAMMATORY BIOMARKERS (CRP and LEUKOCYTES )

EXERCISE ] EXERCISE TYPE, INFLAMMATORY BIOMARKERS
GROUPING STUDY: AUTHOR, YEAR GROUP FEATURES INTENSITY RECORDED RESPONSE OF BIOMARKERS TO EXERCISE TYPE
Canavan et al., 2007 17 (M/F) COPD 10 males, 7 fernales.  Bout, maximal-> then  CRP, IL-6, TNF-alpha Mo changes to biomarkers
Made up of 3 smokers, B ex-smokers PR
and one- non smoker.
Spruit et al., 2007 16- all stable (Stable grp 16 (14M), Bout, maximal cycling  CRP, IL-6, IL8, insulin-like growth factor No changes to biomarkers
14prior AE 14 (10M)-exacerbation 1
grp. All had normal BMI, mm
weakness and reduced peak ex
capacity.
Helvoort et al., 2006 10 muscle wasted COPD and 10 non-  Bout, maximal CRP, leukocytes, cytokines... Increase of IL6 for both groups
muscle wasted healthy +submaximal
Davidson et al., 2012 20 COPD Bout, incremental hsCRP,IL-6, IL-8,IL-10, WBC, neutrophils, Increase of WBC count, neutrophils, lymphocytes,
leukocytes, monocytes ,basophils, monocytes and CD8+ (immediately following ex)
ACUTE BOUT OF eosinophils, CD4+, CDB+ Reduced CD4/CD8+ ratio, No change to CRP. because
EXERCISE IL6, IL-8 reduced after exercise it suggest that a bout

EXERCISE TRAINING

Helvoort et al., 2005

Helvoort et al., 2007
Helvoort et al., 2007

Koechlin et al.,2004

Vogiatzis et al., 2007

Spruit et al., 2005

Petersen et al., 2008

16 COPD, 10 healthy

10 muscle wasted COPD
10 muscle wasted COPD

17 COPD

15 COPD

78 COPD

19 severe COPD and 20 controls

Bout, maximal
incremental (BIKE)

Bout (BMWT),
submaximal
CPET (Bike) Maximal

Maximal repetitive
quadriceps test

high intensity 3x week
for 10 weeks (PR)
6MWD, Peak exercise
capacity (bike) 12 week
program

Pulmonary
rehabilitation-
endurance training
2xweek for 7weeks

CRP, neutrophils, leukocytes,

monocytes, lymphocytes (natural killer-

cells, T and B lymphocytes

IL-6, leukocytes, neutrophils, monocytes

mphocytes (CD4+, CD8+)

CRP, IL-6 TNF

CRP, IL6 and TNF-alpha

CRP,TNF-alpha

CRP, IL18

exercise has different response to an acute
inflammatory exacerbation

Increase of neutrophils, leukocytes, monocytes,
lymphaocytes, no changes to CRP (in both healthy and
COPD)

increase of IL-6, leukocytes, neutrophils, monocytes
Jymphocytes (CD4+, CD8+)

increase of IL-6, leukocytes, neutrophils, monocytes
Jymphocytes (CD4+, CD8+)

CRP, IL-6 TNF elevated at rest however no change in
these markers following exercise; CRP inversely
correlated exercise tolerance

NO significant change to CRP, IL6 and TNF-alpha

Mo significant association or changes in CRP and TNF-
alpha

Training had no effects on CRP or IL-18

EXERCISE TRAINING
and NUTRITIONAL
SUPPLEMENTATION

Sugawara et al., 2010

32 COPD mod-severe

Broekhuizen et al., 2005 80 COPD

low intensity
Ex(baseline-->3months
after nutrition)
submaximal and a
incremental bike
(exercise capacity) +
6MWT Placebo, double
blind

CRP, IL-6,TNF-alpha, IL-8

CRP, IL-B,TNF-alpha (baseline-> 8weeks)

CRP, IL-6,TNF-alpha, IL-8

no change to CRP, IL-6, TNF-alpha; "therefore
rehabilitation enhances the increase in exercise capacity
which cannot be ascribed to changes in systemic
inflammatory" response
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(Part 2)

1€S

Characteristics of studi

Table 2

AFFECTS AND ASSOCIATIONS OF EXERCISE ON INFLAMMATORY BIOMARKERS (CRP and LEUKOCYTES )

EXERCISE ) EXERCISE TYPE, INFLAMMATORY BIOMARKERS
GROUPING STUDY: AUTHOR, YEAR GROUP FEATURES INTENSITY RECORDED RESPONSE OF BIOMARKERS TO EXERCISE TYPE
Ferrari et al,, 2013 77 COPD 6MWT (physical CRP, IL-6 IL6 associated with reduced exercise tolerance
performance) (baseline-
-> 3yrs)
Hallin et al., 2011 49 mod-severe COPD 12MWD (ex cap)- One  CRP and fibrinogen no associations
off measurement
Yende et al., 2006 268 COPD LDCW (exercise CRP, IL-6 and TNF-alpha IL-6 independent predictor for reduced exercise
capacity) tolerance
Brinkley at al., 2009 542 COPD and other comorbidities SPPB (4min walk, CRP, IL-6 and TNF-alpha IL-6 associated with reduced ex tolerance and mortality
repeated chair stands)
Gorrod et al., 2007 41 COPD BMWT (physical CRP, IL-6, TNF-alpha, neopterin Ex cap inversely related to CRP and fibrinogen
performance) one off
Broekhuizen et al., 2006 102 COPD Bout -6MWT and hs CRP, IL-6 TNF and ILG inverse associated with quad strength
EXERCISE TESTS for maximal and sub
exercise capacity maximal
and physical Pinto-Plata et al.,, 2006 88 COPD+33 smokers+38 non- EMWT (physical hs CRP CRP negative correlation with 6BMWT and CRP higher in
performance/ smokers performance) one off COPD group( particularly mod-severe)-Elevated CRP and
Capacity (BMWT, IL6 associated with poor physical performance
12MWT,LDCW, (independent of disease status COPD or CHD)
SPPB) Garcia- Aymerich et al.,, 341 COPD MWD CRP TNF-alpha regular physical activity previous to exacerbation had
2009 higher 6MWD and lower circulating CRP and TNF-alpha
(specifically TNF better associated with 6MWD and CRP
better associated with FEV)-- strong association
between physical activity and exercise capacity (6MWD)
Vilet et al., 2005 78 COPD 21 controls 6MWD CRP CRP inversely related to testosterone(which had an
inverse relationship to exercise intolerance). Exercise
capacity was more impaired in those with raised CRP
Moy et al.,, 2014 171 COPD 6MWT and daily step CRP, ILE6 Higher 6MWT inversely correlated with CRP and IL6,
count People who waked the most had lowest levels of plasma
CRP and IL6.CRP higher in COPD group{particularly mod-
severe)and associated with 6BMWT
Folchini et al., 2011 45 COPD BODE (6MWD) + 6MWT CRP CRP negatively correlated with 6MWT CRP correlates
better with BODE than 6MWT suggesting more
associated with physical capacity
Watz et al., 2008 170 COPD BODE-exercise capacity hs CRP and fibrinogen higher fibrinogen and CRP and left cardiac dysfunction is
and daily steps count associated with reduced physical capacity in patients
(5days)-physical with COPD, dependant of clinical stages(GOLD) or the
BODE SCORE capacity BODE index.
Lui 5F., et al 2011 114 COPD BODE score (EMWD- ex CRP and fibrinogen CRP and BODE are independent predictors for survival in
(6EMWD) DAILY STEP . . . S
COUNT nm_um.nzﬁ one off- ﬁ.OnD‘ _J_m:wq CRP = poorer prognosis, combination has
longitudinal higher predictive value
de Torres et al,, 2008 218 COPD BODE (6MWD)- CRP COPD (mod- severe) CRP levels not associated with with
longitudial survival compared to BODE
de Torresetal, 2006 130 COPD + 65 controls BODE + 6MWD- CRP Strong inverse correlation between CRP and 6MWD, CRP
longitudial correlates independently with BODE
Gakiet al,, 2011 222 COPD and 132 smokers/ex BODE (6MWD) CRP, IL-6 and TNF-alpha MO associations between CRP, IL-6 and TNF-alpha

smokers

33



Summary of results (Part 1)

Table 3

Study Ref

O OD —) O O e a3 O —
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2
13
4
19
16
i1
18
19
2
2
2
23

Source

Canavan 2007
Spruit 2007
Vian Helvoort 2006
Vian Helvoort 2006
Vian Helvoort 2006
Davidson 2012
Vian Helvoort 2005
Vian Helvoort 2005
Vian Helvoort 2007
Koechlin 2004
Koechlin 2004
Vogiatzis 2007
Vogiatzis 2007
Spruit 2009
Peterson 2008
Peterson 2008
Sugawara 2010
Matsuyama 2005
Matsuyama 2005
Broekhuizen 200
Broekhuizen 2005
Yende 2006
Yende 2006

COPDIHealthy P

COPD
COPD
Healthy
COPD
COPD
COPD
Healthy
COPD
COPD
Healthy
COPD
Healthy
COPD
COPD
Healthy
COPD
COPD
COPD
COPD
COPD
COPD
COPD
Healthy

No. of
rticipants

12
16
10
10
10
il
f

16
10

268
2005

FEVA (% of
predicted)

489
40
108.0
54
50
66.0
1100
420
5.0
107.0
M0
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37
450
%.0
310
5.6
50.1
512
3.2
38
65.1
%6

FEVIFVC  BMI
NA 284
0 %8
B0 21
80 %7
Ho 203
S 07
my 215
00 253
60 208
809 A0
M0 260
my - 288
60 %I
20 29
mo 20
%0 20
88 183
NA 191
NA 193
02 25
2 1
NA 254
NA 214

<
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69.0
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590
66.0
65.0
69.0
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60.0
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5.0
60.0
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66.

65.0
640
66.

i
628
66.2
640
62.

736
732
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NA
4330
NA
NA
NA
NA
NA
NA
4620
NA
NA
NA
NA
490
NA
NA
3
385.1
3854
NA
NA
NA
NA

CRP
croglL)

38
34
13
108
16.0
33
25
100
NIA
13
93
15
97
52
30
11
17
NA
NIA
78
9.1
35
29

FFMI

206
NIA
N/A
197
18.6
145
NIA
NIA
145
185
188
NIA

Maximal
Workload
(watts)
NIA
N/A
206.0
106.0
620
90.0
2010
90.0
8.0
NIA
NIA

=== ==
= Fr > = = =

=
=

WBC (count pre
nano Litre)

NIA
NIA
6.
92
81
11
o4
16
NIA
NA
NIA
NIA
NA
NIA
NA
NIA
NIA
6.4
6.9
NIA
NIA
NIA
NIA
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Summary of results (Part 2)

Table 4

Study Ref

4
2
2
/]
2
2
Rl
3
3
3
4
3
¥
3
3
3
4
4
{
£
i

Source

Hallin 2011
Hallin 2011
Brinkley 2009
Broekhuizen 2006
Broekhuizen 2006
Pinfo-Plata 2006
Pinto-Plata 2006
Pinfo-Plata 2006
Vet 2005
Vet 2005
Moy 2014
Watz 2008
Watz 2008
Watz 2008
Watz 2008
Liv 2011
de Torres 2008
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Figure 3: Forest plot
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Table 5: Forest Plot data

Summary of COPD Data From Selected Studies
Test Group Reference N Outcome Lower Mean CRP Upper

1 Spruit 2007 16 COPD N/A 3.4 N/A
2 Van Helvoort 2006 10 No COFPD 6.4 7.3 8.2
3 Van Helvoort 2006 10 COPD 8 10.8 13.6
4 Van Helvoort 2006 10 COPD 12.2 16 19.8
5 Davidson 2012 20 COPD 1.3 3.3 5.3
6 Van Helvoort 2005 11 No COPD N/A 2.5 N/A
7 Van Helvoort 2005 16 COPD N/ A 10 MN/A
8 Koechlin 2004 7 No COFPD 1 1.3 1.6
9 Koechlin 2004 10 COPD 6.9 9.3 1.7
10 Vogiatzis 2007 10 No COPD 1.1 1.5 1.9
11 Vogiatzis 2007 15 COPD 7.8 9.7 11.6
12 Spruit 2005 65 COPD N/A 5.2 N/A
13 Peterson 2008 20 No COPD 2 3 4
14 Peterson 2008 19 COPD 5.1 71 9.1
15 Sugawara 2010 32 COPD 0.1 1.7 3.3
16 Broekhuizen 2005 51 COPD N/A 7.8 N/A
17 Broekhuizen 2005 51 COPD N/A 9.1 N/A
18 Ferrari 2013 24 COPD -2.8 9.7 22.2
19 Ferrari 2013 53 COPD -3.8 8 19.8
20 Broekhuizen 2006 54 COPD N/A 1.49 N/A
21 Broekhuizen 2006 48 COPD N/A 12.5 N/A
22 Pinto-Plata 2006 88 COPD 3.5 5 6.5
23 Pinto-Plata 2006 33 No COPD 1 2 3
24 Pinto-Plata 2006 38 No COFD 1.2 2.2 3.2
25 Vilet 2005 78 COPD N/A 4.2 N/A
26 Folchini 2011 45 COPD -8.3 7.7 23.7
27 Watz 2008 34 No COPD N/A 2 N/A
28 Watz 2008 57 COPD N/A 3 N/A
29 Watz 2008 43 COPD N/A 4 N/A
30 Watz 2008 36 COPD NIA 21 INSA
31 Liu 2011 114 COPD 4.6 6 7.4
32 de Torres 2008 130 COPD N/A 4.1 N/A
33 de Torres 2008 88 COPD N/A 3.9 N/A
34 de Torres 2006 125 COPD N/A 4.8 N/A
35 Gaki 2011 222 COPD N/A 6 N/A
36 Gaki 2011 132 No COFPD N/A 2 N/A

Table 1- 4 represent the collated data from all the studies in the literature review. Figure 3
and Table 5 represent the CRP data collated from each test group within the 27 studies,
graphically represented in the forest plot above. The 27 studies resulted in 36 test groups,

as some studies had multiple test groups.

Each selected group was classified as being designated as having COPD or not having
COPD, as listed in the '‘Outcome’ column of Table 5. The figures listed under column 'N’
represent the number of subjects in that test group. The column ‘Mean CRP' represents the
mean micrograms of CRP per litre for that test group, and the 'Lower' and 'Upper' columns
represent one standard deviation less than and greater than the mean, respectively.
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Some studies did not report CRP data standard deviations, preferring to report medians and
interquartile ranges. In these cases, the standard deviations were reported presented as N/A

in Table 5, such that the graph in Figure 3 will show a range of nil for these test groups.

It should also be noted that test group number 35 (Watz 2008) was classified as COPD
GOLD 1 in the original study. However, this test group actually had an average FEV; of
90% predicted, and was classified as 'No COPD' in accordance with the classification
criteria applied throughout this paper (FEV: < 70% of predicted; FEV,/FVC < 70%) for

these analyses.

Risk of bias

Selection bias was present in many of the studies as the groups were enrolled based on pre-
determined features such as muscle wasting, severity of COPD and history of exacerbation
(see Table 6). Inconsistencies between studies persisted as not all studies adjusted data for
confounders such as medication use, smoking status, age, sex, obesity or muscle wasting.
It is also possible that undiagnosed comorbidities with inflammatory aetiologies may have
gone unreported in some of the trials. Assessment of the risk of bias found that most of the
studies appeared to have a high rick of bias.
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Table 6: Risk of Bias
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3.4  DISCUSSION

The main findings from the analyses conducted on published studies investigating the link
between serum inflammatory biomarkers and exercise in individuals with COPD showed a
relationship between lung function and systemic inflammation, and lung function and
exercise. CRP levels measured before and after exercise tests did not change, and therefore
reflected that CRP was not influenced by exercise (202, 203, 217-219, 221). This
contrasted with leukocyte levels, which were found to increase following maximal and
sub-maximal exercise (203, 220). All studies that measured CRP consistently found that it
was inversely related to FEV;. CRP levels were originally measured in the literature
because it has been demonstrated that exercise is found to have anti-inflammatory effects
in healthy individuals as well as in those with comorbidities with an inflammatory
aetiology, whereas in long-term training (such as pulmonary rehabilitation) no
inflammatory or anti-inflammatory response to exercise has been reported (216, 225).
However one of the studies did report that CRP levels reduced with pulmonary

rehabilitation when accompanied by omega-3 and omega-6 supplementation (225).

An acute bout of exercise in COPD, as with in healthy individuals, has been shown to be
pro-inflammatory provided the intensity is high enough (238, 239). Reports that an intense
bout of either maximal or incremental exercise produced an immediate increase in serum
levels of leukocytes, neutrophils, lymphocytes and monocytes (202, 203, 219) are
contradicted by a report of no change in leukocyte levels following exercise (224).
Helvoort et al., (220) reasoned that as baseline levels of leukocytes were already elevated
in patients with COPD, the increase in leukocyte levels measured immediately following

exercise could not be directly attributed to exercise.

A similar inconsistency has also been recorded for IL-6 in COPD where reports of no
change in IL-6 levels following a single bout of maximal exercise (187, 217, 218, 221) are
contradicted by reports of both a decrease (219) and an increase (202, 220) in levels. This
inconsistency needs to be considered in light of reports that IL-6 levels increase in healthy
subjects following maximal intensity exercise (245).
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Given the ability of IL-6 to up-regulate hepatic production of CRP (240), an increase in
IL-6 could be responsible for elevating the level of CRP. As intense exercise performed by
otherwise healthy patients with muscle-damage is known to cause an increase in IL-6
(241), the link between it and exercise may take on greater importance in COPD where
muscle wasting and dysfunction are a regular feature. This could partly explain the high

levels of CRP commonly reported in COPD.

Furthermore, one of the studies reported that non-invasive ventilation (which has been
reported to unload the respiratory muscles), completely abolished the increase of IL-6
following exercise in COPD patients, while healthy controls without ventilation
continued to have increased IL-6 levels (236). This indicates that the respiratory muscles
are implicated in the release of IL-6 in COPD patients during exercise, however this may
also be influenced by other factors such as the hypothalamic pituitary adrenal axis. As
respiratory muscles in people with COPD are constantly under load, this may indicate a
potential mechanism for driving systemic inflammation in COPD as it can increase in

hepatic production of CRP.

The association between acute exercise COPD and TNF-a is inconsistent. However this is
also true for studies on healthy individuals. Three studies on patients with COPD found
that levels of TNF-a were not changed by acute exercise (217, 218, 221). In the study
performed by Canavan et al. (217), one patient that had a high level of TNF-a (following
intense exercise) also had lower lean mass and nutrition compared to the control group that
did not have depleted muscle mass. This suggests that muscle status may be an influencing
factor in the inflammatory response to exercise in COPD. The association between loss of
muscle mass (shown by reduced BMI and fat-free mass) and elevated TNF-o has been
shown in other studies (242-244). These findings were further highlighted by Rabinvich et
al. (187), who found that TNF-a levels were elevated in muscle-wasted COPD patients but
not in healthy controls. This was supported by Edi et al., (244), who found that circulating
TNF-a was higher in COPD patients with muscle depletion than COPD patients without
muscle depletion. Yende et al. (180) similarly reported that COPD patients with lower
quadriceps strength also had high TNF-a. These findings were later challenged by findings
of muscle wasted patients that showed no change in quadriceps strength or TNF-a levels,
however they did report an increase in ROS which is known to increase TNF-a levels
(189, 190, 202).
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Cytokine response to acute exercise is affected by age, gender (245), carbohydrate load
(246) and timing of exercise relative to prior bouts of activity (247) in healthy people. In
people with COPD, body mass composition was found to influence acute exercise-induced
cytokine levels (248). These are all possible factors that may have influenced the above

results of the literature review.

Exercise Training-

While CRP levels remain unchanged following exercise (202, 203, 217-219, 221), no
inflammatory biomarkers were found to change following long-term exercise training
(187, 222-224), apart from training with the addition of nutritional supplementation.
Sugawara et al.(249) found that the combination of low intensity exercise with nutritional
supplementation of polyunsaturated fatty acid (PUFA) improved exercise capacity and
reduced the elevated levels of hs-CRP, IL-6, IL-8 and TNF-a compared to controls. A
similar association was reported by Matsuyama et al. (250) who showed that
supplementation with PUFA decreased both serum and sputum cytokines and improved
exercise capacity, although CRP was not measured in that study. However, a double-blind
RCT by Broekhuizen et al. (216) reported no change in inflammatory biomarkers
following exercise with PUFA supplementation. They claimed that the beneficial effects of

PUFA on exercise were not related to a reduction in systemic inflammatory cytokines.

Exercise Tests-

The BODE index, a clinical parameter that incorporates a multidimensional scoring system
IS a better predictor of severity in COPD compared to FEV; (15). In addition to this, CRP
levels have been shown to be reliable predictors of mortality in stable COPD (23). Liu F.S
et al. (23) found that both CRP levels and the BODE score were independent prognostic
indicators for survival in stable COPD. By combining both measures, patients were able to
be stratified into different mortality risk levels using a system that was shown to have a
high predictive value in clinical practice. However, earlier studies gave conflicting results
about the correlation of CRP and BODE index and their independent and combined ability
to predict survival in COPD (234, 235).
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In 2006, Torres et al. (204) reported that in patients with stable COPD, CRP levels were
inversely correlated with FEV;, 6MWD, BMI and scoring systems that included these
measures such as the BODE index. Two years after their original study Torres et al. (234)
reported that outcomes in patients with stable COPD could be predicted by BODE index
and its components. The inverse association between CRP and 6MWD (204) was
confirmed by two other studies by Pino-Plata et al. (229) and Folchini et al. (232).

An interesting element of this association is that there is a stronger correlation between
CRP and the BODE index (which uses the 6MWD) than between CRP and the 6MWD
itself, demonstrating that CRP is strongly associated with overall physical capacity rather
than a single performance of physical activity. While there is a strong association between
physical activity and exercise capacity in COPD patients (91, 230, 251), those who were
more physically active had a reduced risk of elevated levels of CRP and TNF-a (230).
Although exercise training programs were found to not influence CRP levels, it still
remains that those that have higher physical activity levels also have lower levels of CRP
and TNF-o, making it difficult to elucidate the effects of exercise on systemic
inflammation in COPD. Furthermore, Moy et al. (201) reported that patients with COPD
who had a higher daily step count had lower levels of CRP and IL-6 and that these
biomarkers were also strongly associated with exercise capacity (6MWD) and endurance
time (181, 221, 226).

A recent study measuring CRP and IL-6 levels at baseline and again after three years in
people with COPD found IL-6 levels were raised and inversely correlated with 6MWD.
However, no changes in CRP levels were reported (215), suggesting that systemic
inflammation (demonstrated by elevated levels of IL-6) had a negative effect on physical

performance.

In line with the above study are the results from Yende et al. (180) who found that IL-6
was predictive of exercise capacity in elderly patients with and without obstructive lung
disease. Similarly, Brinkley et al. (227) showed an association between IL-6 and physical
performance that was independent of race, gender, age and body composition in an elderly
cohort with multiple comorbidities (including COPD). This indicates that 1L-6 based
systemic inflammation in COPD may be progressive, persistent and associated with

reduced exercise tolerance over time.
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Limitations

There are a number of limitations that need to be considered when assessing the results of
this review. Pulmonary rehabilitation has only been included in COPD management
guidelines since the 1990s. For a long time exercise was thought to have a negative effect
on COPD with concern about its appropriateness given the presence of airflow obstruction.
As a result, the body of evidence relating to the use of exercise as a therapeutic
intervention for COPD spans a relatively brief period (only twenty-five years), making
assessment of any long-term trends difficult. In addition, the use of inflammatory
biomarkers is an even newer field of research in COPD. The combination of these two

factors limits the scope of any conclusions.

Many of the 30 articles used in this review had variable sample sizes and included data
that may have confounded the results, for instance participants with muscle wasting,
variable smoking status, and gender imbalance (almost half the studies included only male
participants). In addition to these, the instruments used to measure CRP levels varied over
time with only a limited number of studies including a measure of high sensitivity CRP (hs
CRP). The majority of the included studies were small with only 10 containing more than
100 participants. Many studies did not adjust for variables such as age, gender, medication

use and smoking status, which was poorly defined and in some cases not even mentioned.

Significance of the study findings

The findings of this review indicate that more detailed research is required before any
conclusion about the ability of exercise to influence inflammatory biomarkers in COPD
can be made with confidence. The review highlighted the need for a trial for those at risk
of developing COPD as the majority of trials have been on current COPD sufferers.
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Generalisability

Despite statistically significant findings in some studies reviewed, the limited number of
studies, small cohorts and frequently conflicting results reduce the reliability of the
conclusions about the ability of exercise to influence leukocytes, TNF-a and IL-6.
However, consistent reports of CRP levels remaining unchanged following exercise appear
to be reliable. The review also highlighted that high intensity exercise can produce
leukocytosis which may lead to an exacerbation, something that represents a deterioration

in prognosis clinically.

Future research

With the burden of disease predicted to increase over the next 20 years, more research into
the ability of exercise to reduce systemic inflammation in COPD is needed. Larger studies
with lower levels of bias that include multi-dimensional scoring systems such as the
BODE index may provide new approaches in disease management. Given the relatively
short time frame that systemic inflammation has been associated with COPD, a
longitudinal study investigating the long-term effects of exercise and systemic

inflammation on those at risk of developing COPD is warranted.

Despite the limitations outlined in this literature review, the analysis is a valuable addition
to the body of knowledge regarding the relationship between exercise and systemic

inflammation in COPD.

3.5 CONCLUSIONS

Even though almost all of the studies used in this review had small sample sizes, it
consistently appears as though CRP levels are not influenced by exercise of any type or
intensity, for those with and without COPD. In spite of this, the literature confirms that
physical activity levels are associated with a reduced risk of high levels of CRP.
Additionally, given that CRP is inversely correlated with FEV; it is possible that
improvements in lung function through non-pharmacological interventions such as manual

therapy could influence CRP levels.
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Chapter Four: Statistical Analysis

4.1 OBJECTIVE
The objective was to determine suitable potential determinants for testing in a future study

that will ultimately be assessed for inclusion in a predictive model for patients at risk of
developing COPD.

42  STATISTICAL METHODS

Following a review of the literature described in Chapter 3, data from twenty-seven of the
studies identified in that review were selected and their data collated in preparation for
meta-analysis. Sub-groups of participants were identified from these studies based on a
range of attributes including demographics, smoking history, exercise capacity, maximal
and sub-maximal exercise performance, lung capacity and performance, oxygen levels,
body mass, BODE score, dyspnoea levels, C-reactive protein levels and levels of

leukocytes.

Some studies presented data on comparison groups within the study (for example a group
with COPD and a control group without COPD). In these cases, these distinct groups were
recorded separately. This was done to better represent the differences in attributes between

groups with different COPD outcomes, and to facilitate the collection of more data points.

In line with accepted clinical understanding of identification of COPD (Body-mass index,
airflow Obstruction, Dyspnoea, and Exercise — BODE Index) (15), COPD is understood
for the purposes of this study to be evident when an individual has an FEV; of less than
80% of predicted, and an FEV1/FVC of less than 70%. There was one group of subjects in
the Watz et al study (233) that had been classified as GOLD Stage 1 despite having an
FEV; of 90% predicted and an FEV1/FVC ratio of less than 0.7. For the purposes of the
meta-analysis this group was deemed not to have COPD. All other groups were classified
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as either having or not having COPD with no discrepancies between classifications applied

in this study and those applied by the original researchers.

Two of the twenty-seven studies selected did not disclose the FEV; level as a percentage
of predicted for the subjects, and were therefore not used in the final analysis. This was
because this was the core statistic used to determine prevalence of COPD across the
different populations, and the main statistic against which other variables were assessed
for the impact as determinants.

The Broekhuizen 2005 study (216) performed measurements and undertook discussion on
the CRP levels of its subjects, however the data was only presented numerically in
graphical format. As the data was presented graphically to scale and with adequate
granularity, an approximation was taken using graphical measurement aids, after which
numerical data was gathered which was equivalently detailed as that present in numerical

format in the other studies.

Nine statistical analyses were performed on the data. These are listed below-

a) Correlation of mean FEV; (% predicted) and mean CRP (micrograms /Litre);

b) Regression with mean CRP (micrograms per Litre) as the independent
variable and FEV; (% predicted) as the dependent variable;

C) Correlation of mean FEV; (% predicted) and mean 6MWD (metres);

d) Regression with mean 6MWD (metres) as the independent variable and FEV; (%
predicted) as the dependent variable;

e) Correlation of mean FEV; (% predicted) and mean maximal workload (watts);

f) Regression with mean maximal workload (watts) as the independent variable and
FEV: (% predicted) as the dependent variable;

9) Correlation of mean FEV; (% predicted) and white blood count (count per
nanolitre);

h) Regression with white blood count (count per nanolitre) as the independent
variable and FEV; as the dependent variable;

)] Odds ratio of having COPD (as defined as an FEV; of less than 80% predicted and
an FEV,/FVC of less than 70%) based on a CRP threshold of more than or less

than 3 micrograms per Litre.
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Correlation Analyses (Pearson’s coefficient)

The correlation analyses were performed to independently identify the Pearson correlation
coefficient between the four variables (CRP, 6MWD, maximal workload, and WBC) and
FEV; at a statistically significant level. These analyses were performed to identify the
strength of the relationship when FEV; and each variable move together, such that when
either moves the other can be said to move by a proportional amount. By identifying the
strength of the correlation between the two FEV; and each variable, both can be assessed
for their relative importance to each other in terms of ultimately developing a more
accurate and timely predictive model for the development of COPD. The correlation tests
were performed using the inbuilt ‘Data Analysis’ function within Microsoft Excel 2010,
and was assessed from the output of the ‘Regression’ function with a significance level of
0.05. While the same results could be achieved using the ‘CORREL’ function, using the
‘Regression’ data analysis function facilitated assurance that the probability value (p-
value) was below the 0.05 significance level. This significance level was chosen to
simultaneously minimise Type | and Type Il errors, and is a widely used significance level

in statistical analysis of biomedical data.

Regression Analyses

The relationship between each of the four independent variables (CRP, 6MWD, maximal
workload, and WBC) and the dependent variable (FEV;) at a statistically significant level.
These analyses were performed to identify the proportion of predicted movement in the
dependent variable (FEV1) from any change in the level of each independent variable. By
understanding these statistically significant drivers of changes in the level of FEV3, a more
targeted approach to testing and developing a predictive model can be achieved. It should
be noted that these analyses of dependence are between the independent variables and
current FEV; levels in subjects. As the ultimate model intended to be developed from
future studies is to predict future FEV; (and therefore a subject’s likelihood of developing
COPD in the future) from current independent variables, the understanding provided from
these tests is one of preliminary assessment of the more direct relationship (current FEV;

levels) underpinning the ultimate dependent variable (future FEV3).
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Due to the scattered nature of the data across the different test groups, a multivariate
regression with all of the independent variables being assessed within the one test was not
viable, as the number of studies that measured all of these variables was extremely limited.
A multivariate regression that incorporated all of these four variables (CRP, 6MWD,
maximal workload, and WBC) would need to draw from the same populations, to ensure

the validity of the analysis.

Furthermore, the ultimate predictive model to be developed from future studies will not be
employing current FEV; levels as the dependent variable, so in any case the value of this
type of analysis would be limited. As such, the approach to assess each of the four

variables independently of each other is the most appropriate.

The regression tests were performed using the inbuilt ‘Data Analysis’ function within
Microsoft Excel 2010, and was assessed from the output of the ‘Regression’ function with
a significance level of 0.05. This significance level was chosen to simultaneously minimise
type | and type Il errors, and is a widely used significance level in statistical analysis of

biomedical data.

Odds Ratio

The odds ratio analysis, was designed to evaluate the ability of CRP, a key variable
identified in this study, to predict FEV;. It should be noted that current FEV; values were
used despite the overall goal of predicting the likelihood of developing COPD in the future
based on the current level of independent variables. This was due to the need to better
understand the current drivers of COPD so that future research can be effectively targeted.
An odds ratio was calculated so as to gauge the impact of CRP levels on COPD. A CRP
level of 3 micrograms per Litre was chosen as the threshold for this analysis as it reflected
the level identified in the literature as being associated with an increase in the prevalence
of a number of chronic inflammatory diseases including COPD (254).

The odds ratio was calculated manually using Microsoft Excel 2010. As mentioned
previously, one test group from the Watz et al study (233) was reclassified in this analysis

as not having COPD. The risk factor in the odds ratio calculation was the threshold of
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greater than or equal to a mean CRP of 3 micrograms per Litre for each test group (CRP>
3 micrograms/L). The outcome classification of the odds ratio calculation was therefore
whether a test group had COPD or not, as defined by a mean (or median) FEV; of less
than 80% of predicted, and a mean (or median) FEV1/FVC of less than 70.

43 RESULTS

Nine separate statistical analyses were performed on the grouped data. Correlation and
regression analyses were performed on the relationship between FEV; and the four
variables CRP, White Blood Count (WBC), maximal workload, and 6MWD. The
correlation and regression for each of the four variables were assessed together for each of

the four variables below. The ninth analysis was an odds ratio centred on CRP levels.

Of the twenty-five studies selected for analysis, one (235) stipulated that the measurements
of the airways (FEV:, FEVL, and FVC) were performed after subjects had used
bronchodilators. The exercise tests performed in this study (6MWD) and therefore the
subsequent measurements were also post-bronchodilator. Although this was included in
the analysis, it may be considered as a potential confounder.

The 6MWD data presented in the Matsuyama (250) article was actually 6MWD results as
a percentage of predicted, as opposed to metres achieved on actual tests performed. As
outlined in Nury 2014 (252), the predicted 6MWD values are accurate estimates of actual
performance achieved in healthy adults with similar demographic attributes. It was
therefore necessary to determine predicted 6MWD values based on the average attributes
of these test groups. It has been shown that equations for predicted 6MWD in Caucasian
populations do not correlate well with other ethnic groups such as Asian populations (252)
(253).

Two studies were identified that provide equations for predicted 6MWD results in Asian
populations, being Nury and Poh (252, 254). Out of 9 studies reviewed by Dourado, Poh
was the only study that did not find a statistically significant difference in 6MWD results
between men and women, resulting in Poh’s ultimate predicted 6MWD formula was not

being gender-specific. Given that this result was an outlier when compared to the
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prevailing literature, this approach and its associated formula were rejected. The formula
presented by Nury for Asian populations was selected as it delineates between males and
females and is purpose-built for Asian populations. The limitations of using Nury’s
formula were noted in that they were tested on populations much younger than the average
age of the test groups in Matsuyama’s study, and that they were based on Indonesian
subjects as opposed to Japanese subjects. Despite these limitations, Nury’s formulas
presented the most accurate assessment of predicted 6MWD figures available, upon which
the ‘% of predicted’ results were converted back to metres to facilitate comparison to the

other reviewed studies.
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CRP and FEV,

Thirty-six test groups were identified from the selected studies that contained sufficient
data on FEV; and CRP levels to enable correlation and regression analyses Figure 4. A
significance level of 0.05 was applied for both tests. The probability that the correlative
and predictive relationships between CRP and FEV; can be explained by random chance
was 0.004196, indicating a highly significant result. The Pearson correlation coefficient
was 0.485348 which represented a moderate correlation, while the coefficient of
determination in the regression was 0.235562 indicating that CRP is correlated with and is

a statistically significant predictor of current FEV;.

Analysis of CRP and FEV1

o0
[N
o
CRP (micrograms per L)

FEV1 (% of predicted) - reverse values

CRP: C-Reactive protein; FEV1 % predicted: Forced expiratory volume % predicted
Figure 4: Analysis of CRP and FEV,
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FEV; and White Blood Count

Eight test groups were identified in the literature that contained sufficient data on FEV;
and WBC levels to enable correlation and regression analyses see Figure 5. A significance
level of 0.05 was applied for both tests. The probability that the correlative and predictive
relationships between WBC and FEV; can be explained by random chance was 0.039598,
indicating a statistically significant result. The Pearson correlation coefficient for these two
data sets was 0.730448 representing a strong correlation. The coefficient of determination
in the regression analysis was 0.533554 indicating that white blood count is strongly

correlated with and is a strong predictor of current FEV;.

Analysis of White Blood Count and FEV1
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WBC: white blood cell count; FEV1 % predicted: Forced expiratory volume % predicted
Figure 5: Analysis of White Blood Count and FEV;
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FEV; and Maximal Workload

Fourteen test groups were identified in the literature that contained sufficient data on FEV;
and maximal workload to enable correlation and regression analyses see Figure 6. A
significance level of 0.05 was applied for both tests. The probability that the correlative
and predictive relationships between maximal workload and FEV; can be explained by
random chance was less than 0.0000005, indicating a highly significant result. The
Pearson correlation coefficient was 0.942346, representing a strong correlation. The
coefficient of determination in the regression was 0.888016, indicating that maximal

workload is strongly correlated with and is a strong predictor of current FEV;.

Analysis of Maximal Workload and FEV1
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Figure 6: Analysis of Maximal Workload and FEV,
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FEV; and 6MWD

Nineteen test groups were identified in the literature that contained sufficient data on FEV;

and 6MWD to enable correlation and regression analyses see Figure 7. A significance
level of 0.05 was applied for both tests. The probability that the correlative and predictive

relationships between 6MWD and FEV; can be explained by random chance was

0.000003, indicating a highly significant result. The Pearson correlation coefficient was

0.857146 representing a strong correlation while the coefficient of determination in the
regression of 0.734699, indicating that 6MWD is strongly correlated with and is a strong

predictor of current FEV.

6MWD and FEV1 (reverse values)

120 100 80 60 40 20
FEV1 (% of predicted) - reverse values
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CRP: C-Reactive protein; FEV; % predicted: Forced expiratory volume % predicted

Figure 7: Analysis of 6MWD and FEV,
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Odds Ratio

Applying the risk factor of a CRP level of 3 micrograms per Litre to the twenty-seven test

groups identified as suitable for the odds ratio analysis with COPD, nineteen test groups

had a CRP level equal to or higher than this level and eight test groups had a CRP level

lower than this. Applying the standard to eight healthy test groups, two had CRP levels

equal to or greater than 3 micrograms per Litre while the remaining six groups had CRP

levels below this (see Table 7). The resulting odds ratio was 26, indicating that from the

studies analysed a test group with a CRP level equal to or above 3 micrograms per Litre

was 26 times more likely to be a current COPD sufferer than a group with a CRP level

below 3 micrograms per Litre. With a confidence interval of 95% the odds ratio

calculation was statistically significant (p<0.05).

Table 7: Odds Ratio Analysis

Healthy
COPD

Odds Ratio

CRP<3

26

Odds of
Condition and
<CRP=3:
0.75
0.11

Odds of
Condition and
>CRP=3:
0.25
0.89

Odds:

0.12
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Chapter Five: Discussion

5.1 DISCUSSION OF RESULTS

A meta-analysis of the results from studies previously published in the past twenty-five
years on inflammatory biomarkers and exercise in people with COPD evaluated the
relationship between specific inflammatory biomarkers, exercise capacity and lung
function. The aim of the study was to confirm if any of the four variables tested (CRP,
WBC, 6MWD and maximal workload) were strong predictors of current lung function
(FEV1). This process is the first step in developing a predictive model that incorporates
inflammatory biomarkers as one of the components, a process that is set to continue in

future studies.

The results from this study confirm that CRP, WBC, 6MWD and maximal workload are
correlated with and are predictors of current lung function (FEV1) in COPD. It is therefore
reasonable to assume that when combined in a multivariate analysis, the same variables
will also contribute to a strong predictive model for assessing future FEV; levels. These
results confirm the appropriateness of including these variables in a longitudinal study that
is designed to determine factors that can predict future FEV;. If found to be reliable in that
study they could be included in a predictive model for assessing those considered “at risk’
of developing COPD. The data from this study also enables a determination of the
expected levels of biomarkers and exercise performance at different FEV; ranges (%
predicted) for those with COPD as well as for healthy controls.

Our findings are consistent with previous studies that examined biomarker levels in people
with COPD. Previous studies in the literature confirm the individual association of CRP,
6MWD, peak workload, and leukocytes and their associations with current FEV; levels.
However, this meta-analysis spanned all FEV; % predicted ranges including above 80%
i.e. the group “at risk’. Although there are a number of studies that compare biomarker
levels and FEV; in stable COPD, many of them did not include FEV; levels in the non-
COPD range.
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These results extend the literature by highlighting the relevance of assessing these markers
in the earlier stages of the disease in a future study, prior to the development of COPD.
The assessment derived from this proposed model could then be used as a basis for early

intervention.

Results from healthy individuals and those with stable COPD provided sufficient data to
enable the testing of a predictive model that could indicate the expected values of FEV; for
people with COPD. From these linear graphs it was possible to identify abnormal levels of

biomarkers and exercise capacity at high current FEV; levels.

The most striking result was that although 6MWD was more prevalent in the literature
than maximal workload, its predictive ability of current FEV; levels was noticeably lower
(R?=0.735 and R?~ 0.888 respectively). BMWD is also a feature of the BODE index and is
generally more widely used as an indicator of exercise capacity. Maximal workload would
also be expected to be a stronger predictor of future FEV; levels and will therefore be a
better predictive tool for assessing the development of COPD than the 6MWD.

Perhaps the inclusion of peak workload performance is considered dangerous in a cohort
of people with advanced COPD. This may possibly be the reason why 6MWD is more
frequently used than maximal workload. However, in regards to assessing those who have
not yet developed COPD, it would be suitable to use maximal workload as part of a
screening tool for those considered to be “at risk’ (Stage 0) of developing COPD as their

performance capabilities would be higher than those with more advanced COPD.

Despite the relationship being statistically significant CRP proved to be a less reliable
predictor of current FEV; levels than initially expected (R? = 0.236). Therefore, in the
predictive model it may be necessary to include CRP levels as part of a multivariate

analysis to ensure the predictive model has the highest prognostic accuracy possible.

This study adds to the body of knowledge in the field because it is the first study to show
that exercise capacity and systemic inflammatory biomarkers could potentially be used to
predict whether those at risk of developing COPD whether due to genetic or environmental

factors with an FEV; > 80% will develop the disease.
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This is an important finding as systemic inflammation may begin before other symptoms
of COPD such as cough or sputum manifest. Evidence already exists to show that manual
therapy intervention increases exercise capacity and lung function in COPD (197). The
presence of predictors such as CRP and leukocytes may also be useful as triggers for
applying interventions designed to increase exercise capacity and reduce inflammation.
This approach is currently being tested in trials designed to unload the respiratory muscles
during exercise improving chest wall compliance through manual therapy intervention

(personal communication).

The purpose of this study was to identify the relationship between current lung function
and potential drivers of COPD such as CRP, WBC, maximal workload and 6MWD. As
they were all shown to be predictors of current lung function they should be included in
studies designed to test and develop a model to predict future lung function. Ultimately, a
predictive model that incorporates these variables could help to identify those at risk of

developing COPD in the future.

These results also inform the levels of CRP, WBC, 6MWD and peak workload expected in
those who have an FEV; range above 80% predicted (i.e. non-COPD) thereby establishing
levels in the group considered “at risk’ of developing COPD.

Using CRP levels and leukocyte counts is convenient as these biomarkers are routinely

tested and would therefore have a history of previous readings for comparison over time.

Combining the level of biomarkers with exercise performance in individuals with risk
factors such as smoking, cough, sputum and low levels of physical activity to predict
whether an individual with an FEV; reading above 80% will go on to develop COPD in

the future could be used by doctors as the threshold for early intervention.

Early detection of COPD is important because the greatest loss of lung function occurs in
the earlier stages of the disease. The rationale for administering treatment earlier before a
large proportion of lung function is lost enhances the potential to alter the typical pattern
of loss of lung function associated with COPD progression. These results support the re-
introduction of an ‘at risk” COPD stage for people with a history of smoking, and/or

respiratory disease and/or cough and sputum and a FEV; > 80%. Combined with the
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information provided in this thesis about the correlation between these factors and

developing COPD an ‘at risk’ category would increase predictive ability.

The literature reports associations between biomarkers and lung function (COPD severity).
Multidimensional scoring systems such as the BODE and ADO are comprised of signs and
symptoms that manifest in the more advanced stages of the disease. Despite the
independent predictive value of CRP to determine prognosis, there are no multi-
dimensional measures that incorporate systemic inflammatory biomarkers. While some
studies have found that combining the BODE index and CRP improves predictive power,
these studies have only looked at the more advanced stages of COPD, leading to a call for
the creation of a multidimensional score that is clinically relevant during the earlier stages
of the disease (255-258).

Furthermore, as smoking is known to increase local and systemic inflammation in COPD,
we recommend studying a cohort of smokers as this may provide new information about
the value of using systemic inflammatory biomarkers as indicators of people ‘at risk’ of

developing the disease.

Although the use of systemic biomarkers is promising with respect to detecting people at
risk of developing COPD in the future their value may be underutilised, as assessing a
patient for COPD is usually not undertaken until symptoms are present. One possible
solution may be to include systemic inflammatory biomarkers as part of a screening tool
for long-term smokers over the age of forty with FEV; above 80% who show symptoms
such as cough and sputum. Routine biomarker testing could also be used in conjunction

with other diagnostic measures such as the 6MWD and physical activity levels.

Given the probability that 50% of life-long smokers will go on to develop COPD (35)
these measures could serve as an appropriate screening process for long-term smokers.
However, the value of this approach may have to be considered for people with other
aetiologies. It may be possible to adapt this approach to non-smokers by combining
systemic inflammatory biomarker testing with using other measures such as history of
respiratory illness and genetic testing.
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5.2  LIMITATIONS

Given that the next stage in this work is to develop a multivariate model that can predict
future FEV4, it would have been ideal in this study to use a multivariate regression model
with current FEV; as the dependent variable and CRP, WBC, 6MWD and peak workload
as independent variables. However, filtering the studies that contained all of these data
points resulted in a dataset that was too limited to provide statistically significant results.
This outcome reinforces the need for future studies in the field.

There are a number of limitations that need to be considered in this study. The majority of
studies that reported on the association between inflammatory biomarkers and exercise had
small sample sizes and were of poor quality. Due to the size of the combined datasets, a
multivariate regression analysis was not appropriate, requiring each variable to be assessed

independently. These factors may have reduced the generalisability of the results.

The analyses may also have been influenced by the effect of a number of confounding
variables. As smoking is known to influence the level of systemic inflammatory
biomarkers such as CRP and leukocytes (46, 48, 50-52, 63), the absence of smoking status
in some of the studies may have affected the results of the biomarker analyses. As smoking
plays a role in the inflammatory process correlation with the level of inflammatory
markers could act as an additional measure of its effect. Smoking has been associated with
increased levels of inflammatory biomarkers in current smokers compared to those that
have never smoked (45-49) while the number of cigarettes smoked per day has also been
linked to increased levels of both CRP and leukocytes (46, 48, 50-52).

Obesity and low blood oxygen saturation (hypoxia) promote oxidative stress which has
been associated with increasing systemic inflammation in COPD (259). The absence of
both of these measures in all of the included studies may have confounded the reported
levels of CRP and leukocytes because it prevented adjustment for them. Fat free mass
index is a measure of muscle bulk and is an indicator of the level of muscle wasting, a
common comorbidity in COPD. As muscle wasting has been associated with an increase in

the production of TNF- «, this may be a potential confounder of systemic inflammatory

biomarkers levels because of its ability to increase hepatic production of CRP and bone
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marrow production of leukocytes. Medications such as statins and corticosteroids are
commonly prescribed for conditions associated with COPD. We were unable to adjust for
these due to incomplete medication history data, which may have confounded the results
of our analyses as statins (212-214) and corticosteroids are known to influence systemic

inflammatory biomarker levels (209-211).

While most studies attempted to exclude inflammatory comorbidities, the likelihood that
people with undiagnosed inflammatory conditions were included in these studies is quite
high given their prevalence in COPD (67, 173, 260-263). Furthermore, as cardiovascular
disease is a common comorbidity of COPD and CRP levels are known to be increased in
the presence of this disease, it is possible that our analyses of CRP may have been
affected. In order to minimise the effect that exacerbations have on raising leukocyte levels

only studies that included patients with stable COPD were selected.

Additionally, only some studies reported the use of a bronchodilator challenge when
measuring lung function while others omitted reporting on this element altogether.
Although the use of FEV; % predicted accounts for this difference, it is unclear whether
6MWD and maximal workload measures were affected by this factor as exertional
dyspnoea (which is known to prevent maximal exercise capacity from being achieved)
may have been influenced by the presence of a short-acting bronchodilator.

As a COPD-specific biomarker has not yet been identified in the literature, the effects of

these confounders are unable to be fully adjusted for.
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Chapter Six: Conclusion

Smoking is recognised as the main causative factor of COPD with estimates that tobacco
use will be linked to 1 billion deaths by the end of the 21st century (42). There is therefore
a need for more research into earlier diagnosis especially in people who are at risk of
developing COPD later in life, previously referred to as GOLD “Stage 0. Earlier diagnosis
enables interventions to be implemented which have the potential to influence morbidity

and mortality rates, aimed at slowing the natural progression of the disease

In COPD, the inflammatory response to inhaled stimulants is exaggerated and the lung’s
defence capabilities suppressed. These abnormal responses persist even after removal of
the stimulus and result in alterations to the repair mechanisms of the lungs. Oxidative
stress is thought to be the dominant driver in this inflammatory process, which causes
leukocytes to increase the production of reactive oxygen species both locally and
systemically. The evidence for the concept of the ‘overspill effect” where local lung
inflammatory products spill over in to the systemic circulatory system is inconsistent and
may not fully explain the primary mechanism behind elevated levels of serum

inflammatory biomarkers.

While our understanding of COPD is rapidly changing, systemic inflammatory biomarkers
offer a new possibility for assessing disease severity. However, they are yet to be
adequately explored in those at risk of developing COPD as well as during the early stages
of COPD. Results from a series of analyses on the relationship between systemic
inflammatory biomarkers, lung function and exercise capacity show an inverse
relationship between inflammatory biomarkers and current lung function. A future study is
proposed in which these findings could be used to test and develop a predictive model for
assessing those at risk of developing COPD.
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