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ABSTRACT

COPD is increasingly recognized as a heterogeneous and multidimensional
disease. Multicomponent prognostic scores account for this by measuring
components beyond FEV1. This thesis used data from large cohort studies and
routine health data from general practice to answer research questions under four
themes: 1) demonstrate the burden of exacerbation occurence; 2) provide
evidence on the external validity of prognostic scores in accurately predicting risk in
various clinical settings; 3) examine the potential for extending the use of these
scores to detect disease worsening; 4) further our understanding of some
components that comprise prognostic scores.

Severe COPD exacerbations present a significant burden to patients as they
increase hospitalisation and mortality. We found that the incidence rates of severe
COPD shows signs of an increase from year-to-year which highlights the
importance in accurately predicting these events. We demonstrate the external
discriminative validity of the BLISS and ADO scores in predicting exacerbations
and mortality, respectively. However, these scores may need to be recalibrated
before predicting outcomes in different time horizons or healthcare settings. Serial
measurements of the ADO score may help to update prognostic risk in people with
COPD. Among people screened for COPD with respiratory symptoms, we found
that symptom burden over time and prognosis of persistent moderate-to-severe
respiratory symptoms was similar in those with normal FEV1, compared to those
with airway obstruction. Finally, weight loss due to continuous smoking is
accelerated if a person has COPD, and quitting results in an accelerated weight
gain compared to those without COPD.
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CHAPTER |: GENERAL INTRODUCTION




Background on COPD

Chronic obstructive pulmonary disease (COPD) is a common, preventable, and
treatable disease characterised by persistent respiratory symptoms and airflow
limitation (1). Airflow limitation results from parenchymal and small airways
destruction (i.e., emphysema), chronic inflammation and narrowing of the airways
(i.e., chronic bronchitis), or both (1). The relative contribution of emphysema and
chronic bronchitis to the pathophysiology and symptomology of COPD may vary
considerably from patient to patient (1,2). Impaired oxygen uptake and increased
accumulation of air in the lungs (i.e., hyperinflation) are other pulmonary
abnormalities in COPD that contribute to the clinical presentation of a patient.

Risk factors

COPD is mainly caused by exposure to cigarette smoking and ambient noxious
chemicals (3,4). Other risk factors include household air pollution, occupational
particulates, and second-hand smoke (3,4). In low socio-economic regions and
countries, particulate matter pollution is a major cause of both COPD and deaths
related to this condition (5,6). Although these exposures have a large impact on
COPD incidence, there is also accumulating evidence that approximately half of
COPD patients had impaired lung development as a result of genetic susceptibility
and/or early-life events and exposures, resulting in a low maximally attained lung
function in early adulthood and an increased risk of COPD later in life (7). Parental
asthma, childhood asthma, maternal smoking, and childhood respiratory infections
are factors associated with a low maximally attained lung function and an
increased COPD risk (8).

Diagnosis

The Global initiative for chronic Obstructive Lung Disease (GOLD) advocates for
the combination of respiratory symptoms, family history, and a history of exposure
to risk factors as indicators to diagnose COPD via spirometry (1). Spirometry
allows assessment of the presence and extent of airflow limitation using the
following formula: FEV1 (forced expiratory volume of air exhaled in one second) as
a proportion of their FVC (forced vital capacity). According to GOLD, a post-
bronchodilator FEV+ /FVC <0.70 confirms the presence of airflow limitation (9).
There is a second method for diagnosing COPD based on spirometry using the




lower limit of normal (LLN), COPD is diagnosed in a patient if the FEV1/FVC ratio is
below the lower fifth percentile of an aged-matched healthy reference group who
are characterised as never smokers (10).

Whether using LLN or the fixed ratio more accurately diagnoses COPD patients is
controversial. Among 4,965 participants aged =65 years in the Cardiovascular
Health Study, those who were classified as “abnormal” by the fixed ratio and
“normal” using the LLN had increased mortality and COPD-related hospitalisation
during follow-up (11). On the other hand, in a study of 24,207 US adults from 4 US
general population-based cohorts, the prognostic accuracy of LLN was not
significantly different than that of the fixed ratio when predicting the risk of COPD-
related hospitalization or mortality (12). Unlike the previous studies, a third study
found that the fixed ratio may miscategorise patients. Among 95,288 participants
aged 20 to 100 years from the Copenhagen General Population Study, those with
a normal spirometry according to the fixed ratio method but abnormal according to
the LLN method had an over two-fold increased risk of pneumonia, heart failure,
and mortality after adjusting for age and sex (13). Thus, it is unclear whether the
LLN or fixed ratio methods better categorise COPD.

There are also advantages and disadvantages to the use of each method. The LLN
may underdiagnose COPD, especially in areas of the world where the “healthy”
reference population is exposed to significant air pollution and other non-smoking
risk factors (14). If we were ever able to diagnose patients in early adulthood then
finding an appropriate reference population may be complicated (15). The fixed
ratio method is simple but may overdiagnose COPD, especially in older patients
who may be healthy but exhibit low lung function due to their age (14). LLN may
underdiagnose COPD in the elderly. Some primary care patients will likely meet the
fixed ratio criteria before LLN after further progression of their disease and only
using LLN may delay diagnosis and treatment in these patients (16).

This lack of consensus means that it is important to consider symptoms and other
indicators that can add to the accuracy of a COPD diagnosis (17). For example,
neither LLN nor the fixed ratio may be helpful for primary care patients with mild
COPD when the decision to diagnose the disease will be primarily based on clinical
grounds, not spirometry (2). Symptomatic individuals with normal spirometry
measurements have worse mortality and health-related quality of life than non-
symptomatic individuals with normal spirometry, regardless of whether or not the
individual is diagnosed with COPD later on (17). Using FEV1 to diagnose COPD
may not be useful since there is little evidence that it can be altered with therapy
(18). Emphasising “careful phenotyping using clinical, physiologic, and radiologic




data to elucidate factors that dictate disease heterogeneity and therefore might be
relevant to diagnosis, prognosis, or both” may be more beneficial (18).

Symptoms

The most common symptoms of COPD include dyspnoea (defined as difficult or
laboured breathing), chronic cough, sputum production, wheezing, chest tightness,
and fatigue (4). COPD develops slowly and these symptoms may worsen over time
in many patients, especially if exposure to risk factors persists (4). Accordingly, the
ability of patients to undertake certain physical tasks decreases, and a medical
diagnosis is often only sought after the simplest of routine tasks become difficult
(19). The importance of symptoms is reflected in the current GOLD strategy which
recommends assessing symptoms (breathlessness is highlighted most of all) and
exacerbations for the treatment of COPD (1).

There exist patients who primarily suffer from high symptom burden (i.e., chronic
cough, sputum production) but do not have spirometrically defined COPD (17).
Among 108,246 randomly chosen individuals aged 20 to 100 from a Danish
population-based cohort study, chronic respiratory symptoms were associated with
both respiratory hospitalisations and death among individuals with and without
normal spirometry (20). The authors state that normal spirometry is not enough to
rule out COPD and that those with symptoms should be followed more closely for
the persistence of their symptoms and potential development of abnormal
spirometry. In one of the early iterations of GOLD strategy, defining patients with
symptoms but normal spirometry was presented as an opportunity for early
identification and targeted therapy (21). However, subsequent iterations of GOLD
have excluded this concept since these individuals do not necessarily progress to
stage | and therefore cannot be defined as simply “at risk”. The relevance of
chronic respiratory symptoms in individuals with normal spirometry is still debated
to this day (21). Therefore, it is still unclear how stable symptoms are over time and
whether the prognosis of individuals with respiratory symptoms varies by whether
they have normal or abnormal spirometry. A better understanding of individuals
with respiratory symptoms and normal lung function may allow targeted screening
or management of these patients to improve their outcomes.

Acute exacerbations
The clinical course of COPD may be complicated by the occurrence of acute
exacerbations of the disease. These are defined as an acute worsening of




symptoms beyond normal day-to-day variations that require additional therapy (1).
Exacerbations lead to the deterioration of a patient’s stable condition (22) and can
increase the rate of COPD progression (23). Also, they are associated with
reduced health status and increased risk of respiratory failure, hospital admission,
and mortality (24). Exacerbations are usually triggered by bacterial and viral
infections (22) but other triggers include eosinophilic inflammation and smoking
(25). There is a high variation in the frequency of exacerbations experienced from
patient-to-patient but this is often associated with the severity of airflow obstruction
and the number of previously treated exacerbations (26). The overall burden of
COPD exacerbations and resources necessary to manage them can be examined
by tracking the long-term changes in the incidence rates of exacerbations but this
has not been shown in the UK general population.

Exacerbation severity is often dichotomised into either moderate exacerbations that
require outpatient drug therapy such as antibiotics and/or steroids or severe
exacerbations that result in hospitalisation (27). However, these definitions can
lead to under-reporting of exacerbation events, are inaccurate, and lack
generalisability across various healthcare systems (27). One study of ATTAIN trial
participants living in nine European countries and South Africa found that twice as
many patients experienced at least one exacerbation event after accounting for
unreported exacerbations (28). Unreported exacerbations were defined as
symptomatic events that resulted in a persistent increase of 29 points for 23 days
or 212 points for 22 days on the EXAcerbations of Chronic pulmonary disease Tool
(EXACT) total daily patient diary score that was not reported to a physician. Both
unreported and reported exacerbations had a similar negative impact on health-
related quality of life but patients were less likely to recover from unreported (and
therefore untreated) exacerbations 28 days later. A second study of 491 COPD
patients in China found that 466 out of 876 (53%) exacerbations were unreported,
identified using a monthly questionnaire during follow-up (29). Here, an
exacerbation was defined as a worsening of at least one of either the amount of
sputum, changed sputum colour or purulence, or increased dyspnoea for 22 days
reported using a monthly structured questionnaire. An exacerbation was
considered unreported if it was not brought to the attention of healthcare providers.
Unlike the previous study, patients with unreported exacerbations had a much
smaller change in health-related quality of life when compared to patients with
reported exacerbations. Differences between studies in how common unreported
exacerbations are and their impact on health-related quality of life may be due to
what tool was used to detect unreported exacerbations, the threshold used to
define an exacerbation, differences in health services and self-management
provision, and whether the analysis quantifying the effect of exacerbations was




performed at the level of the event itself (28) or the level of patients grouped
according to these events (29). In addition, ATTAIN reduced recall bias by
requiring participants to report daily EXACT assessments, which may have
captured more unreported exacerbations compared to the study in China. The
study in China included patients from respiratory divisions of 10 general hospitals.
These individuals may be more likely to seek further healthcare for their
exacerbations since they have prior experience with doing this and they already
have access to physicians. Therefore, they may be more likely to report milder
exacerbations than participants in the ATTAIN trial. Furthermore, patients in the
China study had worse health status at baseline than ATTAIN participants,
potentially limiting the extent to which quality of life could worsen further.

The overall burden of exacerbations on patients is higher after accounting for
unreported exacerbations and patients may receive less than optimal maintenance
if some exacerbations go unnoticed. Accurate prediction of these events is
essential so that clinical decisions can be well informed, and patients can receive
proper therapy. However, accurate and unbiased prediction tools for exacerbations
are lacking in COPD.

Prevalence

Data from 2010 shows that 330 to 390 million people are diagnosed with COPD
worldwide, corresponding to approximately 10 to 12% of the global population
(30,31). The highest prevalence was in North and South America and the lowest in
South East Asia (31). COPD prevalence across countries varies with smoking
prevalence (32). There is a higher estimated prevalence among men (12%-14%)
than women (7-9%) (31,32) but this may be due to women being underdiagnosed
relative to men, despite being more susceptible to cigarette exposure (33). In
addition, the prevalence of smoking in women is lower than it is in men but,
unfortunately, women are closing the gap (34). There are very few recent studies
that describe the prevalence of COPD in the Netherlands and England. Using
functional respiratory tests, the prevalence of stage Il or higher COPD in England
ranges from 5 to 8%, depending on whether any respiratory symptom is included in
the definition (35,36). Its prevalence is approximately 10% in the Netherlands (37).
Country-wide prevalence estimates across studies can vary due to differences in
sampling and different COPD definitions and methods used (e.g. COPD defined
using lung function, symptoms, physician report, statistical modelling, etc.) (38).

There is also evidence that COPD prevalence is increasing over time. The
prevalence of COPD increased by 44% from 1990 to 2015 (3). However, the




prevalence decreased by 15% during this period after accounting for an aging
population structure. This reflects that as populations become older, people
become more susceptible to respiratory function decline. Increases in the
prevalence of COPD were the most rapid in the Eastern Mediterranean and African
regions while the lowest increase was in Europe after controlling for mean age and
the year of study (31). Increases in COPD prevalence within a country may be due
to increases in exposure to risk factors such as smoking behaviour, biomass
smoke, and outdoor air pollution due to urbanisation (39). Even though COPD
burden is high, it remains an underdiagnosed disease (40). Thus, the prevalence of
COPD, especially in low-to-middle income countries where spirometry is
underutilised (41), is likely underestimated. The prevalence of previously
undiagnosed COPD was 47% among current smokers between 40 and 70 years of
age, and a smoking history of at least 15 pack-years in six semi-rural general
practices (42) whereas the prevalence was 27% among 138 patients attending a
primary health care centre or urgent primary care centre in a suburban area of
Sweden with acute respiratory tract infection, positive smoking history and no
previously known pulmonary disease (43). This difference in prevalence may
reflect less access to healthcare in more rural areas (44). Patients may be more
likely to have their COPD diagnosed prior to the case finding if they are older and
were more likely to have chronic cough and fatigue whereas wheezing, age, pack-
years, and current smoking, cough, dyspnoea, sputum, and body mass index (BMI)
seemed to differentiate COPD patients from those who did not end up receiving a
diagnosis (42,43,45).

Healthcare costs

COPD is associated with a significant economic burden. The mean annual direct,
health-service related (e.g. respiratory treatment, hospitalisation,
consultations/visits to a healthcare provider, etc.) cost per patient was the lowest in
South Korea (504 dollars (converted to USD currency)), Brazil (555), and Russia
(742) and the highest in France (3,406), Spain (3,570), Japan (4,650), and the
USA (9,981) (46). Relative to these and other countries, direct costs were high in
the UK (3,224) and much lower in the Netherlands (1,690). Indirect costs (e.g.
attributable to productivity loss from early-retirement, work absence, etc) made up
40% of the total societal costs (indirect costs + direct costs) in France and a much
higher percentage in the UK (83%), and the Netherlands (82%) (46). Variability of
direct costs between countries is likely can be explained by different healthcare
systems, and the ability of patients to access healthcare, as well as different
healthcare practices and guidelines used for COPD care (46). However, indirect




costs tend to increase with higher national per capita incomes and may also vary
by culture as well (46). For instance, although both direct and indirect costs
increase exponentially with increasing COPD severity and in those with
comorbidities (47), more patients with low symptom burden are admitted into
specialised care in Japan than similar patients from other countries (46). An
individual’'s social support and available working days off after a COPD diagnosis
may be dependent on cultural values pertaining to the importance of independence
and self-sufficiency and maintaining a work-life balance.

Mortality

COPD is the third leading cause of death, accounting for nearly 6% of the total
worldwide deaths (48). In 2017, the age-standardised mortality rate for males and
females with COPD was approximately 55 and 32 deaths per 100,000 people (5).
Compared to age, sex, and smoking history matched controls, COPD patients have
a three-fold increased rate of death after adjusting for comorbidities (49). Among
patients diagnosed with COPD, 40 to 60% of deaths are attributable to their
disease (50-52) while the remaining top underlying causes of death are diseases
of the circulatory system (most common were acute myocardial infarction),
neoplasms (mostly lung cancer), and other respiratory diseases (51). The top
causes of death in patients hospitalised for acute exacerbations were cardiac
failure, pneumonia, and pulmonary thromboembolism, while respiratory failure due
to COPD only accounted for 14% of deaths (53). From 1990 to 2015, the global
age-standardised death rate for COPD patients decreased by 42% (3) and an
average of 2.4% per year (5). This decline may be due to improved care of
comorbidities and the worldwide decline in poverty. If the death rate in 1990 was
maintained into 2010, then over 5 million deaths would have occurred worldwide
due to COPD (54). However, despite decreases in death rates across the globe
(55), 3.2 million people still died from COPD in 2015, an increase of nearly 12%
since 1990, largely driven by population growth (3). COPD is expected to be the
leading cause of death within 15 years (30).

A complex and heterogeneous disease

Disease staging uses objective medical criteria to produce groups of clinically
homogeneous patients based on the severity and progression of their disease (56).
COPD staging used to be based on the severity of airflow limitation which grouped




patients into the following four distinct spirometric stages: FEV1 as a percentage of
predicted value: GOLD 1 - mild: FEV1 = 80% predicted, GOLD 2 - moderate: 50% <
FEV+1 <80% predicted, GOLD 3 - severe: 30% < FEV1 <50% predicted, GOLD 4 -
very severe: FEV1 <30% predicted (57). These stages guided what treatment a
patient received. However, it is now well-recognized that COPD severity and the
burden of disease for individual patients are not adequately captured by FEV1
alone (1). The primary reason is that FEV1is not a reliable marker of the severity of
symptoms such as breathlessness and, therefore, has limited influence over
individualised patient care decisions. Some COPD patients primarily suffer from
cough and sputum production due to chronic airway inflammation (2). Other
patients have breathlessness caused by air trapping and hyperinflation of the lungs
(2) which can be more successfully treated with bronchodilators (58). Still other
patients may have a reduced ability to perform physical functions (59). COPD is
also influenced by many intra- and extra-pulmonary components which vary in
whether and at what time they present themselves (60). Thus, only accounting for
FEV1 represents a reductionist approach to define severity, and subsequently, the
management of COPD (60,61).

Although most COPD is mainly related to smoking, particulate matter exposure,
passive smoking, and tuberculosis also predispose to lung function decline and a
COPD diagnosis (3,4). It is hypothesised that tuberculosis-related lung
parenchymal inflammation may facilitate the destruction of the pulmonary extra-
cellular matrix (62). Next, exposure to particulate matter 2.5 micrometres in
diameter or less (PM25 ) resulted in oxidative stress, emphysematous lesions,
small airway remodelling, mucus metaplasia, and pulmonary and systemic
inflammation that altogether impaired lung function in mouse models (63,64).
Cigarette smoke and PM2s may also have a synergistic effect on both COPD
development and its progression over time (63). Furthermore, the presence of
certain COPD clinical phenotypes, defined as “a single or combination of disease
attributes that describe differences between individuals with the disease as they
relate to clinically meaningful outcomes” (65), could be dependent on the type of
adverse exposure that caused an individual to develop COPD in the first place. The
lungs of rats exposed to motor vehicle exhaust PM2s had earlier and more severe
neutrophilic airway inflammation, less emphysema, greater numbers of goblet
epithelial cells, and thicker small airway walls with collagen deposition compared to
rats exposed to biomass fuel PM2s (64). In addition, COPD patients exposed to
tobacco smoke had lower lung function and higher levels of fibrinogen, circulating
leukocytes, and monocytes whereas patients exposed to biomass had higher
levels of blood Immunoglobulin E (66). These differences may result in distinct




phenotypes of COPD that can potentially be targeted with different therapies in the
future.

The ‘treatable traits’ concept for disease management was proposed in 2016 (67)
to account for the heterogeneity of COPD (58). Patients may exhibit a broad variety
of disease-specific and non-disease-specific traits that can be treated in a more
personalised and effective manner (67). Although this concept represents a
precision medicine approach to patient care, targeting a diverse set of treatable
traits per patient can be resource-intensive and difficult to apply in clinical practice
due to fragmented treatment plans (60). To address these concerns, treatable traits
can be grouped into subtypes of COPD, called COPD phenotypes (i.e., clusters of
disease traits). Unfortunately, the reproducibility of many COPD clusters across
cohorts has not been adequately shown (68). Thus, only three clusters are
reproducible across cohorts, associated with prognosis, and responsive to therapy:
the frequent exacerbator, the COPD/asthma patient, and the emphysema-
hyperinflation patient (69). The COPD/asthma phenotype, defined as airflow
obstruction that is not completely reversible and accompanied by clinical
characteristics associated with increased reversibility, responds relatively well to
corticosteroids due to a higher-than-average concentration of eosinophils. The
frequent exacerbator phenotype is characterised by patients with two or more
exacerbations per year and these individuals should be given long-acting
bronchodilators followed by anti-inflammatories and antibiotics as step-up
treatments. Emphysema-hyperinflation patients have breathlessness, low exercise
tolerance, may have low BMI, and are preferentially treated with bronchodilators
and lung-volume reduction interventions in very advanced cases (69). These
individuals may also benefit from nutritional support.

Certain patients may still belong to more than one cluster and there is variability in
how well a certain cluster characterises each patient that has been grouped into it.
Thus, while COPD clusters can account for the heterogeneity of COPD, they are
limited because clinical practice deals with individuals and not with groups of
patients classified according to a particular clinical phenotype (70). Rather than
mutually exclusive subtypes, multiple coexisting disease traits present to varying
degrees in each patient. Represented as continuous characteristics, these traits
have been shown to be more reproducible (68). But this, again, adds complexity as
treatment plans can be more easily established using clusters. Thus, treating each
patient as a separate COPD case is likely too complex to apply to clinical practice,
however, oversimplifying the disease will be detrimental to many patients who
suffer from components of COPD that do not fit neatly into the particular group that
they have been labelled into.
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A systemic disease

COPD is also a systemic disease that often affects a patient’s health outside of the
lungs. Many patients suffer from co-occurring chronic conditions. These
comorbidities constitute the combined effect of multiple conditions with reference to
an index disease (71). They contribute substantially to the burden of disease and
mortality and some are more likely to co-exist in COPD patients when compared to
age-matched controls (72,73).

There exist patterns of diseases that co-occur with COPD more often than what
would be expected by chance because these comorbid conditions either share a
common exposure (such as smoking) or some diseases may be a consequence of
COPD itself (74). For instance, lung cancer has a strong association with
emphysema and is one of the main causes of death in COPD patients (1). Lung
cancer and COPD share smoking as a risk factor but chronic inflammation in
COPD may contribute to the pathogenesis of lung cancer as well (75). Next, airflow
obstruction can increase the risk of adverse cardiac function and result in
hypoxemia (59). Third, inflammatory markers from lung inflammation and common
risk factors may account for increased risk of comorbidities such as osteoporosis
and ischemic heart disease (59). Inhaled corticosteroids are used to reduce
exacerbations and improve quality of life in COPD patients but may increase the
risk of fractures from osteoporosis (76). Fourth, depression and anxiety are often
underdiagnosed in COPD patients and contribute to worse health-related quality of
life and prognosis (77). Feelings of depression and anxiety in COPD patients may
be the result of patients worrying about their disease, a lack of social interaction
due to respiratory symptoms (78), and decreased frequency and quality of
emotional support from loved ones (79). Finally, oxidative stress, inflammation, as
well as inactivity as a result of COPD symptoms contribute to skeletal muscle
wasting and cachexia (59). A reduction in known risk factors and treatment of
COPD may reduce the risk and burden of these comorbidities.

Several conditions may complicate or worsen COPD. Gastroesophageal reflux
disease may increase the risk of exacerbations in COPD (80). The presence of
heart failure may make differential diagnosis difficult due to its sharing of clinical
symptoms and signs with COPD (81). Despite this, heart failure is common in
COPD as 10 to 30% of COPD patients are diagnosed with it (82). Compared with
patients with sleep apnoea and without airflow limitation, COPD patients with sleep
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apnoea have more frequent episodes of oxygen desaturation and spend more
sleep time in a hypoxemic and hypercapnic state (83). This can lead to cardiac
arrhythmias and pulmonary hypertension (1). COPD patients with sleep apnoea
(i.e., overlap syndrome) have a worse prognosis than patients diagnosed with
either disease alone. Finally, arterial stiffness becomes more pronounced during
COPD exacerbations, particularly in those with airway infection, and this, in turn, is
associated with inflammation (84). Myocardial damage can accumulate in COPD
patients with ischemic heart disease after an acute exacerbation occurs (84).

Similar to its intra-pulmonary components, extra-pulmonary components vary in
presentation and severity from patient to patient (60). It is clear that patients with
COPD have an increased risk of comorbidities and that these comorbidities may
worsen and complicate their disease and its management. Despite these
relationships, there is no evidence to support alternative management of COPD
due to the presence of comorbidities and vice versa (1).

COPD progression

A rapid decline in FEV1 is not a fixed characteristic of COPD. It is estimated that
approximately half of all people who are eventually diagnosed with COPD had a
normal maximally attained FEV1 in early adulthood followed by a rapid decline in
lung function (85). The other half had a low maximally attained FEV1 and a less
rapid, age-related decline. In Figure 1.1 below, patients in panels A and C (N=
2207) had normal maximally attained FEV earlier in life. However, the distribution
of FEV1decline for patients who were subsequently diagnosed with COPD (N= 158
(7%) in panel C) was shifted toward higher rates of decline. Similarly, among
patients with low maximally attained COPD (657 patients shown in panels B and
D), most patients still had a less rapid decline and were not diagnosed with COPD
(Panel B) while 174 patients (26%) tended to have a more rapid decline in lung
function (Panel D) leading up to a COPD diagnosis. Patients in Panel C tended to
have a more rapid decline than patients in Panel D because lung function
deteriorated from a higher peak in early adulthood.
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Figure 1.1: The mean decline in FEV1 was 24 ml per year in trajectory 1 (Panel A), 2 ml per
year in trajectory 2 (Panel B), 53 ml per year in trajectory 3 (Panel C), and 27 ml per year in
trajectory 4 (Panel D). Reproduced with permission from Lange et al. (85), Copyright
Massachusetts Medical Society.

Trajectories leading to COPD may represent a stable characteristic associated with
prognosis. Indeed, it was also recently shown that patients that followed different
lung function trajectories leading up to the diagnosis of COPD have a different risk
of mortality (86). COPD developed through normal maximally attained lung function
but rapid decline thereafter was associated with an increased risk of respiratory
and all-cause mortality compared to COPD developed through low maximally
attained lung function and less rapid decline (86).

Although patients can be grouped into certain trajectories to better describe their
disease, progression is still highly variable after diagnosis (87). Some patients
show stable disease over time while others rapidly progress to more advanced
disease (88). In the latter case, patients are more likely to have a worse prognosis
such as developing severe breathlessness and exacerbations as well as an
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increased incidence of hospitalisations and death (88). Emphysema, worse health-
related quality of life (89), and exacerbations can increase the rate of progression
(90,91). Lifestyle behaviours such as smoking, diet, and exercise; respiratory
insults; exposures such as biomass fuel, air pollution, occupation, respiratory
infection; markers of general wellbeing such as socioeconomic status or health-
related quality of life; and clinical markers such as BMI and comorbidities may also
influence the rate of progression (88,90,92). Most studies have used lung function
(typically FEV+ or FEV1 % predicted) to objectively measure progression over time
(93,94). However, since COPD affects multiple systemic domains, some patients
may show stable lung function over time but a worsening of symptoms such as
breathlessness (95). Part of the aims of COPD management is to reduce the rate
of deterioration. This is difficult if patients are deteriorating from components of
COPD that are not being measured. To account for the diversity of COPD,
combining multiple domains of the disease into a single overall score and
measuring that score serially with patients may be the best approach for monitoring
the worsening of COPD over time.

Management and Treatment of COPD - risk versus
reward

COPD is treatable but not curable (96). Extra-pulmonary characteristics found in
COPD patients contribute to adverse outcomes and are sometimes more treatable
than COPD itself (12). The goals of management (including pharmacotherapy) are
focused on improving symptoms (e.g. dyspnoea), functional capacity, and quality of
life and reducing the frequency and impact of exacerbations (1).

In terms of non-pharmacological treatment, smoking cessation is the single most
effective approach for altering the course of COPD and slowing lung function
decline. Therefore, all those with COPD who smoke should receive smoking
cessation advice (1). Pulmonary rehabilitation can improve many aspects of COPD
patient’s lives and is an important therapy to consider for any patient willing to
participate. For patients with severe breathlessness, pulmonary rehabilitation
improves breathlessness symptoms, health status, and exercise tolerance
(1,97,98). Previous randomised controlled trials have shown that it also reduces
hospitalised exacerbations but observational studies have more mixed results (99).
This may reflect either residual confounding within cohort studies or broader patient
inclusion criteria in these studies which may result in pulmonary rehabilitation
having no impact for some patients. Physical activity, which is a component of
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pulmonary rehabilitation, may be severely limited in patients with moderate-to-
severe COPD (100) and lack of physical activity predicts decreased quality of life
and increased incidence of hospitalisation and mortality (1). The problem is that it
is unclear how to best motivate patients to initiate and sustain increased physical
activity levels on their own. The other component of pulmonary rehabilitation
involves educating individuals on COPD and self-management advice, which
initially included information on medications, symptom control, relaxation, and
energy conservation but topics on the early recognition and treatment of
exacerbations as well as the promotion of physical activity and long-term
adherence to regular exercise have been added (101). Malnourished COPD
patients may require nutritional supplementation (102) since low body mass and
cachexia are associated with mortality (103). Low body weight is common in COPD
patients, especially in those with more severe disease (104) and these changes in
body weight have been attributed to COPD itself. However, it is known that
smoking status also affects body weight in patients without COPD (105,106).
Unless the effect of smoking status on body weight is examined in COPD patients,
the mechanisms by which weight changes in COPD may remain unknown. Also,
non-invasive mechanical ventilation may reduce re-hospitalisation and mortality in
stable COPD patients with severe chronic hypercapnia and a history of
hospitalisation for acute respiratory failure as well as in patients with an
exacerbation (1). Influenza vaccination is recommended for all patients because it
can reduce the incidence of lower-respiratory tract infections (107), the number of
exacerbations (108), and mortality (1) whereas pneumococcal vaccinations may
help patients around 65 years of age or older and younger patients with comorbid
heart and lung diseases (109). Long-term oxygen therapy may also benefit many
patients with severe resting hypoxemia (1) as it can improve their survival (110).

Effective pharmacologic treatments for COPD patients include long-acting beta2
agonists (LABA) (111,112), long-acting antimuscarinic antagonists (LAMA) (113—
116), and LABA/LAMA (117-120), inhaled corticosteroid (ICS)/LABA (121,122) and
ICS/LAMA/LABA (123) combinations. A recent Cochrane network meta-analysis of
99 studies and 101,311 participants with advanced COPD showed that
LABA/LAMA combination was the best in reducing COPD exacerbations (mostly
due to LAMA) and that symptoms and quality-of-life were improved more by
combination rather than monotherapies (124). When pharmacological treatment
response is less than optimal, the cause may be inhaler technique and/or poor
adherence to medication (1). In addition, macrolides (125) and PDE4-inhibitors
(126—128) may reduce the burden of exacerbations when combined with inhaled
therapies. According to the GOLD 2022 strategy, preferred pharmacotherapy for
COPD is based on the classification of patients according to the degree of
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symptoms and the frequency of exacerbations of the disease: A (low symptom, low
exacerbation risk), B (high symptom, low exacerbation risk), C (low symptom, high
exacerbation risk), and D (high symptom and high exacerbation risk) (1). These
groups were paired with their associated treatments by matching the burden of
COPD with the level of treatment.

Treatments should provide more benefit than harm to a patient’'s well-being. All
treatments come with both financial and time obligations. Unfortunately, treatments
for COPD also have very real health side effects. For instance, azithromycin may
lead to hearing loss and microbial resistance (125) while ICS-containing therapies
may increase the risk of nontuberculous mycobacteria lung infection (129),
fractures (130), and pneumonia (124). However, studies have found that eosinophil
counts also predict pneumonia risk in COPD patients (131,132) and blood
eosinophils may be used as an indicator for positive ICS treatment response (133).
Among 643 individuals with COPD from the Copenhagen General Population
Study, ICS increased pneumonia risk in both COPD patients with high blood
eosinophils (20.34x109 cells-L") and in a separate stratum consisting of patients
with low eosinophils (<0.34x109 cells-L'"), however, neither estimate was
statistically significant (IRR = 2.25; 95% CI: 0.76 to 6.69, and IRR = 1.53; 95% CI:
0.90 to 2.59, respectively) (132). In individuals with clinical COPD (N = 202 with a
recent exacerbation, >10 pack-years and FEV1 <70% predicted), the association
between ICS and pneumonia was weaker in the low eosinophil group (HR = 1.09;
95% CI: 0.48 to 2.47) and stronger in the high eosinophil group (HR = 6.73; 95%
Cl: 1.89 to 23.93) probably reflecting that these individuals may be given more
rounds and/or higher doses of ICS. Given that some of these estimates are fairly
strong (notably in the high eosinophil count group), the low number of patients (and
events) means that statistically insignificant findings should not be over-interpreted
to mean the lack of an association. Thus, it is still unclear if a higher incidence of
pneumonia is caused by higher eosinophil levels or ICS treatment guided by
eosinophil levels. Further complicating this issue, a patient meta-analysis of
randomised controlled trials found that lower eosinophil counts predict pneumonia
(134), and this contrasting conclusion may be due to differences in treatment.

In conclusion, medications may only provide more benefit than harm in a subset of
COPD patients with certain characteristics, symptoms, and severities. Each patient
needs to be characterised with just enough precision so that treatments can be
better tailored on a case-by-case basis without complicating clinical practice. It is
important to account for the diversity of COPD in measuring a patient’s risk of
adverse outcomes so that the risks of treatments can properly be weighed against
their benefits.
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Multicomponent COPD prognostication — beyond
airway obstruction

Prognostic research aims to establish potential associations between future health
outcomes and baseline health in patients with certain diseases or conditions in
order to influence clinical decision-making, healthcare policy, and patient
management (135). The aim is to translate findings from the laboratory and clinical
research to clinical practice so that outcomes in patients can be improved. There
are four pillars of prognostic research: fundamental prognosis, prognostic factor,
prognostic model, and stratified medicine research (135). Prognostic factor
research attempts to determine specific factors or biomarkers that are associated
with prognosis so that interventions can then modify these targets to improve
outcomes (136). Although there is little evidence that FEV1 can be modified with
existing medications (1), it is still a factor that is associated with mortality in COPD
patients (137). However, accurate prediction of outcomes often requires multiple
prognostic factors in combination (138).

It is well recognized that other factors in combination with FEV1 may add
prognostic information and better reflect disease severity than FEV+ alone.
Multicomponent prognostic models convert baseline values for a combination of
factors into estimates of risk of an outcome within a specific period of time for each
patient (138). Prognostic models for COPD are tools developed to predict
outcomes, such as the risk of death or exacerbations (139). These scores are
typically developed using a selection process to combine the most prognostically
relevant components that independently add accuracy to risk predictions in one
particular patient population (138). Although rare in COPD research, the score is
then validated in another population with different characteristics (e.g. separate
country, different patient severity group, younger/older patients, etc.) to test its
transportability (i.e., generalisability or accuracy in unrelated populations)
(140,141). Lastly, the score is tested to show whether or not it influences the
behaviour of clinicians (i.e., decision-making) which in turn can affect patient
outcomes (140,141).

Since COPD prediction models use multiple components - often including FEV - to
predict future outcomes, they are well suited to capture the heterogeneity found in
COPD (60,142). Figure 1.2 shows the 10 most common components that are
included in COPD prognostic models, with age being the most common regardless
of the clinical setting (139). All of these predictors are easily collected in various
settings and prognostic scores that include easily measured predictors are more
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likely to get used in clinical practice. Several prognostic scores have been
developed for COPD to predict mortality including the BODE (BMI, obstruction,
dyspnoea, and exercise capacity) (137), the DOSE (dyspnoea, obstruction,
smoking, and exacerbation) (143), the COTE (COmorbidity TEst) (52), and the
ADO (age, dyspnoea, and obstruction) (144) scores. A large network meta-analysis
that included 15,762 patients with COPD from 24 cohorts from the COPD Cohorts
Collaborative International Assessment consortium found that the ADO score had
the best discriminative performance when compared to the BODE score (difference
AUCapo — AUCsope =0.015 (95% confidence interval = —0.002 to 0.032); p = 0.08)
for predicting 3-year mortality out of 9 other scores. However similar methods
should also be used to compare calibration statistics (slope and calibration-in-the-
large) across multiple prognostic scores (145,146). The ADO score has been
shown to be accurate and simple to use and requires very little space and
advanced equipment, making it suitable for use in primary care settings. However,
the ADO score has not been sufficiently tested in primary care, where most COPD
management takes place (147). It is unclear if the score is transportable to this
setting. Multicomponent prediction of exacerbations in COPD has been less
successful due to a lack of scores developed using high-quality statistical methods
that are practical and easy to use across various clinical settings (148). The
Bertens’ score (149) is the only COPD prognostic score used to predict
exacerbations that has a low risk of bias in its development methodology (139).
Recently, another score, the BLISS score, was developed using low risk of bias
methodology at the Institute of Applied Health Research, University of Birmingham.
This is one of the few prediction models for COPD exacerbations that was
developed in primary care. It would be of interest to determine how the two scores
compare in predicting exacerbations in patients with more advanced disease than
the patients in both score’s development cohorts. Once transportability has been
shown then the most suitable exacerbation prediction score can be tested for
impact on clinical practice decisions and patient outcomes.
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Figure 1.2: The 10 most common components of COPD prognostic scores. Reproduced with
permission from Bellou et al. 2019 (139), British Medical Association.

Decisions regarding treatment choices can be informed by risk estimates given by
prognostic models (138). Since respiratory treatments come with non-response,
side effects, costs, and other inconveniences, treatments may only be beneficial if
the predicted risk of mortality (or exacerbation) is high without treatment (138). This
risk estimate, given by the prediction model, is then weighed against the risks
involved in adhering to certain treatments. Conversely, if treatment is already being
taken and the risk of an outcome is low, then it might be better to withhold further
treatment. These risk estimates are meant “to assist (not replace) clinicians with
their prediction of a patient’s future outcome and to enhance informed decision
making with the patient” (138). But even before prognostic scores are used in the
real world, they should be ready for clinical practice. Some characteristics that
improve readiness for clinical practice are the following (138,148):

¢ validation of the score in a setting outside of the one it was developed in
(i.e., external validation);

e that the score is accurate and was developed in an unbiased way;
e the model is supported by leading professionals in the field of COPD;

e arelatively small number of components that are needed to be measured
as well as the availability, ease, cost, and known clinical effectiveness of
the measurement of components included in the score;

e ease in deriving individual patient risks of the outcome being predicted;
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o ability to stratify final scores into treatment groups (i.e., stratified care);

e evidence that the prognostic model makes an impact on treatment
decisions and, subsequently, patient outcomes (i.e., an impact study);

e that the score was validated and/or updated recently to reflect the current
effects of components on the outcomes.

Although many scores have been developed in COPD, most were developed using
a biased methodology (139), some contain too many components or are too
difficult to measure, too few have been externally validated or updated, and only
the DECAF (Dyspnoea, Eosinopenia, Consolidation, Acidaemia, and Atrial
Fibrillation) score (139,150) has received an impact study (151). The latter step is
important because “a prognostic model can influence patient outcome or the cost-
effectiveness of care only when changes in clinical management are made based
on the prognostic information provided” (138). The use of prognostic models (e.g.,
measuring the components included in each) has costs, especially if the risk of an
outcome for an individual has been overestimated (leading to overtreatment and
potentially more side effects) or underestimated (clinicians may withhold or stop
beneficial treatment). So, quantifying the impact of a prognostic score is needed.
Impact studies use (cluster) randomised or before-and-after designs to quantify the
effect that risk estimates derived from prognostic models have on clinical practice
(140,141) but are very underutilised in COPD research. An impact study using a
cluster randomised trial design randomises clinic(s) (as an example) to provide
usual care plus a prognostic model or usual care alone and the costs of care, and
outcomes are ascertainment after a period of time. However, studies that examine
these outcomes before and after the introduction of a prognostic model to a single
clinic can also be performed (138). This is more cost-effective and can also better
facilitate a detailed qualitative examination of any potential changes in the
decision-making of clinicians before and after they used the score but is more
vulnerable to individual and group-level confounders.

In conclusion, treating COPD as a heterogeneous disease with multiple
components may enable a more accurate prediction of mortality and exacerbations
as well as tracking of changes in progression on a more personalised level that can
then be used to inform treatment decisions.

Aims of the thesis

Although all patients have respiratory symptoms and chronic airflow limitation,
COPD is made up of multiple components and is a heterogeneous disease. Many
pulmonary and extra-pulmonary features contribute to disease burden and
trajectory and may warrant differential treatment and follow-up. COPD research
has shifted away from an obstruction-centric focus and is now examining these
other features more closely. There is still room to describe components such as
symptoms and health behaviours in more detail. In addition, by assessing multiple
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components at once in each patient, the variability in COPD severity and
progression is accounted for in a more personalised manner. Healthcare providers
can then more accurately predict prognosis, and this can then be used for more
informed treatment decisions. Although multicomponent scores have been
introduced in COPD management, many have not been adequately tested and
described. Therefore, this thesis aimed to highlight components beyond FEV+ and
explore how they affect COPD patients as well as validate and expand the role of
new and existing multicomponent COPD prognostic scores that include these
same components. The specific aims of this thesis are:

To test if the ADO score is valid in predicting 3-year mortality in incident
and prevalent primary care patients, a healthcare setting where the score
can reliably assess prognostic outlook.

To determine if it is potentially beneficial to measure the ADO score serially
in primary care patients.

To answer whether there is a difference in the effects of smoking
behaviour and cessation from smoking on body weight between those with
COPD compared to those without COPD.

To examine the long-term trends in severe and moderate-to-severe
exacerbations in UK primary care patients by age and sex.

To test the validity of the BLISS and Bertens’ scores in predicting
moderate-to-severe and severe exacerbations in the Evaluation of COPD
Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) cohort
patients.

To study and compare prognosis and stability of symptoms among people
with normal versus abnormal spirometry.
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Outline of the thesis

>>> CHAPTER II: External validation of the updated ADO score in COPD patients
from the Birmingham COPD cohort.

Conclusion: The ADO score showed promising discrimination in predicting
3-year mortality in a primary care population including screen-detected patients. It
may need to be recalibrated if it is used to provide risk predictions for 1- or 2-year
mortality since, in these time-periods, patients with higher predicted mortality risks
showed more pronounced overprediction.

>>> CHAPTER llI: The stability in the ADO score among UK COPD patients from
The Health Improvement Network.

Conclusion: Serial assessment of the ADO score can identify patients with
worsening disease and update their prognosis, especially for patients who smoke,
are depressed, or have lower BMI.

>>> CHAPTER IV: Evaluating the independent and combined effects of COPD and
smoking on BMI trajectory: longitudinal findings from the THIN Primary Care
Database

Conclusion: Regardless of COPD status, baseline BMI was highest in
former smokers followed by never smokers. Both smoking groups had a similar
rate of decline. Among continuous smokers, those with COPD had a more rapid
decline. Conversely, quitters with COPD had a more rapid improvement in BMI.
Weight loss was not an important mediator in the association between smoking,
COPD status, and mortality.

>>> CHAPTER V: Trends in moderate and severe exacerbations among COPD
patients in the UK from 2005 to 2013

Conclusion: Women showed a substantially higher incidence rate of any
COPD exacerbations, and their rate increased across calendar years. The
incidence rates of exacerbations increased during the study period, especially
severe exacerbations. Furthermore, incidence rates varied substantially by age

group.
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>>> CHAPTER VI: External validation of two prognostic scores predicting
exacerbations in ECLIPSE COPD patients.

Conclusion: The BLISS score more accurately predicted severe
exacerbations but neither model should be used to predict moderate-to-severe
exacerbations without first updating their intercepts. Future work should test if the
BLISS score can effectively guide patient management.

>>> CHAPTER VII: Persistent respiratory symptoms in individuals with and without
normal lung function — a Birmingham COPD cohort study.

Conclusion: Normal spirometry may not rule out the need for further clinical
investigation of airway disease and people with pre-COPD may have unmet needs
consistent with people with newly identified COPD.

>>> CHAPTER VIII: Summarizes previous chapters, discusses the value and
overall direction the thesis is promoting, and details future directions for research
and clinical practice.
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ABSTRACT

Background: Reviews suggest that the ADO score is the most discriminatory
prognostic score for predicting mortality among chronic obstructive pulmonary
disease (COPD) patients but a full evaluation and external validation within primary
care settings is critical before implementation.

Objectives: To validate the ADO score in prevalent and case-found primary care
COPD patients at 3-years and shorter time horizons.

Patients and Methods: 1,892 COPD patients were recruited between 2012 and
2014 from 71 United Kingdom general practices as part of the Birmingham COPD
Cohort study. Participants were either on the practice COPD register or screen-
detected cases. We validated the ADO score for predicting 3-year mortality with 1-
year and 2-year mortality as secondary endpoints using discrimination (area-under-
the-curve (AUC)) and calibration plots.

Results: 154 deaths occurred within three years. The ADO score was
discriminatory for predicting 3-year mortality (AUC = 0.74; 95% CI: 0.69 to 0.79),
and similar for 1- and 2-year mortality (AUC = 0.73; 95% CI: 0.66 to 0.80 and 0.72;
95% CI: 0.67 to 0.76 respectively). The ADO score showed reasonable calibration
for predicting 3-year mortality (calibration slope 0.95; 95% CI: 0.70 to 1.19) but
overpredicted in patients with higher predicted risks of mortality at 1- (slope = 0.79;
95% CI: 0.45 to 1.13) and 2-year (slope = 0.79; 95% CI: 0.57 to 1.01) mortality.

Discussion: The ADO score showed promising discrimination in predicting 3-year
mortality in a primary care population including screen-detected patients. It may
need to be recalibrated if it is used to provide risk predictions for 1- or 2-year
mortality since, in these time horizons, patients with higher predicted mortality risks
showed more pronounced overprediction.

The Chapter was published as:

Keene SJ, Jordan RE, Franssen FME, Vries F de, Martin J, Sitch A, Turner AM,
Dickens AP, Fitzmaurice D, Adab P. External validation of the updated ADO score
in COPD patients from the Birmingham COPD cohort. Int J COPD 2019; 14:2395—
2407.

Results presented as an oral presentation at the European Respiratory Society
conference (Madrid 2019)
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of
mortality worldwide and is predicted to be the third leading cause by 2030 (4,152).
Prognostic scores to predict mortality risk in people with COPD are useful in order
to assess disease severity, define intervention options, and facilitate consultations
with patients about their prognosis (153). Knowledge of the risk of mortality also
allows the benefits of treatments for COPD to be weighed against potential harms,
such as side effects, costs, and inconvenience (4) in order to enable informed
clinical decision-making. The extent of airflow obstruction, usually assessed by
forced expiratory volume in the first second (FEV+1), has long been recognised as
an important measure of prognosis and is used for disease staging (4). However,
the complex and multifaceted nature of COPD (154,155) has led to the
identification of other important predictors of mortality and recognition that
combining these in multicomponent indices (52,137,143,156,157) improves
prognostic ability. However, before implementation in clinical practice, it is
important to evaluate the predictive ability of the prognostic index in different
populations. There are two important aspects to such evaluation, including
assessment of how well the index can differentiate between those who die and
those who remain alive (i.e., discrimination) and the extent of agreement between
predicted and observed mortality (i.e., calibration). The latter is particularly
important for prognostication (158).

Amongst prognostic indices, the ADO (age, dyspnoea, airflow obstruction) score
has wide applicability as it is made up of only three easily measured components
(157), overcoming the limitation of many other indices (146). The original ADO
score was developed in 2009 (157) to predict 3-year mortality in patients with
moderate-to-severe COPD from secondary care and was updated in 2012 in an
international cohort from a variety of healthcare settings to improve its
generalisability (144). The updated ADO has been externally validated several
times (144,145,159,160). However, only two validation studies were in primary care
populations (159,160), where most people with COPD are cared for (147). In one
of these studies calibration was not assessed (159). The other study only
considered 2-year mortality as the outcome and adjusted the intercept of the ADO
score (160). A further two studies used populations across primary, secondary, and
tertiary settings (144,145). However, no analyses were undertaken to assess the
differential performance of the ADO score in each setting.

Our aim was to validate the updated ADO score in COPD patients from a large
primary care research cohort (the Birmingham COPD cohort) which included both
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previously and newly diagnosed patients and where dyspnoea and lung function
were measured under standardized conditions.

METHODS

This paper was written in accordance with the Transparent Reporting of a
multivariable prediction model for Individual Prognosis Or Diagnosis statement
(161).

Design

External validation study of a published prognostic score.

Source and Study Population

The characteristics of the Birmingham COPD cohort, which is part of the
Birmingham Lung Improvement Studies (BLISS), have been summarized in a
previous publication (162). Briefly, COPD patients were recruited from 71 UK
general practices across the West Midlands, United Kingdom. For this analysis,
cohort patients with diagnosed COPD (aged 40 and over) on practice Quality and
Outcomes Framework COPD registers (i.e., prevalent cases) and those with newly
detected COPD identified through a case-finding trial (i.e., incident cases),(163)
were included. The definition of COPD in incident cases was based on reporting of
relevant symptoms in those with airflow obstruction (forced expiratory volume in the
first second (FEV+)/forced vital capacity (FVC) <0.7 according to recommendations
in the UK guidelines). Baseline assessments took place at cohort entry from 31
May 2012 to 25 June 2014.

Exposure and Outcome Measurements

The ADO score (0-14) was computed from three variables taken at baseline: age,
dyspnoea (modified MRC score), and obstruction (FEV1% predicted). Age was
calculated from the patient-reported date of birth, and dyspnoea was assessed by
questionnaire using the British Medical Research Council guidelines (164). The
nddEasy One Spirometer (ndd, Switzerland) was administered by a researcher
trained to international standards to measure FEV1 before (max eight blows) and
after (max six blows) 400ug salbutamol, aiming for three blows within 100 mLs.
FEV1 and FVC recordings were considered useable if they met ATS acceptability
criteria and were within 200 mL. The highest recording was then taken (162).
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Quality assurance was maintained using real-time quality assessment, with over-
reading of spirometry measurements. FEV1% predicted was estimated using the
Global Lung Function Initiative equations (165).

Linked mortality data was obtained through the Office of National Statistics for the
period of recruitment until 31 March 2016 through NHS Digital (166). Other patient
characteristics including ethnicity, level of deprivation (using Index of Multiple
Deprivation derived from home postcode), smoking status, quality of life, and
medical history (including self-reported comorbidities and previous exacerbations),
were obtained by patient self-report through standardized questionnaires. Body-
mass index (BMI derived from height and weight measurements) and exercise
capacity (using sit-to-stand test) were obtained by trained researchers using
standard protocols at the baseline visit (162).

Patient selection criteria

The ADO score was developed for participants 40 years old and over. Missing
baseline mMRC scores or FEV1% predicted observations were imputed using
multiple imputation by chained equations so that all remaining incident and
prevalent patients (N= 1,892) could be included in the final analyses (baseline
tables show data prior to imputation). Additional auxiliary variables (cardiovascular
disease history, cardiovascular disease medication, chronic cough, chronic
phlegm, ethnicity, and gender) were used to aid the imputation. The number of
imputed datasets used was based on the fraction of missing data for all variables
(11%, so 11 MI datasets were used) (167). Death data were complete for all
participants under the assumption that patients without a date of death remained
alive.

Analysis

Baseline characteristics were compared between prevalent and incident cases as
well as between those who died within 3-years of study entry compared to those
who did not. Chi-square and Student’s t-tests were used for categorical and
continuous variables, respectively.

The updated ADO score regression coefficients and intercept (144) were used to
compute the predicted probability of 3-year mortality for each eligible cohort
participant (Supplementary table 2.1). To assess discrimination, area-under-the-
curve (AUC) was estimated with a 95% confidence interval (95% CI) and plotted
using AUC-ROC plots (168). Calibration was assessed by comparing the predicted
probability to the observed probability of mortality and examined with a calibration
plot and calibration slope with 95% CI. Calibration plots (STATA function:
pmcalplot) displayed observed risk by deciles of the predicted risk and also
examined risk at the individual level using Locally Weighted Scatterplot Smoothing

29



algorithms (169). An estimate of the Calibration-in-the-large (CITL) was used to
indicate whether the predictions were systematically too high or too low (169). As
MI datasets were used, estimates of the AUC and calibration slope were estimated
in each individual dataset, before Rubin’s rule was used to combine estimates
(170).

Supplementary Table 2.1: Updated ADO regression coefficients and assignment of
points for the score

. Regression
Points Coefficients 0 2 3 4 5 7
Age (in years) 0.0703 VRS o 0 =80
Dyspnoea
(MMRC) 0.2585 0 3 4
FEV1% 51 - 36 -
predicted 0.0288 =81 64 50 <35

A Kaplan-Meier plot was created according to the ADO score group (0 to 5, 6 and
7,8 and 9, and 10 to 14). Scores were grouped based on the number of patients.
The separation of Kaplan-Meier curves for ADO score groups indicates better
discriminative performance.

In secondary analyses (using the same discrimination and calibration methods as
above), we evaluated the ability of the ADO index to predict mortality at 1 and 2
years. The period end dates were 1, 2, and 3 years after study entry (i.e., for each
mortality endpoint), and these defined the time horizons of interest. If the end date
for the time horizon fell on a day after the 31st of March 2016, then the patient was
excluded from that time horizon, regardless of whether and at what time they died.
Two separate sensitivity analyses were conducted: 1) We estimated the
discrimination and calibration estimates for prevalent patients alone and 2) for
complete cases (non-missing obstruction and dyspnoea). Prevalent cases were
studied alone because the accuracy of the ADO score may be affected by the
inclusion of screen-detected patients (which might not reflect usual primary care
populations). All analyses were undertaken using STATA (StataCorp, College
Station TX, USA).
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RESULTS

Out of 1,894 patients in the cohort, two were younger than 40 years of age at
baseline, 111 (5.9%) had missing MMRC score, and 102 (5.4%) had missing
FEV1% predicted values (22 (1.2%) were missing both) (Figure 2.1). Before
imputing missing mMRC and FEV1% predicted, there were 1,392 prevalent and
309 incident patients (total 1,701). The median observation time was 2.78 years
(minimum 1.52 and maximum 3.58 years). The average age was 68.4 years old
and 651 (38.3%) of the patients were female. The majority (79.5%) had mild to
moderate airflow obstruction (50.6% with GOLD stage Il) and the mean ADO score
at baseline was 7.0 (SD 2.4). 124 (7.3%) deaths occurred within 3-years of
observation time, 116 (94%) of which occurred in the prevalent cases.

Figure 2.1: Flow of BLISS patients into the final analysis sample.

31



When compared to incident patients, prevalent patients tended to have a worse
baseline ADO score (older age, more severe obstruction, and worse
breathlessness), lower exercise capacity scores, more comorbidities, were more
likely to report a worse health-related quality of life score, had more former
smokers, and were more likely to report a respiratory hospitalisation and at least
one exacerbation in the previous 12 months (Table 2.1).

Table 2.1: Comparison of baseline characteristics of existing COPD cases with
those who were screen-detected (N=1,892).

Prevalent Cases Incident Cases
N=1,562 N=330
Female- N (%) 600 (38.4) 129 (39.1)
Age in years- N (%)
40 - 49 49 (3.1) 19 (5.8)
50-59 185(11.8) 69 (20.9)
60 - 69 587 (37.6) 127 (38.5)
70-79 532 (34.1) 114 (34.6)
80+ 209 (13.4) <5
GOLDP — N(%)
Mild (FEV1>= 80% of normal) 330(21.1) 181 (54.9)
Moderate (FEV; >= 50 & <80% of normal) 779 (49.9) 131 (39.7)
Severe (FEV1>= 30 & <50% of normal) 303 (19.4) 6(1.8)
Very Severe (FEV; >= 0 & <30% of normal) 59 (3.8) <5
Missing 91 (5.8) 11 (3.3)
FEV1 % Predicted — Mean (SD) 64.6 (20.3) 82.5(16.6)
FEV1/FVC ratio — Mean (SD) 0.55 (0.13) 0.63 (0.08)
mMRC dyspnea — N (%)
0 238 (15.2) 108 (32.7)
1 314 (20.1) 98 (29.7)
2 320(20.5) 65 (19.7)
3 261 (16.7) 22 (6.7)
4 331(21.2) 24 (7.3)
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Missing
Baseline ADO — Mean (SD)
Baseline ADO groups — N (%)
Oto5
6to7
8to9
10to 14
Missing
White British/Mixed British — N (%)
Other — N (%)
Missing

IMD¢ Deprivation Score — N (%)

most deprived - Quintile 1
Quintile 2
Quintile 3
Quintile 4
least deprived - Quintile 5
Missing
Exercise capacityd — N (%)

worst-0to 9
10to 19
20to 29
30to 39
best - 40 to 50
Missing
BMI groups — N (%)

0-18.49
18.50 - 24.99
25.00 - 29.99
30.00 +
Missing

Smoking group — N (%)
Never Smoker
Current Smoker

Former Smoker

98 (6.3)
7.41 (2.35)

265 (17.0)
471 (30.2)
392 (25.1)
264 (16.9)
170 (10.9)
1,311 (83.9)

126 (8.1)

125 (8.0)

317 (20.3)
293 (18.8)
282 (18.1)
332 (21.3)
329 (21.1)
9(0.6)

82 (5.3)
654 (41.9)
437 (28.0)

34(2.2)

<5
350 (22.4)

33(2.1)
391 (25.0)
571 (36.6)
501 (32.1)

66 (4.2)

148 (9.5)
404 (25.9)
879 (56.3)

13 (3.9)
5.20 (1.93)

170 (51.5)
101 (30.6)
37(11.2)
<5
21 (6.4)
278 (84.2)
27(8.2)
25 (7.6)

51 (15.5)
75 (22.7)
78 (23.6)
62 (18.8)
53 (16.1)
11 (3.3)

12 (3.6)
86 (26.1)
139 (42.1)

26 (7.9)

<5
64 (19.4)

<5

67 (20.3)
111 (33.6)
109 (33.0)
40 (12.1)

45 (13.6)
102 (30.9)
159 (48.2)
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Missing 131 (8.4) 24(7.3)

HRQL € Category — N (%)

Low Impact-0to 9 149 (9.5) 75 (22.7)
10to 19 399 (25.5) 112 (33.9)
20to 29 420 (26.9) 55 (16.7)
Severe Impact - 30 to 40 179 (11.5) 9(2.7)
Missing 415 (26.6) 79 (23.9)
Exacerbation in last 12 months — N (%) 887 (56.8) 80 (24.2)
Missing 100 (6.4) 17 (5.2)
Cardiovascular Disease History — N (%) 875 (56.0) 140 (42.4)
Any Cancer — N (%) 187 (11.9) 40 (12.1)
Missing 224 (14.3) 24 (7.3)
Asthma — N (%) 618 (39.6) 86 (26.1)
Missing 216 (13.8) 29 (8.8)
Osteoporosis — N (%) 113 (7.2) 24 (7.3)
Missing 308 (19.7) 34 (10.3)
Depression — N (%) 282 (18.1) 71(21.5)
Missing 255 (16.3) 30(9.1)
Respiratory Hospital Admission in
97 (6.2) <5

previous 12 Months — N (%)

Missing rows were added only for variables with missing data.
Bold denotes statistical significance

2 P-value describes differences in characteristics between cohorts without accounting for missing
as a separate category. Chi-square test for categorical data and Student’s T-test for continuous
data.

bThe Global Initiative for Chronic Obstructive Lung Disease (GOLD) categories of airflow limitation

abbreviations: FEV;, forced expiratory volume in one second; MRC, medical research council;
HRQL, health-related quality of life.

¢Based on the Index of Multiple Deprivation (IMD) 2010. Lower quintiles indicate more
deprivation

d assessed using the sit-to-stand test

¢ Based on the COPD Assessment Test (CAT)
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Table 2.2 shows a comparison of characteristics of patients according to whether
or not they were alive within 3-years of observation time. Patients who died were
older and had a more severe obstruction and dyspnoea (all P<0.001) which
resulted in a higher baseline ADO score (mean (SD) score 8.98 (2.14)) compared
to those who remained alive (6.85 (2.39)). Patients who died were also less likely
to be female, had poorer exercise capacity, lower BMI, were more likely to have a
severe impact of COPD on health-related quality of life, were more likely to have
cardiovascular comorbidity, and were more likely to report respiratory
hospitalisation in the 12 months before baseline compared to those who remained
alive.

Table 2.2: Baseline Characteristics of participants (N=1,892) by
whether or not they had an event at 3-years.

Alive at 3- Dead at 3-
years years
(N=1,738) (N=154)
Female-N(%) 684 (39.4) 45 (29.2)
Age in years-N(%)
40 - 49 66 (3.8) <5
50.59 248 (14.3) 6(3.9)
60-69 671(38.6) 43 (27.9)
70-79 589 (33.9) 57 (37.0)
g0+ 164 (9.4) 46 (29.9)
GOLD - N(%)
Mild (FEV1>= 80% of normal) 497 (28.6) 14(9.1)
Moderate (FEV1 >= 50 & <80% of normal) 844 (48.6) 66 (42.9)
Severe (FEV1 >= 30 & <50% of normal) 267 (15.4) 42 (27.3)
Very Severe (FEV1 >= 0 & <30% of normal) 46 (2.7) 14 (9.1)
Missing 84 (4.8) 18 (11.7)
FEV1 % Predicted — Mean (SD) 68.8 (20.6) 55.3(20.1)
FEV1/FVC ratio - Mean (SD) 0.57(0.13) 0.52 (0.14)
mMRC Dyspnoea — N (%)
0 327 (18.8) 19 (12.3)
1 396 (22.8) 16 (10.4)
2 357 (20.5) 28 (18.2)
3 258 (14.8) 25 (16.2)
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4
Missing
Baseline ADO - Mean (SD)
Baseline ADO groups — N (%)

low risk-0to 5

6to7
8to9
high risk - 10 to 14
Missing
White British/Mixed British — N (%)
Other — N (%)
Missing

IMD** Deprivation Score — N (%)
more deprived - Quintile 1
Quintile 2
Quintile 3
Quintile 4
less deprived - Quintile 5
Missing
Sit-to-Stand Test - N (%)
Oto9
10to 19
20to 29
30to 39
40to 50
Missing
Body-Mass Index (BMI) groups — N (%)
Underweight - 0 - 18.49 kg/m2
Normal - 18.50 - 24.99 kg/m2
Overweight - 25.00 - 29.99 kg/m?2
Obese - 30.00 + kg/m2
Missing
Smoking group — N (%)
Never Smoker
Current Smoker

Former Smoker

308 (17.7)
92 (5.3)
6.85 (2.39)

428 (24.6)
548 (31.5)
390 (22.4)
211 (12.1)
161 (9.3)
1,455 (83.7)
142 (8.1)
141 (8.1)

340 (19.6)
327 (18.8)
340 (19.6)
359 (20.7)
354 (20.4)
18 (1.04)

83 (4.8)
674 (38.8)
555 (31.9)

59 (3.4)

8(0.5)
359 (20.7)

28 (1.6)
415 (23.9)
624 (35.9)
576 (33.1)

95 (5.5)

184 (10.6)
465 (26.8)
948 (54.6)

47 (30.5)
19 (12.3)

8.98 (2.14)

7 (4.6)
24 (15.6)
39 (25.3)
54 (35.1)
30 (19.5)
134 (87.0)

11(7.1)

9(5.8)

28(18.2)

41(26.6)

20 (13.0)

35(22.7)

28(18.2)
<5

11(7.1)
66 (42.9)
21(13.6)
<5
0
55 (35.7)

8(5.2)
43 (27.9)
58 (37.7)
34 (22.1)
11(7.1)

9(5.8)
41(26.6)
90 (58.4)
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141 (8.1) 14 (9.1)

Missing
CAT score A (HRQL) Category — N (%)
low-0to9  204(11.7) 20 (13.0)
10to 19 479 (27.6) 32(20.8)
20to 29 437 (25.1) 38 (24.7)
High-30to40  158(9.1) 30(19.5)
Missing 460 (26.5) 34 (22.1)
Exacerbation in last 12 months — N (%) 888 (51.1) 79 (51.3)
Missing 99 (5.7) 18 (11.7)
Cardiovascular Disease History — N (%) 908 (52.2) 107 (69.5)
Any Cancer — N (%) 203 (11.7) 24 (15.6)
Missing 222 (12.8) 26 (16.9)
Asthma — N (%) 653 (37.6) 51(33.1)
Missing 216 (12.4) 29 (18.8)
Osteoporosis — N (%) 128 (7.4) 9 (5.8)
Missing 307 (17.6) 35(22.7)
Depression — N (%) 328 (18.9) 25 (16.2)
Missing 256 (14.7) 29 (18.8)
Respiratory Hospital Admission in 77 (4.4) 23 (14.9)

previous 12 Months — N (%)

Missing rows were added only for variables with missingness.

**Based on the Index of Multiple Deprivation (IMD) 2010. Lower quintiles indicate more
deprivation

A Based on the COPD Assessment Test (CAT)

abbreviations: FEV1, forced expiratory volume in one second; MRC, medical research council;
HRQL, health-related quality of life.

Figure 2.2 shows a Kaplan-Meier plot of the survival of patients according to their
ADO score at baseline. The survival curves are well separated which indicates
good discrimination. Patients with an ADO score of 10 or higher had nearly twelve
times the rate of death when compared to patients with an ADO of 0 to 5.

37



Figure 2.2: Association between ADO score groups and mortality. ADO score 0 to 5 was
used as the reference group (N= 1,701).

Figure 2.3 shows AUC and calibration plots for prevalent and incident cases. 1,892
patients were available after imputing missing mMMRC and FEV1% predicted
observations which added 30 more deaths (total equal to 154 deaths) within 3-
years of observation time. For 3-year mortality (N= 980), the ADO score was able
to discriminate fairly well between patients who died (N= 98) and those who
remained alive (AUC= 0.74; 95% CI: 0.69- 0.79). Discriminative ability remained
consistent for 1-year (N= 1,892, 37 died; AUC=0.73; 95% CI: 0.66 — 0.80) and 2-
year (N= 1,876, 93 died; AUC= 0.72; 95% CI: 0.67 — 0.77) mortality. Calibration
plots showed that the ADO score accurately predicted 3-year mortality (calibration
slope= 0.95; 95% CI: 0.70 to 1.19) but overprediction was evident in those with
higher predicted risks of mortality at 1 (0.79; 95% CI: 0.45 to 1.13) and 2-years
(0.79; 95% CI: 0.57 to 1.01) time horizons. Predictions were too high (i.e., CITL< 0)
at all time horizons, however, these improved as the time horizons lengthened.
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Re-introducing cases that died within a period but with period end dates after the
31 March 2016 only affected the 3-year mortality outcome (N=1,036) and resulted
in worse discrimination (AUC= 0.712; 95% CI: 0.670 to 0.755) and calibration
(slope= 0.820; 95% CI: 0.620 to 1.020) but a more accurate intercept (CITL = -
0.281; 95% CI: -0.640 to 0.079). This post-hoc analysis was performed to ensure
that patients who died within a time horizon were not excluded since, despite
having a reduced follow-up time compared to the time-horizon for 3-year mortality,
the outcome was still ascertained and not unknown.
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Figure 2.3: AUC plots (left) and calibration slopes (right) for ADO score validation at 1-, 2-,
and 3-year time horizons (going top to bottom) comparing observed and predicted mortality
for incident and prevalent cases.

Sensitivity analysis with only prevalent patients showed similar results for
discriminative performance, calibration slopes, and CITL (Supplementary Table
2.2). After re-introducing prevalent patients who died within 3-years but had less
than 3-years of follow-up (N = 1,027), the discriminative power (AUC = 0.74;
95%CI 0.69 to 0.78) and calibration slope were similar (0.92; 95% CI: 0.71 to 1.14)
but the CITL (-0.192; 95% CI: -0.558 to 0.175) was more accurate when compared
to the prevalent cases. In complete cases, the calibration slope was decreased to
0.73 at 1-year mortality when compared to the analysis that included all cases. At
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3-year mortality, calibration slope increased to 1.08 while discrimination also
showed an increase, to 0.77. However, after reintroducing complete cases who
died within 3-years but had less than 3-years of follow-up (N = 917), the accuracy
decreased for discrimination (AUC = 0.73; 95% CI: 0.68 to 0.77) and calibration
slope (slope = 0.857; 95% CI: 0.638 to 1.076) but improved for the intercept (CITL
=-0.333; 95% CI: -0.721 to 0.055) when compared to the complete cases from
Supplementary Table 2.2.

Supplementary Table 2.2: Sensitivity analysis of accuracy measures in complete

cases and prevalent cases.

Prevalent Cases

Whole sample

Complete Cases

(N=1,562) (N=1892) » (1,701) *
1-year mortality
No. of events 34 37 28
AUC 0.721 0.728 0.717
(95% ClI) (0.657 to 0.786) (0.661 to 0.796) (0.639 to 0.795)
Calibration 0.808 0.794 0.727

slope (95% CI)

CITL
(95% Cl)

(0.434 to 1.182)

(-)2.40
(-3.03 to -1.78)

(0.454 to 1.134)

(-)2.43
(-3.03 to -1.82)

(0.349 to0 1.105)

()2.69
(-3.39 to -1.99)

2-year mortality
No. of events

AUC
(95% Cl)

Calibration
slope (95% Cl)

CITL
(95% Cl)

86

0.712
(0.660 to 0.764)

0.803
(0.559 to 1.046)

(-)1.43
(-1.85 to -1.01)

93

0.718
(0.666 to 0.769)

0.789
(0.567 to 1.012)

(-)1.45
(-1.86 to -1.05)

76

0.727
(0.669 to 0.784)

0.807
(0.566 tot 1.048)

(-)1.52
(-1.96 to -1.07)

3-year mortality
No. of events

AUC
(95% Cl)

Calibration
slope (95% CI)

98

0.738
(0.690 to 0.786)

0.945
(0.698 to 1.192)

98

0.738
(0.690 to 0.786)

0.945
(0.698 to 1.192)

124

0.773
(0.723 to 0.822)

1.08
(0.801 to 1.361)
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CITL (-)0.558 (-)0.558 (-)0.498
(95% Cl) (-0.975 to -0.141) (-0.975 to -0.141) (-0.948 to -0.049)

*Only cases with complete dyspnoea and obstruction measurements.
AResults also presented in Figure 2.3 (but CITL also included)

DISCUSSION

In this external validation study in a primary care COPD population which included
screen-detected and prevalent cases, we found that the updated ADO score (144)
was discriminatory with an AUC of 0.74 for predicting 3-year mortality.
Discrimination remained stable when predicting 1- and 2-year mortality. However,
we found that the ADO score tended to overpredict mortality among the few
patients with higher predicted risks of mortality at 1- and 2-year time horizons.

Our findings of an AUC of 0.74 is lower than the development model (AUC= 0.85)
(144) but consistent with estimates from two other studies that validated the ADO
score for predicting 3-year mortality, one in primary care (AUC= 0.724, 95% CI:
0.719-0.730; mean FEV1% predicted of participants: 59.5) (159) and the other
across multiple healthcare settings (AUC= 0.73, 95% CI: 0.70-0.76; FEV1%
predicted 65.9) (144). However, a third study used a network meta-analysis to pool
data on patients across many healthcare settings and found that the discriminative
performance of the ADO score was below 0.70 but still better than nine other
prognostic scores (145). At 1 and 2-years mortality, our validation findings are
consistent with the results of one primary care study (1-year AUC= 0.720; 95% CI:
0.710 — 0.729); 2-year AUC= 0.725; 95% CI: 0.718 — 0.731)) (159), but slightly less
accurate than a second study (2-year AUC= 0.78; 95% CI: 0.71-0.84) (160) since
the upper CI of our 2-year AUC estimate is slightly lower than 0.78.

Accurate calibration is particularly important for evaluating prognostic models
because predicted and observed risks need to closely match for predictions to be
clinically useful (158). This is the first study that reports the calibration slope of the
ADO score when predicting 3-year mortality. In addition to 3-year mortality,
prediction using shorter time frames are important for end-of-life care because
clinicians rely on multicomponent prediction models to identify patients nearing the
end of life who may benefit from palliative care (171). No other studies have
assessed calibration for shorter time horizons without adjusting the model. We
have shown that overprediction was more pronounced in patients with higher
predicted risks of mortality for these time horizons. Thus, our findings suggest that
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recalibration, for example by using statistical shrinkage techniques (172) is needed,
for the ADO score to better predict mortality over a short time horizon.

Our study overcomes several limitations found in previous validation studies. For
example, we used recommended statistical approaches for predicting mortality in a
validation study. Using a research dataset, such as the Birmingham COPD cohort,
has the advantage of more accurate and higher quality measurements at
prescribed time points, particularly for spirometry. On the other hand, the
Birmingham COPD cohort is not completely representative of all primary care
patients with COPD. Ethnic diversity was limited. Additionally, patients needed to
be mobile to take part in the cohort study, and therefore, patients with more severe
disease who were housebound were more likely to be excluded. Since we used a
fixed ratio (based on UK guideline recommendations) instead of a lower limit of
normal of FEV1/FVC to define COPD, overdiagnosis may have occurred in older
patients (10). However, the ADO score was developed in a population where
COPD was defined using the fixed ratio (157), and using the lower limit of normal
could lead to underdiagnosis compared to expert opinion (14). Furthermore, in a
study of 24,207 US adults from 4 cohorts, COPD-related hospitalization and
mortality were not significantly different when using the fixed ratio of FEV1/FVC <
0.70 compared to the lower limit of normal to define COPD (12). This indicates that
our results would not be very different if we had used the lower limit of normal to
define our cohort. Ideally, COPD prognostic scores should be used in patients with
COPD and borderline COPD. We included screen-detected COPD patients who
had very few deaths because they were a smaller group than the prevalent cases,
tended to be younger, were more likely to have either exacerbation and/or
cardiovascular disease history, and had decreased severity of symptoms such as
obstruction. However, other studies have not included screen-detected patients
despite at least fifty percent of the COPD population remaining undiagnosed
worldwide (173). It is important to assess the validity of prognostic indices to
predict mortality in this population to inform treatment decisions. Finally, a very
small number of deceased patients may have had delayed death registration due
to a variety of reasons such as suspicious, unexpected, or accidental deaths (174).
In addition to the loss of power (i.e., fewer deaths), if patients were considered
alive when they were truly dead then this would result in weaker prognostic
accuracy.

Conclusion

It is well-known that prognostic scores are rarely used in clinical practice for
managing COPD patients, especially in primary care (153). Although the ADO
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score is attractive because of its ease of measurement and calculation in a primary
care setting and has relatively good discriminative ability, recalibration is needed to
improve risk prediction for shorter time frames. Currently, when predicting 1 and 2-
year mortality, the ADO score may not be accurate in primary care populations
because overprediction was evident in those with higher predicted risks of mortality
and COPD patients may be given treatment that is not needed as a result.
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ABSTRACT

Background: The ADO score (age, dyspnoea, airflow obstruction) predicts 3-year
overall mortality among chronic obstructive pulmonary disease (COPD) patients.
Information on the changes in COPD prognostic scores is sparse and it is unclear if
the ADO score should be measured serially.

Methods: We followed 4,804 UK COPD patients with 23 ADO measurements from
The Health Improvement Network (2005 to 2014) in a retrospective open cohort
design. Patient’s ADO scores were calculated once per year unless an obstruction
or dyspnoea measurement was missing. Cox regression models assessed the
independent role of serial ADO scores on mortality. The association between
baseline patient characteristics and long-term change in ADO scores was
assessed using linear mixed effect models.

Results: Fewer than 7% of patients had worsened (i.e., increased) by =1 point per
year after a median follow-up of 4.4 years. There was strong evidence that patients
with more rapid worsening in ADO scores had increased mortality (hazard ratio=
2.00 per one unit increase in ADO per year; 95% CI: 1.59 to 2.52). More rapid ADO
score worsening was seen among current (rate difference= 0.059; 95% CI: 0.031
to 0.087; P=0.001) and former smokers (0.028; 0.003 to 0.054; P=0.032) and
patients with depression (0.038; 0.005 to 0.071; P=0.022) while overweight (-
0.0347; -0.0544 to -0.0150; P=0.001) and obese (-0.0412; -0.0625 to -0.0198;
P<0.001) patients had a less rapid ADO score worsening.

Discussion: Serial assessment of the ADO score can identify patients with
worsening disease and update their prognosis, especially for patients who smoke,
are depressed, or have lower BMI.

The Chapter was published as:

Keene SJ, Adab P, de Vries F, et al. The stability of the ADO score among UK
COPD patients from The Health Improvement Network. ERJ Open Res 2020; 6:
00196-2019 [https://doi.org/10.1183/23120541.00196-2019].

Results presented as an oral presentation at the European Respiratory Society
conference (Madrid 2019)
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a progressive respiratory
disease confirmed by the presence of respiratory symptoms in combination with
non-reversible airflow limitation (175). Disease progression is not uniform for all
patients, and ‘rapid decliners’ have been defined as those with an accelerated
decrease in forced expiratory volume in 1 second (FEV+1) (93,95,176,177).
However, it is now recognized that other components of COPD contribute to its
worsening (2,95,178,179). Multicomponent prognostic scores can better evaluate
the risk of deterioration or death compared to FEV1 alone as they combine multiple
domains of COPD. The ADO score (144) combines three easily accessible
components (age, dyspnoea, airflow obstruction) and accurately predicts 3-year
mortality (145).

However, it is unclear whether or not the ADO score should only be measured at a
single point in time (180). The ADO score may change differently with certain
patient characteristics. Deterioration or treatment response may also alter its rate
of change and these changes may be predictive of survival. Therefore, it may be
important to review and revise mortality predictions in order to better guide
management. Information on the changes in prognostic scores for COPD is sparse
and no studies have examined the serial measurement of prognostic scores in
primary care.

We sought to determine if it is useful to measure the ADO score serially in primary
care COPD patients. Our objectives were to examine 1) how serial ADO scores
change over time, 2) whether this change was prognostically relevant, and 3) which
characteristics are related to the rate of change in ADO scores.

METHODS

Study Design

A register-based retrospective open cohort study was conducted according to the
Reporting of Studies Conducted Using Observational Routinely-Collected Health
Data Statement (181).

Data Source

The Health Improvement Network (THIN) is a longitudinal, clinical primary care
database that contains anonymized and validated data on diagnoses, symptoms,
hospital referrals, discharge summaries, lifestyle, mortality, prescribing, and clinical
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and laboratory tests. THIN covers about 6% of the United Kingdom population
(182).

Study Population

Patients from THIN were included in the study population if they had a current
recorded COPD diagnosis Read code (183) assigned by the general practitioner,
on (i.e., previously diagnosed patients) or after 1 April 2005 (i.e., newly diagnosed
patients). In addition, patients were only included if they had been registered with
the practice by 1 April 2004 (i.e., patients moving into the practice at later time-
points were excluded) and were alive and contributing data for at least one day
after 1 April 2005. This date was chosen because it represents one year after the
introduction of the Quality and Outcomes Framework (183). In order to accurately
estimate the change in ADO score over time, patients were only included in the
sample if a minimum of three ADO scores were available (either consecutive or
non-consecutive years). Patients younger than 40 years of age in the year of their
COPD diagnosis were also excluded as they comprise a minority of the COPD
population and are more likely to have a different disease trajectory due to primary
asthma or a genetic predisposition such as alpha1-antitrypsin deficiency. Their end
date was the earliest of the date of death, the date the patient left the practice, the
last practice collection date, or 1 April 2014.

Patient characteristics

We obtained sociodemographic data for each participant including sex and
Townsend deprivation quintile based on their home postcode (0 to 5 [most
deprived] - last value recorded). The latest recorded status at any time before study
entry was used to define body-mass index categories (underweight (<18.5), normal
(18.5 to <25), overweight (25 to <30), obese (30+)) (184), and smoking status
(never, former, current). Comorbidities such as ischaemic heart disease, asthma
(185), diabetes, heart failure, and vascular disease (including transient ischaemic
attack, stroke, or peripheral arterial disease (TIA-PAD)) were noted as present if
there was a relevant clinical code at any time before study entry. Similar to
previous studies (173,186), a clinical code within the previous 3 years of study
entry was used to determine the presence of anxiety and depression. Treatments
for COPD were reported present if there was a relevant record of prescription one
year before study entry. Data on the following treatments was available: referral to
pulmonary rehabilitation (PR), long-acting antimuscarinic agent (LAMA)
prescription (tiotropium), short-acting antimuscarinic agent (SAMA) prescription
(ipratropium), long-acting beta-2 antagonists (LABA) prescription (consisting of
salmeterol, formoterol, or indacaterol), short-acting beta-2 antagonists (SABA)
prescription (salbutamol or terbutaline), and inhaled corticosteroids (ICS)
(consisting of budesonide, fluticasone, and beclomethasone) containing
prescription (ICS only, ICS + LAMA, ICS + LABA, or ICS + LAMA + LABA).
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Outcomes
Serial ADO scores

The overall ADO score is comprised of scores assigned to levels for each of its
three components: age, mMMRC, and FEV1% predicted. Points were assigned
according to the updated ADO publication (144) and is also shown in
Supplementary Table 2.1. The study period (2005-2014) was broken up into
intervals lasting from 1st April to 31st March to reflect years of data capture from
routine primary care records. In routine practice, ADO score components are
recorded sporadically. Therefore, we calculated the score once per interval,
choosing the latest available values for each component in each interval. If either
FEV1 or MMRC was not recorded in a certain interval, the score was missing for
that interval. The date of each calculable ADO score was designated as the latest
date of the mMRC or FEV+1 components in each interval. Supplementary Box 3.1
provides the rules used to convert raw FEV1 measurements into FEV1% predicted.

Mortality

All-cause mortality was also a dependent variable for our time-to-first event
analyses. Mortality information was derived from General Practitioners who
recorded the deaths of their patients after receiving this information from a variety
of sources, mainly hospital discharge summaries and patient relatives (187).

Follow-up

For our investigation of factors associated with serial ADO scores, the start of
follow-up was designated as the date of the baseline ADO score. However, for the
time-to-event analysis of the association between change in ADO score and
mortality, follow-up time began with the last ADO score taken from each patient
since the change in ADO score was our main exposure variable.
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Supplementary Box 3.1: Rules used to convert raw FEV1 into FEV1%
predicted

FEV1% predicted: For certain observations, it was necessary to convert raw FEV1
values to FEV1% predicted. FEV1 units were extracted from THIN and showed that
raw FEV1 may be in litres, % predicted, or with a missing unit. The FEV1 unit

variable had substantially more missingness than the raw FEV1 and was thus found
to be unreliable. We used four assumptions to translate raw FEV1 into %
predicted.

1. If raw FEV1 was greater than or equal to 0.1 and less than 0.3 then these
values were multiplied by 100 to obtain FEV1% predicted. This was done because,
based on clinical advice, it is unlikely that a patient would have an FEV1 that is
below 0.3 litres unless the measurement was erroneously taken.
2. If the FEV1 raw value was greater than or equal to 10 and less than or
equal to 160 then it was assumed that this was already FEV1% predicted.
3. If raw FEV1 was less than 10 and greater than or equal to 0.3, this
represented a litre value. In these instances, we had to calculate expected FEV1
values for each patient for each year using that patient’s age, height, and gender.
The equation (called HSE) to calculate expected FEV1 values was developed
specifically for the English population (359) and gives very similar results to the GLI
equations (165) , the latter of which seemed more suitable for more diverse
populations and for international cohorts. The HSE equation is given below.
expectedFEV1 = E(:’nrarca'pHbl[rzga]+b2[ﬂgaz]+b3ﬂn[haﬁghr]]]

4. If after 1 through 3, the converted FEV1% predicted remained greater
than 160 or less than 10, then we assumed that these were errors and we
converted these measurements to missing observations.

Statistical Analysis

Simple linear regression was used to assign rates of change in ADO scores over
time to patients. We defined a stable ADO score as a change between = -0.5 and <
+0.5 points per year. Patients with ADO score changes above and below this range
were defined as worsening (i.e., increasing) and improving (i.e., decreasing) ADO

score patients, respectively. We then compared baseline characteristics across
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these groups. Multivariable Cox regression models were used to calculate the
hazard ratio (HR) for mortality. Here, we used each individual’s change in ADO
score over time as a continuous exposure variable and adjusted for the following
baseline covariates: ADO score, age, dyspnoea, obstruction, number of ADO
measurements, sex, BMI, smoking, and selected comorbidities. These covariates
were agreed upon by the research team, supported by clinical evidence from the
literature. Secondary analyses examined the same association using the ADO
score change groups (from above) as well as separately examing the last ADO
score as the variables of interest. Finally, using all ADO scores for each participant
as the outcome, we built linear mixed-effect models to investigate the effect of each
baseline characteristic on the change in ADO scores over time. Each model was
fitted with a random intercept and a random time slope for each patient to account
for clustering due to repeated measurements and contained the following
independent variables: time, the characteristic of interest, and an interaction term
of the characteristic of interest and time (characteristic*time), adjusted for baseline
covariates listed above for the Cox model. Multiple imputation was not used to
impute missing ADO scores because mixed effect models are unaffected by
complete-case bias (188). STATA 14 was used for all analyses.

Ethics

The NHS South East Multi-centre Research Ethics Committee (MREC) approved
THIN data collection for research in 2003 subject to independent scientific review
which we obtained (Reference number: 16 THIN039) on May 23 2016.

RESULTS

THIN patients

We identified 67,066 COPD patients, 1,542 were excluded because they were
diagnosed prior to 40 years of age. Of the remaining 65,524, a further 60,720 did
not have at least three calculable ADO scores leaving 4,804 patients with a median
of 4.38 years (IQR: 3.75 to 5.55 years) of follow-up in our analytical cohort. Over
half of all those identified with COPD did not have data to derive an ADO score at
any time but around one-third of all calculable ADO measurements were included
in the final analysis (Table 3.1).
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Table 3.1: Frequency of calculable ADO Measurements in the overall population of
THIN patients

No. of measurements No. of individuals Total no. of measurements (%)

per subject (%)
0* 34,706 (53) 0 (0)
1* 17,396 (27) 17,396 (34)
2* 8,618 (13) 17,236 (34)
3 3,393 (5) 10,179 (20)
4 1,073 (2) 4,292 (8)
5 263 (0) 1,315 (3)
6 59 (0) 354 (1)
7 13 (0) 91 (0)
8 3 (0) 24 (0)

Total 65,524 50,877

*Individuals were excluded from analysis Right column calculated by multiplying the number of
measurements by the number of individuals.

Differences between those with and without three or more ADO score
measurements

Supplementary Table 3.1 shows that patients with =3 total ADO measurements
who were included in the analysis and patients with <3 ADO measurements who
were excluded from the analysis had relatively similar baseline characteristics. The
exception was that patients with =3 total ADO measurements were more likely to
be prescribed respiratory treatment in the year prior to baseline. For instance, 34%
of patients with 23 ADO measurements were prescribed ICS-containing treatment
compared to 22% in those with <3 measurements.

Supplementary Table 3.1: Baseline characteristics of patients included and excluded
in the ADO change analysis based upon enough ADO measurements (23).

=3 ADO <3 ADO

Characteristics Measurements Measurements (N=ngagl,24)
(N=4,804) (N=60,720) ’

Age — Mean (SD) 68.9 (9.3) 72.6 (11.3) 72.3 (11.2)

Dyspnoea (mMMRC Score) — N (%)
0 859 (17.9) 5,686 (16.2) 6,545 (16.4)
1 1,883 (39.2) 12,827 (36.5) 14,710 (36.8)
2 1,323 (27.5) 9,285 (26.4) 10,608 (26.6)
3 666 (13.9) 5,873 (16.7) 6,539 (16.4)
4 73 (1.5) 1,453 (4.1) 1,526 (3.8)
missing 0 25596 25596

FEV1% predicted — Mean (SD) 59.3 (19.7) 59.8 (21.7) 59.7 (21.5)

First ADO score — Mean (SD) 7.4 (2.1) 7.6 (2.3) 7.6 (2.3)
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No. of Females — N (%)
Country — N (%)
England
Northern Ireland
Scotland
Wales
Townsend deprivation quintile - N (%)
1 — least deprived
2
3
4
5 — most deprived
missing
Cigarette smoking — N (%)
Current
Former
Never
missing
BMI category — N (%)
Underweight (<18.5 kg/m”2)
Normal (18.5 - < 25 kg/m*2)
Overweight (25 - < 30
kg/m#2)
Obese (=30 kg/m”"2)
missing
LAMA prescription = N (%)
LABA prescription = N (%)
SAMA prescription = N (%)
SABA prescription =~ N (%)
ICS containing prescription— N (%)
PR referral - N (%)
Heart Failure — N (%)
Ischemic Heart Disease — N (%)
Anxiety — N (%)
Depression — N (%)
Diabetes — N (%)
TIA, stroke, PAD — N (%)
Asthma — N (%)

2,151 (44.8)

3,577 (74.5)
275 (5.7)
382 (8.0)
570 (11.9)

815 (17.3)

880 (18.7)

1,032 (21.9)

1,058 (22.5)

924 (19.6)
95

1,301 (28.7)
2,638 (58.3)
588 (13.0)
277

124 (2.7)
1,480 (32.6)

1,675 (36.9)

1,263 (27.8)
262
1,332 (27.7)
1,477 (30.8)
777 (16.2)
2,848 (59.3)
1,645 (34.2)
211 (4.4)
245 (5.1)
934 (19.4)
109 (2.3)
305 (6.4)
593 (12.3)
589 (12.3)
1,730 (36.0)

28,361 (46.7)

44,984 (74.1)
2,940 (4.8)
5,514 (9.1)
7,282 (12.0)

9,955 (16.7)
10,727 (18.0)
12,648 (21.2)
14,174 (23.8)
12,101 (20.3)
1115

17,479 (32.3)

29,116 (53.9)

7,449 (13.8)
6676

3,396 (6.5)
19,604 (37.4)

16,669 (31.8)

12,813 (24.4)
8238
12,519 (20.6)
12,097 (19.9)
5,521 (9.1)
26,231 (43.2)
13,472 (22.2)
1,416 (2.3)
5,985 (9.9)
13,753 (22.7)
1,378 (2.3)
3,080 (5.1)
8,135 (13.4)
10,264 (16.9)
19,362 (31.9)

30,512 (46.6)

48,561 (74.1)
3,215 (4.9)
5,896 (9.0)
7,852 (12.0)

10,770 (16.8)
11,607 (18.1)
13,680 (21.3)
15,232 (23.7)
13,025 (20.3)
1210

18,780 (32.1)

31,754 (54.2)

8,037 (13.7)
6953

3,520 (6.2)
21,084 (37.0)

18,344 (32.2)

14,076 (24.7)
8500
13,851 (21.1)
13,574 (20.7)
6,298 (9.6)
29,079 (44.4)
15,117 (23.1)
1,627 (2.5)
6,230 (9.5)
14,687 (22.4)
1,487 (2.3)
3,385 (5.2)
8,728 (13.3)
10,853 (16.6)
21,092 (32.2)

For patients without a single calculable ADO score, a random pseudo study entry date was
assigned based on the distribution of the study entry dates among included patients. Age,
mMRC score, and FEV1% predicted were used to calculate the first ADO score in the table.
Abbreviations: BMI= body-mass index, LAMA= long-acting muscarinic antagonist, LABA=
long-acting beta2 Agonists, mMMRC= modified Medical Research Council, FEV= forced
expiratory volume, ICS= inhaled corticosteroids, PR= Pulmonary Rehabilitation, TIA=

transient Ischemic attack, PAD= Peripheral artery disease
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Description of the rate of change in ADO score

The mean baseline ADO score was 7.4 (SD: 2.1), range 0 to 14. The ADO score
increased by an average of 0.187 points per year (95% Cl: 0.174 to 0.200; the
average number of measurements per patient was 3.4). The age component
increased by 0.152 points (95%CI: 0.149 to 0.155), the dyspnoea score by 0.055
points (95%C: 0.050 to 0.060; the average number of measurements per patient
was 5.2), and the obstruction score decreased by 0.009 points (95%CI: 0.001 to
0.016; the average number of measurements per patient was 4.3) per year (data
not shown). The rate of change per patient was approximately normally distributed
and 323 (6.7%) patients had an increase of at least 1 point per year (Figure 3.1).

1500

Mumber of patients
1000

500
|

-2 0 2 4
ADD score change per year

Figure 3.1: Histogram of distribution of change in ADO score per year in 4804 included
patients.
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Differences between ADO score change categories

Using +/- 0.5 to indicate worsening/improvement, 3,766 (78%) of included patients
had a stable ADO score whereas 850 (18%) had a worsening and 188 (4%) had
improving ADO score over time. Those with improving ADO scores had fewer ADO
measurements (17% with 24 ADO measurements) than the worsening (27%) and
stable (30%) groups (Table 3.2). Patients with a worsening ADO score had the
lowest baseline ADO score (6.6; SD: 2.0) and least severe obstruction (FEV1%
predicted 64.9; SD: 21.3) and dyspnoea (mMRC 1.23; SD: 0.97). From improving
to worsening groups there was a trend toward more current smokers and normal-
weight patients and fewer never smokers and obese patients.

Table 3.2 Baseline characteristics by categories of change ADO score change over
time groups among included patients with 23 ADO measurements (N=4,804).

Improving ADO

Stable ADO  Worsening ADO

Characteristics - Change (N= Change (N= Change (N=
188) 3,766) 850)
Age 69.6 (9.5) 68.8 (9.2) 69.2 (9.5)
Dyspnoea (MMRC Score) — N (%) 1.44 (0.97) 1.94 (1.04) 1.23 (0.97)
0 9 (4.8) 613 (16.3) 237 (27.9)
1 71 (37.8) 1,547 (41.1) 265 (31.2)
2 40 (21.3) 1,016 (27.0) 267 (31.4)
3 58 (30.9) 533 (14.2) 75 (8.8)
4 10 (5.3) 57 (1.5) 6 (0.7)
FEV1% predicted 47.6 (15.0) 58.6 (19.1) 64.9 (21.3)
First ADO score 8.9 (1.9) 7.6 (2.0)) 6.6 (2.0)
Oto5 7(3.7) 543 (14.4) 239 (28.1)
6and7 33 (17.6) 1,262 (33.5) 333 (39.2)
8and 9 77 (41.0) 1,355 (36.0) 230 (27.1)
10to 14 71 (37.8) 606 (16.1) 48 (5.7)
24 ADO measurements 32 (17.0) 1,146 (30.4) 233 (27.4)
Female — N (%) 96 (51.1) 1,676 (44.5) 379 (44.6)
White Ethnicity — N (%) 99 (100.0) 1,848 (98.4) 426 (98.2)
Townsend deprivation quintile — N (%)
1 — least deprived 27 (14.6) 643 (17.4) 145 (17.3)
2 37 (20.0) 692 (18.8) 151 (18.0)
3 41 (22.2) 805 (21.8) 186 (22.2)
4 43 (23.2) 820 (22.3) 195 (23.3)
5 — most deprived 37 (20.0) 726 (19.7) 161 (19.2)
Cigarette smoking — N (%)
Current 49 (26.9) 994 (28.1) 258 (32.0)
Former 104 (57.1) 2,066 (58.4) 468 (58.0)
Never 29 (15.9) 478 (13.5) 81 (10.0)
Body-Mass Index 28.3 (6.3) 27.5 (5.5) 26.9 (5.6)
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Underweight (<18.5 kg/m”2) 7(3.9) 90 (2.5) 27 (3.3)
Normal (18.5 - < 25 kg/m*”2) 50 (27.9) 1,130 (31.8) 300 (36.9)
Overweight (25 - < 30 kg/m*2) 70 (39.1) 1,324 (37.3) 281 (34.5)
Obese (=30 kg/m*2) 52 (29.1) 1,005 (28.3) 206 (25.3)
LAMA prescription= N (%) 66 (35.1) 1,000 (26.6) 266 (31.3)
LABA prescription— N (%) 53 (28.2) 1,165 (30.9) 259 (30.5)
SAMA prescription — N (%) 31 (16.5) 603 (16.0) 143 (16.8)
SABA prescription = N (%) 118 (62.8) 2,212 (58.7) 518 (60.9)
ICS containing prescription — N (%) 52 (27.7) 1,306 (34.7) 287 (33.8)
PR referral — N (%) 6 (3.2) 176 (4.7) 29 (3.4)
Heart Failure — N (%) 11 (5.9) 192 (5.1) 42 (4.9)
Ischemic Heart Disease — N (%) 37 (19.7) 716 (19.0) 181 (21.3)
Anxiety — N (%) 7(3.7) 86 (2.3) 16 (1.9)
Depression — N (%) 12 (6.4) 238 (6.3) 55 (6.5)
Diabetes — N (%) 28 (14.9) 469 (12.5) 96 (11.3)
TIA, stroke, PAD — N (%) 25(13.3) 443 (11.8) 121 (14.2)
Asthma — N (%) 68 (36.2) 1,351 (35.9) 311 (36.6)

Results are shown as mean + standard deviation (SD) unless otherwise specified
*Chi-squared test and Student's t-test used where appropriate to calculate p-values
comparing worsening

group to both stable and improving groups. Abbreviations: LAMA= long-acting muscarinic
antagonist, LABA= long-acting beta2 Agonists, mMMRC= modified Medical Research Council,
FEV= forced expiratory volume, ICS= inhaled corticosteroids, PR= Pulmonary
Rehabilitation, TIA= transient ischemic attack, PAD= Peripheral artery disease

Prognostic role of the change in ADO scores over time

There were 388 (8.1%) deaths in the follow-up period. There was strong evidence
(P<0.001) of a 2.00-fold (95% CI: 1.59 to 2.52) increase in the rate of mortality per
unit increase in individual ADO score per year, after adjusting for covariates (Table
3.3). Similarly, the association with mortality was stronger in patients grouped in
worsening (HR= 2.08; 95% CI: 1.61 to 2.69) and improving (HR= 0.49; 95% CI:
0.27 to 0.91) categories compared to those with stable scores after adjustment for
the same covariates (data not shown).
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Table 3.3: Multivariable Cox regression model showing the adjusted hazard ratio (95%
Cl) for time to mortality for the change in ADO scores over time (calculated within
each individual) compared to the baseline ADO score.

Characteristics HR (95% CI) P-value

Change in ADO score over time

o 2.00 (1.59 to 2.52) <0.001
(per 1 point increase/year)
Baseline ADO Score (per 1 point increase) 1.28 (1.10 to 1.50) 0.002
Age at baseline (per 1 year increase) 1.03 (1.00 to 1.05) 0.074
mMRC at baseline (per 1 point increase) 1.18 (1.03 to 1.36) 0.017
FEV1% predicted 0.99 (0.98 to 1.01) 0.277
(per 1 percentage point increase)
No. of ADO measurements 0.79 (0.65 to 0.95) 0.010
(per measurement)
Female Sex 0.88 (0.71 to 1.10) 0.262
Body-mass index category*
<18.5 1.71 (1.16 to 2.51) 0.006
18.5 to <25 (reference) (reference)
25 to <30 0.63 (0.49 to 0.80) <0.001
=230 0.62 (0.47 to 0.83) <0.001
Smoking behavior*
Never Smokers (reference) (reference)
Former Smokers 1.08 (0.79 to 1.48) 0.626
Current Smokers 1.27 (0.87 to 1.83) 0.148
Present of Heart Failure* 1.60 (1.19 to 2.14) 0.002
Presence of Ischemic Heart disease* 1.26 (1.00 to 1.58) 0.054
Presence of Diabetes Mellitus* 0.98 (0.74 to 1.30) 0.873
Presence of TIA-PAD* 1.24 (0.97 to 1.58) 0.092
Presence of Asthma* 1.01 (0.82 to 1.26) 0.898

Abbreviations: TIA-PAD= transient ischaemic attack, stroke, or peripheral arterial disease
*Most recent status prior to the last ADO score measurement.

The proportional-hazards assumption for serial ADO scores was not violated (P= 0.7214).
The median time between the first and final ADO score was 3.54 years (interquartile range

2.71to 4.45).

In a similar analysis, the last ADO score within each patient showed a stronger
association with mortality (HR= 1.25 per one point increase; 95% CI: 1.16 to 1.35)
compared to the baseline ADO score (HR = 1.06 per one point increase; 95% ClI:
0.93 to 1.22) which no longer showed statistical significance (Table 3.4).
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Table 3.4: Multivariable Cox regression model showing the adjusted hazard ratio (95%
Cl) for time to mortality for the last ADO score compared to the baseline ADO score.

Characteristics HR (95% CI) P-value
Last ADO score 1.25 (1.16 to 1.35) <0.001
(per 1 point increase)
Baseline ADO Score (per 1 point increase) 1.06 (0.92 to 1.22) 0.405
Age at baseline (per 1 year increase) 1.01 (0.99 to 1.04) 0.324
mMRC at baseline (per 1 point increase) 1.18 (1.03 to 1.35) 0.020
FEV1% predicted 1.00 (0.99 to 1.01) 0.555
(per 1 percentage point increase)
No. of ADO measurements 0.80 (0.65 to 0.96) 0.012
(per measurement)
Female Sex 0.89 (0.72 to 1.10) 0.291
Body-mass index category*
<18.5 1.68 (1.14 to 2.45) 0.008
18.5 to <25 (reference) (reference)
25 to <30 0.59 (0.46 to 0.76) <0.001
230 0.58 (0.43t0 0.77) <0.001
Smoking behavior*
Never Smokers (reference)
Former Smokers 1.22 (0.89 to 1.67) 0.222
Current Smokers 1.29 (0.90 to 1.88) 0.164
Present of Heart Failure* 1.61 (1.20 to 2.15) 0.001
Presence of Ischemic Heart disease* 1.25 (1.00 to 1.58) 0.052
Presence of Diabetes Mellitus* 1.06 (0.80 to 1.41) 0.676
Presence of TIA-PAD* 1.32 (1.03 to 1.69) 0.027
Presence of Asthma* 1.05 (0.85 to 1.30) 0.672

Characteristics associated with the change in ADO score over time

Table 3.5 shows multivariable mixed effect models of the characteristics associated
with the change in ADO scores over time. After adjustment for baseline covariates,
greater deprivation, recent depression, and prior LABA, LAMA, and ICS-containing
prescription were all associated with a statistically significant worsening (P<0.05) of
ADO scores over time. Compared to never smokers, current smokers had a 0.059
(95% ClI: 0.031 to 0.087) point per year worsening of ADO scores. Finally,
compared to those with a normal BMI between 18.5 and 25 kg/m?, overweight (B= -
0.035; 95% ClI: -0.0544 to -0.0150; P=0.001) and obese (3= -0.041; 95% CI: -
0.0625 to -0.0198; P<0.001) patients showed improvement over time and
underweight patients had a worsening ADO score of 0.041 ADO points per year
(95% ClI: -0.018 to 0.100).
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Table 3.5: Multivariable linear mixed effect models of the interaction between baseline
characteristics and time on the change in the ADO score.
Baseline Adjustment (N=4,363)

Characteristics interacting with time

B (95% CI) P-value
Baseline ADO score -0.0397  (-0.0437 to -0.0357) <0.001
No. of ADO measurements 0.0178 (0.0080 to 0.0276) <0.001
Age at baseline (years) -0.0001 (-0.0010 to 0.0008) 0.885
mMRC score at baseline -0.0446  (-0.0530 to -0.0362) <0.001
FEV1% predicted at baseline 0.0026 (0.0022 to 0.0031) <0.001
Townsend Quintile 0.0062 (0.0001 to 0.0123) 0.045
Female sex 0.0001 (-0.0164 to 0.0168) 0.982
Heart Failure — any time -0.0044 (-0.0413 to 0.0327) 0.817
Ischemic Heart Disease — any time -0.0001 (-0.0211 to 0.0208) 0.989
Asthma — any time -0.0035 (-0.0206 to 0.0136) 0.688
Anxiety — 3 years prior -0.0191 (-0.0770 to 0.0389) 0.519
Depression — 3 years prior 0.0384 (0.0054 t0 0.0713) 0.022
Diabetes — any time -0.0084 (-0.0346 to 0.0178) 0.531
TIA, stroke, PAD — any time -0.0035 (-0.0288 to 0.0217) 0.783
LAMA prescription* — 1 year prior 0.0236 (0.0045 to 0.0427) 0.016
LABA prescription** — 1 year prior 0.0186 (0.0008 to 0.0365) 0.041
SAMA prescription 1 — 1 year prior 0.0195 (-0.0019 to 0.0409) 0.075
SABA prescription § — 1 year prior 0.0137 (-0.0031 to 0.0306) 0.111
L?iirconta'“'”g Aprescription —1year 5189 (0.0017 to 0.0361) 0.031
PR referral — 1 year prior 0.0029 (-0.0372 to 0.0430) 0.886
Body-mass index group — most recent
status
<18.5 0.0411 (-0.0175 to 0.0996) 0.169
18.5 to <25 (reference) (reference) (reference)
25 to <30 -0.0347  (-0.0544 to -0.0150) 0.001
=230 -0.0412  (-0.0625 to -0.0198) <0.001
Smoking behaviour — most recent status
Never Smokers (reference) (reference) (reference)
Former Smokers 0.0282 (0.0025 to 0.0539) 0.032
Current Smokers 0.0588 (0.0311 to 0.0866) <0.001

Abbreviations: BMI= body-mass index, LAMA= long-acting muscarinic antagonist, LABA=
long-acting beta2 Agonists, mMMRC= modified Medical Research Council, FEV= forced
expiratory volume, ICS= inhaled corticosteroids, PR= Pulmonary Rehabilitation, TIA=
transient ischemic attack, PAD= Peripheral artery disease

DISCUSSION

This retrospective longitudinal study showed that most COPD primary care patients
had stable disease over a median follow-up of over four years. However, serial
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ADO scores had prognostic value beyond the initial measurement. Thus, serial
assessment of the ADO score may be needed to update the predicted risk of
death. We found that this may be particularly important for patients with lower BMI,
depression, and those who are current or former smokers.

In contrast to our study, a prospective study of COPD patients followed for 3 years
after their hospital admission with an acute exacerbation, found that baseline
BODE (body-mass index, obstruction, dyspnoea, and exercise capacity) score, but
not changes in BODE, predicted survival (189). They concluded that a single
measurement, rather than serial measurements, of BODE would be sufficient for
prognostication (189). Two other studies showed that before and after lung volume
reduction surgery, changes in the BODE score and the final BODE score were
independently associated with mortality in severe emphysema patients [21, 22].
Similarly, pulmonary rehabilitation improved the BODE score, and its change
added prognostic information for 246 COPD outpatients in the US. (190).
Combined, serial BODE measurements may be more helpful in assessing
treatment response rather than disease worsening.

It is well known the low BMI is associated with an increased risk of mortality in
COPD patients (104). We found that lower BMI was associated with worsening
disease. Similarly, COPD secondary care patients in the BODE (BMI, obstruction,
dyspnoea, exercise capacity) cohort were more likely to have worsening
obstruction with low BMI than with normal BMI at baseline (95). While BMI may be
associated with disease worsening, obese patients may have trouble breathing due
to their weight, resulting in overdiagnosis of COPD (191) and more stable ADO
scores over time in our study. Second, the effect of smoking on longitudinal lung
function deterioration has long been documented (93). A secondary analysis of the
Lung Health Study randomised controlled trial showed that there was a greater
decline in lung function over 11 years if participants were continuous smokers (60
ml/year) compared to intermittent quitters (48 ml/year) and sustained quitters (27
ml/year) (192). Although, reducing smoking can improve the decline in FEV
(193,194), nearly complete cessation may be necessary for demonstrable benefit
(195). Next, it may be difficult to diagnose depression in COPD patients because of
overlapping symptoms (196). Patients in our study with worsening COPD may be
more likely to be depressed if respiratory symptoms are limiting their social lives
(79). We also found that disease worsening was greater in those who had
received respiratory pharmacotherapy. Similar to depression, these findings may
be due to reverse causation, reflecting that those on a worsening disease trajectory
had been started on pharmacotherapy.

The current study has several strengths and limitations. First, previous studies
have used longitudinal lung function measurements alone to describe COPD
progression. However, COPD is a heterogeneous disease and patients may
worsen despite stable lung function (95). A multicomponent prognostic score more
accurately accounts for disease heterogeneity. It also allows changes in the score
to be placed into the context of changes in individual risk of death. Next, unlike
previous studies that examined serial measurements of prognostic scores
(95,189,197-199), we included primary care patients, where COPD is mainly
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managed (147). However, despite a large sample size, we excluded many patients
due to the limited availability of data. These patients were different in only a few
characteristics compared to the whole population and may have had more stable
disease, requiring fewer dyspnoea and obstruction measurements. Although THIN
is generalisable to the UK for demographics, disease prevalence, and mortality
rates (182), urban areas may be overrepresented because Vision software use is
clustered in these areas (200). Next, unmeasured confounding and unstandardised
measurements were unavoidable. The latter may partly explain the improvement in
average FEV1% predicted over time in our sample. Additionally, FEV1% predicted
may be flawed when examining its change over time. FEV1% predicted would
increase as patients age (and/or become shorter) despite relatively stable FEV1 (in
litres). Longitudinal ADO score trends were assumed to be linear to ease
interpretation but this was not true for some patients. Visual assessment of ADO
trends showed non-linearity for some patients but often overall ADO score changes
could still be generalised using a linear estimate without losing too much
information. Finally, the ADO score provides an estimate of risk that can be used to
support clinical discussions with patients and joint decision-making. However, the
lack of impact studies to examine the effect of stratified management based on risk
score categories on patient outcomes limits its use. Serial measurement may refine
risk estimates and identify those who have a worsening disease trajectory, but we
do not yet have evidence of whether differential management would modify
outcomes.

CONCLUSION

Given the wide range of clinical courses in patients with COPD, it is important to
understand whether and how prognostic scores change over time to identify
patients with worsening disease. If this change has prognostic relevance or is
related to patient characteristics, then serial assessment may be useful. One-time
use of the ADO score could help define treatment options that could be weighed
against the current risk of mortality (144). However, serial assessment of the ADO
score can identify patients with worsening disease and update their prognosis,
especially for patients who smoke, are depressed, or have lower BMI.
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ABSTRACT

Rationale: Low body mass index (BMI) is a feature of severe chronic obstructive
pulmonary disease (COPD) but in the general population, cigarette smoking is also
associated with low body weight. Many people with COPD remain smokers after
diagnosis, and it is unclear whether low BMI is due to the effects of the disease
itself or its most common risk factor.

Objectives: To assess the independent and combined effects of smoking and
COPD on BMI trajectories and determine if the association between COPD,
smoking status, and mortality is mediated by BMI.

Methods: 1,638 people with and 1,100 without COPD from 10 practices in The
Health Improvement Network (2005-2019) who had =22 BMI measurements, were
grouped into: never smokers, former smokers, sustained quitters, intermittent
smokers, and continuous smokers (ten total COPD-smoking status groups). BMI
trajectories were modeled by these status groups using multivariable mixed effect
models. Also, it was investigated whether BMI mediated the association between
these status groups and mortality using time-varying Cox regression.

Results: Regardless of COPD status, former smokers had the highest baseline
BMI (=29.5 kg/m?; SD: 6.5 kg/m?), followed by never smokers. Both had a similar
decline in BMI(=-0.12kg/m?/year). The remaining six groups had a lower baseline
BMI (26-27kg/m?). Sustained quitters showed a greater BMI increase and the rate
(0.12 kg/m?/year; 95% Cl: -0.02 to 0.26) was four times larger among those with
COPD than those without (0.03 kg/m? /year; 95% ClI: -0.23 to 0.29). Continuous
smokers with COPD had the steepest decline in BMI; more than twice as steep as
those without COPD (-0.30 kg/m2 /year; 95% CI: -0.40 to -0.19 vs -0.13 kg/m2
lyear; 95% CI: -0.33 to 0.07). Although time-varying BMI values (HR= 0.99; 95%
Cl: 0.97 to 1.00) showed a marginally significant association with mortality, after
adjustment, former smokers, continuous smokers, COPD sustained quitters, and
non-COPD intermittent smokers had significantly increased risks of mortality which
were not affected by BMI.

Conclusion: Regardless of COPD status, baseline BMI was highest in former
smokers followed by never smokers. Both smoking groups had a similar rate of
decline. Among continuous smokers, those with COPD had a more rapid decline.
Conversely, quitters with COPD had a more rapid increase in BMI. Weight loss was
not an important mediator in the association between smoking, COPD status, and
mortality.
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INTRODUCTION

Low body mass index (BMI) was one of the earliest recognized extrapulmonary
features in patients with chronic obstructive pulmonary disease (COPD) (201). Itis
associated with more severe stages of COPD (202) and is identified as an
independent contributor to COPD mortality (137). Low BMI in COPD patients is
known to result from a variable combination of poor nutritional intake (203),
increased work of breathing (204), increased resting energy expenditure (205,206),
and mechanical inefficiency (207). Furthermore, reversal of low BMI by nutritional
supplementation is associated with improved survival among COPD patients (208).
Thus, prior evidence has suggested that the disease process primarily influences
weight loss in COPD patients. On the other hand, in the general population,
cigarette smoking is also associated with loss of weight, while quitting smoking
often results in weight gain (105,209). In smokers, weight loss is attributed to the
effects of nicotine on increasing metabolic rate, decreasing metabolic efficiency, or
appetite suppression (105).

Cigarette consumption is a main cause of COPD (177), and many patients remain
smokers after diagnosis (210). Therefore, it is difficult to disentangle to what extent
low BMI in people with COPD is due to the effects of the disease itself and/or its
most common risk factor. In addition, although there is evidence that weight loss is
associated with increased mortality in COPD (211,212), it is less clear whether this
increased risk of mortality is a direct effect of the disease process/effects of
smoking or an association mediated by weight loss.

Several studies have investigated the effect of smoking on body composition in
COPD (213-217). However, results are inconsistent as to whether smoking or the
disease process plays a primary role, or if both have a joint effect on body
composition changes over time. A better understanding of the mechanisms
contributing to weight change could help inform potential new targets for disease
modification beyond the promotion of smoking cessation. The objectives of this
study were to answer the questions: 1) What are the differences in BMI trajectories
between people with and without COPD according to smoking status? and 2) do
longitudinal BMI changes mediate the association between COPD, smoking, and
mortality?

METHODS
Study design

A longitudinal open cohort study using primary care data.

Data source

The Health Improvement Network (THIN) is a longitudinal, clinical primary care
database of over 11 million patients from over 600 practices in the United Kingdom
(~6% of the population). The database contains anonymised data on diagnoses,
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symptoms, hospital referrals, discharge summaries, lifestyle, mortality, prescribing,
and clinical and laboratory tests captured by General Practitioners using Vision
medical software (Vision, London, UK).

Patients

People with and without COPD were included from 10 randomly selected UK
primary care practices contributing to the THIN database. People with COPD were
included if they were diagnosed at the age of 40 years or older (to reduce the
likelihood of including those with alpha-1 antitrypsin deficiency). People with COPD
were matched by age (+/- one year), sex, and practice at a 1:1 ratio to those
without COPD (defined as no COPD Read codes in their records. We applied
several inclusion criteria to both groups separately:

e The date of the first recorded BMI measurement was within one year of the
baseline smoking status assessment.

e To allow estimation of body mass index (BMI) trajectory, at least two
plausible BMI measurements (>=10 and <=60 kg/m?2) were recorded for
each individual.

e We also performed the analysis restricting to those with =3 BMI
measurements since the slope of BMI over time within patients may be
more accurately estimated with a greater number of measurements.

Patients with a COPD diagnosis prior to (i.e., those with prevalent disease) or
subsequent (i.e., incident disease) to the cohort start date (15t January 2005) were
included. The practice start date was defined as the latest of either 12 months after
the acceptable mortality reporting (AMR) date or 12 months after the practice began
using the Vision system, to reduce the under-recording of events. We defined the
patient start date as the latest of the practice start date or 12 months after the
patient’s registration date. The index date for COPD patients was defined as the
latest of either the patient start date or the diagnosis date after adding 15 months
(latency period) to both dates. For people with incident COPD, the index date was
15 months after the date of diagnosis whereas, for people with prevalent COPD, the
index date was 15 months after the date the patient became eligible for inclusion. As
used by other authors (218,219), a 15-month latency period was introduced to
ensure that all baseline covariates were recorded, as the Quality and Outcomes
Framework (QOF) incentivizes these are captured within 15 months. It also ensures
that any inaccuracies in capturing the true smoking status of a patient are not due to
contemporaneous changes in smoking behaviour during the timeframe in which the
individual was given news of their COPD diagnosis. People without COPD were
assigned the index date of their matched COPD patient. Patients were followed from
their index date until the earliest of their date of death, the date the patient transferred
out of the practice, the last practice collection date, or 31st July 2019.

Outcomes
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The primary outcome was longitudinal BMI (BMI = weight (kilograms) / height?
(meters)) measurements over time. BMI was derived from BMI value codes. We
also examined all-cause mortality as a dependent variable in secondary analyses.
Mortality information was derived from General Practitioners who recorded the
deaths of their patients after receiving this information from a variety of sources,
mainly hospital discharge summaries and patient relatives (187).

Exposures: smoking and COPD status

The main exposure of interest was smoking behaviour in people with or without
COPD. The closest recorded smoking status within one year of the patient’s index
date was used to group patients into never and former smokers at baseline while
current smokers were split into further subcategories based on the individual’s
pattern of smoking behaviour during follow-up. Similar to the Lung Health Study
(193), these sub-groups were defined as sustained quitters (current smokers at
baseline who quit smoking and remained former smokers throughout follow-up),
intermittent smokers (patients who had at least one transition from current to
former smoking as well as a transition from former to current smoking), and
continuous smokers (current smokers at baseline who remained current smokers
during follow-up). Thus, a total of ten COPD-smoking status groups were
developed:

People without People with
copPD copPD

1) Never smoker

2) Never smoker
(reference)

3) Former smoker | 4) Former smoker

5) Sustained 6) Sustained
quitter quitter
7) Intermittent 8) Intermittent
smoker smoker
9) Continuous 10) Continuous
smoker smoker
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Adjustment variables

Baseline covariates included age (years), sex, Townsend score (quintiles) (220),
and any history of the following comorbidities: ischemic heart disease, any cancer,
asthma, tuberculosis, heart failure, stroke/transient ischemic attack (TIA), diabetes,
chronic kidney disease (or evidence of renal replacement therapy), and chronic
liver disease. Forced expiratory volume in 1 second (FEV1) in litres and the ratio of
FEV1/ forced vital capacity (FVC) was obtained and shown in baseline tables but
were not adjusted for in regression models due to substantial incompleteness.
Whilst lung function values such as FEV1 and FVC are important for defining the
severity of COPD and could predict outcomes, these values are not routinely
recorded for all patients and seldom for people without COPD. Multiple imputation
was not used because incompleteness for FEV1 and FVC was high, dependent on
COPD status, and would have required sufficient auxiliary variable information to
account for this (221).

Analysis

Baseline characteristics were compared between those with and without COPD.
Next, we built linear mixed effect models to investigate the trajectory of BMI
measurements over time in each status group. Each model was fitted with a
random intercept and a random time slope for each patient to account for clustering
due to repeated BMI measurements and contained the following independent
variables: time, status group, and an interaction term between the status group and
time (status group x time), age, sex, Townsend score, and comorbidities. Multiple
imputation for missing BMI values was not required because mixed effect models
are unaffected by complete-case bias (222).

Finally, in secondary analyses, we evaluated the association between status
groups with mortality using multivariable Cox regression analyses. We also
performed mediation analysis to evaluate whether BMI change mediated the effect
of smoking and COPD on mortality. To test for mediation effects, we sought to
determine if three criteria were met (223):

1. There must be a significant relationship between the status group (COPD
and smoking exposure) and mortality,

2. There must be a significant relationship between the status group variable
and the BMI trajectories, and

3. BMI trajectory must be a) significant predictor of the mortality in an
equation including both longitudinal BMI measurements and the status
group variable and b) push the association between status group and
mortality toward the null value of 1.0.

Points 1 and 2 were met after performing the Cox and mixed effect models as
discussed above. Point 3 was accomplished by including BMI change over time
into the Cox regression analysis evaluating the effect of status group on mortality.
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We performed these analyses using Stata version 16 (StataCorp, College Station,
TX, USA).

Sensitivity analysis: Including prevalent COPD patients may introduce survivor bias
since patients are more likely to be included in a cohort the longer they survive with
a disease (224). Patients who die quickly after diagnosis are excluded so a prevalent
patient cohort tends to have less severe disease and better prognosis. Therefore,
we also excluded prevalent COPD patients from the mixed effect and Cox models to
observe whether the associations were different in incident patients alone.

RESULTS

Of 6,796 patients, 5,470 patients had complete baseline smoking status. Of these,
3,386 patients had an initial BMI measurement within one year and 2,738 patients
(1,638 with COPD and 1,100 without COPD) had at least one additional BMI
measurement during a median follow-up time of 5.45 (IQR: 2.96 to 8.49) years.
People with COPD were just over 1 year younger and were much more likely to
have ever smoked compared to those without COPD (46% vs 30% former and
39% vs 11%, current/recent smokers (includes sustained quitters, intermittent
smokers, and continuous smokers)) (Table 4.1). There were only 9 intermittent
smokers among those without COPD. People with COPD were more likely to
belong to the two most deprived Townsend quintile groups. Baseline BMI was
lower in people with COPD than those without (27.4 kg/m?; SD: 6.6 vs 28.2 kg/m?;
SD: 5.8). There was strong evidence (P= 0.001) that heart failure was more
common among COPD patients (8.1% versus 4.8%), however, diabetes was more
common among people without COPD (26% versus 19%).

Table 4.1: Baseline characteristics of THIN patients (N= 2738) by COPD status.

COPD Non-COPD
patients patients
(N=1,638) (N=1,100)
age (y) - mean (SD) 67.9 69.2
male sex- n (%) 849 (51.8) 581 (52.8)
Townsend quintile n (%)
1 (most affluent) 256 (15.6) 301 (27.4)
2 272 (16.6) 249 (22.6)
3 327 (20.0) 210 (19.1)
4 412 (25.2) 181 (16.5)
5 (most deprived) 334 (20.4) 138 (12.6)
missing 37 (2.3) 21(1.9)
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BMI (kg/m"2) - mean (SD) 27.4 (6.6) 28.2 (5.8)

missing N (%) 14 (1.3) 14 (0.85)
FEV1in litres - mean (SD) 4.93 (34.9) 5.29 (17.4)
missing N (%) 154 (9.4) 1000 (90.9)
FEV1/FVC ratio - mean (SD) 60.8 (18.1) 72.3 (15.9)
missing N (%) 291 (17.7) 1013 (92.1)
smoking status n (%)
never 234 (14.3) 642 (58.4)
former 760 (46.4) 333 (30.3)
sustained quitter* 144 (8.8) 31 (2.8)
intermittent smoker* 88 (5.4) 9(0.8)
continuous smoker* 412 (25.2) 85 (7.7)
Comorbidities n (%)
heart failure 132 (8.1) 53 (4.8)
coronary heart 388 (23.7) 227 (20.6)
stroke/TIA 143 (8.7) 106 (9.6)
diabetes 314 (19.2) 282 (25.6)
liver 22 (1.3) 15(1.4)
kidney/renal 141 (8.6) 118 (10.7)

* group defined using smoking status changes during follow-up as well.

BMI trajectories

Figure 4.1 shows the longitudinal BMI measurements by status group. The top
panel shows the trajectories in patients with 23 BMI measurements (N=2223).
Regardless of COPD status, former smokers had the highest baseline BMI with an
approx. 0.70 kg/m? higher BMI (mean= 29.6 kg/m?; SD: 6.5) than the reference
group, followed by never smokers (Table 4.2). As evidenced by parallel slopes,
both former and never-smoking groups with and without COPD had a statistically
significant decline (P<0.001) in BMI, which was of similar magnitude (=-0.12
kg/m?/year). The remaining six groups (i.e., COPD and non-COPD intermittent
smokers, continuous smokers, and sustained quitters) had a lower baseline BMI
(26 to 27 kg/m?). COPD sustained quitters showed an increasing BMI trajectory
and the rate of increase (0.12 kg/m2/year; 95% Cl: -0.02 to 0.26) was four times
larger than in non-COPD sustained quitters (0.03 kg/m?/year; 95% CI: -0.23 to
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0.29). Continuous smokers with COPD had an over two times steeper decline in
BMI (-0.30 kg/m?/year; 95% ClI: -0.40 to -0.19) than continuous smokers without
COPD (-0.13 kg/m?/year; 95% ClI: -0.33 to 0.07). Overall, the only groups to show a
significant difference in slope of BMI over time from the reference group were the
COPD-continuous smokers — who had an average BMI loss over time - and the
COPD sustained quitters — who have an average BMI gain (both P = 0.001). In the
bottom panel, where patients only needed =2 BMI measurements (N= 2,719), the
results were similar, although continuous smoking people without COPD had a
1.16 kg/m? higher baseline BMI (Table 4.2).
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Figure 4.1: The effect of status group on BMI trajectories in incident and prevalent patients
with=3 BMI measurements (Top panel, N= 2,223) and 22 BMI measurements (Bottom
panel, N=2,719).
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Table 4.2: The effect of COPD-smoking status group on BMI baseline (i.e., intercept)
and BMI trajectories in incident and prevalent patients and non-COPD patients from
THIN.

>3 BMI measurements

(N =2,223) >2 BMI measurements (N=2,719)
B (95% Cl) B (95% Cl)
Baseline BMI
Never smoking non-COPD  28.9 (27.1 to 30.8) (reference 28.8 (27.1to0 30.5) (reference
(kg/m?) group) group)
Never smoking COPD -0.110 (-1.05 to 0.830) -0.412 (-1.26 to 0.439)
Former smoking non-COPD 0.704 (-0.147 to 1.55) 0.582 (-0.170 to 1.34)
Former smoking COPD 0.647 (-0.033 to 1.33) 0.301 (-0.304 to 0.907)
Sustained quitter-non-COPD -2.50(-4.72 t0 -0.283) -2.37 (-4.43 t0 -0.297)
Sustained quitter COPD -2.77 (-3.93 to -1.62) -2.75(-3.80to -1.72)
Intermittent smoker non-
COPD -2.33 (-6.34t0 1.67) -2.84 (-6.55 t0 0.877)
Intermittent smoker COPD -2.49 (-3.85t0 -1.13) -2.50(-3.78 to -1.23)
Continuous smoker non-
COPD -2.10 (-3.69 to -0.510) -1.04 (-2.35t0 0.258)
Continuous smoker COPD -2.27 (-3.10to0 -1.43) -2.55(-3.28 t0 -1.82)
BMI Trajectory
Never smoking non-COPD -0.121 (-0.181 to -0.062) -0.119 (-0.176 to -0.063)
(kg/m?2/yr) (reference group) (reference group)
Never smoking COPD -0.017 (-0.132 to 0.097) -0.013 (-0.124 to 0.099)
Former smoking non-COPD -0.017 (-0.121 to 0.087) -0.022 (-0.122 to 0.078)
Former smoking COPD -0.021 (-0.104 to 0.061) -0.024 (-0.104 to 0.055)
Sustained quitter-non-COPD 0.152 (-0.109 to 0.414) 0.137 (-0.118 to 0.393)
Sustained quitter COPD 0.244 (0.104 to 0.384) 0.242 (0.105 to 0.379)
Intermittent smoker non-
COPD 0.160 (-0.320 to 0.640) 0.231 (-0.223 to 0.686)
Intermittent smoker COPD 0.059 (-0.100 to 0.219) 0.052 (-0.104 to 0.207
Continuous smoker non-
COPD -0.010 (-0.209 to 0.188) -0.029 (-0.214 to0 0.157)
Continuous smoker COPD -0.175 (-0.277 to -0.073) -0.180 (-0.279 to -0.082)

Adjusted for age, sex, Townsend score, and all comorbidities. The table shows the actual
slope and intercept of BMI over time for the reference group as well as the differences in
slope and intercept between each subgroup and the reference group.
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After restricting to incident COPD patients (Supplementary figure 4.1), former
smokers without COPD tended to have a higher baseline BMI than the same
subgroup in the main results, especially in the results restricting to patients with =3
BMI measurements (BMI = 30.3 kg/m?) (Supplementary table 4.1). COPD never
smokers had an increased rate of decline in BMI (-0.088 kg/m?/year relative to the
reference group) whereas non-COPD continuous smokers now had almost no
change in BMI over time. Otherwise, the sensitivity results were comparable with
our main findings.
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Supplementary Figure 4.1: The effect of status group on BM| trajectories in incident COPD
patients and matched people without COPD with 23 BMI measurements (Top panel, N=
1,497) and 22 BMI measurements (Bottom panel; N= 1,866). Note: Intermittent smoker non-
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COPD patients were collapsed into continuous smoking non-COPD patients because there
were too few numbers to properly estimate effect size.

Supplementary Table 4.1: The effect of status group on BMI intercepts and BMI
trajectories in incident patients and non-COPD patients from THIN

>3 BMI measurements
(N=1,497)

B (95% Cl)

>2 BMI measurements
(N=1,866)

B (95% Cl)

Intercept
Never smoking non-COPD
(kg/m?)
Never smoking COPD
Former smoking non-COPD
Former smoking COPD
Sustained quitter-non-COPD
Sustained quitter COPD
Intermittent smoker COPD
Continuous smoker non-COPD

Continuous smoker COPD

Trajectory
Never smoking non-COPD
(kg/m?/yr)
Never smoking COPD
Former smoking non-COPD
Former smoking COPD
Sustained quitter-non-COPD
Sustained quitter COPD
Intermittent smoker COPD
Continuous smoker non-COPD

Continuous smoker COPD

29.1(26.9 to 31.3)
(reference group)

-0.168 (-1.37 to 1.04)
1.18 (0.074 to 2.28)
0.365 (-0.467 to 1.20)
-3.18 (-5.84 t0 -0.518)
-2.49 (-3.90 to -1.07)
-1.97 (-3.62 to -0.331)
-2.21 (-4.06 to -0.355)
-2.30 (-3.27 to -1.33)

-0.108 (-0.188 to -0.027)
(reference group)

-0.088 (-0.245 to 0.068)
-0.012 (-0.159 to 0.135)
-0.005 (-0.115 to 0.104)
0.201 (-0.126 to 0.527)
0.206 (0.020 to 0.393)
0.040 (-0.170 to 0.250)
0.124 (-0.128 to 0.375)
-0.179 (-0.306 to -0.052)

29.0 (27.0 to 31.0)
(reference group)

-0.314 (-1.41 to 0.776)
0.827 (-0.132 to 1.79)
0.059 (-0.675 to 0.793)
-2.88 (-5.35 to -0.406)
-2.48 (-3.73 t0 -1.22)
-1.89 (-3.42 to -0.365)
-1.02 (-2.50 to 0.457)
-2.53 (-3.38 to -1.69)

-0.107 (-0.194 to -0.031)
(reference group)

-0.087 (-0.239 to 0.064)
-0.013 (-0.152 to 0.126)
-0.016 (-0.121 to 0.088)
0.174 (-0.143 to 0.490)
0.211 (0.032 to 0.390)
0.044 (-0.160 to 0.248)
0.088 (-0.142 to 0.318)
-0.184 (-0.305 to -0.062)

Adjusted for age, sex, Townsend score, and all comorbidities. The table shows the actual
slope and intercept of BMI over time for the reference group as well as the differences in
slope and intercept between each subgroup and the reference group. Note: Intermittent
smoker non-COPD patients were collapsed into continuous smoking non-COPD patients
because of too few numbers to properly estimate effect size.

76



Mortality

631 patients died during follow-up. Former smokers (HR= 1.95, 95% CI: 1.52 to
2.49 and HR= 1.46, 95% CI: 1.09 to 1.97 for those with and without COPD,
respectively), continuous smokers (HR= 2.38, 95% CI: 1.78 to 3.19, and 2.67, 95%
Cl:1.65 to 4.31 for those with and without COPD) and those with COPD who were
sustained quitters (HR=2.92, 95% CI: 2.01 to 4.23) had significantly higher risks of
mortality compared to non-COPD never smokers after adjustment for potential
confounders (which excluded BMI) (Figure 4.2 and Supplementary Table 4.2).
Intermittent smoking people without COPD had the largest association with
mortality with nearly 5 times the rate of mortality but had a wide confidence interval
(95% CI: 1.74 to 13.0). Time-varying BMI showed a marginally significant inverse
association with mortality (HR= 0.99; 95% CI: 0.97 to 1.00 for each increase in BMI
kg/m?).
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Figure 4.2: Forest plot showing the results of two separate models of the association
between Smoking-COPD status groups and mortality. One model before (top) and one after
(bottom) the inclusion of time-varying BMI in the model. Other covariates in both models are
shown in the table below.
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Supplementary Table 4.2: The association between status group and mortality
before (left column) and after (right column) adjustment for changes in BMI (kg/m*2)
over time in incident and prevalent THIN COPD patients and people without COPD
(N=2704) using multivariable Cox survival analysis.

HR (95% Cl)

HR (95% CI)

Never smoking non-COPD
Never smoking COPD

Former smoking non-COPD
Former smoking COPD
Sustained quitter-non-COPD
Sustained quitter COPD
Intermittent smoker non-COPD
Intermittent smoker COPD
Continuous smoker non-COPD

Continuous smoker COPD

time-varying body mass index - per one kg/m*2
increase

age - per one year increase
male

Townsend score - per one quintile
increase in deprivation

heart failure
coronary heart disease
stroke/TIA
liver disease
diabetes

kidney disease

(reference)
1.39 (1.01 to 1.93)
1.46 (1.09 to 1.96)
1.95 (1.52 to 2.49)
0.57 (0.14 to 2.32)
2.92 (2.01to0 4.23)
4.84 (1.78 to 13.2)
1.35 (0.74 to 2.47)
2.67 (1.65 to 4.31)
2.38(1.78 t0 3.19)

1.07 (1.06 to 1.08)
1.37 (1.16 to 1.61)

1.13 (1.07 to 1.20)

1.53 (1.19 to 1.96)
1.05 (0.88 to 1.26)
1.05 (0.82 to 1.33)
1.50 (0.80 to 2.81)
1.21 (1.01 to 1.45)
0.68 (0.52 to 0.88)

(reference)
1.38 (1.00 to 1.90)
1.48 (1.10 to 1.99)
1.96 (1.54 to 2.51)
0.56 (0.14 to 2.28)
2.82 (1.94 to 4.10)
4.75 (1.74 to 13.0)
1.29 (0.71 to 2.37)
2.62 (1.62 to 4.23)
2.30(1.71 to 3.09)

0.99 (0.97 to 1.00)

1.07 (1.06 to 1.08)
1.36 (1.15 to 1.60)

1.14 (1.08 to 1.20)

1.53 (1.19 to 1.96)
1.06 (0.89 to 1.28)
1.05 (0.82 to 1.34)
1.52 (0.81 to 2.84)
1.26 (1.05 to 1.51)
0.69 (0.53 to 0.90)

Incident COPD patients tended to have a stronger association between COPD-
smoking status and mortality than the main analysis (Supplementary Table 4.3).
However, the effect estimates still remained relatively unchanged before and after
adjusting for BMI which also showed only a marginal inverse association with

mortality (HR =0.99; 95% CI: 0.97 to 1.01).
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Supplementary Table 4.3: The association between status group and mortality
before and after adjustment for changes in BMI (kg/m”2) over time in incident THIN
COPD patients and people without COPD (N=1866) using multivariable Cox survival

analysis.

HR (95% Cl)

HR (95% Cl)

Never smoking non-COPD
Never smoking COPD

Former smoking non-COPD
Former smoking COPD
Sustained quitter-non-COPD
Sustained quitter COPD
Intermittent smoker COPD
Continuous smoker non-COPD*

Continuous smoker COPD

time-varying body mass index - per one
kg/mA2 increase

age - per one year increase
male

Townsend score - per one quintile
increase in deprivation

heart failure
coronary heart disease
stroke/TIA
liver disease
diabetes

kidney disease

(reference)
1.89 (1.17 to 3.07)
1.82 (1.15 to 2.87)
2.27 (1.56 to 3.31)
0.72 (0.10 to 5.30)
3.17 (1.84 to 5.48)
0.97 (0.34 to 2.73)
2.93 (1.49 to 5.79)
2.94 (1.93 to 4.49)

1.07 (1.06 to 1.08)
1.27 (1.00 to 1.60)

1.10 (1.02 to 1.19)

1.42 (0.98 to 2.07)
1.01 (0.78 to 1.32)
0.89 (0.60 to 1.31)
1.61 (0.75 to 3.43)
1.15 (0.89 to 1.50)
0.99 (0.73 to 1.33)

(reference)
1.86 (1.15 t0 3.02)
1.85 (1.17 t0 2.92)
2.29 (1.57 to 3.34)
0.70 (0.10 to 5.11)
3.03 (1.75 to 5.25)
0.92 (0.32 to 2.58)
2.85 (1.44 0 5.63)
2.80 (1.83 to 4.29)

0.98 (0.96 to 1.00)

1.07 (1.05 to 1.08)
1.25 (0.99 to 1.58)

1.10 (1.02 to 1.19)

1.44 (0.99 to 2.10)
1.03 (0.79 to 1.35)
0.88 (0.60 to 1.30)
1.63 (0.77 to 3.49)
1.21 (0.93 to 1.59)
1.00 (0.74 to 1.35)

*Intermittent smoker non-COPD patients were collapsed into continuous smoking non-
COPD patients because of too few numbers to properly estimate effect size. HR for
continuous smoking non-COPD patients before the collapsed group was formed was 3.02

Combined with previous results showing strong positive associations between
status groups with both BMI trajectories and mortality, time-varying BMI showed a
marginally significant inverse association with mortality after adjustment for other
factors. However, adjustment for time-varying BMI had little effect on the
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coefficients for the status groups, suggesting little impact in mediating their effects
on mortality.

DISCUSSION

We found that people with COPD had a slightly lower baseline BMI than non-
COPD controls with the same smoking behaviour. Smoking status was more
influential; former smokers from both groups had the highest BMI, followed by
never smokers, with the lowest baseline BMI measurements observed among
COPD patients who were recently or currently smoking. There were only two
groups that demonstrated a significant difference in trajectory compared with the
reference group, indicating the importance of both smoking and COPD jointly on
BMI. There was a significantly more rapid decline in BMI among COPD patients
who continued to smoke. Conversely, sustained quitters with COPD experienced a
significant increase in BMI over time. Furthermore, although COPD and smoking
independently affected mortality (where smoking seemed to have the strongest
effect), BMI did not appear to act as a mediator.

On average, body weight tended to decrease over time in all people regardless of
COPD status, which is similar to findings in another study of older (mean age about
73 years) men and women, some with obstructive lung disease (213). This is in
contrast to many general population studies which include younger people and
have shown that overall, adults gain approximately 0.3 kg to 1.2 kg/year (225-
231). Weight gain is more pronounced in healthy young adults whereas with
increasing age, the rate of weight gain decreases (232). Age-related decline in
body weight in older adults is often due to decreases in skeletal muscle, fat mass,
lean mass, and bone mineral content (213). Additionally, general practitioners may
be more likely to perform weight measurements if they are worried about a patient
losing weight over time in the presence of disease. Overall, the effects of smoking
and COPD on BMI trajectories shown in the present study may only be relevant in
patients who are older and already experiencing an age-related decline in body
weight.

Our results showed that the greater increase in BMI after quitting in COPD seemed
to be mirrored by the greater rate of decline in BMI among continuous smokers
with COPD. These findings make sense within the context of prior literature. BMI
trajectories were altered mainly in those who were current smokers or recent
quitters which agrees with evidence that nicotine may have a short-term effect on
increasing energy expenditure and a reduction in appetite (105). This effect of
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smoking on body weight reduction may be worsened in COPD because there is
more work associated with breathing when a patient has impaired lung function
and respiratory symptoms (233). In addition, dyspnoea while eating or preparing
meals as well as COPD-related depression and anxiety may alter a patient’s eating
habits and appetite (102,234) and result in weight loss. Also, low-grade systemic
inflammation (235,236) and prolonged physical inactivity (237) may result in a loss
in skeletal muscle mass and contribute to muscle wasting and reduced body weight
(238).

On the other hand, smoking cessation is associated with a short-term increased
dietary intake (105) and the effect may even remain past one year of follow-up
(239). Weight gain after quitting may be due to an increased energy intake and
decreased energy expenditure (105). COPD sustained quitters may have a greater
rate of BMI gain than similar people without COPD because many COPD patients
may rebound after the combined effect of both smoking and COPD decreasing
their weight over time. Smoking cessation may increase BMI in COPD patients
more than people without COPD because cessation can more dramatically improve
respiratory symptoms, inflammation, physical inactivity, and muscle wasting if
these factors are already worse, to begin with. Quitting smoking may not only
improve nutritional health in COPD patients but it also alters the natural history of
COPD (210) which may further improve nutritional status (and health status) for the
reasons mentioned above.

Several studies have investigated the effect of smoking on body composition in
COPD (213-217). However, results are mixed as to whether smoking or COPD
status plays a primary role in body composition changes over time or if these two
factors have a joint effect. A longitudinal analysis of 3,075 Health, Aging and Body
Composition (ABC) cohort participants from the US showed that smoking may
compromise body composition regardless of COPD status attributing this similarity
to a common smoking-related insult earlier in life (213). The trajectories of body
weight over time were similar to patients from THIN, however, our conclusion is
more consistent with a joint effect of smoking and COPD on BMI over time. This
may be due to our ability to distinguish smoking status groups within COPD which
was not possible in the ABC cohort due to a smaller sample (n= 260). Also, the
Health-ABC study included only participants aged 70-79 years old and COPD was
not clinically diagnosed. On the other hand, a study using the ECLIPSE cohort
found that the percentage of patients with an increase (>0.5) or a decrease (< 0.5)
in fat-free mass index and fat-mass index over three years was similar for COPD
patients and smoking and non-smoking controls (214), which suggests that
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smoking and COPD may not have a large role in changes in body composition.
Also, ECLIPSE participants with a continuous decline in fat-free mass had a slight,
non-significantly higher number of pack-years of smoking compared to the
remaining patients (45 versus 43, respectively) (240). However, changes in
smoking status were not examined in ECLIPSE. In 32 smokers (smoking history
>10 pack/years), 32 mild/ moderate COPD (current smokers or former smokers),
and 32 never smokers, smoking and early COPD both jointly reduced body
composition (fat-free mass) in a Brazilian population (215). Finally, in 64 patients
with stable COPD, the decline in fat-free mass was associated with continued
smoking (216), although no people without COPD were included. These studies
were unable to assess smoking behaviour in COPD and people without COPD due
to low sample sizes and often lacked generalisability. Also, some studies were
cross-sectional while the others often had shorter follow-up times with relatively few
longitudinal body composition measurements.

We showed that COPD and smoking both influence mortality. The associations
between certain status groups and mortality were surprising. For instance, patients
who were sustained quitters had a higher rate of mortality than continuous smokers
among COPD patients. However, COPD patients with more severe disease may
have been more likely to quit when compared to those with less severe disease.
Unfortunately, we were not able to adjust for the degree of airflow limitation,
breathlessness, or other measures of COPD severity due to high levels of missing
data. Intermittent smoking people without COPD had a very high rate of mortality
but the wide confidence interval was largely due to very few individuals in this
particular group. Unsurprising was the finding that incident patients had a worse
prognosis given the survival bias found in cohorts containing prevalent cases (224).
There does not seem to be an indirect effect of COPD-smoking status on mortality
that goes through lowering BMI. This conclusion is evidenced by only slightly
altered effect estimates after adjusting for BMI over time, which itself was only
marginally significant in the full model. This indicates that while COPD and smoking
may both reduce BMI, clinicians need to consider these factors separately and,
ideally, in a holistic and personalised manner given that they impact prognosis via
distinct pathways. For instance, pharmacotherapy can improve COPD symptoms,
nutritional support may be given to patients who are malnourished, and smoking
cessation advice can help current smokers to quit. All three of these treatment
pathways may help patients with low BMI to increase their weight over time and
reduce their risk of mortality.
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There are several limitations in this study. The recording of smoking may be less
frequent in the non-COPD cohort given that these patients are less likely to suffer
from QOF conditions (241) that reward GPs for recording smoking status. People
without COPD may quit smoking, and these may not be recorded, biasing BMI
trajectories toward a less rapid decline. Next, we are relying on reported weight
measures, and know that GPs do not routinely weigh patients and are more likely
to weigh in the context of chronic disease or if worried about excess weight gain or
loss. The likelihood that GPs weigh patients may also vary by the type of disease
individuals are diagnosed with. For instance, we found that people without COPD
are more likely to have diabetes than COPD patients. People without COPD may
be more likely to be treated with diabetes as their primary condition where weight is
a bigger concern for General Practitioners and so these patients would receive
more weight measurements. Therefore, these patients would be more likely to be
included in our study. Finally, smoking tends to increase abdominal obesity but not
overall obesity (242). This indicates that smokers have different fat distributions
and/or decreased muscle mass which may be more appropriate measures than
BMI when describing adverse health. Secondly, BMI may not be as clinically
relevant for COPD patients as muscle mass and skeletal muscle mass (i.e., muscle
wasting). Cachexia and muscle wasting is a common and reversible feature in
COPD that contributes to decreased exercise capacity and health-related quality of
life, and increased mortality (243). However, muscle and fat measurements are not
possible in certain healthcare settings. With this in mind, two different definitions of
cachexia were established in a recent paper (103): Consensus cachexia (“weight-
loss > 5% in 12-months or low BMI in addition to 3/5 of decreased muscle strength,
fatigue, anorexia, low FFMI, and inflammation”) and weight loss cachexia (“The
weight-loss definition incorporated weight-loss > 5% or weight-loss > 2% (if low
BMI) in 12-months”). Both had a similarly strong and independent association with
mortality.

In conclusion, among never smokers and former smokers, and in people with and
without COPD, there is a similar rate of decline in weight over time. However,
weight loss due to continuous smoking is accelerated if a person has COPD.
Quitting in those with COPD results in an accelerated weight gain compared to
those without COPD. Finally, weight loss does not mediate the association
between COPD-smoking and mortality.
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ABSTRACT

Introduction: Exacerbations of chronic obstructive pulmonary disease (COPD) are
characterised by increased symptoms such as dyspnoea, cough, and sputum
production and/or purulence, leading to a greater risk of hospitalisation and
mortality. Very few studies have measured long-term trends in the incidence of
exacerbations of chronic obstructive pulmonary disease. We, therefore,
investigated the incidence of moderate-to-severe and severe exacerbations in the
United Kingdom (UK) general population.

Methods: A population-based study including Clinical Practice Research Datalink
(CPRD) patients = 40 years of age with a current diagnosis of COPD within the UK
from 2004 to 2013 was conducted. Individuals with a history of asthma were
excluded from the main analyses. We calculated the incidence rates for moderate-
to-severe and severe exacerbations. Patients contributed time at risk from 1
January up to the date of the first outcome within each year. The incidence rate for
moderate-to-severe and severe COPD exacerbations in each calendar year was
calculated as follows: the sum of moderate-to-severe or severe COPD
exacerbations in that year divided by the total duration of follow-up in the same
calendar year from 2005 through to 2013. We then analysed these rates by gender
and age categories (40-59 years, 60-79 years, and 280 years).

Results: Among 213,561 patients with incident COPD diagnosis, 86,300 patients
were included in the study. From 2005 to 2013, the incidence rate of moderate-to-
severe exacerbations increased from 89 events to 98 events per 1000 person-
years (PYs). Women had higher incidence rates of moderate-to-severe
exacerbation for each calendar year when compared to men (p<0.0001). The
incidence rate of moderate-to-severe exacerbations increased with age from 2005
to 2007. The incidence of severe exacerbations decreased from 2005 to 2007
before increasing from 2008 until the end of follow-up (43 events per 1000 PYs
(95% confidence interval, 42-45/1000PYs) in 2013). Incidence rates of severe
exacerbations were similar by gender and patients aged 80+ years had a higher
incidence rate of severe exacerbation from 2005 to 2008 after which their incidence
rates dropped in subsequent years.

Conclusions: To our knowledge, this is the first study that reports the long-term
changes in the incidence rates of moderate-to-severe and severe exacerbations
within the UK general practice. Women showed a substantially higher incidence
rate of moderate-to-severe COPD exacerbations, and their rate increased across
calendar years. The incidence rates of exacerbations, especially severe
exacerbations, increased during the study period.

The Chapter was published as: Oshagbemi OA*, Keene SJ*, Driessen JHM,

Jordan R, Wouters EFM, de Boer A, et al. Trends in moderate and severe

86



exacerbations among COPD patients in the UK from 2005 to 2013. Respir Med.
2018;144(Nov):1-6.

INTRODUCTION

Exacerbations of chronic obstructive pulmonary disease (COPD) are defined as
acute episodes of increased respiratory symptoms necessitating additional therapy
(244). The most prevalent and impactful symptoms during exacerbations tend to be
increased dyspnoea, cough, sputum production and/or purulence. Exacerbations of
COPD negatively impact lung function (245) health status (246) and muscle
function (247). They are important drivers of hospitalisations (46) and are
associated with high mortality risk (248). There are over a million bed days and
140,000 hospital admissions each year in the United Kingdom (UK) due to COPD
(1.7% of all hospital admissions and bed days) (249) where £253 million British
Pounds (GBP) is spent yearly on COPD management, with more than 50% of the
costs attributed to exacerbations (250). Thus, prevention of exacerbations of
COPD is one of the main goals of pharmacologic treatment of the disease (251).
Understanding trends in acute exacerbations and related hospitalisations can help
redirect healthcare policies and interventions to subgroups most affected by
exacerbations of COPD, allow comparison between countries to aid healthcare
planning, predict future healthcare challenges, and provide a basis for improving
future management, but this has not been adequately described in a UK
population. The role of demographic characteristics in shaping the trends in
exacerbations and related hospitalisations over time is also poorly understood.
Thus, there is a need to understand the constantly changing trends and to
subsequently target health planning and policies towards groups who have a
higher incidence of exacerbations of COPD (252). Therefore, this study aims to
describe the incidence rates of moderate-to-severe and severe COPD
exacerbations by age and gender within the UK primary care setting from 2005-
2013.

METHODS
Data source

This study was conducted with data from the Clinical Practice Research Datalink
(CPRD), formerly known as the General Practice Research Database (GPRD).
CPRD contains computerized medical records of 674 primary care practices in the
UK. Data collection started in January 1987 and over 11 million persons are
currently included, corresponding to 7% of the UK population (253). The
introduction of the Quality and Outcomes Framework (QOF) in April 2004 was
aimed at facilitating quality reporting of various diseases by General Practitioners
(GPs), including COPD and its related outcomes (254). The quality management
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system uses indicators recorded by GPs to monitor effectiveness in COPD
reporting and to reduce the rate of misdiagnosis. Indeed, a high positive predictive
value in identifying patients with COPD based on these Read codes has been
reported (253), and the CPRD has been used in various studies on COPD (255-
257). The independent scientific advisory committee of the Medicines and
Healthcare product Regulatory Agency (MHRA) database research approved this
study. (ISAC protocol No: 18 _046R).

Study population

We selected all patients aged >40 years with a diagnosis of COPD as recorded by
Read codes within the CPRD. The study period began on 1 January 2004,
corresponding to the period since the introduction of the Quality and Outcomes
Framework (QOF), and ended on 31 December 2013. However, we calculated
incidence rates starting from 2005 to allow practices at least one year to record
demographic characteristics and outcomes under the new scheme. For the main
analyses, we excluded all patients with a history of asthma from the study and
COPD diagnosis prior to 2004. Follow-up ended at the earliest of the study end
date (31 December 2013), the patient’s death, or transfer out of the practice. The
primary endpoint was moderate-to-severe exacerbation defined as the first acute
exacerbation of COPD in a given calendar year (i.e. patients with an outcome only
contributed time at risk from 1 January up to the date of the first outcome within
each year), identified using validated Read codes for exacerbations of COPD (258)
from the referral and/or clinical files. The secondary outcome was the first severe
exacerbation in a given calendar year. This was defined using Read codes for
COPD-related hospitalisations/accident and emergency (AE) visit from both clinical
and/or referral files in addition to validated Read codes for COPD exacerbations
from the referral file. Referral files contain referral details recorded by GPs while
the clinical files contain all the medical history data entered by the GP (259).

Statistical analysis

The incidence rates for moderate-to-severe and severe COPD exacerbations in
each calendar year were calculated as the sum of moderate-to-severe or severe
COPD exacerbations in that year divided by the total duration of follow-up in the
same calendar year. We only calculated incidence rates from 2005 through 2013.
The incidence rates were expressed as the number of exacerbations per 1000
person-years (PY). We then analysed these rates by gender and age categories
(40-59 years, 60-79 years, and >80 years). The incidence rates are accompanied
by 95% confidence intervals (Cl). All analyses were carried out using SAS 9.4
(SAS Institute, Cary, NC).

Sensitivity analysis
In the first sensitivity analysis, we no longer counted the first event within a given

calendar year, but we added up all exacerbations that occurred in a calendar year.
To overcome the problem of potentially counting the same event more than once,
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we stipulated a gap of at least 30 days between consecutive events of moderate-
to-severe exacerbations of COPD. This sensitivity analysis was carried out to
depict the overall trend of moderate-to-severe exacerbations of COPD. In the
second sensitivity analysis, we included patients with a history of asthma and
estimated the incidence rates considering only the first exacerbation.

RESULTS

We identified 213,561 patients with COPD diagnosis within the CPRD of whom
86,300 met the inclusion criteria. The mean age of patients in our study was 68
years and 45.5% (n=39,241) were women (Table 5.1). Approximately 18% of
patients were taking LAMAs and less than 9% were on LABAs.

Table 5.1. Baseline characteristics of COPD patients

n=86,300 %
Females 39,241 455
Mean age (years, SD) 68.1 11.3
Age category (years)
40-59 19,475 22.6
60-79 51,982 60.2
80+ 14,843 17.2
BMI (kg/m?) in the past 6 months
Underweight (BMI < 18.5 kg/m?) 4,784 5.5
Normal weight (BMI 18.5-24.9 kg/ m?) 29,808 34.5
Overweight (BMI 25.0-29.9kg/ m?) 26,529 30.7
Obese (BMI = 30,0 kg/ m?) 20,938 24.4
Missing 4,241 4.9
Smoking status at index date
Never 9,005 10.4
Current 38,207 443
Former 38,662 44.8
Missing 426 0.5
Drug use (in the past 6 months)
SABAs 48,624 56.3
LABAs 7,542 8.7
SAMAs 7,576 8.8
LAMAs 15,102 17.5
Xanthine derivatives 770 0.3
Antidepressants 17,063 19.8
History of co-morbidities
Diabetes Mellitus 9,619 1.1
Anxiety 12,267 14.2
Osteoporosis 15,063 5.9
Malignancies excluding non-melanoma skin cancer 12,357 14.3
Chronic liver disease 292 0.3
Ischaemic heart disease 12,493 14.5

Abbreviations: SD, standard deviation; COPD, chronic obstructive pulmonary disease;
BMI, body mass index; SABAs, short-acting beta-2 agonists; LABAs, long-acting beta-2
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agonists; SAMAs, short-acting muscarinic antagonists; LAMAs, long-acting muscarinic
antagonists; ICS, inhaled corticosteroids.

Trends in moderate-to-severe COPD exacerbations

Table 5.2 shows the overall incidence rates of moderate-to-severe COPD
exacerbations. We observed 30,996 COPD exacerbations during the study period.
From 2005 to 2007, the incidence rate of the exacerbations remained stable at
around 88 events per 1000PYs. Arise in the incidence rate of exacerbations was
noted from 2008 to 2012 (112 events per 1000PYs (95%CI, 109-114/1000PYs)).
However, we observed a decrease in the incidence of exacerbations to 98 events
per 1000 PYs in 2013.

Table 5.2. Incidence rates@ of moderate-to-severe COPD exacerbations from 2005-2013P

No. of moderate-to-severe IR /1000 PY (95%

Year exacerbations PY at risk cl)
n=30,996

2005 1,110 12514.4 89 (84-95)
2006 1,678 18981.8 88 (84-93)
2007 2,194 24905.1 88 (85-92)
2008 2,838 30441.4 93 (90-97)
2009 3,356 35161.5 95 (92-99)
2010 4,315 40319.5 107 (104-110)
2011 4,839 447775 108 (105-111)
2012 5,500 49260.1 112 (109-114)
2013 5,166 52893.7 98 (95-100)

2 0Only one event per calendar year was counted.

Abbreviations: AECOPD, acute exacerbation chronic obstructive pulmonary disease; IR,
incidence rate; HR, hazard ratio; AE, accident, and emergency; PY, person-years; Cl,
confidence interval.

busing validated read codes for AECOPD from clinical and/or referral files.

Gender-specific incidence rates are shown in Figure 5.1 (top). In both men and
women, incidence rates for moderate-to-severe exacerbations followed a
somewhat similar pattern of year-to-year change. Women had greater incidence
rates of exacerbations in each calendar year compared to men (p<0.0001). The
incidence rates for both men and women increased from 84 events to 95 events in
2005 to 90 events and 107 events per 1000 PYs in 2013, respectively.
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Figure 5.2 (top) shows the incidence rates of moderate-to-severe exacerbations by
age. There was an increasing incidence rate of moderate-to-severe exacerbations
with increasing age group from 2005 to 2007 which disappeared from 2009 to
2013. We observed a decrease in year-to-year incidence rates of moderate-to-
severe exacerbations for 80+ year-old patients. In contrast, exacerbation rates
increased across the study period for patients in the 40-59 and the 60-79 year age
groups.

Trends in severe COPD exacerbations

Between 2005 and 2013 we found 8032 severe COPD exacerbations. From 2005
to 2007 there was a decline in the incidence of severe COPD exacerbations from
18 events to 11 events per 1000 PYs (Table 5.3). However, there was a steady
increase from 2008 until the end of the study period. In 2013, the incidence rate
was 43 events per 1000 PYs.

Table 5.3. Incidence rates of severe COPD exacerbations from 2005-2013

No. of severe

Year exacerbations @ PY at risk IR /1000 PY (95% CI)
n=8032
2005 229 12896.0 18 (16-20)
2006 248 19646.9 13 (11-14)
2007 277 257921 11 (10-12)
2008 455 31421.6 14 (13-16)
2009 556 36382.1 15 (14-17)
2010 821 41713.3 20 (18-21)
2011 1,224 46192.4 26 (25-28)
2012 1,902 50388.8 38 (36-39)
2013 2,320 53691.0 43 (42-45)

a0nly one event per calendar year was counted.

Abbreviations: AECOPD, acute exacerbation chronic obstructive pulmonary disease; IR,
incidence rate; HR, hazard ratio; AE, accident, and emergency; PY, person-years; Cl,
confidence interval.

busing read codes for hospitalisation/AE visits for COPD from clinical and/or referral files in
addition to validated read codes for AECOPD from referral file.

Figure 5.1 (bottom) shows the incidence rates of severe exacerbations by gender.
Similar to the overall trend, both men and women showed a flattened ‘U’ shaped
decrease in severe exacerbation incidence rates before an increase from 2008 to
their peak rates in 2013. Women and men had similar incidence rates in each
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calendar year of the study. Figure 5.2 (bottom) shows the incidence rates of severe
COPD exacerbations by age. For each age group, the incidence rates for severe
exacerbations decreased from 2005 to 2007 before increasing from 2008 to 2013.
We noted an increasing incidence rate of severe exacerbations by age from 2005
to 2008. However, in 2012 and 2013 patients aged 60-79 years had a higher
incidence rate compared to other age groups. For all age groups, the rates in 2009
were similar.

92



Figure 5.1. Incidence rates of (top) moderate-to-severe? exacerbations or (bottom)

severe® COPD exacerbations by gender.
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Abbreviations: AECOPD, acute exacerbation chronic obstructive pulmonary disease; AE,
accident, and emergency; PY, person-years.

ausing validated read codes for AECOPD from clinical and/or referral files.

busing read codes for hospitalisation/AE visits for COPD from clinical and/or referral files

in addition to validated read codes for AECOPD from referral file.
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Figure 5.2. Incidence rates of (top) moderate-to-severe? exacerbations or (bottom)

severe® COPD exacerbations by age.
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Abbreviations: AECOPD, acute exacerbation chronic obstructive pulmonary disease;
AE, accident, and emergency; PY, person-years.

ausing validated read codes for AECOPD from clinical and/or referral files.

busing read codes for hospitalisation/AE visits for COPD from clinical and/or referral

files in addition to validated read codes for AECOPD from referral file.

Sensitivity analysis of trends of moderate-to-severe exacerbations of COPD.
For the first sensitivity analysis, we considered multiple events in a given calendar
year (see Table 5.4). A total of 44,183 exacerbations of COPD were observed
during the study period. The trends were similar to when we evaluated only one
event in each calendar year. The incidence rates were similar from 2005 to 2009
before increasing to >130 events per 1000 PYs from 2010 before returning to 113
events per 1000 PYs in 2013.

Table 5.4 Incidence rates? of moderate-to-severe COPD exacerbations from
2005-2013P

No. of moderate-

to-severe IR /1000 PY (95%

Year exacerbations PY atrisk Cl)
n=44,183

2005 1,471 13350.9 110 (105-116)
2006 2,260 20607.8 109 (105-114)
2007 3,034 27540.5 110 (107-114)
2008 3,934 34209.7 114 (112-118)
2009 4,760 40181.9 118 (115-122)
2010 6,247 46885.5 133 (130-136)
2011 7,137 52995.1 134 (132-138)
2012 8,090 59217.2 137 (134-139)
2013 7,250 64304.4 113 (110-115)

aWe counted all events occurring 30 days between consecutive events within a calendar
year.

Abbreviations: AECOPD, acute exacerbation chronic obstructive pulmonary disease; IR,
incidence rate; HR, hazard ratio; AE, accident and emergency; PY, person-years; Cl,
confidence interval.

busing validated read codes for AECOPD from clinical and/or referral files.
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In the second sensitivity analysis we included patients with a history of asthma. A
total of 53,514 COPD exacerbations were observed during the study period (Table
5.5). The year-on-year incidence rates changed less dramatically over time and
were higher when compared to the main analysis but the overall trend was similar
(Table 5.2).

Table 5.5 Incidence rates® of moderate-to-severe COPD exacerbations from 2005-2013
among COPD patients with history of asthma®

No. of moderate-to-

severe . IR /1000 PY (95%
Year exacerbations PY atrisk Cl) (
n=53,514

2005 2,098 19984.5 105 (101-109)
2006 3,100 30311.7 102 (99-106)
2007 4,082 39632.7 103 (100-106)
2008 5,106 48203.1 106 (103-109)
2009 5,858 55284.1 106 (103-109)
2010 7,390 63121.3 117 (115-120)
2011 8,273 69617.8 119 (116-121)
2012 9,204 76043.7 121 (119-123)
2013 8,403 81196.9 103 (101-106)

a0nly one event per calendar year was counted.

Abbreviations: AECOPD, acute exacerbation chronic obstructive pulmonary disease; IR,
incidence rate; HR, hazard ratio; AE, accident, and emergency; PY, person-years; Cl,
confidence interval.

busing validated read codes for AECOPD from clinical and/or referral files.

DISCUSSION
Summary of main findings

Using the world’s largest primary care database, this study showed an increase in
the incidence rates from 2005 to 2013 for moderate-to-severe exacerbations and,
especially, severe exacerbations of COPD. Female patients had higher incidence
rates of moderate-to-severe exacerbations compared to male patients throughout
the study period, but they had similar incidence rates of severe COPD
exacerbations.

Comparison with existing literature and interpretation
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To the best of our knowledge there has been no previous large-scale population-
based studies on the trends of moderate-to-severe exacerbations of COPD in the
UK. Previous studies have focused mainly on the prevalence rates of COPD (260—
262). Using the Health Improvement Network database, Snell et al (249), reported
a 27% increase in the prevalence of COPD in the UK from 2004 to 2012. The
increase in the prevalence of COPD is concurrent with the increase in the
incidence of moderate-to-severe and severe exacerbations of COPD in our study.
A study conducted among 423 COPD patients within the Dutch general practice
from 1980 to 2006 reported a reduction in overall annual exacerbation rates,
independent of age and sex (252). A decline in COPD exacerbation rates might be
related to changes in treatment guidelines for COPD and increased emphasis on
vaccination during the study period (252). In our study, we also found that the
incidence rates of acute exacerbations increased with increasing age in certain
years. This might be due to disease progression and the severity of the disease
state. In other years, the oldest age group did not have the highest rates of
exacerbations. However, investigators have previously reported a relationship
between age and underreporting of acute exacerbations (263), which means that
the incidence rates might be underestimated among older patients and the degree
of underreporting may vary by calendar year in our study. Still, we examined that
severe exacerbation rates are lowest in the oldest age group and highest in the
middle age group and this is more difficult to explain.

Fuhrman et al (264), examined the temporal trends in acute exacerbations related
to hospitalisations from 1998 to 2007 in France and found that admission rates
increased significantly, especially among females. Although, our study also
reported an increase in severe exacerbations there were only slight differences by
gender for all years. Another study conducted in Brazil found no changes in
hospitalisation rates from 1998 to 2009 (265). The Hospital Episode Statistics
published by the UK Department of Health from 1998 to 2003 showed an increase
in the number of admissions for COPD of 13%, with most admissions for
emergency reasons (266). It has been reported that 30% of patients hospitalised
for exacerbations will be seen again and possibly admitted with another
exacerbation within 8 weeks (266). Contrary to our findings, a study in Canada
investigating the incidence of COPD which defined COPD diagnosis based on AE
visit and hospitalisation reported a reduction in the incidence of COPD from 1996
to 2007 (260). Similarly, Kinnula et al,(267) reported a decrease in the rates of
hospitalisations associated with COPD in Finland from 1998 to 2007.

The low incidence rates of severe exacerbations in our study might be related to
the fact that most COPD patients die from various fatal comorbidities - associated
with COPD severity - before hospitalisation for acute COPD exacerbations (268).
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Another explanation is that many patients have problems in identifying symptom
aggravation and fail to report exacerbations to health experts (269,270), resulting
in spontaneous hospitalisations and AE visits. Additionally, GPs often record COPD
hospitalisation using less specific Read codes (271).

A dissociation has been reported between adherence to guidelines and actual
management of COPD patients (272). A study conducted among 24,957 COPD
patients in the UK showed that patients were not managed following GOLD and
National Institute for Health and Care Excellence recommendations, with a
substantial proportion of patients not receiving appropriate medications (273).
Despite current developments with LAMA/LABA and ICS in the treatment of COPD
patients, we found no objective reduction in exacerbations in our study. Low
adherence to therapy (274), and improper inhaler technique among COPD patients
(251) may have contributed to the observed trends. It is also important to note that
the use of long-acting agents was low in our study cohort.

Strengths and limitations

A major strength of this study was the inclusion of patients from one of the world’s
largest primary care databases, thus providing a very large sample size. Using
CPRD ensured that our results were generalizable to the UK population, especially
since management of patients with COPD in the UK is performed mainly within the
primary care setting (147). Second, we were able to assess the incidence rates
over a long period. Third, we considered periods since the introduction of the QOF
ensuring greater quality of data recording. Fourth, we used validated Read codes
for acute exacerbations of COPD. Lastly, a validation study of COPD patients in the
CPRD concluded that patients with COPD could be identified easily using specific
Read codes (253).

Despite the numerous strengths, this study had some limitations. While the method
of diagnosis of COPD has not changed since 2005, GPs ability to identify
exacerbations of COPD might have changed over time (275), which may have
affected our findings. The use of the Read codes for acute exacerbation may have
underestimated the true incidence rates of COPD exacerbations. However, the
Read codes used in this study have been reported to have a high positive
predictive value (PPV) of 96% in identifying patients with COPD exacerbation in the
CPRD (258), and we explored both clinical and referral files to ensure all
exacerbations were identified. Nevertheless, we may have missed a considerable
number of exacerbations that may have been miscoded (e.g. as respiratory tract
infections or pneumonia). Similarly, the incidence rate for severe exacerbations is
likely to be an underestimate of the true incidence in the UK. The PPV and
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sensitivity for identifying hospitalisations for COPD within the CPRD using only GP-
reported Read codes are quite low (50.2% and 5.4%, respectively) (271). Although
we excluded asthma patients from the main analyses, it was impossible to rule out
the inclusion of patients with reversible airflow limitation in this study (276).
Merinopoulou et al (275), reported that the rates of COPD-related hospitalisations
from 2011 to 2013 were higher in patients with more severe disease, with the most
severe patients (i.e. GOLD D) having 3 times the number of exacerbations
compared to the least severe groups (i.e. GOLD A). The lack of information on the
disease stage in our study made it impossible to corroborate their finding.

Implication for future research and clinical practice

The higher incidence rates of moderate-to-severe exacerbations among women
and the increasing rates of severe exacerbations suggests that efforts should be
placed on adherence to treatment guidelines and other interventions. ECLIPSE
investigators suggest that patients with two or more exacerbations in a year
represent a distinct “frequent exacerbators” phenotype, and have an increased risk
of future exacerbations (277). Fundamentally, GPs need to identify these patients
by carefully exploring the patients’ history and targeting interventions based on
recommendations from clinical guidelines. Also, a greater emphasis should be
made on treatment adherence, as “frequent exacerbators” and patients with a
history of hospitalisation have been reported to be less likely to adhere to therapy
(274). Our results have the potential to help redirect health policies, planning, and
interventions to target subgroups more effectively, and may provide a basis for
improving overall COPD management in the future. Additional resources may need
to be allocated toward better planning and treatment of severe exacerbations in the
hospital if the rates of these events are truly increasing but further insight is needed
into these findings.

Conclusion

To our knowledge, this is the first study that reports the long-term changes in the
incidence rates of exacerbations as recorded by UK general practitioners. The
incidence rates of exacerbations increased during the study period. This was
especially the case for severe exacerbations. Women showed a substantially
higher incidence of moderate-to-severe COPD exacerbations.
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ABSTRACT

Rationale: The Birmingham Lung Improvement Studies (BLISS) and Bertens’
models have sufficient methodological rigour, performance, and practicality to be
used in practice for the prediction of exacerbations, but both were only developed
(and validated) in primary care.

Objectives: To test and compare the performance of the BLISS and Bertens’
scores in patients with more severe COPD.

Methods: 1,817 Evaluation of COPD Longitudinally to Identify Predictive Surrogate
Endpoints COPD cohort patients (age= 63 years (SD:7); 65% male;
FEV1%predicted= 49(SD:16)) were used to validate and compare both models for
predicting moderate-to-severe and severe exacerbations within 2-years. Secondary
endpoints were 1- and 3-year time horizons. Area-under-the-curve (AUC),
calibration slope, and calibration-in-the-large (CITL) determined discrimination,
whether under- or overprediction was maintained across all patients, and the
average under- or overprediction, respectively.

Measurements and Main Results: For predicting severe exacerbations, the
BLISS score showed better discrimination than Bertens' at 1- (AUC 0.76 versus
0.70), 2- (0.73 versus 0.68), and 3-years (0.73 versus 0.69), with more accurate
calibration slopes and less pronounced over-prediction at 1- and 2-year time
horizons. The BLISS score also had better discrimination for predicting moderate-
to-severe exacerbations at 1- (AUC 0.72 versus 0.70), 2- (0.73 versus 0.70), and 3-
years (0.74 versus 0.71), and better calibration slopes at 1- and 2-years. Both
models suffered from under-prediction at 1- and 3-years, however, the BLISS score
had greater under-prediction at all time horizons.

Conclusions: The BLISS score more accurately predicted severe exacerbations
but neither model should be used to predict moderate-to-severe exacerbations
without first updating their intercepts. Future work should test if the BLISS score
can effectively guide patient management.
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INTRODUCTION

Much of the personal and societal burden caused by chronic obstructive pulmonary
disease (COPD) is due to exacerbations (22), defined as an acute worsening of
symptoms requiring additional respiratory medication (278). Exacerbations
requiring hospitalisation are associated with substantial healthcare costs (46), high
readmission rates (279), and mortality risk (280). Thus, the prevention of severe
exacerbations is a central goal in the care of COPD patients (278). Before
treatment decisions are made, however, potential adverse effects and costs of
pharmacotherapy should be weighed against the predicted risk of exacerbations
and hospitalisations in individual patients (138).

The Birmingham Lung Improvement Studies (BLISS) model was recently
developed to predict respiratory hospitalisations among primary care COPD
patients in the United Kingdom (281). Unlike many previously developed models
predicting exacerbations, the BLISS score was developed using best practice
methodology, is accurate (AUC= 0.75), and contains predictors that are easily
accessible across a wide range of settings (148). A recent systematic review (139)
showed that the only other prediction model for exacerbations that was developed
with a low risk of bias was Bertens' model, which was also developed (and
externally validated) in primary care (149). However, neither the BLISS nor
Bertens' models have been tested in patients with more severe COPD, where
exacerbations and hospitalisations are more likely to occur (26). These models
may have a different accuracy in this patient population (138). Accurate models
across the COPD population are needed to appropriately guide clinical decision-
making.

In this external validation study, we aimed to test and compare the accuracy of the
BLISS and Bertens' models in predicting exacerbations in the Evaluation of COPD
Longitudinally to Identify Predictive Surrogate End-points (ECLIPSE) COPD
population (282).

METHODS

Study design

This external validation study was written following the Transparent Reporting of a
multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD)
statement (161).

Patients

The methodology of the ECLIPSE study has been summarized elsewhere (282).
Briefly, 2,138 patients aged 40-75 years previously diagnosed with moderate to

severe COPD were recruited from December 2005 until February 2010 (283).
Patients with a post-bronchodilator forced expiratory volume in the 15t second
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(FEV1) of <80% (GOLD Il to IV) of the predicted value, baseline post-bronchodilator
FEV./forced vital capacity (FVC) of 0.7, and smoking history of 210 pack-years
were recruited from 46 secondary and tertiary care centres in 12 countries in North
America and Europe. COPD patients were excluded from this analysis if they were
missing one or more predictor variables from either model, exacerbation outcome
data were missing, or (in the main analysis) a patient’s observation time was
shorter than the time horizon (1-, 2-, or 3-years) being evaluated (i.e., lost to follow-
up at the selected time horizons).

Predictors

The BLISS score was developed using the Birmingham COPD cohort, which
consists of 1,558 prevalent, and 331 case-found COPD patients aged 40 years of
age or older from 71 primary care practices in the West Midlands, United Kingdom
(162). The following predictors were included after backward selection: age, COPD
assessment test (CAT) score (284), one or more respiratory admissions in the
previous 12 months, body mass index (BMI), diabetes, and FEV1% predicted
(281). Since the CAT score (284) was not collected in ECLIPSE, the Saint
George’s Respiratory Questionnaire for COPD (SGRQ-C) (285) was converted to
CAT using the regression equation developed by Jones and colleagues (286). In
addition, respiratory admission in the previous 12 months was replaced with any
exacerbation in the previous 12 months. Bertens' model was developed in 240
COPD patients aged 65 years or older and selected from 51 general practices in
the Netherlands from 2001 to 2003. It includes the following predictors: one or
more previous exacerbations in 12 months, FEV1% predicted, smoking pack-years,
and history of vascular disease (149). Vascular disease was defined as stroke,
minor stroke, or peripheral arterial disease (PAD). However, as PAD is not
available in the ECLIPSE dataset, we defined vascular disease as a history of any
cardiovascular disease (excluding high blood pressure) or stroke.

Outcome

In the ECLIPSE cohort, exacerbation assessments were undertaken at each
participant visit using case report forms supplemented by monthly phone calls.
Moderate exacerbations were defined as the decision by primary clinicians or study
personnel to prescribe antibiotics or systemic corticosteroids (26). Severe
exacerbations were defined as exacerbation events that resulted in hospital
admission (26). The two main outcomes for this validation study were 1) 21 severe
exacerbation within 2-years and 2) 21 moderate-to-severe exacerbation within 2-
years. Secondary endpoints were these outcomes at 1-year and 3-year time
horizons.

For the development of Bertens' model, the outcome was consistent with the
definition for a moderate-severe exacerbation (“symptomatic deterioration requiring
pulsed oral steroid use or hospitalisation”) and was assessed within 2-years of
baseline (149). The outcome for the BLISS score development study was acute
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hospitalisation from all respiratory causes, also within 2 years (281), which is more
consistent with the definition of severe exacerbations.

Analysis

Simple descriptive statistics were used to compare the characteristics of COPD
patients with and without an exacerbation within two years of observation time. In
the main comparative analysis, the regression coefficients of the predictors and
intercepts from the formulas published in BLISS and Bertens' model development
studies were used to obtain predictions in ECLIPSE patients. To assess
discrimination, area-under-the-curve (AUC) was estimated with a 95% confidence
interval (95% CIl) (168). Calibration was assessed by comparing the predicted
probability to the observed probability of an exacerbation. An estimate of the
calibration-in-the-large (CITL) indicated whether the predictions were
systematically too high or too low while an estimate of the calibration slope
measured whether the level of under-or-over prediction was maintained across the
range of patients (287).

Sensitivity analyses

In the first sensitivity analysis (SA1), we included patients with less observation
time than the specified time horizon (1-, 2-, or 3- years) only if they had an
exacerbation event within that particular time horizon. In the second sensitivity
analysis (SA2), all patients were included regardless of observation time. A final
sensitivity analysis showed the accuracy of Bertens’ model among only patients
with complete data for both models.

RESULTS

Of 2,138 COPD patients from the ECLIPSE cohort, 321 had less than 2-years of
observation time or were missing 2-year exacerbation data for other reasons
(Figure 6.1). Six patients had at least one predictor missing from Bertens' model
while 68 had at least one predictor missing from the BLISS score. 1,811 and 1,749
patients remained in the main 2-year analysis for the Bertens' and BLISS scores,
respectively. For both models, fewer than 5% of patients were excluded due to
missing predictors so multiple imputation was not used.
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Figure 6.1: Flow of ECLIPSE COPD patients into the study.

Baseline characteristics

Table 6.1 shows the baseline characteristics of patients from the ECLIPSE cohort
according to whether a moderate or severe exacerbation had occurred within 2-
years of observation time. 434 (24%) had at least one severe exacerbation (some
with and some without moderate exacerbations in the same period), and 828 (46%)
had at least one moderate exacerbation (excluding those who had severe
exacerbations). Participants with severe exacerbations were slightly older than
those without. There were more current smokers among patients without
exacerbations (39%) than those with exacerbations (34%). Patients with severe or
moderate exacerbations were more likely to report depression at baseline (33%
and 26%, respectively) than those without an exacerbation (17%). They also had
lower FEV1% predicted (42%, 50%, and 55%, respectively) and were more likely to
have at least one exacerbation in the year prior to baseline assessment (66%,
52%, and 23%, respectively). Patients with severe exacerbations had worse
mMRC scores and health-related quality of life (CAT score 22 (SD: 6) and SGRQ-C
56 (SD: 17)) than those with only moderate (CAT score 18 (SD: 6) and SGRQ-C 47
(SD: 17)) and no exacerbations (CAT score 16 (SD: 7) and SGRQ-C 41 (SD: 18)).
It should be noted that ECLIPSE patients were younger than Bertens development
cohort and were more likely to be current smokers, have previous exacerbations,
and more severe FEV1% predicted than patients from both development cohorts
(149,281).
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Table 6.1: Baseline characteristics of ECLIPSE COPD patients by exacerbation status
within 2-years of observation time.

no =1 moderate 21 severe
Characteristic exacerbations exacerbations exacerbations
(N = 555) (N =828) (N =434)
Age (y) — mean (SD) 62.9 (7.5) 63.1(6.9) 64.0 (6.8)
No. males (%) 408 (74) 489 (59) 282 (65)
<High schogl/o(;ducation, n 202 (37) 266 (33) 185 (44)
Current smoker n (%) 216 (39) 284 (34) 146 (34)
Heart failure n (%) 42 (8) 35 (4) 40 (9)
Diabetes n (%) 67 (12) 73 (9) 34 (8)
Cardiovascular disease n (%) 323 (58) 438 (53) 235 (54)
Depression® n (%) 91 (17) 210 (26) 140 (33)
BMI (kg/m”2) — mean (SD) 271 (5.7) 26.6 (5.5) 25.8 (5.5)
Provious 12 monthen (%) 125 434 (52) 287 (66)
FE_\/rLZ’a%“(agiS;ed 54.6 (15.3) 49.6 (14.9) 41.5 (14.4)
mMRC score
0 105 (20) 101 (13) 28 (7)
1 228 (42) 308 (38) 91 (22)
2 139 (26) 258 (32) 164 (39)
3 57 (11) 113 (14) 83 (20)
4 10 (2) 27 (3) 52 (12)
SGRQ-C — mean (SD) 40.6 (18.4) 46.6 (17.0) 56.2 (16.6)
CAT* - mean (SD) 16.2 (6.6) 18.3 (6.1) 21.8 (6.0)
BODE score — mean (SD) 2.3(1.9) 2.9(1.9) 4.2(2.1)

Characteristics are expressed as n (%) unless otherwise specified. Patients in the moderate
exacerbation group have not had a severe exacerbation but those in the severe
exacerbation group may have had at least one moderate exacerbation. * assessed using
CES-D (288), a self-administered questionnaire that measures the presence of depression
in the previous week. BMI, body mass index; mMRC, modified Medical Research Council;
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SGRQ-C, Saint George’s Respiratory Questionnaire for COPD; CAT, COPD Assessment
Test; FEV, Forced Expiratory Volume in the first second; BODE (BMI, Obstruction,
Dyspnoea, and Exercise Capacity).

Predicting severe exacerbations

Table 6.2 shows the accuracy of the BLISS and Bertens models in predicting
severe exacerbations. The AUC (discrimination) for the BLISS score performed
best in terms of discrimination at 1-year (AUC 0.76) with an AUC of 0.73 at 2- and
3-year time horizons. Calibration slopes were 1.08 at 1-year and 0.92 at 2- and 3-
year time horizons. The CITL was most accurate at 2-years (CITL =-0.15).
Bertens' model produced AUCs slightly under 0.70 for all time horizons, with poorer
calibration slopes than the BLISS score. Overprediction was evident at 1-year (-
1.7) but was better at 2- (-1.0) and 3-year (-0.31) time horizons.

Table 6.2: Accuracy of BLISS and Bertens model for predicting severe
exacerbations in ECLIPSE cohort COPD patients.

BLISS score
Main analysis

Bertens’ model
Main analysis

1-year exacerbation

N 1894 1959
AUC 0.763 0.698

(95% Cl) (0.734 to 0.792) (0.667 to 0.729)
Calibration 1.08 0.779

slope (95% Cl) (0.914 to 1.24) (0.627 to 0.931)
CITL (95% Cl) (-)0.751 (-)1.65

2-year exacerbation

(-0.923 to -0.580)

(-1.78 to -1.52)

N 1749 1811
AUC 0.733 0.679
(95% Cl) (0.706 to 0.760) (0.651 to 0.707)
Calibration 0.921 0.683
slope (95% Cl) (0.788 to 1.05) (0.556 to 0.810)
CITL (95% ClI) (-)0.151 (-)1.00

3-year exacerbation

(-0.318 t0 0.017)

(-1.12 to -0.892)

N 547 571
AUC 0.733 0.686
(95% ClI) (0.691 to 0.776) (0.641 to 0.730)
Calibration 0.926 0.722

slope (95% CI)

(0.714 to 1.14)

(0.518 to 0.925)
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CITL (95% Cl) 0.573 (-)0.309
(0.276 to 0.869) (-0.492 to -0.125)

Abbreviations: AUC, area-under-the-curve (i.e., discrimination); CITL, calibration-in-the-
large; Cl, confidence interval

The calibration plots for predicting severe exacerbations show over-prediction for
the Bertens’ score, especially at higher predicted risks, that improves with
increasing time horizons (Figure 6.2). On the other hand, the BLISS score shows
slight over-prediction at the 1-year time horizon, slight under-prediction at 3-years,
and accurate prediction at 2-years.
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Figure 6.2 Calibration plots for predicting severe exacerbations

Sensitivity results were generally similar to the main analysis (Supplementary Table
6.1), although the BLISS and Bertens’ models tended to have better calibration
slopes and CITLs at 2-years. Compared to the main analysis, both models had
more pronounced underprediction (SA1) and worse calibration slopes (SA2) at 3-
years.

110



Supplementary Table 6.1: Sensitivity analyses showing the accuracy of BLISS and
Bertens models for predicting severe exacerbations in ECLIPSE cohort COPD

patients.
BLISS model BLISS model Bertens’ model Bertens’ model
SA1 SA2 SA1 SA2
1-year exacerbation
N 1926 2057 1994 2131
AUC 0.765 0.759
0.705 0.701
Calibration 1.09 1.05 0.811 0.797
slope (95% CI) (0.934 to 1.25) (0.897 to 1.20) (0.665 to 0.957) (0.652 to 0.942)
CITL (95% CI) (-)0.633 (-)0.760 (-)1.54 (-)1.63

(-0.799 to -0.468)  (-0.922 to -0.599)

2-year exacerbation

(-1.67 to -1.42)

(-1.75 to -1.50)

N 1831 1920 1898 1988
AUC 0.743 0.738 0.689 0.686
(95% Cl) (0.718t00.768)  (0.713t00.763)  (0.664 t0 0.715)  (0.661 to 0.712)
Calibration 0.969 0.944 0.726 0.716
slope (95% Cl) (0.843t01.10)  (0.820t0 1.07)  (0.607 to 0.846)  (0.597 to 0.834)
CITL (95% Cl) 0.061 (-)0.039 (-)0.824 (-)0.892

(-0.098 to0 0.220)  (-0.195 to 0.116)

3-year exacerbation

(-0.930 to -0.718)

(-0.997 to -0.788)

N 989 1815 1027 1882
AUC 0.737 0.728 0.695 0.678
(95% Cl) (0.705t0 0.769)  (0.704 t0 0.752)  (0.661t00.728)  (0.653 to 0.703)
Calibration 0.936 0.892 0.734 0.670
slope (95% Cl) (0.77910 1.09)  (0.777t01.01)  (0.582100.886)  (0.559 to 0.780)
CITL (95% Cl) 1.73 0.432 0.832 (-)0.422
(1.48101.97)  (0.27310 0.591)  (0.686 t0 0.978)  (-0.522 to -0.321)

SA1 (sensitivity analysis 1): Patients were included with less observation time than a time horizon (1-,
2-, or 3- years) as long as they had an exacerbation event within that particular time horizon. SA2
(sensitivity analysis 2): All patients were included in each analysis regardless of observation time. The
median and interquartile range of the observation time was 1083 (1067 to 1095) for all prediction model
and outcome combinations. AUC, area-under-the-curve (i.e., discrimination); CITL, calibration-in-the-
large; Cl, confidence interval

Predicting moderate-to-severe exacerbations

Table 6.3 shows the accuracy of BLISS and Bertens' models in predicting
moderate-to-severe exacerbations. For the BLISS score, discrimination at 2-years
exacerbation was 0.73 and remained similar at 1- (AUC= 0.72) and 3-year (AUC =
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0.74) time horizons. The calibration slope improved but underprediction worsened
with increasing time horizons from 1- (slope= 0.87; CITL= 1.4) to 2- (slope= 0.93;
CITL= 2.2) to 3-years (slope= 0.97; CITL= 2.9), respectively. For Bertens' model,
discrimination at 2-years was lower at 0.70 but remained stable at 1- (AUC= 0.70)
and 3-year (AUC= 0.71) time horizons. Calibration slopes were more inaccurate
than the BLISS score for 1- (slope= 0.81) and 2-years (slope= 0.84) but had a
similar slope at the 3-year time horizon. Underprediction also worsened with
increasing time horizons from CITL= 0.54 at 1-year exacerbation to CITL= 2.0 at 3-
year exacerbation but was less pronounced than with the BLISS score.

Table 6.3: Accuracy of BLISS and Bertens models for predicting moderate-to-severe
exacerbations in ECLIPSE cohort COPD patients.

BLISS scores
Main analysis

Bertens’ models
Main analysis

1-year exacerbation

CITL (95% Cl)

3-year exacerbation

(1.95 to 2.42)

N 1894 1959

AUC 0.722 0.698
(95% ClI) (0.699 to 0.745) (0.675 to 0.721)

Calibration 0.874 0.813
slope (95% ClI) (0.765 to 0.983) (0.705 to 0.922)

CITL (95% ClI) 1.37 0.539
(1.19 to 1.55) (0.432 to 0.645)

2-year exacerbation

N 1749 1811

AUC 0.732 0.699
(95% Cl) (0.706 to 0.757) (0.673 to 0.725)

Calibration 0.927 0.843
slope (95% CI) (0.801 to 1.05) (0.716 to 0.969)

2.18 1.25

(1.12 to 1.38)

N 547 571
AUC 0.740 0.711
(95% CI) (0.690 to 0.789) (0.662 to 0.760)
Calibration 0.966 0.965
slope (95% ClI) (0.703 to 1.23) (0.681 to 1.25)
2.94 2.02

CITL (95% Cl)

(2.42 t0 3.47)

(1.70 to 2.34)
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Abbreviations: AUC, area-under-the-curve (i.e., discrimination); CITL, calibration-in-the-
large; Cl, confidence interval

The calibration plots for predicting moderate-to-severe exacerbations show
substantial under-prediction, especially for the BLISS score (Figure 6.3). At 1- and
2-year time horizons, both the BLISS and Bertens’ scores had less pronounced
under-prediction at the lowest and highest predicted risks and more inaccurate
under-prediction at moderate predicted risks (around 30% to 50%). Predictions
more accurately reflected observed exacerbations for the Bertens’ score at 1-year
time horizon.
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Figure 6.3 Calibration plots for predicting moderate-to-severe exacerbations.

With a few exceptions, the results for the sensitivity analyses were similar
(Supplementary Table 6.2). Notably, compared to the main analysis, both models
had more pronounced under-prediction at 3-years in SA1. On the other hand,
calibration slopes were improved at 2-years for both models compared to the main
analysis. In SA2, the calibration slope for the Bertens’ model was less accurate at
3-years (slope =0.85 versus 0.97 in the main analysis).
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Supplementary Table 6.2: Sensitivity analyses showing the accuracy of BLISS and
Bertens’ models for predicting moderate-to-severe exacerbations in ECLIPSE
cohort COPD patients.

BLISS model BLISS model Bertens’ model Bertens’ model
SA1 SA2 SA1 SA2
1-year exacerbation
N 1968 2057 2038 2131
AUC 0.728 0.716
0.704 0.697
(95% ClI) (0.706 to 0.750)  (0.693 to 0.738) (0.681 t0 0.727) (0.675 to 0.720)
Calibration 0.901 0.839 0.838 0.812
slope (95% CI) (0.792 to 1.01) (0.736 t0 0.942)  (0.731 to 0.946) (0.708 to 0.915)
CITL (95% CI) 1.46 1.26 0.610 0.490

2-year exacerbation

(1.29 to 1.64)

(3.76 to 4.77)

(1.10 to 1.43)

(2.50 to 3.02)

(0.505 to 0.715)

(2.95 to 3.57)

(0.389 to 0.590)

N 1926 1964 1995 2034

AUC 0.743 0.737 0.710 0.706
(95% ClI) (0.719t0 0.768)  (0.713t0 0.761) (0.684 to 0.735) (0.682 to 0.731)

Calibration 0.978 0.948 0.885 0.871
slope (95% CI) (0.854 to 1.10) (0.828 to 1.07) (0.760 to 1.01) (0.750 to 0.993)

CITL (95% ClI) 2.37 2.25 1.39 1.31

(2.14 to 2.60) (2.03 to 2.46) (0.760 to 1.53) (1.19 to 1.44)
3-year exacerbation

N 1627 1918 1688 1987

AUC 0.753 0.737 0.728 0.701
(95% ClI) (0.708 t0 0.797)  (0.710t0 0.764) (0.685t0 0.771) (0.673 to 0.729)

Calibration 1.04 0.942 1.02 0.852
slope (95% CI) (0.793 to 1.28) (0.807 to 1.08) (0.748 to 1.29) (0.712 to 0.992)

CITL (95% CI) 4.27 2.76 3.26 1.80

(1.65 to 1.95)

SA1 (sensitivity analysis 1): Patients were included with less observation time than a time horizon (1-,
2-, or 3- years) as long as they had an exacerbation event within that particular time horizon. SA2
(sensitivity analysis 2): All patients were included in each analysis regardless of observation time. The
median and interquartile range of the observation time was 1083 (1067 to 1095) for all prediction model
and outcome combinations. AUC, area-under-the-curve (i.e., discrimination); CITL, calibration-in-the-
large; Cl, confidence interval

Final remarks and sensitivity analysis

When predicting severe exacerbations, after including patients with complete data
on all predictors of both the BLISS and Bertens’ models, the results remained the
same (Supplementary Table 6.3). Similarly, the main and supplementary results
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were nearly identical when predicting moderate-to-severe exacerbations. It should
be noted that patients without missing predictors for both the BLISS and Bertens’
score matches those patients included in the BLISS score analyses.

Supplementary Table 6.3: Sensitivity analysis showing the accuracy of Bertens’
model after using a sample in which patients were excluded if they had at least one
missing predictor from both BLISS and Bertens’ models*.

moderate-to-severe exacerbations severe exacerbations
Bertens’ Bertens’
model Bertens’ Bertens’ model Bertens’ Bertens’
Main model model Main model model
analysis SA1 SA2 analysis SA1 SA2
1-year exacerbation
N 1,894 1,968 2,057 1,894 1,926 2,057
AUC 0.697 0.704 0.697 0.700 0.707 0.703
(95% Cl) (0.673 to (0.680 to (0.674 to (0.669 to (0.677 to (0.673 to
0.721) 0.727) 0.720) 0.731) 0.737) 0.733)
0.807 0.835 0.808 0.787 0.819 0.802
Calibration (0.696 to (0.725 to (0.703 to (0.632 to (0.669 to (0.654 to
slope (95% CI) 0.917) 0.944) 0.914) 0.942) 0.968) 0.950)
0.538 0.608 0.489 (-)1.65 (-)1.55 (-)1.64
CITL (95% CI) (0.430 to (0.501 to (0.387 to (-1.79to - (-1.68to- (-1.76 to -
0.646) 0.715) 0.591) 1.52) 1.42) 1.51)
2-year exacerbation
N 1,749 1,926 1,964 1,749 1,831 1,920
0.699 0.710 0.707 0.680 0.690 0.687
AUC (0.672 to (0.684 to (0.681 to (0.652 to (0.663 to (0.660 to
(95% ClI) 0.726) 0.736) 0.732) 0.708) 0.716) 0.713)
0.841 0.885 0.870 0.687 0.726 0.714
Calibration (0.711 to (0.757 to (0.747 to (0.558 to (0.604 to (0.594 to
slope (95% CI) 0.970) 1.01) 0.994) 0.816) 0.848) 0.835)
1.25 1.39 1.31 (-)0.997 (-)0.821 (-)0.891
CITL (95% CI) (1.11to (1.26 to (1.18 to (-1.11to- (-0.929to - (-0.998 to
1.38) 1.53) 1.44) 0.883) 0.713) -0.785)
3-year exacerbation
N 547 1,627 1,918 547 989 1,815
0.703 0.724 0.700 0.685 0.696 0.679
AUC (.652 to (0.679 to (0.671 to (0.639 to (0.662 to (0.654 to
(95% CI) 0.753) 0.768) 0.728) 0.730) 0.731) 0.704)
0.928 0.993 0.841 0.719 0.739 0.673
Calibration (0.641 to (0.720 to (0.700 to (0.511 to (0.584to  (0.560 to
slope (95% CI) 1.21) 1.27) 0.983) 0.927) 0.895) 0.785)
1.99 3.25 1.79 (-)0.301 0.847 (-)0.414
CITL (95% CI) (1.67 to (2.93 to (1.64to (-0490to- (0.697to (-0.517 to
2.31) 3.56) 1.94) 0.114) 0.996) -0.312)

*The set of patients without missingness for any predictors found in both the BLISS and Bertens’
score matches those patients included in the BLISS score analyses. AUC, area-under-the-curve (i.e.,
discrimination); CITL, calibration-in-the-large; Cl, confidence interval
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DISCUSSION

The BLISS score accurately predicted the occurrence of severe exacerbations
requiring hospitalisation within 2 years (the purpose for which it was developed) in
the ECLIPSE cohort of COPD patients and performed slightly better than the
Bertens’ model. Neither model was sufficiently valid in predicting moderate-to-
severe exacerbations.

Both models were developed using best practice methodology with a low risk of
bias (139,289). Neither contains biomarkers or other tests/measurements that
require advanced equipment or space. A systematic review of COPD prediction
models for exacerbations found that most other models were not developed using
the recommended statistical techniques, did not present both discrimination and
calibration statistics, or were not comprised of predictors that are easily obtained or
measured (148). These deficiencies indicate that the BLISS and Bertens' models
are likely to be the most useful prognostic models predicting exacerbations (139).
Therefore, it was important to validate these models among populations outside of
those they were developed in (138). Proper validation is essential before impact
studies can be performed to measure the effect of using models to guide clinical
decisions (290).

The Bertens' model saw a drop in discriminative power from 0.75 to 0.66 from
development to their external validation (149). We found a less pronounced drop in
discrimination (AUC= 0.70 for moderate/severe and 0.68 for severe exacerbations
at the 2-year time horizon). The original authors found agreement between the
observed and expected risk of exacerbation and—unlike our study—no systematic
under- (or over-) prediction of risk in their external validation cohort. However, this
agreement is in line with what was anticipated since their model was developed
and externally validated in general practice populations. Internal validation of the
BLISS score using bootstrap techniques had only marginally reduced the
discriminative performance from AUC= 0.76 to 0.75 in the BLISS development
study (281). We showed that external validation reduced the discriminative power
for predicting both severe and moderate-to-severe exacerbation to 0.73 at 2 years.

We are aware of only a few prediction models originally developed to predict
COPD exacerbations and created using statistical selection criteria (26,291-299).
Validation of these models in a separate cohort has been very uncommon. The
discriminative power of the short-term risk of COPD exacerbations (SCOPEX)
score to predict an exacerbation within 6-months in moderate-to-severe COPD
patients from randomised controlled trials was adequate (AUC= 0.67) (294) but
improved when predicting 1-month exacerbation (AUC = 0.74) in an external cohort
of pulmonary rehabilitation COPD patients (300). In our study, the BLISS score
also showed improved accuracy (although slight) when predicting severe
exacerbations at a shorter time horizon than the model was developed for.
Recently, an exacerbation prediction tool was developed in randomised trial
participants and showed accuracy in ECLIPSE patients for predicting at least two
exacerbations (AUC= 0.81) and at least one severe exacerbation (AUC= 0.77)
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within one year (301). The model was slightly less discriminative in those with a
history of exacerbations (AUC= 0.73 and 0.74, respectively) but showed accurate
calibration throughout. This model and other exacerbation prediction models cited
above could not be tested in the present validation study because either the
predictors were not available in the ECLIPSE dataset, the model was already
validated in ECLIPSE, the outcome definition was different, the development cohort
was not from primary care, the development paper did not contain a published
formula, or the development of the score did not have a low risk of bias (139,148).

Calibration statistics are important for testing the validity of prognostic models
because predicted and observed risks must be similar for the risk of an
exacerbation to be properly weighed against the costs and adverse effects of
treatment (158). When predicting moderate-to-severe exacerbations, we found
systematic under-prediction of risk in both models. This was likely because both
the BLISS and Bertens' models were developed in patients with less severe COPD
than patients participating in ECLIPSE. Additionally, the BLISS score likely had a
more pronounced under-prediction of risk when compared to Bertens’ model
because it was only developed to predict severe exacerbations and other
respiratory hospitalization events. Updating the intercept terms of these models
using cohorts from multiple healthcare settings may increase their validity in
predicting moderate-to-severe exacerbation in patients with more advanced COPD.
However, for the time being, these models are not valid for predicting moderate-to-
severe exacerbations, and their use could lead to under-treatment in patients who
have the potential to benefit from therapy.

The present study has several strengths and limitations. First, we predicted the
CAT score using SGRQ-C since the CAT score was not collected in the ECLIPSE
cohort. This may not accurately represent the real CAT scores that ECLIPSE
patients would have obtained if they completed this questionnaire. However, both
SGRQ-C and CAT measure the impact COPD has on a patient’s quality of life and
the conversion equation we used was from a previously published paper authored
by one of the original developers of both the CAT and SGRQ-C questionnaires
(286). Second, the outcome of severe exacerbations in the present validation study
is more specific to COPD-related causes of hospitalisation than the BLISS
development study, which used all-cause respiratory hospitalisation as its outcome.
Although using hospitalised exacerbations may be important for determining
etiology, predicting all-cause respiratory admission is likely a more practical and
patient-centered outcome since respiratory treatments may reduce the risk of
hospitalised exacerbations but increase the risk of respiratory hospitalisation due to
pneumonia (302). There is some authorship overlap between the BLISS
development study (281) and the present study. However, since the BLISS score’s
authors had no involvement in the ECLIPSE cohort, techniques and specific
idiosyncrasies that often creep into recruitment, data collection, and recording
practices would not have carried over across cohorts and studies. This may have
otherwise resulted in slightly better BLISS validation performance. Next, the 1- and
3-year endpoints are secondary to 2-year exacerbations since both the BLISS and
Bertens’ models were only developed for predicting events at 2 years. However, it
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is important to note that this is one of several types of transportability tested in this
study (303). Follow-up period transportability was examined by determining
whether the accuracy of the models was maintained across longer and shorter time
horizons. Secondly, we tested spectrum transportability by including ECLIPSE
patients who, on average, suffer from more severe disease than the development
cohorts for both models. ECLIPSE patients were also younger than the patients
included in Bertens’ development cohort (149) (mean age: 63 versus 73 years old,
respectively). As mentioned above, methodologic transportability tested the models
after using slightly different outcome and predictor definitions. Fourth, while the
ECLIPSE cohort participants came from 12 countries, patients from the BLISS and
the Bertens’ model development studies only came from a single country (UK and
Netherlands, respectively) which indicates that some degree of geographic
transportability was also tested (303).

Prognostic models have hitherto not been used successfully in practice to predict
COPD exacerbations because they have been lacking in methodological rigour,
performance, and practicality. Guidelines overtly call for useful and practical
prognostic models to guide clinical decision-making (304). We have demonstrated
in our validation study that there are two good prognostics models for predicting
COPD hospitalisations, particularly of use in primary care. The BLISS score
accurately predicted severe exacerbations requiring hospital admission in
ECLIPSE COPD patients and performed better than the Bertens’ model. However,
due to systematic under-prediction of risk, neither the BLISS nor Bertens’ model
should be used to predict less severe exacerbations without first updating their
intercepts. There is no need to develop any further models. Future work should test
if the BLISS score can guide patient management and successfully reduce
expensive and harmful hospital admissions.
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ABSTRACT

Rationale: Some people with persistent respiratory symptoms will not progress to
spirometrically defined COPD. Still, further clinical investigation of airway disease
may be needed in those with normal spirometry, especially if persistent symptoms
show prognostic relevance and if the features of symptom persistence are similar
in those with and without airflow limitation.

Objectives: Determine factors associated with persistence of moderate-to-severe
symptoms, and whether both the pattern and stability of symptom burden and the
prognosis of individuals with persistent moderate-to-severe symptoms vary by
whether or not patients have airflow limitation.

Methods: 1528 participants were recruited between 2012 and 2014 from 71 United
Kingdom general practices as part of the Birmingham COPD Cohort study and
followed up for a median of 2.86 years (interquartile range= 2.38 to 3.20). They
consisted of prevalent diagnosed COPD patients, newly identified (i.e., incident)
COPD patients found through screening, and pre-COPD individuals screened with
respiratory symptoms and normal lung function. Persistence of moderate-to-severe
symptoms was defined as =8 points on cough, breathlessness, and sputum COPD
Assessment Test (CAT) questions for at least all but one of the assessments
completed every 6-months during the study. We described the patterns of symptom
scores by patient group using repeated measures mixed-effect models. We then
evaluated factors associated with moderate-to-severe symptom persistence using
multivariable logistic regression and determined the association between
moderate-to-severe persistent symptoms and the occurrence of frequent
exacerbations or respiratory hospitalisation (defined as at least one year in which
=2 moderate exacerbations or 21 respiratory hospitalisation during follow-up) in
each group.

Results: Prevalent patients were over twice as likely to have moderate-to-severe
symptom burden (>50% of prevalent patients had a total symptom score of =8 at
most time points) compared to the other groups. Cough, phlegm, and
breathlessness scores improved by 0.3 to 0.5 points in all groups during follow-up,
but prevalent patients had higher average scores for individual components than
the other groups, especially for breathlessness (3.2; 95% CI: 3.0 to 3.3). 517 (33%)
prevalent patients had a score of <8 throughout follow-up whereas the proportion
was higher in the incident (N= 184, 56%) and pre-COPD patients (N= 241, 58%).
The proportion of patients with a score of 28 throughout follow-up was higher in the
prevalent group (N= 667, 43%) than incident (N= 67, 20%) and pre-COPD (N= 78,
19%). Younger age, worse FEV1 at baseline, current smoking, greater deprivation,
stomach condition, worse exercise capacity, and history of exacerbations increased
the risk of persistent moderate-to-severe symptoms. Persistent moderate-to-severe
symptoms similarly increased the odds of frequent exacerbations or respiratory
hospitalisation across all groups by around 2.5-fold (interaction by patient group P
=0.813).
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Conclusion: Normal spirometry may not rule out the need for further clinical
investigation of airway disease and people with pre-COPD may have unmet needs
consistent with people with newly identified COPD.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is one of the most common long-
term conditions and it is now the third leading cause of death worldwide (305).
International guidelines recommend that COPD is diagnosed by demonstrating
airflow obstruction in people with relevant risk factors and chronic respiratory
symptoms such as chronic cough, sputum, or breathlessness (1). However, a
considerable number of patients suffer from chronic respiratory symptoms but have
normal spirometry. It was once thought that these patients have an ‘early phase’ of
COPD since changes to the alveoli and peripheral and large airways produce
symptoms well before airway obstruction can be identified using spirometry (306).
However, the Global initiative for chronic Obstructive Lung Disease (GOLD)
committee removed diagnosis and treatment guidelines for these GOLD stage 0
patients because there was insufficient evidence that individuals with symptoms
and normal spirometry necessarily progressed to COPD (21,307).

Persistent respiratory symptoms with normal lung function are associated with
significant morbidity. Depending on the definitions used, 2 to 32% of the general
population fall into this category (17,20,308,309). It has been shown that among
people with normal lung function, those with chronic respiratory symptoms have an
increased risk of respiratory hospitalisation and death when compared to
individuals without respiratory symptoms (20). Also, those with chronic respiratory
symptoms have a more rapid decline in forced expiratory volume in 1 second
(FEV1) (310). However, it is still unclear if symptoms are more likely to remain
stable in those with airflow limitation when compared to those without. Similarly,
studies have yet to show the importance of persistent symptom burden on
prognosis and whether the prognostic impact is similar in those with and without
airflow limitation. Even though some patients with persistent respiratory symptoms
will not progress to spirometrically defined COPD, normal spirometry may not rule
out the need for further clinical investigation of airway disease (e.g., CT scans and
further pulmonary tests).

In this study, we used data from the Birmingham COPD Cohort study to 1) describe
the stability/variability of respiratory symptoms over time in people with and without
normal lung function, 2) determine which factors are associated with persistent
moderate-to-severe symptoms, and 3) examine whether the association between
persistent moderate-to-severe symptoms and the occurrence of frequent
exacerbation/respiratory hospitalisation or mortality varied by whether individuals
had normal or abnormal spirometry.

METHODS
Study Design

A prospective observational cohort study.
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Study population

Birmingham COPD cohort (BLISS) patients were recruited from 71 UK general
practices across the West Midlands, United Kingdom (162). The BLISS cohort
consists of three groups: 1) 1,565 patients with known COPD (aged 40 years and
over) on practice Quality and Outcomes Framework COPD registers (prevalent
COPD patients), 2) 413 pre-COPD individuals identified as having respiratory
symptoms and normal lung function and 3) 331 symptomatic patients with newly
detected COPD (incident COPD patients) confirmed by spirometry (post-
bronchodilator forced expiratory volume in the first second (FEV1)/ forced vital
capacity (FVC)<0.7). Groups 2) and 3) were identified through a linked case-finding
trial (163,311). Patients were considered symptomatic if they had any of a) cough
or phlegm on most days for three or more consecutive months during the year and
two or more consecutive years, b) wheeze in the chest in the last twelve months, or
c) breathlessness defined as grade =2 on the (modified Medical Research Council)
mMRC scale (164). Baseline assessments took place at cohort entry from 31 May
2012 to 25 June 2014 then participants received postal questionnaires every six
months (at 6, 12, 18, 24, and 30 months). A follow-up study assessment visit and
routine data abstraction were conducted between 2015 and 2016 for patients that
were remaining in the study approximately two to three years after baseline. For
this paper, we first described the pattern and stability of symptoms for all
participants, but the remaining analyses included only participants with at least
three completed component CAT scores (284,312) for cough, phlegm, and
breathlessness (described below).

Assessment of persistent moderate-to-severe symptoms

We used responses to the three respiratory symptom items (chronic cough, phlegm
(sputum), and breathlessness) from the COPD Assessment Test (CAT) to define
symptom severity (284,312). A total CAT respiratory symptom score was calculated
by summing the cough score (question number 1), the phlegm/sputum score
(question number 2), and the breathlessness score (question number 4) together. A
score of 28 out of a maximum of 15 was defined as ‘moderate-to-severe symptom’
burden for this analysis. Individuals were defined as having persistence of
moderate-to-severe symptoms if they maintained a score of 28 for at least all but
one of the completed assessments. For instance, if a patient had four complete
CAT measurements, they would need a score of =28 on at least three occasions.
Eight was chosen as the threshold because at baseline assessment this was the
median of the summed score for the CAT respiratory symptom items for all
participants.

Assessment of covariates
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Demographic factors included age (years from the patient-reported date of birth),
sex, and Index of Multiple Deprivation (IMD) score (using Index of Multiple
Deprivation derived from home postal code) (313). Physiologic covariates included
sit-to-stand test (standardised protocol counting the number of repetitions within
one minute) and handgrip strength (in kg) (314). Comorbidities comprised
cardiovascular disease history (coronary heart disease, heart failure, other heart
conditions, or stroke), stomach condition (gastroesophageal reflux disease, GERD)
defined as heartburn, nausea, regurgitation more than once a month, or self-
reported dyspepsia or stomach ulcer), and diabetes, and were obtained by patient
self-report through standardised questionnaires. COPD disease characteristics
included baseline values of the total CAT score, FEV1% of predicted, FEV1 in litres,
FVC in litres. A trained researcher administered the nddEasy One Spirometer (ndd,
Switzerland) in a standardised way before (max eight blows) and after (max six
blows) 400ug salbutamol. FEV1 and FVC recordings were considered useable if
they met ATS acceptability criteria and were within 200 mL and the highest
recording was taken. FEV1% predicted was estimated using the Global Lung
Function Initiative equations (165). Additionally, breathlessness was measured
using the mMRC (modified Medical Research Council breathlessness) score (315).
History of exacerbations was defined as 21 moderate-to-severe exacerbation in the
year before baseline. Finally, body mass index (BMI; weight (standardised
measurements of weight in kilograms (kg)) and height (m)) and self-reported
smoking status (current, former, never) were recorded.

Outcomes

The following two outcomes were examined: 1) All-cause mortality was obtained for
all cohort participants from the Office of National Statistics through NHS Digital for
the period of recruitment until 31 March 2016; 2) the occurrence of frequent
exacerbation or respiratory hospitalisation (as represented by GOLD groups C/D
(1)) was defined as two or more moderate exacerbations (i.e., symptom worsening
after asking the question: “have you had a period when your cough, volume of
phlegm, colour of phlegm (becoming yellow or greener than usual), or
breathlessness have been worse than usual for more than a few days and you had
to change or increase your treatment?”) or self-reported use of antibiotics or
corticosteroids) or at least one self-reported respiratory hospitalisation or accident
and emergency admission for lung problems within a single year.

Analysis

Stability of symptoms

We described symptom persistence and the baseline characteristics of the
prevalent patients, incident patients, and pre-COPD individuals in the BLISS
cohort. For the main analyses, using repeated measures mixed effect models we
described the pattern of cough, phlegm, and breathlessness (repeated
measurements used as separate dependent variables) over time by patient group
and by whether or not patients were available and completed the CAT score at the
follow-up assessment. An incomplete CAT score at follow-up assessment was
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used as an indicator for individuals who may have been lost-to-follow-up. We
performed the analysis before and after adjustment for age, sex, FEV1% of
predicted, smoking status, diabetes, cardiovascular disease (CVD), stomach
condition, and IMD score. We also presented the stability of the total symptom
score by patient group using Sankeymatic (316) graphics using a total CAT
respiratory symptom items score of eight as the threshold.

Prognostic significance, and factors associated with persistence of moderate-to-
severe symptoms

We determined which covariates were independently associated with symptom
persistence using backward selection logistic regression with a p-value threshold of
0.05. The association between the persistence of moderate-to-severe symptoms
and the occurrence of frequent exacerbation/respiratory hospitalisation was
assessed using logistic regression models to derive odds ratios and 95%
confidence intervals (Cl). We examined whether the association between
moderate-to-severe symptom persistence and the occurrence of frequent
exacerbation or respiratory hospitalisation varied by patient group by including an
interaction term (between persistent moderate-to-severe symptoms and patient
group) in the model. A sensitivity analysis examined the same effect after restricting
pre-COPD patients to those who did not develop airflow limitation at the follow-up
assessment. Finally, we examined the association between persistence of
moderate-to-severe symptoms and mortality using Cox proportional hazards
regression models to derive hazard ratios and 95% Cls for patients regardless of
their group. Individuals contributed person-time from the date of baseline
assessment until the earliest of the date of death, withdrawal, or loss of follow-up.
For each outcome, the base model was adjusted for age and sex, with a second
model that was further adjusted for FEV1% of predicted, smoking status, diabetes,
CVD, stomach condition, and IMD score. Stata 16 was used for all analyses.

RESULTS
Sample and baseline characteristics

2,309 BLISS participants (1,565 prevalent cases, 331 incident cases, and 413 pre-
COPD individuals) were eligible for inclusion in the analyses. Out of 331 pre-COPD
individuals, 53 (17.5%) had developed COPD (based on airflow obstruction on
spirometry) at the follow-up assessment. Symptom persistence could be calculated
in 285 pre-COPD individuals, 227 incident cases, and 1,016 prevalent cases (total
N= 1,528). The median follow-up was 2.86 years (interquartile range= 2.38 to
3.20).

Table 7.1 shows the baseline characteristics of BLISS cohort participants. Pre-
COPD individuals were on average, three years younger than incident patients who
were themselves three years younger than prevalent patients. 53% of pre-COPD
individuals were male but the incident and prevalent COPD cases had 8% and 11%
more males, respectively. There were also fewer current smokers (18% versus
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31% and 27% respectively) and more never smokers (21%, 16%, 11%,
respectively). Breathlessness tended to be worse in prevalent patients (IMMRC 22:
59%) than incident and pre-COPD groups (mMMRC =2: 32%). Similarly, prevalent
patients tested five points higher on the CAT score and had approximately four
fewer sit-to-stand repetitions than the other groups. 44% of prevalent patients had
persistence of symptoms whereas a much lower proportion was found in the
incident (16%) and pre-COPD (14%) patients.
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Table 7.1: Baseline characteristics of BLISS cohort participants by patient group.

Incident Prevalent Totals
Characteristics Pre-COPD patients patients (N =1,528)
(N = 285) (N =227) (N=1,016)
age (in years) - mean (SD) 62.5(9.3) 66.2 (8.2) 69.2 (8.8) 67.5(9.3)
Male sex 151 (53.0) 138 (60.8) 645 (63.5) 934 (61.1)
IMD deprivation score 23.7 (15.4) 27.3 (15.6) 27.7 (16.7) 26.9 (16.4)
- mean (SD)
BMI - mean (SD) 30.2 (5.9) 28.8(5.1) 28.4 (5.6) 1,438 (28.8)
sit-to-stand test 22.5(7.9) 21.8(6.9) 18.4 (6.1) 19.7 (6.8)
(repetitions)
handgrip strength (kgs) 32.5(11.9) 32.3(11.9) 30.1(11.0) 30.8 (11.3)
smoking status
never 59 (20.9) 34 (15.6) 105 (10.6) 198 (13.3)
former 172 (61.0) 117 (53.7) 616 (62.3) 905 (60.8)
current 51(18.1) 67 (30.7) 268 (27.1) 386 (25.9)
diabetes 43 (15.3) 28 (12.4) 143 (14.2) 214 (14.1)
cvD 73 (26.0) 62 (27.4) 292 (29.0) 427 (28.2)
stomach condition 111 (39.0) 79 (34.8) 386 (38.0) 576 (37.7)
FEV; % of predicted 97.1(16.5) 82.7 (17.2) 64.0 (20.1) 73.1(23.2)
- mean (SD)
persistence of
moderate-to-severe 41 (14.4) 36 (15.9) 445 (43.8) 522 (34.2)
symptoms
mMRC breathlessness score
0 118 (42.9) 80 (35.9) 163 (16.7) 361 (24.4)
1 71 (25.8) 73 (32.7) 240 (24.5) 384 (26.0)
2 40 (14.6) 43(19.3) 215 (22.0) 298 (20.2)
3 31(11.3) 17 (7.6) 164 (16.8) 212 (14.4)
4 15 (5.5) 10 (4.5) 197 (20.1) 222 (15.0)
CAT score - mean (SD) 13.5(7.56) 14.1(7.6) 19.4 (8.7) 17.5(8.7)
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Presented as number of patients (%) unless otherwise specified. abbreviations: IMD = index of
multiple deprivation; CAT = COPD Assessment Test for health-related quality of life; mMRC =
modified Medical Research Council; FEV = forced expiratory volume; BMI= body mass index; CVD=
cardiovascular disease.

Pattern and stability of symptom burden over time

Figure 7.1 shows the change in the level of cough, phlegm, and breathlessness
symptoms (from the relevant questions in the CAT score) over time and by patient
group. All three patient groups had higher breathlessness scores compared to their
cough and phlegm component scores. In the adjusted model (Figure 6.1, right side)
prevalent patients had a much higher baseline breathlessness score of 3.2 points
(95% CI: 3.0 to 3.3) compared to cough (2.5; 95% ClI: 2.4 to 2.6) and phlegm (2.3;
95% CI: 2.2 to 2.4). Across all three components, prevalent patients had higher
baseline scores than the other two groups, especially for breathlessness (incident
patients: 2.6; 95% CI: 2.4 to 2.8 and pre-COPD patients: 2.8; 95% CI: 2.6 to 2.9)
and phlegm (prevalent: 2.3; 95% CI: 2.2 to 2.4 versus incident patients: 1.8; 95%
Cl: 1.7 to 2.0, and pre-COPD patients: 1.7; 95% CI: 1.6 to 1.9). Across all groups
and component scores, the score tended to decrease by 0.3 to 0.5 points from
baseline to follow-up assessment, but both incident and pre-COPD patients
showed similar symptom severity and trajectories of symptoms over time,
especially for phlegm and cough and after adjustment for confounders. Patients
who were missing the total CAT score questionnaire at follow-up assessment and
were considered lost-to-follow-up tended to have higher scores (indicating worse
symptoms) within each group.
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Figure 7.1: Pattern of individual components of symptom severity over time in prevalent,
incident, and pre-COPD patients and by whether patients were available for follow-up
assessment at the end of BLISS cohort. Left: crude mixed effect models. Right: adjusted for
age, sex, FEV1% of predicted, smoking status, diabetes, cardiovascular disease, stomach
condition, and IMD score. 6 monthly assessment number 1= baseline assessment and 6=
follow-up assessment (the final assessment).
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Most (63%) prevalent patients had a total CAT respiratory symptom (i.e.,
breathlessness, cough, and phlegm items) score of 8 or more at baseline
assessment (Figure 7.2). On the other hand, <40% of the incident and pre-COPD
individuals had a score of 28. After the baseline assessment, average symptom
severity dropped in all patient groups and then remained relatively stable
throughout the remaining follow-up assessments. It was much less common for
pre-COPD and incident patients to have a score of 28 (all £25%) than prevalent
patients after baseline. 250% of prevalent patients had a high score, except at the
final assessment (41%). 517 (33%) of prevalent patients had a score of <8
throughout follow-up whereas the proportion was higher in the incident (N= 184,
56%) and pre-COPD patients (N= 241, 58%). The proportion of patients with a
score of 28 throughout follow-up was higher in the prevalent group (N= 667, 43%)
than incident (N= 67, 20%) and pre-COPD (N= 78, 19%).
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Factors associated with persistence of moderate-to-severe symptoms

Table 7.2 shows factors significantly associated with symptom persistence after
statistical selection. Current smokers (OR = 2.15; 95% CI: 1.34 to 3.44), those with
a prior history of exacerbations (OR = 1.73; 95% CI: 1.03 to 1.82) and those living
in more deprived areas (2% for every one-point increase in IMD score; 95% Cl: 1%
to 2%) were more likely to have persistent moderate-to-severe symptoms while
patients with increased age (OR = 0.98 per additional year of age; 95% CI: 0.96 to
0.99), higher baseline FEV1 (OR = 0.50 per litre; 95% CI 0.41 to 0.62) and higher
sit-to-stand test repetitions (OR = 0.93 per repetition; 95% CI: 0.91 to 0.95) were
less likely to have persistent moderate-to-severe symptoms. Finally, there was a
64% increase in the odds of persistence of moderate-to-severe symptoms (95% ClI:
24% to 116%) among those with a stomach condition.

Table 7.2: Factors associated with persistent moderate-to-severe symptoms (N =
1,234).

Odds ratio (95 % ClI) p-value

age (years) 0.98 (0.95 to 0.99) 0.003
male sex 1.37 (1.03 to 1.82) 0.031
21 moderate-to-severe 1.73 (1.31 to 2.29) <0.001

exacerbation in the year before baseline
FEV: (litres) 0.50 (0.41 to 0.62) <0.001

smoking status (ref: never)

Former 1.20 (0.778 to 1.84) 0.412
Current 2.15 (1.34 to 3.44) 0.001
IMD score 1.02 (1.01 to 1.02) <0.001
stomach condition 1.64 (1.24 to 2.16) 0.001
sit-to-stand test (no. of repetitions) 0.93 (0.9110 0.95) <0.001

Factors presented are only those with statistically significant associations remaining after
backward elimination using a P-value threshold of 0.05. Eliminated factors: CVD, diabetes,
BMI, handgrip strength, and FVC.
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Prognosis of persistence of moderate-to-severe symptoms

Table 7.3 shows effect size (ES) for the association between persistence of
moderate-to-severe symptoms and the occurrence of frequent exacerbation or
respiratory hospitalisation as well as mortality. Persistent moderate-to-severe
symptoms were associated with a significantly higher risk of frequent exacerbation
or respiratory hospitalisation for all patient groups. After multivariable logistic
regression analysis, the effect size was largest in pre-COPD patients (OR= 2.79;
95% CI: 1.24 to 6.25) and smallest in incident patients (2.36; 95% CI:1.07 to 5.26)
but there was no evidence of effect modification by the patient group (P = 0.813).
After restricting the included pre-COPD patients to those who did not develop
airflow limitation at the follow-up assessment (N= 240/285 (84%)), the effect size
was of similar magnitude to that of incident patients but was no longer statistically
significant (P = 0.064). After performing a Cox regression analysis on all patients
(all groups together), moderate-to-severe symptom persistence was associated
with an 85% (95% CI: 15% to 196%) increased risk of death. The effect size was
attenuated in the further adjusted model (HR= 1.21; 95% CI: 0.73 to 2.01) and was
no longer statistically significant.

Table 7.3: The effect of the persistent moderate-to-severe symptoms on prognosis
according to patient group.

Number  \jinimal adjustment  Further adjustment
Patient of
Outcome
group events
(%) ES (95% CI) ES (95% CI)
728 OR=3.11(2.43to OR=2.61(1.99to
All (47.6) 3.97) 3.42)
eauent 633 OR=3.02(229t0  OR=2.62(1.9%to
exacerbati‘l respirato | Prevalent  (62.3) 3.97) 3.54)
ry hos itaIisatiF;n Incident 52(22.9) OR=3.20 (1.51to OR=2.36(1.07to
y hosp : 6.81) 5.26)
OR=3.82(1.79to OR=2.79(1.24to
-COPD 43 (15.1
pre-CO 3(15) 8.12) 6.25)
OR=3.26(1.42to OR=2.32(0.95to
= A
pre-COPDA 36 (17.6) 7 48) S 69)
Mortality All* 70 (4.6) HR=1.85 (1.15 to HR=1.21(0.73 to

2.96)

2.01)

A restricted to pre-COPD individuals who maintained an FEV;/FVC=0.70 at follow-up assessment
*Groups were combined to give a more stable estimate due to only 14 events in pre-COPD and

incident patients.
Minimal adjustment = age and sex.

Further adjustment = age, sex, FEV % of predicted, smoking status, diabetes, CVD, stomach

condition, IMD score
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DISCUSSION

In a sample from the BLISS cohort, which included prevalent COPD patients, case-
found patients with abnormal spirometry, and symptomatic individuals with normal
spirometry, we found that the occurrence of frequent exacerbations or respiratory
hospitalisations was common in all groups but was more likely in prevalent cases.
Overall, 34% of participants reported persistent moderate-severe symptoms, which
was highest in the prevalent group but lower and comparable in the incident and
pre-COPD individuals. Breathlessness, cough, and phlegm scores were highest
among prevalent patients, similar between the incident and pre-COPD patients,
and tended to decrease over time in all groups. Breathlessness was the most
severe symptom in all groups although the severity of cough was most similar
between groups. Next, we found that several factors were associated with
persistent moderate-to-severe symptoms and the strongest effect was shown
among current smokers and those with fewer sit-to-stand test repetitions at
baseline. Finally, in all groups, symptom persistence at the level described resulted
in similarly increased risks of the occurrence of frequent exacerbations or
respiratory hospitalisations (2-3-fold) compared with those where symptoms did not
persist.

Along with evidence of symptoms, GOLD recommends diagnosis of COPD if
patients have an FEV1 /FVC ratio below 0.70 (317). However, treatment guidelines
only consider the severity of COPD using a combination of symptoms and
exacerbation history. Thus, many patients suffering from persistent respiratory
symptoms may not receive the care that they need due to having normal
spirometry. Indeed, an overreliance on spirometry, rather than disease burden and
the rate of progression, may not identify many patients who could benefit from
earlier treatment intervention (318). Patients with and without normal spirometry
still suffer a substantial disease burden, including debilitating persistent symptoms,
exacerbations, reduced exercise tolerance, and physical inactivity, and excess lung
function decline (318). Respiratory symptoms such as cough, phlegm, and
breathlessness are non-specific and clinicians are left without guidance on how to
treat patients who do not have abnormal spirometry consistent with COPD (319).
The term “pre-COPD” implies that not everyone will develop abnormal spirometry
(similar to how people with “prehypertension” do not necessarily develop
hypertension) (307). The term is useful to identify people who currently have
normal spirometry but also have a higher risk of developing COPD than the general
population (307). Without further investigation of respiratory symptoms, airflow
limitation may become much more apparent and problematic in some of these
individuals.

Prior literature has shown that patients with chronic respiratory symptoms have a
worse prognosis when compared to those without symptoms. Chronic bronchitis
significantly increased the risk of both incident airflow limitation and all-cause
mortality by over two-fold among Tucson Epidemiological Study of Airway
Obstructive Disease participants (1972-1973) who were <50 years old but showed
no association among those =50 years old (320). The presence of respiratory
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symptoms (cough, phlegm, wheezing, or dyspnea) in those with normal spirometry
was associated with lung function decline and two or more exacerbations (OR =
2.6; 95% CI 1.2 to 6.5) (321). Chronic mucus hypersecretion was associated with
both excess FEV1 decline and an increased risk of hospitalisation in 5,354 women
and 4,081 men participating in the Copenhagen City Heart Study (310). Among
97,955 individuals from the Copenhagen General Population Study, when
compared to participants with normal spirometry and without chronic respiratory
symptoms, the addition of chronic respiratory symptoms to those with and without
obstruction increased the risk of hospitalised exacerbations, but less so with
mortality (20). Given this evidence, it remains unclear if the effect of persistent
severe symptoms on prognosis varies by whether patients have airflow limitation.
In addition, it is important to show whether the stability of symptom severity is
different between patients with and without airflow limitation to show whether
treatment is likely to have some effect.

We found that persistent moderate-to-severe symptoms increased the risk of the
occurrence of frequent exacerbations or respiratory hospitalisations, and the effect
was similar across patients with and without obstruction. Some pre-COPD patients
had spirometrically defined COPD at the follow-up assessment, however, the
number was small, and the association was only slightly weaker after restricting to
pre-COPD individuals who maintained an FEV1/FVC=0.70 at the follow-up
assessment. Thus, exacerbation risk may be increased in pre-COPD patients who
eventually develop airflow limitation in the future. This is supported by prior
evidence that shows that there may be an interplay between level of obstruction
and symptom burden, with respiratory symptoms increasing the rate of FEV1
decline (320,322) and decline being more rapid in those who suffer from respiratory
symptoms for a longer time (17,323). We found that prevalent patients were more
likely to have a high symptom burden and were more likely to go from low to high
symptom burden during follow-up than the other groups. However, the proportion of
patients with high symptoms within each group tended to be stable over time and
pre-COPD patients and incident COPD patients had similar levels of symptom
severity over time. Given the similarities in both the prognosis and the stability of
symptom persistence that pre-COPD patients experience when compared to
patients with airflow limitation, it seems that normal spirometry may not rule out the
need for further clinical investigation of underlying airway disease using, for
instance, using CT scans and diffusion capacity testing. This and other techniques
may help inform a diagnosis that is differential to COPD (319).

Several previous studies have examined which factors are consistently associated
with symptom persistence. In an analysis of 1,061 COPDGene participants, those
with chronic bronchitis symptoms tended to be younger, smoked more, suffered
from wheeze, cough, and dyspnoea, were more likely to have troubled sleep due to
these respiratory symptoms, had worse health status, and have an increased
history of severe exacerbations than those without chronic respiratory symptoms
(309,324). Our definition of symptom persistence is broader than previous literature
as it includes cough and sputum as well as breathlessness. Also, previous studies
have not used individual CAT item scores to define chronic symptoms. There may
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be variation in the individual causes of moderate-to-severe symptoms between
patients (e.g., some patients may suffer from cough more than breathlessness) and
the contribution of these components may themselves vary over time within
patients. We wanted to capture the overall symptom burden. Despite these
differences in definition, the factors that we found were associated with symptom
persistence in our study agrees with prior evidence. We found strong evidence that
younger age, lower FEV1, current smoking status, higher deprivation, and
exacerbation history all increased risk of persistent moderate-to-severe symptoms.
It should be noted that younger age seems to be associated with chronic bronchitis
(309,324) and also with a worse prognosis in those with chronic bronchitis (320).
Current smoking behavior showed the strongest association with persistent
moderate-to-severe symptoms. People may reduce the severity of symptoms if
they have improved exercise capacity (l.e., sit-to-stand test in our study) and this is
the basis for recommending COPD patients with complex disease for pulmonary
rehabilitation treatment (1). This intervention has also been shown to improve non-
respiratory symptoms such as fatigue (325). Stomach condition is not directly
related to COPD but pulmonary manifestations such as COPD and chronic
persistent cough have been recognised as a consequence of GERD (326).
Altogether, this indicates that smoking cessation, especially in younger adults, may
have a large clinical impact by not only altering the natural history of COPD (210)
but also reducing the persistence of symptoms and, subsequently, improving
prognosis.

Our study had several strengths and limitations. The main strength of our study is
that very few studies have examined the stability of symptom severity and whether
the effect of persistent moderate-to-severe symptoms on the occurrence of
frequent exacerbations or respiratory hospitalisation differs in patients with and
without airflow limitation. One limitation includes the fact that our definition of
persistent moderate-to-severe symptoms has not been validated and is not an
accepted standard in guidelines. We show that the proportion with high symptoms
decreases slightly over time in all three groups, especially at 6 months
assessment. This may be due to patients with a high symptom burden being more
likely to drop out or die. Still, the association between persistent moderate-to-
severe symptoms and the occurrence of frequent exacerbations or respiratory
hospitalisations showed similar strength across groups and minimally adjusted
estimates showed significant association with mortality for all groups combined.
Next, the number of mortality events was low in pre-COPD and incident patients
and so we could not determine whether the effect of persistent moderate-to-severe
symptoms on mortality varied by the patient groups. However, the low nhumber of
deaths was predictable given that these patients either do not have COPD or were
only recently diagnosed.

GOLD stage | patients and smokers with normal spirometry suffer a similar burden
of respiratory symptoms and poor exercise capacity (7). However, there is still
insufficient evidence that GOLD stage 0 patients necessarily progress to COPD
(5). Given our results, normal spirometry may not rule out the need for further
clinical investigation of airway disease and people with pre-COPD may have unmet
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needs consistent with people with newly identified COPD. Further research may be
needed to determine if monitoring and treating patients with persistent moderate-
to-severe respiratory symptoms may be beneficial (318), even if they do not have
nor will ever develop airflow limitation.
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CHAPTER VIII: SUMMARY AND
DISCUSSION
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Aims

Chronic obstructive pulmonary disease (COPD) is an umbrella term for patients
with chronic airflow limitation resulting from chronic airway inflammation and loss of
alveolar tissue due to environmental exposures and endogenous predisposing
factors (9). Airflow obstruction, often expressed as the forced expiratory volume in
the first second of expiration (FEV1), has been the hallmark measurement to
describe the severity of COPD. Serial measurements of FEV1 are used to
determine the rate of COPD progression (93,327). However, it is acknowledged
that FEV+ alone is a poor predictor of patient-related outcomes and prognosis
(145). The Global Initiative for Chronic Obstructive Lung Disease (GOLD) has
recommended additionally considering symptoms and exacerbation history and for
the latter two to guide treatment decisions (1). Thus, there has been a shift toward
recognising COPD as a heterogeneous and multidimensional disease both in
research and in care (60).

This thesis aimed to highlight how components beyond FEV1 affect prognosis in
people with COPD, as well as to validate and expand the role of new and existing
multicomponent COPD prognostic scores that include these components. To
accomplish these objectives, we first validated the ADO score which was
developed to predict mortality. Then we described how it could be used to monitor
disease worsening. Next, we determined how the relationship between smoking
and body mass index (BMI) in COPD patients compared to that of individuals
without COPD. After showing that the rate of exacerbations had increased from
2008 to 2013, we then validated the BLISS and Bertens’ scores for predicting
exacerbations, an outcome that is often the cause of respiratory mortality in COPD.
Finally, we determined whether moderate-to-severe symptom burden showed
similar stability over time and whether persistence of these symptoms showed
similar prognostic relevance in those with and without airflow limitation.

Gaps in knowledge and summary of the main findings

This thesis can be broken up into three parts that accomplish the aims that we set
out to achieve. In the one part, we highlight the components that do not include
FEV1 that affect outcomes of COPD patients. In the next, we validate prognostic
scores that include some of these components. Lastly, we expand the role of a
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prognostic score to determine whether it can potentially be used to monitor disease
worsening.

Important components beyond FEV1

Smoking and BMI

Cigarette smoking is the most common risk factor in COPD (177) and many COPD
patients do not quit smoking post-diagnosis (210). Continuous smoking behaviour
is associated with an increased rate of disease progression (90,328) and a worse
prognosis (210,328). Additionally, weight loss and low BMI are considered to be
important extra-pulmonary manifestations of the disease (217), and they are
associated with mortality (102,212). However, in the general population, cigarette
smoking also leads to loss of weight (105,209) and so it was unclear whether loss
of weight over time was due to the effects of the disease itself or continuous
smoking. But there was limited evidence of a relationship between smoking and
BMI in COPD patients before our study in Chapter 4, as many studies did not use
longitudinal BMI measurements and/or were not adequately powered to place
COPD patients into smoking subgroups. Therefore, in Chapter 4 we set out to
determine whether smoking or COPD primarily influences BMI trajectories and if
longitudinal changes in BMI mediate the association between COPD, smoking, and
mortality.

We found that former and never smokers had a similar rate of decline in BMI, but
former smokers had a higher baseline BMI than never smokers. COPD patients
only had a marginally lower baseline BMI within these smoking groups. Recent and
continuous smokers had the lowest BMI at baseline. Moreover, a more rapid
decline in BMI was found among COPD patients who continue to smoke compared
to non-COPD continuous smokers who had a reduced rate of decline. Sustained
quitters with COPD experienced increasing BMI trajectories and the rate of
increase was greater than in sustained quitters without COPD. However, we did
not find that BMI mediated the association between COPD status and smoking
behavior and mortality. Thus, although low BMI is prognostically independent and
COPD and smoking influence BMI trajectories, COPD and smoking impact
mortality independently of these trajectories. Interpretation of the hazard ratios for
mortality for each of the COPD/smoking subgroups is difficult since some groups
had very few patients (e.g., intermittent smoking non-COPD patients) but the size
of these groups also reflects the prevalence of smoking behaviors within COPD
and non-COPD patients captured from real-world data. In summary, these results
indicate that, while not a prognostic mediator, BMI loss may not just be a general
feature of COPD but of smoking as well.

Respiratory symptoms and their persistence over time
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Many patients have respiratory symptoms but normal spirometry and the relevance
of these symptoms is still debated (21). Some patients with symptoms and normal
spirometry progress to spirometrically defined COPD while others do not (17). But,
in those with normal spirometry (i.e., pre-COPD), respiratory symptoms may still
need to be monitored and treated especially if these symptoms are stable and
impact prognosis similarly to those with abnormal spirometry. In Chapter 7 we
found that the association between persistent moderate-to-severe symptoms and
the risk of frequent exacerbations/respiratory hospitalisation was similar in
symptomatic patients with normal spirometry and patients with newly identified and
long-standing COPD. Moreover, the association was maintained even among pre-
COPD individuals who did not develop spirometrically defined COPD during follow-
up. While symptoms were stable in all three patient groups, prevalent patients
tended to suffer from worse symptoms for longer and, overall, symptom severity
over time was more similar between incident cases and pre-COPD individuals,
especially after adjustment for confounders. Finally, we found that younger age,
worse airway obstruction, stomach condition, current smoking status, worse
deprivation, lower sit-to-stand test results, and exacerbation history were all
associated with the risk of persistent symptoms. Our analysis shows that normal
spirometry may not rule out the need for further clinical investigation of airway
disease.

Exacerbations of COPD

In Chapter 5 we showed that the incidence rate of exacerbations, especially severe
ones, are increasing year-to-year in the UK. The increase in severe exacerbations
indicates that more resources may need to be placed in caring for patients in
hospital and in preventing these events. Exacerbations lead to an increased rate of
COPD progression (23), reduced health status, and increased risk of respiratory
failure, hospital admission, and mortality (24). FEV+ is commonly used as an
outcome in randomised controlled trials of COPD patients (329) but exacerbations
might be a more patient-focussed and patient-reported outcome as the
unpredictablility and severity of exacerbations increases fear, stress, and the
overall burden of COPD among patients. As stated above, exacerbations may even
be occurring in those without spirometrically-defined COPD, however, incidence
rates of exacerbations in these individuals were not evaluated here. Excluding
patients from trials based on their FEV1/FVC decreases the generalisability of
results to making conclusions on the potential of reducing exacerbations in those
without airflow obstruction with various treatments.

Validation of prognostic scores

Several multi-component prediction models were externally validated in this thesis.
COPD prediction models for mortality often include FEV+1 a priori but also include
one or more additional predictors that make individual risk estimates more accurate
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when compared to using obstruction alone (139). Prognostic scores predicting
COPD exacerbations often include a history of exacerbations a priori but, again,
these scores also include additional predictors such as symptoms, smoking, BMI,
age, etc. This is the premise of all prognostic model research, to only retain
predictors that significantly impact prognostic accuracy. The accuracy of these
models can vary when used to make predictions in populations that are different
than the one they were developed in. This is often due to variation in the
distribution of these risk factor components from one population/healthcare setting,
location, or moment in time to the next (303). The ADO (age, dyspnoea,
obstruction) score (144) for predicting overall mortality within 3-years had not been
adequately tested in patients with less severe disease, while the BLISS and
Bertens’ scores (330) for predicting exacerbations had not been tested in patients
with more severe disease. We decided to externally validate these scores in
different severity groups as well as test if these scores maintained accuracy at
different time horizons, geographic settings, and, in some cases, using slightly
different methods (303).

The ADO score

In Chapter 2 we showed the results of the validation of the ADO score in
Birmingham Lung Improvement Studies (BLISS) cohort primary care COPD
patients. We found that the ADO score showed accurate discrimination in
predicting 3-year mortality, but it tended to over-predict risk in patients with higher
predicted risks of mortality at 1 and 2-year mortality. Thus, we recommended that
the ADO score be recalibrated if it is to be used to provide risk predictions for 1- or
2-year mortality.

BLISS and Bertens’ score

In Chapter 6 we found that the BLISS score more accurately predicted severe
exacerbations when compared to Bertens’ score in Evaluation of COPD
Longitudinally to Identify Predictive Surrogate End-points (ECLIPSE) COPD
participants. Both scores showed stable discriminative accuracy across different
time horizons. However, neither model showed accurate calibration statistics when
predicting moderate-to-severe exacerbations as both scores showed substantial
under-prediction, especially the BLISS score. Thus, we stated that both scores may
require updating (specifically to the intercept term) before it can be determined
which is better for predicting moderate-to-severe exacerbations. However, the
BLISS score is more accurate when predicting severe exacerbations and may
require further external validation and impact assessment (290) for this outcome.
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Expand the use of prognostic scores

Finally, we attempted to expand the function of multicomponent prognostic scores
using the ADO score as an example. By combining multiple components measured
at a single time point (e.g. first clinical visit), prognostic scores take account of the
heterogeneity found in COPD patients to make predictions of adverse outcomes
within a period of time (60). But the progression of COPD is also heterogeneous
(95). Traditionally, serial measurement FEV1 alone has been used to track
progression (177) but “in patients with FEV+1 lower than 50% predicted, the 6-
minute-walk distance changes more over time than lung function....” (95).
Progression of COPD can be more adequately described using prognostic scores;
however, it was unclear if it is even beneficial to measure prognostic scores serially
in COPD patients. In Chapter 3 we found that both changes in the ADO score and
subsequent ADO score measurements significantly impacted prognosis above and
beyond the baseline ADO score measurements and that the ADO score can
identify patients with worsening disease and update their prognosis. Patients who
were smokers, depressed, or had lower BMI had an increased rate of worsening
ADO scores over time and, therefore, serial assessment may be even more
beneficial in these patients. Former smokers had worse ADO score trajectories
when compared to never smokers but still had an improved trajectory when
compared to patients who continue to smoke. Thus, we found that serial
assessment of the ADO score may be advantageous in order to track disease
worsening and update a patient’s prognosis.

Interpretation and future work

Challenging well-established concepts and theories

COPD is a complex disease, and our understanding of the heterogeneity, aetiology,
diagnosis, prognostic factors, and management is still evolving. Lack of clear
evidence and differences in interpretation of the evidence has led to ongoing
debates about all of these aspects of the condition. Sometimes “old “concepts can
resurface later on. For instance, in the Introduction chapter, we discussed whether
it was best to define airflow obstruction using the lower-limit-of-normal or the fixed
ratio (FEV1/FVC<0.7) method. This is an ongoing source of conflict and debate
among scientists and clinicians (14). Secondly, 55 years after the term’s
introduction ‘nonobstructive chronic bronchitis’ has resurfaced to describe people
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with chronic cough and phlegm and normal spirometry and to differentiate these
people from those with chronic bronchitis and abnormal spirometry (307). The goal
is to highlight individuals with symptoms that are associated with morbidity and
increased risk of progression to spirometrically-defined COPD. This thesis
highlights several additional examples of concepts and theories that need to be re-
thought.

Establishing pre-COPD so that people with symptoms can be treated

Since there was insufficient evidence that individuals with respiratory symptoms
and normal spirometry necessarily progress to COPD, GOLD removed stage 0
from their diagnosis and treatment guidance (21). Only some patients with
persistent symptoms develop spirometrically defined COPD and it is unclear why
only some individuals seem to have early COPD (17). However, it is known that
the destruction of the alveoli and restructuring of the peripheral and large airways
can produce symptoms before abnormal spirometry is found (306). It has also been
shown that respiratory symptoms (323) and exacerbations (23) increase the rate of
lung function decline. Establishing a definition for people with increased risk of
spirometrically-defined COPD due to their respiratory symptoms is important
because its natural history may be more easily modified at this stage.

The debate continues as to whether symptomatic patients with normal spirometry
have ‘early disease’ or if these patients suffer from a different disease entity
altogether (7,17). Chapter 7 shows that it may not matter. Like precancer or
preeclampsia, pre-COPD was introduced as a group that, as a whole, has an
increased risk of COPD (307). This does not mean that all people with pre-COPD
will eventually develop COPD. However, more individuals in this group may
develop overt COPD if clinicians do not intervene (307). Clinical investigation of
some form of airway disease may benefit patients, regardless of if they currently
have or will develop airflow obstruction. This may be especially true for people with
chronic cough and phlegm as people with these symptoms are more likely to
progress, have excess mucin production which mediates disease severity, and
radiographic abnormalities (307). The main exposure variable in our analysis of
pre-COPD patients (Chapter 7) was the persistence of moderate-to-severe
symptoms such as cough, phlegm, and breathlessness. The latter component is
especially non-specific to COPD but is an important factor for the prognosis of
COPD patients (144). Additionally, assessing a broader range of symptoms — not
just respiratory symptoms but fatigue and other components as well - may also be
useful in identifying undiagnosed COPD and account for more of the systemic
effects of smoking (17) in those with pre-COPD. For many patients, symptom
burden remains high and this may be related to an excess decline in lung function
(17). So, monitoring the stability of symptoms may be an early marker of excess of
FEV1 decline toward spirometrically defined COPD.

Ironically, some patients with persistent symptoms and normal lung function may
find that spirometry is a barrier to treatment of their respiratory iliness (17), a
situation that is not improved after the elimination of GOLD stage 0 from treatment
and diagnosis guidance. If pre-COPD patients have similar stability of symptom
burden and prognostic outlook of this burden to those with newly identified,
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spirometrically-defined COPD then trials of treatments (inhalers or pulmonary
rehabilitation) used in COPD may need to include pre-COPD patients to see if they
can modify prognosis and/or change the natural history of this population. In
individuals with pre-COPD, if forced vital capacity (FVC) decreases at a similar or
faster rate than FEV+1 (331) then airflow limitation will not be diagnosed using the
FEV1/FVC ratio or LLN methods, even though decreasing FVC over time may itself
be an independent prognostic factor (332).

We may need to move away from using spirometry to screen for COPD but
instead, use a symptom burden assessment tool. Choosing the right symptoms to
be assessed using this tool is important. As mentioned above, evidence suggests
that cough and phlegm are the most important symptoms (307) but a broader set of
symptoms may more accurately identify at-risk groups (17). Combined with
symptoms other signs may indicate the presence of pre-COPD such as early signs
of abnormal structure of the airways and physiology (307). The addition of these
early markers of airway damage may enable clinicians to capture more individuals
who ultimately progress to COPD (307), and prioritise care and resources if
individuals are grouped into ‘possible’, ‘probable’, and ‘definite COPD’ groups
(307). The question then becomes ‘what we should do with these people?’ and
whether or not the actions that are taken help them. More research is needed to
determine if monitoring and treating people with persistent respiratory symptoms
and other abnormalities is beneficial (318) and cost-effective, even if some of these
individuals do not develop airflow limitation in the future.

New uses for well-validated prognostic scores

Measuring a prognostic score once may inadequately account for changes in risk
over time, which may occur from treatment or worsening disease. The ADO score
has received some criticism for including only three components, one of which is
age, which is not modifiable and not specific to COPD (333). However, it can also
be said that a prognostic score that predicts overall mortality and does not include
age is incomplete. The purpose of a prognostic score is not to monitor response to
treatment (where you would need to include components that can be modified in
response to interventions), but rather to inform conversations with patients, make
management plans, and plan services. In this context, whether the components are
modifiable is not relevant. Trajectories in the ADO score over time will not be
influenced by age since aging cannot progress at faster rates for some patients
versus others. However, the age component provides a good anchor from which
the dyspnoea and obstruction components could drive variation in trajectories in
the overall ADO score.

Previous studies have not adequately shown how serial assessment of a
prognostic score might be beneficial. In contrast to our results with the ADO score,
it was concluded that a single, rather than serial, BODE measurement was
sufficient (189). The baseline BODE score (137) predicted both survival and
readmission for COPD patients hospitalized for acute exacerbations of COPD
whereas serial BODE indices were not predictive of survival at 3 years. However,
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the BODE score may be useful as a surrogate outcome to show whether
pulmonary rehabilitation (190), lung volume reduction, and other treatments (197)
can benefit a patient’s disease, with average decreases in the BODE score after
treatment summarising the impact of treatment and significant decreases in
individual patients representing responders to treatment. Thus, the BODE may be
more appropriate as a surrogate marker of treatment efficacy and response while
the ADO score is not only more accurate than the BODE score (145) but, given our
results, may be better suited to reflect changes in prognosis.

Since prognostic scores are underutilised in COPD research, these results have
limited clinical utility. Still, Chapter 3 puts forth the notion that patients and their
healthcare workers may benefit from prognostic scores if they are measured more
than once. Future research may be needed to determine if other COPD prognostic
scores are more sensitive to the effect of COPD activity on patients, with priority
given to scores that are also the most accurate.

Smoking'’s effect on BMI loss and the potential connection to COPD phenotypes

Continuous smoking decreases BMI and quitting results in gains in BMI, especially
in COPD patients. This challenges the “chronic bronchitis versus emphysema”
paradigm which often manifests itself as “blue bloaters” and “pink puffers”,
respectively (243). Patients with chronic bronchitis tend to have inflammation of the
lining of the bronchial tubes and have symptoms such as cough with sputum,
intermittent dyspnea, pulmonary infections, and, eventually, weight gain (4).
Emphysema, on the other hand, is characterised by the destruction of the alveoli in
the lungs and is exhibited by worsening dyspnoea, wheezing, and, finally, loss of
weight.

Cigarette smoking behaviour — being an earlier insult than COPD itself — may
produce specific COPD phenotypes that are dissimilar to phenotypes produced by
other risk factors. In a cross-sectional analysis, female COPD never-smokers with
prior biomass exposure (n=21) had significantly less emphysema than former
smokers with COPD and without prior biomass exposure (n=22) (334). This
supports the notion that rather than originating from COPD, smoking may itself
primarily influence the pathogenesis of emphysema-related COPD which in turn
produces the “pink puffer” characteristics and loss of weight over time. In other
words, rather than originating from COPD, loss of weight may derive from smoking
behavior prior to diagnosis. More studies may be needed to determine whether
former and current smokers with COPD are more likely to lose weight over time
than never smokers with COPD and a history of biomass exposure. This may help
elucidate the root cause and mechanisms of weight loss in COPD. If the duration of
weight loss after cigarette smoking exposure is extended by the maintenance of
emphysema-related COPD, even after quitting, then this may help determine if
some patients are better responders to pulmonary rehabilitation, nutritional support,
and other interventions when compared to other COPD patients. In addition, while
the efficacy of smoking cessation for increasing weight may be reduced in patients
with emphysema-related COPD, it may still improve symptoms.
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It is still unclear if COPD patients who continue to smoke lose weight due to the
maintenance of an emphysematous phenotype and how this relates to loss of BMI
in individuals from the general population who also smoke. COPD patients with
primary emphysema may also have poorer nutritional intake (203), increased work
of breathing (204), increased resting energy expenditure (205,206), and
mechanical inefficiency (207) than other COPD patients. Also, it may be of interest
to determine how people with COPD lose weight when compared to those without
COPD and the general population. Similar to loss of BMI, loss of muscle mass is
prevalent in people with COPD and is a significant prognostic indicator (335) but
interventions for optimally treating loss of muscle mass (i.e., pulmonary
rehabilitation) versus a loss of fat (i.e., nutritional support) should not completely
overlap (102). In conclusion, our study is an early example of how smoking, rather
than COPD, may influence BMI which may have clinical implications since smoking
behavior is, indeed, more reversible than COPD.

Unmet need for care of women suffering COPD exacerbations.

We found that the rate of any exacerbations was higher among women and so
healthcare providers may need to be more aware of the need to recognise and
reduce the frequency of exacerbations in these individuals, potentially using risk
prediction tools to guide treatment decisions. If the higher rate of exacerbations
among women is due to gender phenotypes of disease then stratifying the
development of COPD prognostic scores that predict exacerbations by gender may
improve the calibration of prognostic scores. However, there are few examples of
COPD prognostic scores that have been developed (and used) in this way. COPD
is probably not fundamentally different in men and women but may instead be
linked to additional traits that tend to affect one gender more than the other. An
example may be breathelessness. Women have been shown to have more
exacerbations despite smoking less than men among 470 patients with stable
COPD with a history of smoking (336). Although women had a higher FEV1%
predicted they had the same level of breathlessness compared to men. These
results and the results from chapter 5 indicate that targeted assessment and
management of COPD in women and men may be needed.

COPD prognostic scores are accurate... until they aren’t

Minor differences in the development of various scores seem to have implications
for calibration accuracy, and not discriminative accuracy, during external validation.
While discriminative power was relatively stable in the ADO validation study
(Chapter 2) and BLISS/Bertens’ score validation (Chapter 6) studies, calibration
statistics were more sensitive to different time horizons, healthcare settings, and
outcome definitions. In all these instances, the results are fairly predictable. If the
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outcome definition is broadened or becomes more specific, the allotted time
horizon in which outcome events are counted is increased or decreased, or if the
patient population that is used for validation is more or less severe then, in all of
these cases, the number of outcome events increases or decreases and the
prognostic model runs the risk of under or over-prediction, respectively. Calibration
statistics are important because predicted and observed risks must be similar for
the risk of an adverse outcome to be properly weighed against the costs and
adverse effects of treatment. Only calibration statistics can test (and show) the
degree of similarity between observed and predicted risk (158). However, any
calibration measures, let alone calibration-in-the-large and the calibration slope,
are often not reported (148).

There seems to be a lack of understanding that prognostic scores are validated to
predict certain outcomes over a particular time horizon. A score developed to
predict mortality is not necessarily going to be a good predictor for hospitalisation
and vice versa. A score validated to look at a short time horizon (e.g., 12 months),
to consider ‘end of life’ care pathways, will not necessarily be a good long-term
(over 5 years) predictor. Sometimes validation studies do not specify what the time-
horizon is and often use the total follow-up time as the time horizon for testing
scores (337) which decreases the reproducibility of findings. It may be the case
that certain time horizons may not be clinically relevant. Additionally, validation
studies that support the use of scores in different outcomes and time-horizons may
not report calibration slope statistics to allow the readers to decide for themselves
(148). But in practice, clinicians need to be careful and not use prognostic scores
interchangeably without considering the purpose and context in which the score
was originally developed.

A ‘one score fits all’ approach may not be entirely possible. It is probably better that
clinicians can choose the score that most accurately predicts outcomes in the type
of patient and setting that they are experienced in treating. On the other hand,
testing the accuracy of existing COPD prognostic scores in other populations
should be considered before developing new prognostic scores that are not
needed (139). Developing new models, instead of validation or updating existing
models can lead to confusion among clinicians when too many models are
available for the same outcome, time-horizon, and setting (140). If too many
prognostic scores are available to clinicians, then this may result in none of them
being used in clinical practice.

There is a lot of room to externally validate and/or update existing COPD
prognostic scores. However, it is rarely done. In a 2019 study, 408 COPD
prognostic models have been developed but only 38 (9%) were externally validated

151



(139). This is in comparison to 25% of new development studies being externally
validated across all disease fields (338). There was a 0.05 median drop in
discriminative performance from development to external validation, which shows
why testing transportability is so important. There is added complexity with COPD
prognostic scores which further highlights the importance of testing them in various
settings. Existing COPD scores have been primarily tested in North American and
European populations and could not be easily generalised to other settings such as
low and middle-income countries where risk factors such as tuberculosis and
indoor air pollution are more common (139). There are several reasons why
external validation studies are so rarely performed:

e the development methodology has pitfalls;

e the prognostic model formula was not published;

e the outcome definition was different from the one that was collected (e.g.,
developed prognostic score predicts hospitalisation but hospital episodes
were not ascertained);

e patients in the validation sample are too similar to that of the development
sample;

e and predictors included in the score may not have been measured in
cohorts available to researchers.

Of these reasons, it seems that the only plausible explanation for why COPD
prognostic models are less likely to be validated than prognostic models in other
disease fields is that COPD models use predictors that have not been collected in
cohort studies and routine data, and are, therefore, probably not accessible across
clinical settings either. The wide range of predictors associated with adverse
outcomes in COPD patients may be due to the complex and diverse nature of
COPD and the large number of tests needed to fully describe COPD patients.
Developing models that use easily measured predictors is not only better for
clinical practice but external validation as well. After external validation, the next
best option for testing the generalizability of a prognostic score is internal
validation, however, only 25% of COPD models have been tested in this way (139).

However, a validated prediction model alone is unlikely to modify treatment
decisions in daily clinical practice. The second stage is to test whether a well-
validated model has clinical utility and impacts patient and healthcare providers'
decisions (139). Impact studies are defined as studies that quantify the impact of
using a prognostic score on patient and healthcare providers' behaviors and
decisions and, subsequently, patients’ health outcomes and the cost-effectiveness
of care (140). It is important to note, however, that “prediction models are not
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developed to replace doctors but to provide objective estimates of health outcome
risks for both individuals (including patients) and healthcare providers, to assist
their subjective interpretations, intuitions, and guidelines” (140). Guidelines on
optimal treatments matched to thresholds of predicted risk estimates of adverse
outcomes may also be needed, similar to the cardiovascular disease field (339)
where treatment is advocated in the top groups (>20% for AHA/ACC 2019
guidelines and >10% for ESC 2016 guidelines) and a discussion of adding or
removing treatment is recommended for the next highest group (27.5 to <20% and
25 to <10%, respectively) (340,341). To establish predicted risk thresholds for
COPD, decision analysis and cost-benefit modelling approaches can be used (342)
but GOLD would have to shift away from its A/B/C/D treatment classification
system (278) to avoid confusing healthcare workers.

To our knowledge, only one impact study has been published (151). It tested the
impact of the DECAF score, originally developed to predict mortality in patients
admitted to hospital with an exacerbation (150), and found that hospital-at-home
for patients admitted to hospital with a low DECAF score (0 or 1) was safe,
clinically effective, saved an average of £1016, and was preferred by 90% of
patients after 90-days compared to patients with a low DECAF score randomised
to “usual-care” in a non-inferiority design (151). Although the study randomised
patients instead of clusters there was little chance of contamination since the
individuals from each arm were separated. However, using this design did not
allow the researchers to test how the use of risk estimates derived from a
prognostic score may alter clinical or patient decision-making and subsequent
patient outcomes. This more ‘human element’ was removed because the use of the
DECAF score itself was not randomised to clusters of patients treated at separate
care centres.

The overabundance of COPD prognostic scores makes it difficult for clinicians to
decide which one is best to use. Often, the best score is the one that has the most
accessible predictors, which is going to be dependent on the healthcare setting. It
is important that scores have predictors that are easily measured not only so that
they can be used across multiple healthcare settings but also so that these scores
can be externally validated. Future research needs to test existing models with
accessible predictors in new populations so that they can be tested for impact and,
if effective, used in clinical practice. The ADO score for predicting mortality and the
BLISS score for predicting exacerbations may be the best candidates.
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Smoking cessation is vital

While recent studies have shown that COPD can be attributed to many risk factors
other than smoking (343,344), we found in Chapter 4 that COPD patients are still
much more likely to smoke than non-COPD patients and this has been observed in
other studies (210). It has been shown that in mild to moderate COPD, smoking
cessation also reduces the risk of disease progression (193) while mortality was
reduced in more severe cases (210). It should be noted that many COPD patients
have delays in their diagnosis (345). An important factor seems to be the lack of
awareness and knowledge about COPD among healthcare providers (345) but
many patients may also ignore their symptoms until they become persistent,
attributing unstable symptom burden to more transient respiratory health issues. If
symptoms can be recognised before they become chronic then the downward
trends that lead toward abnormal spirometry (17) may be altered via smoking
cessation advice (210).

Despite the substantial improvement in the natural history and prognosis of COPD
patients who decide to quit smoking, over 40% of people continue to smoke after a
diagnosis of COPD (346). Among smokers with moderate-to-severe COPD
participating in RCTs, 12-month continuous abstinence rates were estimated to be
1.4% for usual care, 2.6% for minimal counselling, 6.0% for intensive counselling,
and 12.3% for pharmacotherapy (347). The effect of pharmacotherapy and
intensive counseling on abstinence rates is large but the absolute abstinence rates
are still low and are lower when compared to the rates observed in the general
population (10% and 17%, respectively). This may be due to the finding that
smokers with COPD have low self-efficacy and have less motivation to quit than
other smokers (346). The most optimal approach for smoking cessation was found
to include a nicotine replacement agent for 3 months and individual or group
support, with retreatment available if the patient begins smoking again (348). But
this may only work in highly motivated individuals who may or may not have poor
self-efficacy. If self-efficacy is high but motivation is low, then it may be more useful
to start with health education and motivational interviewing. If both self-efficacy and
motivation are low then the intensity of support needs to increase (346). Still, three
out of every four individuals with a COPD diagnosis intend to quit smoking but
fewer than 5% follow through (210). More research is needed for ways to help
COPD patients to quit smoking, especially those who have more severe disease,
lifelong smokers, and those with strong nicotine dependence. Public health
interventions such as restricting smoking to fewer areas in a community may help
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in general population settings but it is unclear if these interventions impact smoking
cessation among individuals with certain diseases, like COPD.

A seminal review has summarised that, among the general population, body weight
is lowered by smoking on a short-term basis but that gains in body weight may be
achieved even years after quitting (105). Our results reflect these observations
since former smokers had the highest BMI among all other smoking groups. The
rate of gain in BMI over time may be substantial in COPD patients who quit
smoking which may have implications for increasing the intensity of smoking
cessation guidance and support for COPD patients who are underweight. Detailing
this reasoning to the patient may help them to quit, even though the mechanisms
behind weight loss and gain due to changes in smoking behaviour are unclear
(105). However, COPD patients have comorbidities to contend with (52) and a gain
in weight after quitting may be met with an increased incidence of other diseases
on top of COPD, such as cardiovascular disease. Among 16,663 Australian adults
aged 18 or over (mean age was 44), participants who quit smoking tended to have
a gain in BMI compared to continuous smokers, the rate of death was reduced by
74% (95% CI: 55% to 84%) among quitters who gained more than 2 kg/m2, and
there was no association with an increased risk of chronic diseases in quitters
(349). This needs further study among COPD patients, but it is likely that gains in
weight while someone with COPD is already overweight (potentially a “blue
bloater”) is harmful whereas gains in weight while underweight (potentially a “pink
puffer”) is beneficial.

Methodological considerations

Secondary data analysis

In this thesis, we used data from large cohort studies of people with COPD and
routine health data from general practice to answer research questions related to
prognosis. No data collection was undertaken and secondary analysis of existing
data was used throughout. But there are benefits and drawbacks to secondary
data analysis that are directly counter to that of primary data analysis. Primary data
analysis is defined as the “analysis of data by members of the research team that
collected the data, which are conducted to answer the original hypotheses
proposed in the study” (350). For primary analyses, the research question is
conceived before data collection so relevant covariates would have been collected
by the research team. Secondary analyses of existing data comprise all other
analyses of data that can either originally be collected for specific research studies
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or collected for other purposes. Routine primary care data is an example of data
collected for purposes other than for research. Our secondary analysis studies
suffered from residual confounding due to many potential confounders not being
measured/collected by General Practitioners or the original research team of the
cohort that we analysed. One example was our inability to adjust for alcohol use,
exercise, and eating/nutrition in the association between smoking and body mass
index trajectories (Chapter 4). We may have overestimated our effect estimates
since adjustment often results in effect sizes approaching the null. One way to
minimise unmeasured confounding is using longitudinal data and repeated
measures of both the exposure and the outcome in fixed-effect models (68). This
allows only within-person changes to be analysed and any heterogeneity between
individuals, which produces confounding, is reduced. Instead, we opted to only use
longitudinal measurements of the outcome in our mixed effect models because this
was simpler to interpret and allowed comparisons to be made between groups of
individuals defined by our exposures/covariates. However, it is unclear if, even
when using mixed effect models in this way, effect estimates are less likely to be
affected by confounding when compared to cross-sectional analyses because
covariates must be associated with not just the dependent variable measured at a
single time point, but over multiple time points to bias results.

One strength of our studies is the generalizability of our findings. The THIN
database is a longitudinal, clinical primary care database that covers ~6% of the
UK population and the population of patients captured in THIN is generalisable to
the whole of the UK for demographics, disease prevalence, and mortality rates
(351). Although studies using THIN may provide a large sample size, patients from
urban areas may be over-represented because the use of software used by
General Practitioners to capture data on patients is clustered in large urban areas
(200). Therefore, THIN patients may be more likely to live in urban areas than the
people in the whole of the UK and this may be related to increased smoking
behaviour and a higher prevalence of COPD as a result (352). THIN was used for
Chapters 3 and 4 and these studies had extended follow-up. This is an important
strength because in these chapters we examined the trajectories in both BMI and
the ADO scores over time and fewer longitudinal data points may result in altered
estimated patterns of change. There was some evidence of this in Chapter 4 when
we compared the results for a set of patients with 2 or more BMI measurements to
those with 3 or more measurements. However, the conclusions remained the
same.

The Birmingham Lung Improvement Studies (BLISS) cohort is comprised of
primary care patients from the West Midlands, UK with previously diagnosed
COPD (162). The BLISS cohort also included two more groups of patients
identified through a case-finding trial: previously undiagnosed patients with
respiratory symptoms and spirometrically-confirmed airflow obstruction and
symptomatic patients with normal lung function. Thus, while not geographically and
ethnically (mostly white) diverse, the BLISS cohort includes participants in various
stages of COPD. It also includes patients with a range of COPD severities,
especially with mild-to-moderate disease.
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Although the potential for extended follow-up is a feature of routine primary care
databases, there is a possibility that Read codes for clinical manifestations and
measurements change over time. Read codes can be added (or taken away) and
healthcare professionals may change their use of these codes, especially with
additional knowledge of the coded condition. While our THIN projects had relatively
long follow-up periods, the repeated measurements that were being modeled were
simple (body mass index, obstruction, and dyspnoea) and their relevant codes -
and usage of these codes - are not likely to change over time. However, the codes
used to capture a case of COPD are often more complex and COPD patients
captured at baseline in 2005 may be very different from those patients captured in
2020. COPD is increasingly being recognized as a more complex and
heterogeneous disease (60) and it may now require a broader code list to fully
capture the diversity of patients suffering from different aspects of the same illness.
Still, a balance has to be struck between having a precise code list with high
specificity and low sensitivity or an imprecise list with low specificity and high
sensitivity. Even excluding patients who were diagnosed with COPD before they
were 40 years of age to reduce the chance of including those with alpha-1
antitrypsin deficiency-related COPD may need to be reconsidered since many
patients may have attained a low-maximal attained lung function earlier in life and
have a predisposition to COPD (85) regardless of their genetic risk. Still, our results
should apply to the vast majority of patients considered to have signs and
symptoms consistent with COPD today. Since the 2004 introduction of the Quality
and outcomes framework, a performance management and payment system of
General Practitioners which rewards “good practice” (241), reporting of diagnoses
and measurements made by General Practitioners has improved in THIN. Still
missing data is an issue in routine data. However, the use of mixed-effect models
in the studies in Chapters 3 and 4 not only accommodated missing repeated
measurements without giving biased estimates but also accounted for correlation
structures between measurements within patients as well as unbalanced
measurements (i.e., repeated measurements at different times) between patients
(222).

Outcomes and survivor bias

In all the chapters in this thesis, prevalent patients were included (sometimes along
with incident patients). Prevalent cohorts are prone to survivor bias because
patients who die soon after diagnosis are more likely to be excluded from these
cohorts (224). An analysis of prevalent patients will consist of individuals who have
lower risk and better prognosis. However, in several of these chapters, we examine
a prognostic score. It has been shown previously that the Registry to Evaluate
Early and Long-term PAH Disease Management (REVEAL) risk score (353),
originally developed to predict risk in prevalent patients, was also valid in predicting
risk in newly diagnosed patients (224). The process of explicitly assessing the risk
of outcomes in newly diagnosed patients means that survivor bias may be
accounted for since the score will give risk estimates that place more of these
individuals into the higher risk strata than the lower risk strata (224). In our studies,
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more individuals were likely estimated to have lower risk so that any survivor bias
inherent in using prevalent patients would be mitigated through risk assessment
calculation in individual patients. However, this may only be true if the risk score
includes components that explain the increased risk among newly diagnosed
individuals and why prevalent patients have a reduced risk. Smoking might be one
component that differentiates incident and prevalent COPD patients as prevalent
patients are more likely to be older and have quit smoking before the risk
assessment measurement. Although it is rare for prognostic scores to be validated
it is rarer for validation to be performed because the score requires testing in
prevalent or newly identified patients. We wanted to include prevalent and incident
patients in our analyses because COPD prognostic scores can be easily used
regardless of if the patient was recently diagnosed, and it was of interest to
determine if these scores are valid in both populations.

Mortality ascertainment was not complete for the studies using THIN (Chapters 3
and 4) because Office of National Statistics (ONS) data was not linked to patient
records. Therefore, death data relied upon General Practitioners coding that their
patients had died after hearing about it from various sources. In a study conducted
in 1991, 224 self-completed questionnaires (74% response rate) returned to study
authors by General practitioners practicing in the Newcastle upon Tyne and
Sunderland Family Health Services Authority areas showed that they mainly learn
of their patients' deaths from hospital discharge summaries (54%) and patients'
relatives (46%) but other sources included newspaper obituary columns (20%) and
hospital telephone calls (9%) (187). With the growth and expansion of technology
and social media in the intervening years, there may be additional sources where
General Practitioners can now become aware of the status of their patients. The
study concluded that “General practitioners need and would welcome prompt,
accurate and comprehensive information about all their deceased patients.” ONS
was formed 2 years after this study was published. Still, it is not expected that the
ascertainment of death in our included samples varied by levels of our exposure
and covariate groups in Chapters 3 and 4. However, this may be the case if
General Practitioners research the status of patients that are performing risky
behaviours. We wouldn’t expect substantial underreporting of overall death since
we only included THIN practices after they had acceptable mortality reporting
(AMR). AMR distinguishes practices for reporting the expected number of deaths
compared to national death data after adjusting for the age and sex distribution of
the patients attending the practice (354).

A detailed analysis of symptom stability in BLISS participants was performed in
Chapter 7. Unfortunately, patients were lost-to-follow-up for various reasons which
made longitudinal tracking of symptom changes in BLISS patients less statistically
powerful. Since frequent exacerbations/respiratory hospitalisation (our dependent
variable) was collected using questionnaires, outcome ascertainment may have
been incomplete if some patients dropped out just prior to having a sudden
worsening of symptoms leading to an exacerbation. If these individuals were more
likely to have persistence of moderate-to-severe symptoms, then we may have
underestimated the true effect of this exposure variable. Indeed, those who
dropped out had worse symptoms than those that did not, and this was shown by
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splitting each patient group under investigation into subgroups defined by whether
the patients attended the follow-up assessment (for whatever reason). Multiple
imputation to replace missing repeated symptom measurements with substituted
values would have been inappropriate since incomplete measurements would have
been missing-not-at-random (355).

Prognostic model research

Prognostic model research is plagued with a lack of adequate reporting and
methodological pitfalls (356). The Transparent Reporting of a multivariable
prediction model for Individual Prognosis Or Diagnosis ( TRIPOD ) statement was
designed to help authors report key study items in the domains of patient
population, outcome definition and ascertainment, risk model components, results,
and other aspects so that researchers and the scientific community can accurately
weigh the pros and cons of developed/validated prediction models (161). In
Chapters 2 and 6 of this thesis, we followed the TRIPOD statement. However,
many other published prognostic model research studies do not report critical
information and COPD prognostic model research is no exception. A systematic
review stated that only one out of 27 development studies for COPD prognostic
scores predicting exacerbations provided information on how to calculate individual
probabilities of risk from the predictors included in the regression equation (148).
However, we validated the Bertens’ score which also reported this information (two
out of 27) (330). Without this information external validation by authors who did not
develop the prognostic model becomes difficult. External validation can be
performed by using the scoring system, but cutoff points (and the number of cutoff
points) used for scoring during development are sometimes arbitrary and this may
also affect the perceived accuracy of the prognostic model in a new population.

Out of 400 COPD prognostic model development studies, only seven were
assessed as having a low risk of bias using the PROBAST tool (289) while only five
out of 116 external validation studies of COPD prognostic scores had a low risk of
bias (139). Bertens’ score had a low risk of bias for both development and external
validation which is one reason why we compared the BLISS score to it in Chapter
6. By far the main reason so many models were assessed as having a high risk of
bias was due to a lack of proper analytic techniques being undertaken (139). Some
examples of analytic guidance notes from PROBAST are 1) calibration and
discrimination are evaluated appropriately, 2) model overfitting and optimism in
model performance accounted for, 3) participants with missing data are not
excluded, and 4) many other items that are not necessarily specific to prediction
model studies (e.g. number of events is adequate, selection bias), etc. (289). A
systematic appraisal of the methodological conduct and reporting found in
multivariable prediction model studies found that complete-case analyses were
often used in the presence of missing values for predictors included in models and
that calibration was often not conducted and/or not reported (356).

Calibration is used to determine how close the prediction for an individual is to their
observed risk (158). Observed and predicted risk is compared and calculated
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within subgroups (usually deciles or clinically useful risk thresholds). While
discrimination is concerned with the rank order of risk estimates for cases and non-
cases in the sample, calibration uses the actual risk estimates themselves, which is
more clinically applicable for prognostic models since risk estimates are used for
treatment decisions (158). For example, assume two individuals have low risks of
mortality that are similar (e.g., individual A: 1.0% versus individual B: 2.0%). If in
two years the prognostic score is used to measure their risks again and it is found
that both have shown an increase in risk (e.g. individual A: 2.0% versus individual
B: 40.0%) due to worsening of disease, the c-statistic would be the same even
though the clinical decisions are likely to be different in the latter scenario
(especially for individual B) (357). However, if the score is known to overestimate
risk in those with high predicted risks of the outcome, then there will be uncertainty
about how to treat individual B.

The Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-points
(ECLIPSE) was a 3-year longitudinal study of COPD patients with FEV1 of <80% of
the predicted value, baseline post-bronchodilator FEV1/ FVC of <0.70, and a
smoking history of 210 pack-years (282). These patients represent the more
severe COPD patient population in this thesis. It should be noted that ECLIPSE
patients are geographically diverse as they were enrolled at 46 centres in 12
countries. Differences in the spectrum (severity of disease), geography, and
methodology between the BLISS and ECLIPSE cohort allowed for a rigorous test
of the BLISS score’s transportability (303). ECLIPSE authors decided to exclude
patients with diseases characterised by significant systemic inflammation (282)
because if significant inflammation is shown in a patient it can no longer be
primarily attributed to COPD. While this exclusion reduces the generalizability of
ECLIPSE, it is difficult to determine the effect of this exclusion on the BLISS score
and Bertens’ score validation study. On the one hand, testing prognostic models in
more particular populations, different from the one they were developed in,
provides a more rigorous test of accuracy when compared to testing models in
similar populations. However, once these scores are validated it still remains
unclear whether they are generalizable to patients with comorbidities such as
rheumatoid arthritis and inflammatory bowel disease. The impact on our results is
likely to be small.

Conclusions

The identification of early pathological changes in the lungs has been ignored until
recently because COPD was viewed as a disease of smoking, primarily in elderly
men (7,344). But a fuller understanding of the heterogeneity of burden experienced
in COPD should result in further research into the early origins of the disease.
Different environmental insults — such as smoking and biomass exposure — early in
life may give rise to different COPD phenotypes (334). Smoking-related
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phenotypes may result in underweight COPD patients who are more likely to have
worsening disease over time. Quitting smoking improves patients’ low body weight,
even after their diagnosis, and more dramatically than in non-COPD patients. Thus,
phenotypes may be dynamic and change as exposures and treatments change.

A decline in FEV1 that is only slightly more rapid than normal in susceptible
smokers may result in a COPD diagnosis if the patient had a lower-than-average
FEV+in early adulthood (Figure 7.1) due to, for instance, passive smoke exposure
in utero (7,93). However, some unsusceptible smoking individuals with lower-than-
average FEV1in early adulthood may remain well due to age-related decline in
FEV4. This level of heterogeneity makes diagnosis more difficult and often delays it
(345). At the same time, since persistent respiratory symptoms often lead to
exacerbations, it should not matter if only some of these patients will develop
COPD later on since individual patients should be treated and not the disease. If
some patients suffer primarily from symptoms or systemic manifestations rather
than poor lung function, then well-validated prognostic scores for exacerbations
and mortality can still accurately account for their overall risk. There may be a need
for clinicians to recognise dyspnoea and exacerbations in women so that
prognostic scores predicting exacerbations can be used to guide treatment in these
patients. Serial measurement of some prognostic scores, such as the ADO score,
can better account for any changes in their risk. Although the accuracy of COPD
prognostic scores may depend on the context and impact studies are still needed
before they can be used in practice.
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Figure 7.1: The often-overlooked second figure of the seminal paper entitled “The natural
history of chronic airflow obstruction.” It shows that susceptible smokers may have higher or
lower than average FEV1 in early adulthood, but it is impossible to distinguish between these
individuals with just one measurement of obstruction at the age of 40. Smoking individuals
with above-average FEV1 at the age of 25 can have an increased rate of decline when
compared to those with below-average FEV1 at the same age. Reproduced with permission
from Fletcher and Peto 1977 (93), British Medical Association.

Impact and personalised care of COPD patients

This thesis aimed to highlight components beyond FEV+ and explore how they
affect COPD patients as well as validate and expand the role of new and existing
multicomponent COPD prognostic scores that include these same components.
The results of this thesis clearly show that lung function measurements are
insufficient in assessing the severity, progression, and prognosis of COPD patients.
Regardless of whether clinicians are determining a patient’s risk of mortality,
exacerbations, or worsening progression, it is important to account for multiple
components beyond FEV1 to account for heterogeneity found in COPD patients
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before making treatment decisions. In addition, there is complexity with COPD,
shown by how the proportion of clinical characteristics (i.e., treatable factors) can
vary from patient to patient, which is one reason why prognostic scores may not
remain accurate across different populations. While COPD phenotypes attempted
to order heterogeneous patients into clinically similar groups (Figure 7.2B), there
has been some criticism that they cannot deal with the disease’s complexity
(Figure 7.2C) (70). While each of the main COPD phenotypes that have
associations with poor prognosis (e.g. frequent exacerbator, mixed COPD-asthma,
and emphysema-hyperinflation) is comprised of multiple treatable risk factors (e.g.
reflux disease, bacterial load, and low arterial partial pressure of oxygen (PaO2),
psychiatric disorder, etc. for frequent exacerbator phenotype) (69) it may be argued
that the contribution of individual treatable factors within COPD phenotypes can still
vary from one individual to the next and vary over time within individuals (60). For
instance, as just one example, a person suffering from the frequent exacerbator
phenotype does not necessarily suffer from reflux disease, but this may change
over time. With this variation in mind, it is up to the clinician to decide if, on the
whole, a patient has a certain phenotype. It may help to use a “label-free” approach
to COPD care since placing COPD patients into groups assumes that their
diagnosis and characteristics of their disease are clear and established and ignores
the clinical and biological complexity of airway disease (67). Accounting for multiple
factors and how they vary in each patient is in line with a personalised medicine
approach to COPD care. It looks at alternative pathways for risk assessment and
implementation of preventive strategies (70) and, overall, taking a “holistic
approach ... considering iliness as the consequence of dynamic interactions within
and between multiple interacting and self-adjusting systems” (358).
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Figure 7.2: Each colour represents one clinical characteristic within each patient (circles).
Reproduced with permission from Agusti (70), British Medical Association.

We promote the measurement of symptoms, important risk factors, and systemic
manifestations of COPD in individual patients; the aggregate scoring of these
factors into an overall prognostic score for the prediction of both mortality and
exacerbation; the validation of these scores to test if the score can be reliably
applied to particular patients, and the serial measurement of these scores to
update prognosis and track disease activity. Altogether, this process can highlight
the differences between individual patients that may manifest in changes in clinical
management.
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VALORISATION ADDENDUM

Impact paragraph

This chapter describes the scientific and social impact of this thesis. Also, it
highlights the impact of the created value from the gathered knowledge by making
it suitable for and/or available in clinical practice and translating that information
into practical services, products or tools. First, the aims and main findings of the
thesis are briefly described. Next, the scientific and public relevance and its impact
on clinical practice are discussed. Thereafter, target groups of this thesis are
mentioned. Finally, activities and opportunities will be discussed.

Aims and main findings

While the presence of chronic respiratory symptoms and airflow limitation are the
essential characteristics of chronic obstructive pulmonary disease (COPD), the
disease is made up of multiple other pulmonary components and non-pulmonary
features. These include the occurrence of exacerbations, alterations in body
weight, unhealthy lifestyle and accelerated aging. As a result, COPD is a
heterogeneous disease with many features contributing to disease burden and
trajectory. Patients with a comparable degree of lung function impairment may be
very different in terms of health status, functional performance and disease activity.
Thus, differential treatments and follow-up are indicated based on the presence or
absence of clinically relevant traits. Consequently, disease classification has been
updated by including symptoms and exacerbation history and various tools for risk
stratification have been developed. By assessing multiple clinically relevant
components in individual patients, the variability in COPD severity and progression
is accounted for in a more personalised manner and interventions can be more
targeted. Also, this allows healthcare providers to more accurately predict
prognosis and this can then be used for more informed treatment decisions.

Although multicomponent scores have been introduced in COPD management,
many have not been adequately tested. This thesis aimed to improve
multicomponent prognostication in patients with COPD, by focussing on two
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multicomponent scores for the disease: the ADO (age, dyspnoea, airflow
obstruction) score and the Birmingham Lung Improvement Studies (BLISS) model.
While ADO was developed to predict mortality, BLISS aimed to predict respiratory
hospitalisations among primary care COPD patients. In this thesis it was reported,
that ADO score provides promising discrimination in predicting 3-year mortality in a
primary care population including screen-detected COPD patients. If the score is
used to provide risk predictions for 1- or 2-year mortality, it may need to be
recalibrated. Also, in this thesis it was reported that serial assessment of the ADO
score can identify patients with worsening disease and update their prognosis,
especially for patients who smoke, are depressed, or have lower body weight.

Exacerbations are associated increased symptoms, reduced health status,
progressive lung function decline and increased risk of hospitalisation and mortality
in COPD. Therefore, preventing and treating these events are central components
of disease management. Despite these efforts, this thesis reported increased rates
of COPD exacerbations over the years 2005-2013 in a population-based cohort.
Also, women showed a substantially higher risk of any COPD exacerbations,
highlighting the need for a better understanding of sex differences in this disease.
This thesis also showed that predicting exacerbations is challenging; although the
BLISS score was more accurate in predicting severe exacerbations compared to
another published index, the Bertens score, neither model should be used to
predict moderate-to-severe exacerbations without first updating their intercepts.

Low body weight is an important prognostic factor in COPD, but the mechanisms
underlying weight changes in patients with this disease remain unclear. Continuous
smoking may be a contributing factor. This thesis aimed to investigate the
associations between changes in body weight and smoking behaviour. It showed
that among never smokers and former smokers, and within people with and without
COPD, there is a similar rate of decline in weight over time. However, weight loss
due to continuous smoking is accelerated if a person has COPD and quitting in
those with COPD results in an accelerated weight gain compared to those without
COPD. Finally, it showed that weight loss does not mediate the association
between COPD-smoking and mortality.

Since not all persons with respiratory symptoms fulfill the diagnostic criteria for
COPD, finally, the thesis aimed to determine factors associated with persistence of
moderate-to-severe respiratory symptoms, and whether both the pattern and
stability of symptom burden and the prognosis of individuals with persistent
symptoms vary by whether or not they have airflow limitation. The study showed
that normal spirometry may not rule out the need for further clinical investigation of
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airway disease and people with pre-COPD may have unmet needs consistent with
people with newly-identified COPD.

Relevance and target groups

Prediction of mortality can help clinicians better consult with patients, plan
resources, and decide on pharmacologic and non-pharmacologic treatments to
improve patient prognosis. Similarly, prediction of exacerbations can lead to risk-
stratified respiratory treatment recommendations and improved care of COPD
patients by reducing their risk of these events. However, the results of this thesis
and external studies clearly show that predictions can only be accurate and inform
patient care if the degree of lung function impairment is combined with other
disease components into a multicomponent score. If the predicted risk of an
outcome is high, it is easier for it to outweigh the risks, costs, inconveniences, and
potential non-response as a consequence of treatment. The benefits of treatment
must also be weighed. When clinicians communicate risk, this may motivate COPD
patients suffering from certain components of prognostic scores (e.g. poor
symptoms, reduced exercise tolerance and exacerbations) to improve their
outcomes with self-care (e.g. smoking cessation, nutritional support in
malnourished patients, self-management of exacerbations). Thus, when clinicians
begin to use prognostic models to predict risk, it begins a process that leads to
more objective, evidence-based clinical decisions and changes in action plans that
may subsequently improve outcomes.

The development of new prognostic models for existing outcomes can contribute to
confusion among clinicians and patients alike as it becomes less clear which
prognostic scores to use. However, validation helps clinicians decide which scores
“stand out” and can accurately predict outcomes in patient populations that they
are used to providing care in. The ADO and the BLISS scores are likely to be the
two best prediction models for mortality and exacerbations, respectively, and may
require clinical impact studies as a next step. Thus, the scientific field benefits from
the validation studies found in this thesis as only the most accurate and
transportable prognostic scores can move on to this stage of prognostic score
research. If COPD multicomponent models are the best way to account for COPD
heterogeneity at one point in time, then they also may be the best way to represent
variation in deterioration as well. Certain patients may deteriorate more rapidly
than others and symptoms such as breathlessness may worsen over time while
lung function remains stable. Rather than just measuring lung function over time, it
may be important for clinicians to measure prognostic scores serially in COPD
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patients in order to accurately update a patient’s prognosis and accurately measure
their rate of deterioration. This ensures that patients are well-informed on whether
their disease is stable or worsening and they can also be involved in adapting their
action plans. For example, reducing smoking and increasing body weight may slow
disease deterioration and improve patient-related outcomes. This increases
awareness in the COPD scientific community on potential avenues for the holistic
treatment of COPD.

Examining factors such as persistent symptoms in symptomatic persons with
normal spirometry may raise awareness of the need for clinicians to target
persistent symptoms and investigate respiratory illness regardless of the level of
airflow obstruction. In recent years, the scientific and clinical COPD community has
de-emphasised the role of airflow limitation in the diagnosis and treatment of
COPD. However, it may need to be de-emphasised even further so that persons
with normal spirometry and chronic symptoms can benefit from treatments usually
restricted to patients with spirometrically-defined COPD. Many patients may stand
to benefit if the scientific community places GOLD stage 0 into management
guidelines again. Given our results, patients may be able to use the knowledge that
persistent symptoms impact their prognosis to inquire about the potential for closer
investigation and monitoring of their health to prevent future exacerbations, even if
they do not suffer from airflow limitation. Thus, these people may take an active
role and be more involved in their care. Another example of this can be found after
reflecting on our results showing the association between smoking and body
weight. Patients can proactively reduce smoking behaviour to not only benefit their
COPD but also raise their body weight. Also, this study asks important questions
on the mechanisms between smoking and body weight in COPD patients and the
phenotypes that arise from different risk factors of COPD such as smoking and
biomass exposure. The scientific community can study this further and also try to
answer if low body weight is a systemic effect of COPD, smoking, or both using a
different patient population and adjusting for more covariates. Finally, while
guidelines have recommended that clinicians give smoking cessation advice to
COPD patients who continue to smoke for quite some time, our results show that
this advice may need to be explicitly emphasised to patients with low body weight.

In conclusion, this thesis has an application toward personalised medicine in that it
raises awareness about the heterogeneity and complexity of COPD by
emphasizing components and predictors beyond airflow limitation leading to
different approaches for healthcare workers and patients to make decisions
together to treat COPD holistically.
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Activities

The results of this thesis have led to several activities in the field of respiratory
medicine and this domain of research. The results of chapters 2, 3 and 5 have
been published in peer-reviewed, international journals. The following chapters
were presented at the annual European Respiratory Society (ERS) congresses:
chapters 2 and 3 (ERS Madrid 2019), 4 (ERS Barcelona 2021), and 5 (ERS Virtual
2020). Chapters 3 and 4 were oral presentations and were also presented at
webinar for Cegedim Health Data entitled “Can research using real-world data
(RWD) lead to improved patient management?” in 2021. The abstract of Chapter 3
was cited in a paper entitled: “Current developments and future directions in
COPD” by Mathioudakis et al. in European Respiratory Review 2020. We will
continue to publish the remaining chapters to disseminate the results to a wide
audience which will include clinicians, scientists, and patients. These activities as a
whole show that COPD is much more than a disease of airflow limitation and that
accounting for other components, aggregating these components into a single
prognostic score, and using this score in new ways should form a good basis for a
future in which truly personalised COPD care can become a reality.

197



198









	Lege pagina



