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ABSTRACT

Short- and Long-Term Changes in Cognitive Function After Exercise-Based
Rehabilitation in People with COPD

Brent Rosenstein

Objective: To compare the 12-week effects of continuous high-intensity training (CTHI),
continuous training at the ventilatory threshold (CTVT) and high-intensity interval training (HIIT)

on cognition, and the 1-year maintenance of these effects in people with COPD.

Methods: Participants were randomized to CTHI, CTVT, or HIIT and underwent 12 weeks of
three times weekly training on cycle ergometers. The intensity phase included 25 minutes of
pedaling at 80% of peak wattage (Wpeak) for CTHI. For CTVT, the intensity was set at the
ventilatory threshold, while HIIT consisted of 30-second intervals at 100% of Wyeak alternated
with unloaded pedaling. Session duration for CTVT and HIIT was calculated to ensure
comparable total work as for CTHI. Assessments were made at baseline (week 0), program
completion (week 12) and 1 year after baseline (year 1). Cognition was assessed with a
neuropsychological testing battery. Global cognitive function was assessed using the Montreal

Cognitive Assessment (MoCA).

Results: Thirty-six participants (64% women, mean age: 67.5+9 years) with moderate COPD
were randomized. The 12-week effects of exercise training on cognition were small or very
small, except for visuospatial abilities, which detected larger effects especially in participants
with mild cognitive impairment at baseline. There was considerable heterogeneity between
intervention groups. CTHI was the only group with medium-to-large effects in each cognitive

domain assessed. At year 1, gains and losses in cognition were seen in all groups.

Conclusion: In COPD, 12 weeks of training led to small changes in cognition, with notable

heterogeneity between exercise protocols and across cognitive domains.

Keywords: COPD, pulmonary rehabilitation, exercise training, cognitive function
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4. THEORETICAL CONTEXT

4.1 Chronic Obstructive Pulmonary Disease (COPD)

Chronic obstructive pulmonary disease (COPD) consists of a cluster of lung disorders
typified by chronic obstruction of airflow in the airways. More precisely, the Global Initiative for
Chronic Obstructive Lung Disease [1] defines COPD as “a common, preventable and treatable
disease that is characterized by persistent respiratory symptoms and airflow limitation that is
due to airway and/or alveolar abnormalities usually caused by significant exposure to noxious
particles or gases”. The main symptoms of COPD include dyspnea (shortness of breath),
increased mucus production, and cough [2]. The progression of COPD follows a downward
spiral termed the “dyspnea spiral”, which begins with airflow limitation and dyspnea. Once
patients start feeling breathless, they tend to avoid exercise and activities of high intensity
leading to inactivity and muscular deconditioning. This, in turn, worsens the dyspnea sensation
in patients, who then begin to avoid activities of daily living. Eventually this cycle initiates a very
poor quality of life as it continues to progress. COPD is currently the fourth leading cause of

death worldwide [1] and is predicted to becoming the third cause of worldwide mortality by 2020

[3].

£4 Expiratory flow
limitation
Hyperinflation £
#4 Dyspnea
Inactivity 4%
Deconditionning &4 Peripheral muscle
impairment

o A

Worsening in dyspnea B Isolation

Invalidity
Poor quality of life

Figure 1 — COPD Downward Spiral

Adapted from la Clinique du Souffle la Solane, Osséja, France.




4.1.1 Epidemiology:

The estimated prevalence of COPD in Canadians aged 35-79 years is 17% for mild
severity and 8% for moderate severity [4]. Globally, a prevalence of 251 million cases of COPD
was reported in 2016 [5]. There are several factors that seem to be associated with a higher
prevalence and incidence of COPD, such as age, sex, and smoking status. Overall, studies
report an association between older age and COPD prevalence. The prevalence and incidence
of COPD increases with age and is most prevalent in individuals aged 75 years or older [6-9]. A
systematic review and meta-analysis of prevalence estimates reported between 1990-2004 [7]
found a higher prevalence of COPD in people aged 40 years or older compared to people
younger than 40 years. In addition, one-year mortality rate of COPD varies from 4.1% in
individuals aged 45 years and older, to 27.7% in individuals aged 65-100 years old in Canada
[10-12]. Mortality caused by COPD varies across studies with a range between 2.3%-8.4% [6].
These percentages are higher in people aged between 65 and 74 years old [13] and in men
than in women [14-16]. A higher incidence of COPD is seen in men compared to women across
several additional studies [7, 8, 10, 17, 18]. Furthermore, two studies conducted by the
Obstructive Lung Disease in Northern Sweden, stated a two- to three-times higher incidence

rate in cigarette smokers than in nonsmokers [19, 20].

4.1.2 Risk Factors:

Cigarette Smoking

Cigarette smoking is the most common risk factor for developing COPD. Approximately
80-90% of COPD cases are attributed to smoking cigarettes [21, 22]. Secondhand smoke is
also reported to lead to COPD by inhaling particles and gases, and further burdening the lungs
[21]. People who smoke cigarettes have a greater prevalence of respiratory function
irregularities and symptoms, and a higher yearly decline in FEV, [23]. However, population-
based studies report that between 25-45% of people with COPD have never smoked [24].

Therefore, other risk factors play a role in the development of COPD, such as pollution [25].

Pollution and Occupational Exposure
Pollution and/or occupational exposure is a well-known risk factor for COPD contributing
to approximately 10-20% of cases by increasing symptoms or functional impairment [26].

Examples of occupational and environmental toxins include fumes, vapors, mineral and organic



dust, and chemical elements [21]. Exposure to these toxins plays a significant role in the
development of COPD [27-30].

Alpha; Antitrypsin Deficiency

Another risk factor is a hereditary deficiency in alpha; antitrypsin. Alpha; antitrypsin is an
enzyme that regulates the respiratory immune system by protecting the lungs from injury
against proteolytic enzymes [21]. Therefore, alphas antitrypsin deficiency is a disorder that

causes the absence or failure of alphas antitrypsin, resulting in damaged lung tissue [21].

Childhood Respiratory Infections

A history of severe respiratory infections and asthma during childhood are significant
determinants that possibly increase respiratory symptoms and the risk of obstructive disease in
adulthood [31, 32].

4.1.3 Pathogenesis:
COPD mainly involves two underlying diseases: emphysema and chronic obstructive

bronchitis. Individuals with COPD typically have features of both these conditions [22]. Lung
inflammation, which is commonly initiated by the inhalation of tobacco smoke, particles or
gases, induces emphysema and chronic obstructive bronchitis [1]. Inflammation is a normal
immune response, however, in COPD it becomes exaggerated and abnormal from the typical
protective immune response in the lungs [1, 33]. Overall, the inflammatory and structural

changes in the airways worsen with COPD severity [1].

Emphysema is characterized by an enlargement of the distal airspaces past the terminal
bronchioles, accompanied by the destruction of alveolar walls and capillary beds [34]. A
significant characteristic of emphysema is the breakdown of elastin, a main connective tissue in
lung parenchyma [1]. Lung destruction causes hyperinflation (air trapping) of the lungs by
reducing the elastic recoil force that pushes air out of the lungs during expiration. As a result,
there is an increase in residual volume, functional residual capacity, and total lung capacity.
Smoking and alphas antitrypsin deficiency have been proposed as causes of emphysema [33].
Smoking causes emphysema by initiating the movement of inflammatory cells into the lungs,
resulting in an increased release of proteases. An increase of proteases, inflammatory cells and
inflammatory mediators are significant mechanisms that amplify inflammation in COPD. The

protease-antiprotease imbalance in COPD, with an excess of proteases, destroy lung tissue [1].



Proteases are a group of enzymes that breakdown elastin and other components of the alveolar
walls by digesting proteins. Alpha; antitrypsin is an antiprotease enzyme that protects the lung
from proteases and prevents the breakdown of lung tissue. Therefore, alphas antitrypsin
deficiency leads to damaged alveolar walls, as there is a decrease in protective alpha

antitrypsin activity [22].

Chronic bronchitis is characterized by increased mucus and cough production, and
obstruction of airways caused by inflammation [33]. Inhaling smoke from tobacco and other
pollutants produces an immune reaction leading to hypertrophy of mucus-producing glands and
an increase in goblet cells [22]. Increased mucus production leads to a chronic productive
cough, and is amplified by inflammatory mediators and proteases [1]. In the lungs, airways and
respiratory circulation of individuals with COPD, there is a rise in macrophages, neutrophils and
lymphocytes. All together, these inflammatory cells induce the release of inflammatory

mediators, which intensify the inflammatory process and initiate structural changes [1].

4.1.4 Pathophysiology:
The pathological changes involved in COPD result in physiological irregularities, such as

airflow obstruction and hyperinflation, gas exchange irregularities, pulmonary hypertension, and

systemic consequences.

4.1.4.1 - Airflow Obstruction and Hyperinflation
Airway obstruction results from the loss of elastic recoil forces of the lungs and the

destruction of alveolar walls caused by inflammation and narrowing in the small airways [35]. As
a result, air gets trapped during exhalation, causing hyperinflation (i.e. overinflation of the lungs)
during rest and exercise [35]. The degree of inflammation and narrowing of the small airways
correlates with the reduction in the FEV+/FVC ratio, accompanied by a fast decline in FEV1 [1].
Static hyperinflation decreases inspiratory capacity and is frequently correlated with dynamic
(i.e. progressively increasing) hyperinflation during physical activity [1]. These events further
contribute to shortness of breath and restricted exercise capacity, which are commonly seen in
people with COPD [1].

4.1.4.2 — Gas Exchange Irregularities
Gas exchange irregularities are characterized by hypoxemia with or without

hypercapnia. Hypoxemia is defined as a significant decline in arterial blood oxygen

concentration, and mediates its effects through hypoxia, an inadequate supply of oxygen to a



tissue [22]. Hypercapnia is defined as a significant increase in arterial blood carbon dioxide
concentration [22]. The ventilation perfusion ratio is the amount of air that reaches the alveoli
divided by the amount of blood that reaches the alveoli through pulmonary capillaries. A major
mechanism in irregular gas exchange in COPD is the abnormal ventilation perfusion ratio due to
an increase in physiological dead space from the destruction of lung parenchyma [35]. Airway
inflammation, bronchoconstriction and mucus hypersecretion featured in COPD impair
ventilation, and cause hypoxic vasoconstriction of respiratory vasculature obstructing circulation
[35]. Overall, the transfer of oxygen from pulmonary capillaries into systemic circulation, and the

exhalation of carbon dioxide into alveoli worsen with the severity of COPD [1].

4.1.4.3 — Pulmonary Hypertension
Pulmonary hypertension can develop in the late stage of COPD when gas exchange

abnormalities are severe [35]. Pulmonary hypertension is caused by hypoxic vasoconstriction
of the pulmonary arteries. This leads to structural modifications, such as hyperplasia in blood
vessels and in smooth muscles [36]. The structural modifications produce constant
hypertension, and right ventricular hypertrophy and dysfunction [35]. The destruction of the

pulmonary capillary bed may also contribute to increased pulmonary blood pressure [1].

4.1.4.4 — Systemic Consequences
COPD often progresses into a multisystem disease, with the majority of people with

COPD having concomitant diseases that are connected to mutual risk factors, such as aging,
smoking, and physical inactivity [1]. The link between COPD and comorbidities is also explained
by systemic inflammation [37, 38]. Inflammatory mediators enter the circulation through the
peripheral airways and affect the distal organs [39]. The main systemic consequences of COPD
include cardiovascular disease, diabetes, osteoporosis, skeletal muscle dysfunction,

depression, anxiety and cognitive impairment [29, 40, 70].

Cardiovascular Comorbidities

Cardiovascular comorbidities of COPD include systemic arterial hypertension,
congestive heart failure, stroke, coronary heart disease, atrial fibrillation, and venous
thromboembolism [41]. Hypertension is a common comorbidity in COPD and is potentially the
most frequent comorbidity [1]. Hypertension is associated with airflow obstruction [42],
increased dyspnea scores, and decreased exercise capacity [43]. Congestive heart failure is

one of the main reasons for hospitalization and death for individuals with COPD [44]. People



with stable COPD have a lower prevalence of congestive heart failure compared to those
experiencing an exacerbation [45, 46]. Individuals with COPD are at a higher risk for ischemic
stroke due to COPD-induced systemic inflammation and impaired coagulation [47, 48]. In
addition, airflow obstruction and risk of stroke have a linear relationship [49], and approximately
4% of deaths in people with COPD are associated with an ischemic stroke [50]. Coronary heart
disease, venous thromboembolism and atrial fibrillation are three consequences of COPD that
have a prevalence of 30%, 29%, 23.3% in individuals with COPD, respectively [41, 51-53].

Metabolic Comorbidities

Metabolic comorbidities of COPD include diabetes, osteoporosis, loss of fat-free mass
(cachexia) and skeletal muscle dysfunction. Individuals with COPD have a higher risk of
developing diabetes [54, 55], and individuals with diabetes have a higher risk of developing
COPD [56]. This simultaneous development of COPD and diabetes results from a combination
of common risk factors and the presence of systemic inflammation [57, 58]. The development of
osteoporosis and COPD also results from common risk factors and systemic inflammation.
However, decreased physical activity is another factor that contributes to the link between
COPD and osteoporosis [59]. Additionally, inhaled and systemic corticosteroid treatment
increases the risk of developing osteoporosis [1]. Low bone mineral density and fractures are
often seen in people with COPD even after being adjusted for age, smoking history and status,
exacerbations and steroid treatment [1, 60]. Improving muscle function in people with COPD is
vital because of the prevalence of cachexia and myopathy in this population. The prevalence of
skeletal muscle dysfunction ranges from 10-15% in mild-to-moderate COPD to 50% in severe
COPD [61]. Myopathy is a skeletal muscle disorder characterized by muscle atrophy, weakness
and abnormal cell structure. Myopathy has a prevalence of 32% in people with stable COPD
[62]. Myopathy has similar risk factors as COPD, such as smoking and age, however it is also

influenced by systemic inflammation, physical inactivity, and oxidative stress [62].

Psychological Comorbidities

Psychological comorbidities of COPD include depression and anxiety, which are both
commonly seen in people with COPD [63, 64]. The prevalence of depression and anxiety
ranges widely from 10 to 42% and 10 to 19% in stable COPD, respectively [65]. Individuals with
COPD and anxiety and/or depression show worse dyspnea after a 6-minute walk test than
individuals with COPD without these psychological comorbidities [66]. Depression decreases

quality of life, adherence to treatment, and physical activity [67-69]. Furthermore, depression is



more prevalent in people with COPD who exacerbate more often than in those with stable
COPD [70].

Cognitive impairment is another common systemic consequence of COPD [71], with
past studies demonstrating a higher rate of cognitive impairment in individuals with COPD
overall [72-75], and versus age-matched healthy controls [76]. This topic is discussed in further

details below.

4.2 Cognitive Impairment:
Cognitive impairment can be defined as the decline of intellectual functions of impactful

severity with daily functional influences [77]. There are various levels of cognitive impairment
ranging from mild cognitive impairment to dementia. Mild cognitive impairment (MCI) is defined
as significant cognitive decline without notable functional influences on activities of daily living
[78, 79]. Dementia is defined as having several cognitive impairments with memory impairment
and one or more other cognitive deficits that significantly influence occupational and social

functioning [80].

4.2.1 Frequency/Prevalence in COPD
Cognitive impairment is a very common manifestation of COPD [71], with past studies

demonstrating a higher rate of cognitive impairment in individuals with COPD overall [72-75],
and versus age-matched healthy controls [76]. A systematic review by Yohannes et al. [72]
found a pooled prevalence of 25% for MCI and 32% for any cognitive impairment in those with
COPD. A study by Martinez et al. [73], analyzing the 2006-2008 waves of the Health and
Retirement Study, reported that 17.5% of participants with COPD had MCI. In addition, MCI was
detected three times more in people with COPD (36%) compared to age-, sex- and education-
matched healthy controls (12%) in a study using validated diagnostic criteria [76]. Singh et al.
[74] found a higher prevalence of MCI in elderly people with COPD (27%) compared to people
without COPD (15%), even after adjusting for age, sex and education. Martinez et al. [73] define
prevalent disability as dependency in one or more activities of daily living at baseline. Results
showed a higher prevalence of prevalent disability in participants with COPD (12.8%) compared
to those without COPD (5.2%), with MCI being a main confounder [73]. Additionally, cognitive
scores of people with COPD on the Mini-Mental State Examination were shown to be inversely
related with the severity of COPD and were significantly lower in people with COPD compared

to healthy controls [75]. Therefore, people with COPD seem to have a higher prevalence of
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cognitive impairment compared to healthy individuals, and elderly people with COPD have a
higher risk of developing MCI compared to their counterparts without COPD. People with COPD
experience cognitive decline in domains such as attention, memory and executive dysfunctions
[71, 76].

4.2.2 Causal Mechanisms
The link between COPD and cognitive impairment is multifaceted as there is no clear

pathological mechanism causing cognitive decline in this population. However, there are several
factors that enhance the risk of cerebral injury in individuals with COPD, such as hypoxemia and
hypercapnia, exacerbations of COPD, vascular disease, inflammatory mediators, and smoking
[71].

4.2.2.1 - Hypoxemia and Cognitive Function
Hypoxemia is defined as a significant decline in arterial blood oxygen concentration, and

exerts its effects on cognition through hypoxia, an inadequate supply of oxygen to a tissue [22].
Thakur et al. [81] investigated the role of hypoxemia and oxygen therapy in people with COPD.
The study revealed that people with a lower baseline oxygen saturation had a higher risk of
cognitive impairment. In addition, results revealed that home oxygen therapy lowered the risk of
cognitive impairment in people with COPD and was a protective treatment against cognitive
impairment. Dodd et al. [71] hypothesized that hypoxia to brain tissue was possibly a central
factor causing neuronal injury. Hypoxia may affect oxygen-dependent enzymes that produce
significant neurotransmitters, such as acetylcholine [71]. However, there is evidence that goes
against the hypothesis proposed by Dodd et al. [71]. A weak correlation was found between
cognition and arterial oxygen saturation in two studies [82, 83], with oxygen saturation only
accounting for 5% of the predicted variance in cognitive functioning. Overall, reports about the
relationship between cognitive decline and hypoxemia are inconsistent. The relationship
remains uncertain as cognitive impairment in people with COPD is caused by several factors
and not solely by hypoxemia [71]. Therefore, some people without hypoxemia have cognitive

impairment.

4.2.2.2 - Hypercapnia and Cognitive Function
Similar to hypoxemia, the correlation between arterial carbon dioxide tension and

cognition varies between studies. Incalzi et al. (1997) found an inverse correlation between
arterial carbon dioxide tension and complex attention, processing speed and memory, but not

motor function, language and simple attention in people with hypercapnic respiratory failure [84].
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Incalzi et al. (1993) also found a direct correlation between lower arterial carbon dioxide tension
and higher function in attention, verbal memory and executive function [85]. Hypercapnia
possibly causes the formation of free radicals and oxygen-dependent enzymes that could lead
to neuronal damage [86]. However, in several studies no correlation was shown between

hypercapnia and cognitive impairment [87, 88].

4.2.2.3 - COPD Exacerbations and Cognitive Function
In 2008, Ranieri et al. [89] conducted a study investigating elderly patients with acute

exacerbation of COPD. After measuring cognitive status, results showed that the patients had
low cognitive performance scores, a mean and standard deviation of 21+5 (range 0-30) on the
Mini-Mental State Examination. In addition, Ranieri et al. [89] found that inflammatory mediators
were significantly higher in patients with acute exacerbation of COPD than in patients with other
illnesses. Inflammation plays a vital role in acute exacerbation of COPD as exacerbations are
thought to represent the symptoms of increased inflammation [90]. Donaldson et al. [91]
revealed that mucus purulence increases as the severity of exacerbation increases, suggesting
further inflammation in patients with high severity exacerbations. Therefore, there may be a link
between increased inflammation in patients with high severity exacerbations of COPD and
cognitive impairment. Another study conducted in 2002 by Ambrosino et al. [92] investigated
patients with COPD surviving acute chronic respiratory failure. Results revealed that these
patients had lower scores on the Mini-Mental State examination at discharge compared to
controls, which were patients with stable COPD with no past admission in the intensive care
unit. Furthermore, Kirkil et al. [93] revealed that patients with COPD have weakened information

processing and impaired attention and memory during an exacerbation.

4.2.2.4 — Obstructive Sleep Apnea and Cognitive Function
Patients with COPD suffer from daytime sleepiness and have trouble falling asleep [94].

This is problematic since sleep is crucial for learning, memory, and attention [88, 95]. Fletcher
[96] states that approximately 20% of patients with COPD have sleep apnea syndrome. In a
meta-analysis reviewing the cognitive function of patients with untreated obstructive sleep
apnea by Beebe et al. [97], results showed an association of obstructive sleep apnea with
vigilance, motor coordination and executive function. A study conducted by Roehrs et al. [98]
found that patients with obstructive sleep apnea had a similar level of cognitive impairment to

patients with COPD. Patients with obstructive sleep apnea had worse scores on cognitive
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assessments in attention, a cognitive function relying on sleep. Patients with COPD had worse

scores when tested on motor skills, a cognitive function possibly influenced by hypoxemia [98].

4.2.2.5 - Vascular Risk Factors and Cognitive Function
Vascular comorbidities have been suggested as a possible reason for brain changes in

people with COPD [71]. A combination of risk factors for vascular disease (e.g., hypertension,
smoking, alcohol intake, serum cholesterol, glucose levels, homocysteine levels, etc.) and peak
expiratory flow rate were predictive of impaired processing speed and capacity on cognitive
tests [99]. Additionally, elevated blood pressure was associated with a larger decline in logical
reasoning, a measure of executive function [100]. The cognition of individuals with COPD could
be negatively affected by vascular complications, as more than 50% of individuals with COPD
were reported to have concurrent vascular disease [101]. In addition, a study by Villeneuve et
al. [76] reported that participants with COPD had more cognitive complaints and vascular

comorbidities than healthy control participants.

4.2.2.6 — Inflammatory Mediators and Cognitive Function
Several studies propose an association between inflammatory mediators, such as C-

reactive protein, interleukin-6, interleukin-1b, and tumor necrosis factor-a, and cognitive
impairment [102-105]. Increases in inflammatory mediators have been well documented in
COPD [89, 90, 102]. As mentioned previously, Ranieri et al. [89] found that inflammatory
indicators, such as C-reactive protein and erythrocyte sedimentation rate, were significantly
higher in patients with acute exacerbation of COPD than in patients with other illnesses. Borson
et al. [102] discovered a significantly higher amount of soluble tumor necrosis factor receptor
1(TNFR1) in patients with COPD compared to healthy controls. A high amount of TNFR1 is
representative of chronic systemic inflammation [102]. Inflammation plays a vital role in acute
exacerbation of COPD as exacerbations are thought to represent symptoms of increased

inflammation [90].

4.2.2.7 - Smoking and Cognitive Function
Smoking status appears to relate to cognitive performance in individuals with COPD and

is associated with a higher risk of Alzheimer’s disease [106]. In a meta-analysis investigating the
association of smoking with dementia and cognitive impairment, results showed that people who
smoke had a larger annual decline in Mini-Mental State Exam scores than non-smokers [106].
Grant et al. [107] suggest that cigarette smoke worsens cerebral hypoxia by raising carbon

monoxide levels, and as a result impairs cognition. In addition, smoking is associated with
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impaired processing speed, verbal memory and Mini-Mental State Examination scores [71].
However, studies report associations between reduced lung function and cognitive function that

are independent of smoking status [108, 109].

4.2.3 Consequences of Cognitive Impairment
Cognitive impairment can lead to functional disability and memory loss leading to a

reduced quality of life even when the impairment is mild [110]. Tabert et al. [110] reported that
functional deficits were greater in participants with MCI compared to healthy age-, sex-, and
education-matched controls. Antonelli-Incalzi et al. [111] and Martinez et al. [73] found that
COPD and cognitive impairment are both independently associated with prevalent disability.
Furthermore, patients with COPD and MCI are at a greater risk of disability than patients with
COPD or MCI alone [73]. In addition, dependency in instrumental activities of daily living in

patients with COPD were correlated with cognitive impairment and older age [111].

Mild cognitive impairment is a known risk factor for dementia and has been associated
with reduced adherence to treatment and increased mortality in COPD patients [111-113].
Antonelli-Incalzi et al. [112] investigated elderly patients with stable COPD and found that
drawing impairment is a potential risk factor for mortality. Recently, Cleutjens et al. [113]
conducted a cross-sectional observational study comparing the pulmonary rehabilitation
dropouts and outcomes between patients with COPD with or without cognitive impairment.
Results showed that 15.3% of all patients dropped out of the pulmonary rehabilitation program,
23.3% of which had cognitive impairment compared to 10.3% without cognitive impairment. The
authors concluded that individuals with COPD and cognitive impairment are at more of a risk of

not complying to and/or dropping out of a pulmonary rehabilitation program.

Early detection and management of this comorbidity could thus have an important
impact on COPD treatment outcome. PR, particularly the exercise training component, has
been proposed as a promising approach to mitigate cognitive declines in patients with COPD
[114-120] and will be discussed in further details later.

4.3 Clinical Management of COPD
Management of COPD is aimed at alleviating symptoms, preserving functional capacity,

increasing exercise tolerance and health status, and decreasing the intensity and incidence of
disease exacerbations [1, 121]. Pharmacologic treatment of COPD should be tailored to the

individual needs of the patient by considering the patient’s priorities, comorbidities, severity of
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symptoms, and risk of exacerbations [1]. The pharmacologic treatments of COPD include the
use of bronchodilators, such as inhaled B.-adrenergic agonists and anticholinergic agents, and
steroids, such as inhaled corticosteroids [1]. Antibiotics are prescribed to treat the complications

that come with COPD, such as bacterial infections [1].

Bronchodilators, such as inhaled B.-adrenergic agonists, anticholinergic drugs or their
combination, produce bronchodilation by stimulating adrenergic receptors or by hindering
parasympathetic cholinergic receptors [1]. Adrenergic receptors initiate relaxation of bronchial
smooth muscle and therefore relax the smooth muscle of airways when stimulated [1].
Cholinergic receptors initiate contraction of bronchial smooth muscle and therefore blocking
them relaxes the smooth muscle of the airways [1]. Overall, bronchodilators help improve FEV;
and decrease dynamic hyperinflation at rest and during exercise [122, 123]. In addition, raising
the dose of an anticholinergic or a B2-adrenergic agonist is helpful for increasing mean daily
peak flow rates in those with COPD[124], but is not as beneficial in stable COPD [125].
Therefore, bronchodilators are crucial for the management of symptoms and should be

prescribed on a regular basis to control symptoms [1].

Anti-inflammatory agents, such as inhaled corticosteroids, are used to treat COPD to
reduce airway activity and respiratory symptoms [121]. Corticosteroids are termed anti-
inflammatory immunosuppressant because of their ability to suppress the immune system by
preventing the release of inflammatory mediators [22]. A clinical trial involving corticosteroid
therapy reported a modest improvement in medical outcomes, such as increases in FEV; and
shorter hospital stays [126]. However, many studies have reported that regular treatment with
inhaled corticosteroids does not improve FEV1 long-term or reduce mortality in people with
COPD [127]. Inhaled corticosteroids are more helpful in increasing lung function, decreasing
exacerbations and improving health status when combined with B.-adrenergic agonists in
moderate to very severe COPD [128, 129]. Asthma and COPD have different inflammatory
mediators and cells involved in their pattern of inflammation [1]. For this reason, inhaled

corticosteroids have a limited effect on COPD patients but work well with asthma patients.

Antibiotics are reported to have a positive but small effect on patients with emphysema
and bronchitis [130]. Recent studies have reported that antibiotics can lower the rate of
exacerbations when used regularly [131, 132]. The most common bacteria encountered during

bronchitis and emphysema are S. pneumoniae, H. influenza, and M. catarrhalis. Specific
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antibiotics are given according to the severity of the exacerbations the patient is experiencing
[121].

Non-pharmacological management of COPD includes smoking cessation, immunization
to influenza and pneumococcal infections, oxygen therapy and pulmonary rehabilitation.
Smoking cessation is an important method that slows down the progression of COPD [41] and
is considered the most crucial factor to prevent or slow down COPD [116]. Respiratory tract
infections can be fatal to individuals with COPD and therefore measures to avoid infections
should be taken [22]. People with COPD are encouraged to get vaccines, such as influenza and
pneumococcal vaccinations [41]. Influenza vaccinations can decrease the incidence of lower
respiratory tract infections [133] and mortality in individuals with COPD [134]. Oxygen therapy is
prescribed for individuals with severe hypoxemia with an oxygen saturation of less than or equal
to 88% while sleeping [121] or with a PaO2 of 55 mm Hg or less [121, 135]. The goal of oxygen
therapy is to administer oxygen to maintain an oxygen saturation of at least 90% [22]. Long-term
administration of oxygen has been shown to improve the survival rates of individuals with
severe resting hypoxemia [136]. Lastly, pulmonary rehabilitation is crucial to the management of
COPD as it is the most efficient therapeutic approach to improve shortness of breath, health
status and exercise tolerance in individuals with COPD [137]. Furthermore, pulmonary
rehabilitation is suitable for individuals with all levels of COPD severity. Figure 2 illustrates the

recommended approach to manage COPD according to disease severity [138].
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Figure 2 — A comprehensive approach to the management of chronic obstructive pulmonary
disease (COPD). AECOPD: Acute exacerbation of COPD; RX: Treatment.
Taken from CTS COPD Recommendations [138]

4.4 Pulmonary Rehabilitation (PR)

4.4.1 Description of PR
The American Thoracic Society and European Respiratory Society define PR as a

“‘comprehensive intervention based on a thorough patient assessment followed by patient-
tailored therapies that include, but are not limited to, exercise training, education, and behavior
change, designed to improve the physical and psychological condition of people with chronic
respiratory disease and to promote the long-adherence to health-enhancing behaviors” [139]. It
is an individualized intervention targeting the unique needs of the patient based on disease
severity, complexity, and comorbidities [139]. There is extensive evidence that PR reduces
symptoms, improves exercise tolerance, and enhances health-related quality of life in people
with COPD [137]. Additionally, PR stimulates long-term health-enhancing behavior change and
promotes autonomy [139]. As a result, PR is now widely recognized as a core component in the
management of COPD [1, 140].
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4.4.2 Documented Effects of the Exercise Component of PR
Exercise training is considered key to successful PR and the best way to improve

muscle function in patients with COPD [141-143]. Muscle adaptions that have been documented
in response to exercise training in patients with COPD include significant improvements in
cellular bioenergetics, such as a decrease in half-time of phosphocreatine recovery, and a
decrease of inorganic phosphate to phosphocreatine ratio and intracellular pH at a submaximal
work rate [141]. In addition, an increase in skeletal muscle oxidative capacity and reduction in
exercise-induced lactic acidosis were reported in patients with moderate-to-severe COPD after
endurance training [143]. Furthermore, significant increases in muscle strength and mass were
seen in patients with COPD after combined aerobic and strength training [142]. Improvements in
muscle function lead to a lower ventilatory requirement for a given work rate [144]. In turn, this
leads to a reduction in dyspnea for a given workload [144, 145], and an increase in exercise
tolerance [144-146]. Other beneficial effects of exercise training include reduced symptoms of
anxiety and depression [117], lower respiratory symptom burden [147], and improved

cardiovascular function [148, 149].

4.4.3 Optimal Training Intensity for People With COPD
Present guidelines for PR support the use of continuous training at high intensity (CTHI)

for patients with COPD [139, 150]. However, complying to this training intensity is difficult for
patients and results in low adherence rates [151]. In 1997, Maltais et al.[151] conducted a study
investigating the feasibility and efficacy of high-intensity training in 42 participants with COPD.
Participants trained for 30 minutes a day, three times a week for 12 weeks on cycle ergometers,
with a training intensity of 80% of their baseline maximal power output. Although a significant
improvement in exercise tolerance was observed after training, the target intensity was attained
in only zero, three, five, and five patients at the second, fourth, tenth, and twelfth week,
respectively. In addition, participants had difficulty sustaining the high-intensity exercise for the

entire exercise duration [151].

In 2006, Probst et al.[152] conducted a study investigating 11 participants with COPD
who each performed circuit training in cycling, walking and leg press resistance training, stair
climbing and arm cranking . Participants trained three times a week for 12 weeks. For
ergometer cycling, the training intensity was targeted at 60% of the maximal work rate achieved
on the baseline incremental exercise test. Results revealed that cycling, walking and stair
climbing led to more cardiopulmonary stress, such as oxygen consumption, minute ventilation

and heart rate compared to resistance training and arm cranking. Furthermore, cycling resulted
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in more symptoms of dyspnea, as measured by the Borg scale, compared to resistance training.
Authors concluded that high-intensity endurance training resulted in higher cardiopulmonary

stress and more symptoms [152].

More tolerable exercise interventions, such as continuous training at the ventilatory
threshold (CTVT) and high intensity interval training (HIIT), have therefore been recommended
as alternative methods for people with COPD, with the rationale that they may be associated

with higher adherence rates and thereby potentially be more effective in the long run [153-155].

The ventilatory threshold is defined as the point during incremental exercise where
ventilation increases at a faster rate than oxygen consumption [156]. In 1994, Vallet et al.[156]
conducted a study investigating 20 patients with COPD who were randomized into a training
group and a control group. The training group walked four times a week for 2 months at a heart
rate equivalent to their metabolic level at the ventilatory threshold. Results revealed that the
training group had an increase in symptom-limited oxygen consumption, maximal ventilation,
and ventilatory threshold. Furthermore, the training group had a decrease in ventilation and
breathing frequency at 50% and 75% of VO.. Authors concluded that training at the ventilatory
threshold could improve exercise tolerance in patients with COPD while providing tolerable

levels of ventilation [156].

In a subsequent study[154], the same group compared two methods of training, an
individualized training program and a standardized training program. Twenty-four participants
with chronic airway limitation were randomized into either the individualized or standardized
training program. The target intensity for the individualized program was based on the heart rate
measured at the ventilatory threshold. The target intensity for the standardized training program
was based on the heart rate corresponding to 50% heart rate reserve. The ventilatory threshold
was determined by analyzing the participant’s carbon dioxide output as a function of oxygen
uptake during the baseline incremental exercise test. The 50% of maximal heart rate reserve
was calculated by a formula provided by the American College of Sports Medicine [158]. Both
groups trained five times a week for 4 weeks on cycle ergometers. Results revealed that training
at the ventilatory threshold was associated with an increase in symptom limited oxygen
consumption and maximal oxygen pulse. Furthermore, the participants training at the ventilatory
threshold had a decrease in minute ventilation, carbon dioxide production, and venous lactate

concentration at a given workload, while the standardize training group had no significant
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changes in these outcomes. Even though both groups had a similar absolute training intensity,
the individualized program led to better physiological outcomes compared to the standardized
program [154]. This study supports earlier findings that continuous training at the ventilatory
threshold is associated with lower levels of dyspnea and ventilation, and is potentially more

tolerable than continuous training at a high intensity for individuals with COPD [154, 156, 157].

Interval training is considered a good alternative for patients who have difficulty reaching
their target duration or intensity of continuous training due to disease-related shortness of
breath or fatigue [151, 152]. Interval training consists of alternating short intervals of exercise at
a certain intensity with intervals of rest or active recovery (e.g., unloaded pedaling). In 2002,
Vogiatzis et al.[159] conducted a randomized controlled parallel group study investigating the
effectiveness of interval training compared to continuous training in 36 patients with COPD.
Participants in the continuous training group trained on cycle ergometers at 50% of their
baseline peak work rate (measured previously) for 40 minutes per day, 2 days a week for 12
weeks. Participants in the interval-training group trained for the same length of time, frequency
and duration as the continuous training group. However, they were instructed to train at 100% of
their baseline peak work rate for 30-second intervals interspersed with 30-second rest intervals.
The total training time and amount of work performed per session for the interval-training group
was devised to equate to the work that these participants would have performed if they were
assigned to the continuous training group. Results revealed that exercise tolerance, measured
as peak work rate on a symptom-limited incremental cycling test, significantly increased in both
training groups. Continuous and interval training also resulted in a significant improvement in
total quality-of-life score on the Chronic Respiratory Disease Questionnaire. Furthermore, both
groups presented significant reductions in minute ventilation at a given work rate after the
training program. Authors concluded that interval training produces similar exercising-training

adaptations to those produced by continuous training [159].

In a subsequent randomized controlled parallel group study[160], the same group
investigated skeletal muscle adaptations to interval training compared to continuous exercise
training in 19 patients with advanced stable COPD. All participants trained 3 days a week for 10
weeks. Participants in the continuous training group trained at an average intensity of 75 +/- 5%
of their baseline peak work rate for 30 minutes per day. Participants in the interval training group
trained at an average intensity of 124 +/- 15% of their baseline peak work rate for 30-second

intervals interspersed with 30-second rest intervals for 45 minutes a day. After interval training,
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results revealed a significant increase in cross-sectional areas of type 1 and 2a fibers, and a
substantial capillary-to-fiber ratio enlargement in the vastus lateralis muscle. Furthermore,
interval training also resulted in a significant improvement in peak work rate and lactate
threshold. However, these skeletal muscle adaptations were not significantly different than
those elicited after constant-load exercise training. Interestingly, interval training resulted in
significantly lower scores of dyspnea and leg discomfort compared to constant-load exercise
training. Therefore, these results support the group’s earlier findings that interval training
produces equal exercise-training adaptations as moderately intense continuous training, but

with less training symptoms [160].

Previous studies, including Vogiatzis et al.’s studies, report similar exercise-training
adaptations in continuous and interval training protocols [159-161]. Even though continuous
training and interval training have similar effects, interval training is beneficial to patients with
COPD who are limited by their symptoms and thus incapable of complying to continuous

training at high intensity [139].

In a study conducted in our laboratory[157], Rizk et al. investigated 35 patients with
COPD who were randomized to either a continuous training at high intensity group (CTHI), a
continuous training at ventilatory threshold group (CTVT), or a high-intensity interval training
group (HIIT). All groups trained three times a week for 12 weeks on cycle ergometers.
Participants training at the ventilatory threshold had a target intensity of the heart rate reached
at the ventilatory threshold on their baseline incremental exercise test. Results revealed that
training at the ventilatory threshold produced a decrease in respiratory exchange ratio,
respiratory rate and heart rate compared to CTHI. Interval training was associated with a
decrease in pulse oxygen saturation and an increase in respiratory rate, minute ventilation and
minute ventilation/maximal voluntary ventilation compared to CTHI. Authors concluded that
training at the ventilatory threshold was more physiologically tolerable for patients with COPD
than continuous training at a standardized intensity, thereby supporting Vallet et al.’s findings
[154,156]. Authors also concluded that, compared to CTHI and CTVT, interval training was
associated with more physiological strain, lower post-exercise alertness, and reduced 12-week

adherence.
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4.5 Effects of Exercise-Training on Cognition

4.5.1 Exercise and Cognition in Healthy Older Adults
Exercise can have beneficial effects on cognitive function in healthy older adults [162-

166]. In a systematic review by Angevaren et al. [162], eight out of the 11 studies reported
improvements in cardiorespiratory fitness in the aerobic exercise interventions groups. These
improvements coincided with increases in cognitive function, specifically in motor function,
auditory attention, cognitive speed and visual attention. A systematic review by Tseng et al.
[163] reported that an exercise intervention of 6 weeks with a frequency of three times per week
for 60 minutes had a beneficial effect on cognitive function in healthy older adults. In a
systematic review by van Uffelen et al. [164], significant positive exercise effects were seen in
information processing, memory, and executive function in healthy older adults. Several studies
report an improvement in cognitive functions as a result of short-term [165], and long-term
exercise training in healthy older adults [166]. Nouchi et al. (2014) investigated the effects of a
four-week combined aerobic, strength, and stretching exercise intervention in healthy older
adults. The authors found that the combination exercise intervention improved executive
functions, episodic memory, and processing speed versus the control group that did not partake
in the exercise intervention [165]. Therefore, exercise can have beneficial effects on cognitive
function resulting from psychological and physiological modifications occurring during exercise

interventions, which are discussed in further details below.

Nouchi et al. [165] observed the pathway of improvement of cognition after exercise from
a cognitive and neuroscience viewpoint [165]. From a cognitive science view, the authors refer
to the overlapping hypothesis. The overlapping hypothesis suggests that improvements of
cognition by an exercise would occur if the cognitive processes during the exercise tasks and
non-exercise tasks (cognitive measures) are overlapped and share similar cognitive processes.
In this study, participants used their processing speed, executive functions, and episodic
memory when performing the exercise intervention. Processing speed and executive functions
are required to switch between exercises, perform exercises at a fixed rhythm, plan actions, and
complete movements as many times as possible. Episodic memory is required to remember an
order of movements in exercises, and remember how to properly use machines. The
participants recruited these cognitive processes to perform the exercises. The exercises and
measures of cognition shared the same cognitive processes, and as a result the exercise

intervention further improved the cognitive processes [165].
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From a neuroscience viewpoint, the improvements in the cognitive processes are a
result of modifications occurring directly in the brain, such as brain structure, function and
plasticity [165]. Past studies using MRI have reported that specific types of exercise selectively
modify brain structure, brain function, and brain plasticity in older adults [167, 168]. A study by
Erickson et al. (2011) reported an increase in brain volume of the hippocampus, which is
involved in the storage of memory, after 1 year of a walking exercise intervention [167]. In
addition, Colcombe et al. (2004) reported an increase in activity in the middle frontal gyrus,
which has a role in executive functions and processing speed, after 6 months of an aerobic

exercise intervention [168].

From a physiological viewpoint, improvements in cognition are possibly a result of
cerebrovascular benefits from regular involvement in physical activity [169]. A study by Guiney
et al. [169] explored the possibility that cerebral blood-flow regulation efficiency supports
exercise and cognition associations in healthy young adults. Multiple regression analyses
showed that increased physical activity and aerobic fithess predicted higher cerebral blood-flow
regulation and cognitive inhibitory control. Interestingly, better cerebral blood-flow also predicted
improved cognitive inhibitory control. In addition, mediation analyses revealed that increased
physical activity could improve cognitive inhibitory control via better cerebral blood-flow
regulation [169]. Therefore, cerebral blood-flow regulation could be a possible physiological

mechanism that explains exercise-related cognitive benefits.

4.5.2 Exercise and Cognition in COPD
In COPD, seven published studies have reported on the documented effects of six

exercise interventions on cognition [114-120]. Emery et al. [115, 116] investigated the effects of
a 1-month pulmonary rehabilitation program on the psychological, physiologic, and cognitive
function in 64 participants with COPD. Participants trained 5 days a week, 4 hours a day, for 1
month. Exercise sessions involved 45 minutes of aerobic exercise, such as rapid walking, riding
on a stationary bicycle, and arm ergometry, however intensity was not specified in the study. In
addition, participants completed upper body strengthening exercises each session, and pool
exercises twice a week. Results showed a significant improvement in the Trail Making B, which
measures an individual’s attention and executive functions, and Digit Symbol test, which
measures an individual’'s processing speed. In addition, a significant improvement was

observed in the Finger Tapping test with the dominant hand. Overall, the results suggest that
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exercise-based rehabilitation could improve cognitive functioning in patients with COPD [115,
116].

In a subsequent study[117], the same group conducted a randomized controlled trial
comparing the effects of a combination of exercise, education, and stress management
(exercise intervention) to those of education and stress management (attention control) to those
of no treatment (control) in 79 participants with COPD. The intervention was 10 weeks, with the
active intervention and attention control groups both partaking in 16 educational classes and 10
stress management classes. The exercise group completed a total of 37 training sessions.
During the first 5 weeks of the program, the exercise group trained five times a week, which
included 45 minutes of aerobic and strength training. During the last 5 weeks, the exercise
group trained three times a week for 60-90 minutes. Results showed significant improvement in

verbal fluency in the exercise group only [117].

Kozora et al. [119] investigated the effects of a 3-week rehabilitation program on the
psychological, physical, and cognitive function in 30 participants with COPD. The 30 participants
were compared to 29 participants with COPD that were not involved in the rehabilitation
program, and to 21 healthy controls. Participants trained four times a week for 3 weeks.
Exercise intervention variables, such as the type and intensity of exercise were not reported.
Participants with COPD were divided into 2 groups, those who had impaired and nonimpaired
performances on neuropsychological tests before and after the intervention. Results showed
significant improvements, from baseline to post-intervention, in verbal memory, visuospatial
functions and visual attention in those who had an impairment at baseline and underwent the
rehabilitation. The results emphasize a potential cognitive benefit to 3 weeks of rehabilitation in
patients with COPD [119].

Aquino et al. [114] investigated the comparative effectiveness of high-intensity aerobic
training to high-intensity aerobic training combined with resistance training on cognition in 28
participants with COPD. All participants trained twice a day, five times a week for 4 weeks.
Participants in the aerobic training group completed two 30-minute sessions a day of aerobic
exercise on a treadmill at 70-90% of their heart rate maximum. Participants in the combined
training group completed a similar 30-minute session of aerobic exercise and one 30-minute
session of resistance exercise. Participants performed 3 sets of 4-10 repetitions at 70-90% of

their one repetition-maximum. Overall, results showed improvement in long-term memory,
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verbal fluency, attentional capacity, apraxia, and reasoning skills in both groups. However, the
combined training group had significantly higher improvements in long-term memory, apraxia,

and reasoning skills compared to the aerobic training group [114].

Pereira et al. [120] conducted a study investigating the effects of a 3-month pulmonary
rehabilitation program on cognition in 34 participants with COPD. Participants trained three
times a week for 3 months. The exercise intervention included aerobic and resistance training,
however intensity was not specified in the study. Results showed a significant improvement in
the Rey Auditory Verbal Learning Test, which assessed verbal learning and memory, after the

rehabilitation program [120].

Etnier et al. (2001) conducted a study investigating fluid intelligence after a short-term
and long-term exercise intervention in older patients with COPD [118]. Fluid intelligence
represents an individual’s performance in abstractions and relations [170], and reflects
reasoning and problem-solving skills [118]. Fluid intelligence was assessed by forms A and B of
Scale 3 of the Culture Fair Intelligence Test. Participants were randomized into either a 3-month
exercise intervention or an 18-month intervention. The exercise intervention included aerobic
exercise (walking), upper body strength training, and stretching exercises. Participants trained 3
times a week, and intensity was prescribed based on ratings of perceived dyspnea. Results
revealed that at 3-months there was a significant increase in fluid intelligence in both groups. In
the short-term group (3-month intervention), there was no change in fluid intelligence from 3
months to 18 months, but a modest increase was seen in the long-term group (18-month

intervention) [118].

The previous studies support a positive effect of exercise interventions, such as aerobic
and resistance training, on cognition in COPD. However, among the seven previously discussed
articles [114-120], there are inconsistencies in the study design, exercise-training protocols, and
measures of cognition. Current literature lacks sufficient reporting of intervention variables, such
as type of exercise, session duration, and intensity, to apply beneficial exercise interventions to
patients with COPD. Furthermore, the comparative impact of CTHI, CTVT, and HIIT on
cognitive function in individuals with COPD has yet to be investigated. The general aim of the
proposed study was thus to compare the effects of these three different exercise-training

protocols on cognition in people with COPD.
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5. RATIONALE

Chronic obstructive pulmonary disease (COPD) is a progressive disease characterized
by chronic obstruction in the airways. Patients with COPD are often caught in a downward spiral
that goes from chronic airflow limitation to shortness of breath, activity limitation, deconditioning,
and eventually invalidity and poor quality of life. Although COPD cannot currently be cured, it is
possible to slow down disease progression with pulmonary rehabilitation (PR). PR, which
combines exercise training, self-management education, and psychosocial support, has
become widely recognized as a core component in the management of COPD [1, 140]. Exercise
training is considered key to successful PR. Current PR guidelines advocate continuous high-
intensity training (CTHI) [139]. However, complying to this training intensity is difficult for
patients and results in low adherence rates [151]. More tolerable exercise interventions, such as
continuous training at the ventilatory threshold (CTVT) and high-intensity interval training (HIIT),
are recommended as alternative methods with higher adherence rates and potentially greater
long-term effectiveness [154-157, 159-161]. The general goal of this study was to compare the
effects of these three different exercise-training approaches (CTHI, CTVT, and HIIT) on key
health parameters in people with COPD. One of these key health parameters was cognitive
function. Cognitive impairment was detected three times more often in patients with COPD
compared to healthy controls in a study using validated diagnostic criteria [76]. Mild cognitive
impairment (MCI) is a known risk factor for dementia and has been associated with reduced
adherence to treatment and increased mortality in COPD patients [111-113]. Early detection
and management of this comorbidity could thus have an important impact on COPD treatment
outcome. PR, particularly the exercise training component, has been proposed as a promising
approach to mitigate cognitive declines in COPD patients [114-120]. However, the comparative
effects of CTHI, CTVT, and HIIT on cognitive function in individuals with COPD has yet to be
investigated. The aim of the proposed study was thus to compare the effects of these three

different exercise-training protocols on cognition in people with COPD.
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6. OBJECTIVES and HYPOTHESES

Objectives

To compare, in people with COPD:
i) The effects of 12 weeks of CTHI, CTVT, and HIIT on cognition in domains that are

typically affected in COPD and previously shown to respond to exercise training such

as, attention and executive functions, verbal learning and memory, visuospatial

abilities, and processing speed.

ii) The maintenance of these effects at a 1-year follow-up.

Hypotheses

Based on the current literature, we hypothesized that:

i) Short-term changes:

a. Within-subjects: Cognitive scores would improve significantly in all groups

combined after 12 weeks of exercise training for all the domains measured,
namely attention and executive functions, verbal learning and memory, and
processing speed. This hypothesis was based on the current literature
documenting improvements in these domains after exercise training interventions
in people with COPD [114-120].

Between-subjects: Cognitive scores would improve similarly between all three
groups after 12 weeks of exercise training. This hypothesis was based on earlier
findings from our group[157], showing similar short-term gains in exercise
tolerance from pre- to post-intervention between CTHI, CTVT and HIIT.
Therefore, we expected similar results for cognition, as exercise capacity and
cognition have been shown to be positively associated in several studies [114-
120].

i) Long-term changes:

a. Within-subjects: Cognitive scores would decrease in all groups combined from

12 weeks (post-rehab) to 1 year. This hypothesis was based on earlier findings
by Emery et al. (2003) showing a decrease in cognitive performance, in
executive functions and processing speed, from week 10 (post-rehab) to 1 year
[171].

Between-subjects: Gains in cognition would be better maintained at 1 year in

the CTHI and CTVT groups than in the HIIT group. This hypothesis was based
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on earlier findings by Emery et al.’s (2003) 1-year follow-up showing that
participants who adhered to their exercise-training program maintained their
improvements in cognition [171]. Additionally, Etnier et al. [118] reported a
modest increase in fluid intelligence in the long-term training group from 3
months to 18 months. Earlier results from our trial showed a lower adherence
rate in the HIIT group [157]. Therefore, we expected the HIIT group to maintain
cognitive gains less than CTHI and CTVT.
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7.1 Abstract

Objective: To compare the 12-week effects of continuous high-intensity training (CTHI),
continuous training at the ventilatory threshold (CTVT) and high-intensity interval training (HIIT)

on cognition, and the 1-year maintenance of these effects in people with COPD.

Methods: Participants were randomized to CTHI, CTVT, or HIIT and underwent 12 weeks of
three times weekly training on cycle ergometers. The intensity phase included 25 minutes of
pedaling at 80% of peak wattage (Wpeak) for CTHI. For CTVT, the intensity was set at the
ventilatory threshold, while HIIT consisted of 30-second intervals at 100% of Wyeak alternated
with unloaded pedaling. Session duration for CTVT and HIIT was calculated to ensure
comparable total work as for CTHI. Assessments were made at baseline (week 0), program
completion (week 12) and 1 year after baseline (year 1). Cognition was assessed with a
neuropsychological testing battery. Global cognitive function was assessed using the Montreal

Cognitive Assessment (MoCA).

Results: Thirty-six participants (64% women, mean age: 67.5+9 years) with moderate COPD
were randomized. The 12-week effects of exercise training on cognition were small or very
small, except for visuospatial abilities, which detected larger effects especially in participants
with mild cognitive impairment at baseline. There was considerable heterogeneity between
intervention groups. CTHI was the only group with medium-to-large effects in each cognitive

domain assessed. At year 1, gains and losses in cognition were seen in all groups.

Conclusion: In COPD, 12 weeks of training led to small changes in cognition, with notable

heterogeneity between exercise protocols and across cognitive domains.

Keywords: COPD, pulmonary rehabilitation, exercise training, cognitive function
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7.2 Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive disease characterized
by chronic obstruction in the airways. Patients with COPD are often caught in a downward spiral
that goes from chronic airflow limitation to shortness of breath, activity limitation, deconditioning,
and eventually a poor quality of life. Although COPD cannot currently be cured, it is possible to

slow down disease progression with pulmonary rehabilitation (PR).

PR, which combines exercise training, self-management education, and psychosocial
support, has become widely recognized as a core component in the management of COPD [1,
140]. Exercise training is considered key to successful PR. Current PR guidelines advocate
continuous high-intensity training (CTHI) [139]. However, complying with this training intensity
can be difficult for patients and can result in lower adherence rates [151]. More tolerable
exercise interventions, such as continuous training at the ventilatory threshold (CTVT) and high-
intensity interval training (HIIT), have thus been recommended as alternative methods with

potentially higher adherence rates and better long-term effectiveness [154-157, 159-161].

Cognitive impairment is a frequent comorbidity in people with COPD [71], with past
studies demonstrating a higher rate of cognitive impairment in individuals with COPD overall
[72-75], and versus age-matched healthy controls [76]. Cognitive impairment is generally
defined as the decline of intellectual functions of impactful severity with daily functional
influences [77], while mild cognitive impairment (MCI) is defined as significant cognitive decline
without notable functional influences on activities of daily living [78, 79]. A systematic review by
Yohannes et al. [72] found a pooled prevalence of 25% for MCI and 32% for any cognitive
impairment in those with COPD. In another study using validated diagnostic criteria, MCI was
detected three times more often in patients with COPD (36%) compared to age-, sex- and
education-matched healthy controls (12%) [76]. MCI is a known risk factor for dementia and has
been associated with reduced adherence to treatment and increased mortality in COPD patients
[111-113]. Early detection and management of this comorbidity could thus have an important
impact on COPD treatment outcome. PR, particularly the exercise training component, has
been proposed as a promising approach to mitigate cognitive declines in COPD patients [114-
120]. However, the comparative effects of CTHI, CTVT, and HIIT on cognitive function in

individuals with COPD has yet to be investigated.
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The general aim of the proposed study was thus to compare the effects of these three
different exercise-training protocols on cognition in people with moderate to severe COPD. More
specifically, the study objectives were to compare, in people with COPD: 1) the effects of 12
weeks of CTHI, CTVT, and HIIT on cognition in domains that are typically affected in COPD and
previously shown to respond to exercise training such as, attention and executive functions,
verbal learning and memory, visuospatial abilities, and processing speed; and 2) the

maintenance of these effects at a 1-year follow-up.

Improvements in cognitive domains, such as attention and executive functions, verbal
learning and memory, and processing speed after exercise-training interventions in people with
COPD are well documented [114-117, 120]. Therefore, we hypothesized that, for all groups
combined, cognitive scores would improve after 12 weeks of exercise training in these domains
Additionally, earlier findings from our team, driven from the same trial as the present study
[157], showed similar short-term gains in exercise tolerance from pre- to post-intervention
between CTHI, CTVT and HIIT. Therefore, we expected similar results for cognition, since
exercise capacity and cognition have been shown to be positively associated in several studies
[114-120]. . As such, between the three intervention groups, we hypothesized similar short-term

improvements in cognitive scores after 12 weeks of exercise training.

Earlier findings by Emery et al. (2003) showed a decrease in cognitive performance,
namely processing speed, from week 10 (post-rehab) to 1 year [171] when no maintenance
component was offered to participants. Therefore, at the 1-year follow-up, we hypothesized that,
for all groups combined, cognitive scores would decrease from 12 weeks (post-rehab) to 1 year.
Additionally, earlier results from our team using data from this trial showed a lower adherence
rate in the HIIT group [157]. Therefore, we expected the HIIT group to show poorer
maintenance of cognitive gains than CTHI and CTVT at the 1-year follow-up. As such, between
the three groups, we hypothesized that long-term gains in cognition would be better maintained
at 1 year in the CTHI and CTVT groups than in the HIIT group.
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7.3 Methodology

7.3.1 Study Design
The present study stems from a larger trial [157], which aimed to compare the effects of

different exercise-training protocols on several health parameters in people with COPD.
Cognition, a secondary outcome in the larger trial, was the main outcome of the current study.
The trial followed a prospective, randomized, parallel-group design with blinding of outcome
assessors. Individuals who met the eligibility criteria and agreed to participate were randomly
assigned to one of three exercise-training groups: the continuous high-intensity training (CTHI)
group, the continuous training at the ventilatory threshold (CTVT) group, or the high-intensity
interval training (HIIT) group. All groups received standardized comprehensive self-
management education from the same health care practitioners. Assessments were made at

baseline (week 0), program completion (week 12), and 1 year after program initiation (year 1).

7.3.2 Participants
The present study used data collected in 36 individuals with COPD. Participants were

recruited at the Hépital du Sacré-Coeur de Montréal according to the following criteria:
Inclusion: 1) clinically stable COPD; 2) age =40 years; 3) smoking history = 10 American pack-
years (20 cigarettes per pack); 4) post-bronchodilation forced expiratory volume in one second
(FEV1) less than 80% of the predicted normal value; 5) FEV/ to forced vital capacity ratio less
than 0.7. Exclusion: 1) exacerbation of respiratory symptoms in the preceding 4 weeks; 2)
contraindication to exercise testing based on guidelines from the American Thoracic Society
[172]; 3) active condition other than COPD that can influence exercise tolerance; 4) oxygen
therapy; 5) participation in a pulmonary rehabilitation program in the preceding year; 6) inability
to complete baseline evaluations. Ethical approval was obtained from the Hépital du Sacré-
Coeur de Montréal’s ethics committee, and all participants gave their written informed consent

according to the Helsinki Declaration.
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Flow of Participants

Assessed for Eligibility
(n=187)

Excluded (n=115)

(n=48)

- Did not meet initial inclusion criteria

- Declined to participate (n=67)

Underwent Baseline Evaluations

(n=12)

- Received allocated
intervention (n=12)

(n=12)

- Received allocated
intervention (n=12)

(n=72)
Excluded (n=36)
- O, desaturation or unable to obtain
ventilatory threshold during incremental
cycling test (n=17)
- Other reasons (n=19)
Randomized
(n=36)
CTHI CTVT HIT
- Allocated to intervention - Allocated to intervention - Allocated to intervention

(n=12)

- Received allocated
intervention (n=12)

Analyzed for
Cognition

- Week 0 (n=12)
- Week 12 (n=12)
- Year 1 (n=9)

Analyzed for
Cognition

- Week 0 (n=12)
- Week 12 (n=12)
- Year 1 (n=11)

Figure 3 — Flow of Participants

Analyzed for
Cognition

- Week 0 (n=12)
- Week 12 (n=10)
- Year 1 (n=7)
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7.3.3 Assessments

7.3.3.1 Pulmonary Function Testing
Spirometry, lung volumes, and lung diffusion capacity for carbon monoxide (D.CO) were

measured at baseline and at follow-up evaluations according to recommended techniques [173].
Values were compared to predicted normal values from the European Community for Coal and

Steel/European Respiratory Society [174].

7.3.3.2 Cardiopulmonary Exercise Testing
A symptom-limited incremental cycling exercise test was completed to measure wattage

at peak effort (Wpeak) and at the ventilatory threshold at baseline. Peak effort is defined as the
highest wattage maintained at 50 revolutions per minute or more, for a duration of 30 seconds.
The ventilatory threshold was established using the V-slope method [175], which identifies the
breakpoint in the VCO2-VO relationship. Participants used an electromagnetically braked cycle
ergometer (Quinton Corival 400; A-H Robins, Seattle, WA), and were connected to an
electrocardiogram and respiratory circuit through a mouth piece. The respiratory circuit included
a pneumotachograph, Oz and CO; analyzers, and a mixing chamber. After five minutes of rest
and three minutes of unloaded pedalling, the workload was increased in a stepwise manner up
to the participant’'s maximal capacity. Each step lasted a minute, with increments of 5-10 watts.
Five-watt increments were used for participants that had a predicted work rate of < 50 watt, and
10-watt increments were used for participants that had a predicted work rate of > 50 watt. Gas
exchange parameters (minute ventilation O. uptake, CO. excretion) and heart rate were
evaluated at rest and during exercise on a breath-by-breath analysis. Ratings of dyspnea and
leg fatigue were assessed at rest and every other minute during the test with the modified 10-
point Borg scale [176]. A constant-load cycling test was completed at baseline and after 12

weeks to assess change in exercise tolerance.

7.3.3.3 Neuropsychological Testing
For the assessment of cognitive function, participants completed a battery of

neuropsychological tests administered by a trained neuropsychologist and scored according to
standard procedures [177]. Domains that were assessed included attention and executive
functions, verbal learning and memory, visuospatial abilities, and processing speed. In addition,
the Montreal Cognitive Assessment (MoCA) was used to assess global cognitive functioning.
The selected neuropsychological tests measure cognitive domains that are typically affected in
COPD and that are sensitive to exercise interventions in that population [114-120]. The

cognitive domains measured and the specific test used to assess them are listed in Table 1.
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Alternative versions were used at follow-up, when applicable, to avoid test-retest effect. Each

test is described with additional information about the measurement procedures below.

Table 1. Cognitive domains and their respective neuropsychological tests

Neuropsychological Tests Cognitive Domains
Montreal Cognitive Assessment (MoCA) Global Cognitive Function
Digit Span test Attention and Executive Functions

Trail Making test (Part B)

Stroop Color Word test

Semantic and Letter Verbal Fluency tests

Rey Auditory-Verbal Learning test Verbal Learning and Memory
Copy of the Rey-O Figure test Visuospatial Abilities

Block Design test

WAIS Digit Symbol Coding test Processing Speed

Trail Making test (Part A)

Stroop Color Word test

Definitions of Cognitive Domains:

Executive Functions: An individual’s ability to concentrate and pay attention, using inhibition,
working memory and cognitive flexibility [178]

Verbal Learning and Memory: An individual’s ability to acquire, store and recall verbal
information in different phases of memory [179].

Visuospatial Abilities: An individual’s ability to identify visual and spatial relationships between
objects. Ability to encode, maintain, and process visual structures [180].

Processing Speed: An individual’s ability to easily and quickly do simple mental tasks with a

reasonable amount of accuracy [181].

Montreal Cognitive Assessment (MoCA):

The MoCA test assessed an individual’s global cognitive functioning. The

MoCA test is a 5- to 10- minute screening tool designed to identify cognitive impairments [182]

and has been shown to be superior to the Mini-Mental State Examination in detecting MCI in
various populations [182-184] and in individuals with COPD [76].
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The Digit Span Test:

The Digit Span test assesses short-term memory and includes two parts. In the first part,
the examiner reads a list of numbers, and the participant is instructed to repeat the numbers in
the same order. This sequence begins with 2 digits but progressively increases to 9 digits. In the
second part of the test, the participant is instructed to repeat a new sequence of digits in the
reverse order. This trial also begins with 2 digits and progressively increases to 9 digits. For
both parts of the test, there are two trials for each sequence length. The test is stopped when
both trials of a sequence length are unsuccessful. In the forward Digit Span test, there are 8
different sequence lengths and therefore 16 trials total. One point is assigned for each correct
trial for a maximum score of 16 points. In the backward Digit Span test, there are 7 different
sequence lengths and therefore 14 trials total. One point is assigned for each correct trial for a
maximum score of 14 points. The scores of the forward and backward Digit Span sections will
be summed up for a total score. The final test outcome is the score out of a maximum of 30
points. For clinical interpretation, the raw scores are converted to age-scaled scores in the 3™
edition of the Wechsler Adult Intelligence Scale (WAIS) [185].

The Trail Making Test (part A):

Part A of The Trail Making test measures an individual’s processing speed. The
participant is given a paper that consists of numbers. The examiner instructs the participant to
begin at number 1 and to draw a line from 1 to 2, from 2 to 3 and so on until they reach the final
number. The goal is to complete the task as fast and as accurate as possible, while not lifting
the pencil from the paper. The first attempt is a sample trial with the final number being 8. The
second attempt is the test trial with the final number being 25. The examiner instructs the
participant to begin at number 1 and to draw a line from 1 to 2, from 2 to 3 and so on until they
reach number 25. The amount of time it takes to complete the task in seconds and the number
of errors is recorded. Therefore, higher scores indicate greater impairment. The final test
outcome is time in seconds. For clinical interpretation, test results are compared to age-, sex-,
and education-specific normative values driven from community-dwelling individuals aged 18 to
89 years [186].

The Trail Making Test (part B):
Part B of the Trail Making test integrates mechanisms of perceptual motor speed and
sequencing, and measures an individual’s attention and executive functions. The participant is

given a paper that consists of numbers and letters. The examiner instructs the participant to
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begin at number 1 and to draw a line from 1 to “A”, from “A” to 2, from 2 to “B” and so on until
they reach the final number and letter combination. The goal is to complete the task as fast and
as accurately as possible, while not lifting the pencil from the paper. The first attempt is a
sample trial with the final number being number 4 and the final letter being “D”. The second
attempt is the test trial with the final number being number 13. The time it takes to complete the
task and the number of errors is recorded. The final test outcome is time in seconds. For clinical
interpretation, test results are compared to age-, sex-, and education-specific normative values

from community-dwelling individuals aged 18 to 89 years [186].

The Stroop Color Word Test (SCWT):

The SCWT measures an individual’s attention and executive functions, and processing
speed. This test is composed of four trials consisting of colour denomination, word reading,
inhibition and inhibition/switching sections. The colour denomination section displays marks of
colours, such as red, green and blue, which have to be named out loud. The word section

displays names of colours, such as “red,” “green,” and blue, printed in black that have to be read
out loud. The inhibition section displays names of these colours, printed incompatibly in different
coloured ink, and participants are instructed to name the colour of the ink on the words. The
inhibition/switching section displays names of these colours printed incompatibly in different
coloured ink as in the third trial. However, half of the words are enclosed within squares. The
participant is instructed to read the word and not the name of the ink colour only when a word is
enclosed within a square. The goal is to perform each of these tasks as quickly and as
accurately as possible. Both errors that are self-corrected and not corrected, and the time of
completion are noted for each trial. The final test outcome is time in seconds and number of
errors. For clinical interpretation, test results are compared to age-, sex-, race-, geographic- and
education-specific normative values in The Delis-Kaplan Executive Function System: Technical

Manual [187].

Semantic Verbal Fluency Test:

The Semantic Verbal Fluency test measures an individual's capacity for verbal
processing. Participants are given 1 minute to state as many words as possible that are part of
a specific category, such as animals, fruits or vegetables...etc. One point is awarded for each
correct word named. The higher the score the better the performance. The final test outcome is

the amount of words stated in under a minute. For clinical interpretation, test results are
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compared to age- and education-adjusted normative values [188], and age-, sex-, race-,

geographic and education-specific normative values [187].

Letter Verbal Fluency Test:

The Letter Verbal Fluency test measures an individual's capacity for verbal processing.
Participants are given 1 minute to state as many words as possible that start with a specified
letter. One point is awarded for each correct word named. The higher the score the better the
performance. The final test outcome is the amount of words stated in under a minute. For
clinical interpretation, test results are compared to age-, sex-, and education-specific normative
values [189], and sex-, race-, and geographic-specific normative values driven from healthy

children and adults aged 8 to 89 years [187].

Rey Auditory-Verbal Learning Test (RAVLT):

The RAVLT measures verbal learning and memory. The first part of the RAVL test
assesses an individual’'s immediate recall. The assessor states that they will read 15 words, and
the participant is instructed to remember all the words in any order. The assessor reads the 15
words, and the participant is required to say all the words that they remember. This procedure is
completed five times, and one point is given for each word remembered for a maximum score of
15 points per trial. Trials 1-5 can be summed up for a total maximum score out of 75. After the
last trial, the assessor reads a new list of 15 words for the participant to remember. The
participant is asked to say all the words they remember from the new list. Immediately after the
new list trial, the assessor asks the participant to recall as many words from the original list of
words. After a 20-minute delay, the assessor then instructs the participant to say all the words
that they remember from the original list of words. The last trial is performed to assess the
participant’s delayed recall and long-term memory. Words cited correctly, words cited twice, and
words cited falsely are recorded. The final test outcome is the amount of words repeated
correctly out of a maximum of 15 points per trial. For clinical interpretation, test results are

compared to age-specific normative values [190].

Copy of the Rey-Osterrieth Figure Test:

The Rey-Osterrieth Figure test measures an individual’'s visuospatial abilities. In this test,
the participant is given a paper and pencil, and is instructed to copy a complex figure as
accurate as possible. The total score and figure are separated into 18 sections with each
section worth between 0.5 to 2 points. The amount of points granted depends on accuracy,

distortion, and location of the participant’s reproduction of the figure. Two points are granted if
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the section is correct and placed properly, 1 point is granted if it is correct but placed poorly or if
it is distorted but placed correctly, 0.5 points is granted if it is distorted and placed poorly, and
no points are granted if a section is missing or not identifiable. The total score ranges from 0-36,
with higher scores demonstrating better performance. In addition, the time needed to complete
the task is recorded. The final test outcome is the score out of a maximum of 36 points. For
clinical interpretation, test results are compared to age- and education-adjusted normative
values [191, 192].

The Block Design Test:

The Block Design Test measures an individual’'s visuospatial abilities. In this test, the
participant rearranges blocks with their hands. The blocks have colour patterns on different
sides, such as red, white and half red and half white. The examiner presents a pattern design
and instructs the participant to reproduce the same pattern with the blocks as quickly as
possible. The number of blocks required to match the presented patterns increases over trials,
making the patterns more difficult to reproduce. The final test outcome is based on accuracy of
matching the patterns and the amount of time to complete each task. The final test outcome is
the score out of a maximum of 68 points. For clinical interpretation, the raw scores are

converted to age-scaled scores in the 3™ edition of the WAIS [185].

The WAIS Digit Symbol Coding Test:

The Wechsler Adult Intelligence Scale (WAIS) Digit Symbol Coding Test measures an
individual’'s processing speed. The examiner presents a code to the participant at the top of the
test page. The code is a list of numbers ranging from 1-9 that have corresponding symbols. The
participant is then presented, on the same page, a list of numbers and below them empty
boxes. The examiner instructs the participant to use the code key to put the symbol that
matches the number in each of the empty boxes. The first attempt is a trial consisting of 7
numbers for the participant to practice. The second attempt is the test trial. The examiner
instructs the participant to fill in as many symbols that match their respective numbers until they
are told to stop. The participant is instructed to complete the task as quickly and as accurate as
possible in the allotted time. The final test outcome is the number of correct symbols in the
allotted time. For clinical interpretation, the raw scores are converted to age-scaled scores in the
3" edition of the WAIS [185].
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7.3.4 Criteria for MCI Diagnosis

All of the below criteria needed to be met for a diagnosis of MCI [79, 193, 194]: 1) a
complaint of cognitive change by the patient or informant on a structured interview or the
Cognitive Failures Questionnaire [195] (based on a total score > 24, or, on at least one item, the
response 3: quite often or 4: very often); 2) evidence of cognitive decline defined as at least two
scores in the same cognitive domain = 1.5 standard deviations below the standardized mean,
adjusted for age and education; 3) conserved activities of daily living; and 4) cognitive deficits

not better justified by other medical or psychiatric disorders, or use of medication.

7.3.5 Exercise Intervention
The exercise-training program consisted primarily of cycling on a cycle ergometer at the

prescribed intensity and duration, at a frequency of three sessions per week for a total of 12
weeks. The prescribed intensity was determined based on the previously conducted symptom-
limited incremental cycling test. The cycling program consisted of a 10-minute warm-up, an
intensity phase at the target intensity and duration, and a 5-minute cool-down. During the 10-
minute warm-up, participants performed 5 minutes of unloaded pedaling and 5 minutes of
pedaling with a gradually increasing load. The intensity phase for CTHI included pedaling for 25
minutes at the heart rate reached at 80% W,eak On the baseline incremental test. The intensity
phase for CTVT included pedaling at the heart rate reached at the ventilatory threshold on the
incremental test. HIIT included pedaling for 30-second periods at the heart rate reached at
100% Wheak ON the incremental test, alternated with 30-second periods of unloaded pedaling.
For CTVT and HIIT, exercise duration was adjusted for each participant using metabolic
equations to equal the total amount of work that would have been performed with 25 minutes of
CTHI. Participants were instructed to pedal within £ 5 beats/minute of their target heart rate. All
participants trained in groups of 6, with the same intervention for a given group. Exercise
sessions were administered by two trained exercise physiologists. At program completion, all
participants were given the same standardized exercise recommendations from the exercise

supervisors.

In addition to the aerobic exercise-training program, the pulmonary rehabilitation
program encompassed resistance training (upper back, shoulders, chest, biceps, triceps,
abdominals, quadriceps, buttocks, abductors of the thigh, and calves), stretching (upper back,
shoulders, chest, biceps, triceps, abdominals, quadriceps, buttocks, calves), relaxation and self-

management education. The relaxation portion of the sessions included participants sitting or
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lying down for 20 minutes in a comfortable position while listening to a CD produced for the
relaxation of people with COPD. The self-management education portion was based on Living
Well with COPD [196]. The only component of the pulmonary rehabilitation program that differed
between the groups was the exercise-training intensity of the aerobic exercise-training protocols

on the cycle ergometer.

7.3.6 Attendance and Adherence to the Exercise Intervention

Attendance was defined as the percentage of sessions attended out of the possible
maximum of 36 sessions. Adherence was defined as the percent of time spent within the target
heart rate range (+ 5 beats/minute) during the 12-week intervention. Adherence was only
calculated for the attended sessions, and was measured using continuous data tracking
technology (Bike Excite Med 700, Technogym, Italy; T31 transmitter, Polar, Finland;
CardioMemory, Technogym, Italy)[197].

7.3.7 Statistical Analysis

Descriptive statistics (mean, median, standard deviation, minimum and maximum
scores, and frequencies) were obtained and reported for participants’ baseline demographic and
clinical characteristics and cognitive scores (for all groups combined and for each intervention
group separately). The distribution of cognitive scores were assessed for normality.
Multicollinearity between cognitive scores of the same cognitive domain were assessed with
correlation analyses for each time point (week 0, week 12, and year 1) and for the change
(delta) in cognitive scores between time 1 (Week 0) and time 2 (Week 12). Variables with
correlation coefficients of £ 0.7 or greater were considered collinear. If multicollinearity was seen
between two variables of the same cognitive domain, one was selected to represent the

domain.

Changes in cognitive scores of the remaining cognitive variables (after assessing for
multicollinearity) were assessed from week 0 to week 12 to year 1 for all groups combined and
for each intervention group separately. Based on the effect size calculated from pre-post
rehabilitation changes in RAVLT delayed recall score reported by Aquino et al. [114] on
(Cohen’s d = 0.1637, i.e. “small” effect), approximately 75 participants would be needed to
detect a similar effect from week 0 to week 12 in all groups combined, at an alpha of 0.05 and a

power of 0.8. As mentioned previously, the present study is using data collected in 36
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individuals with COPD. Given this information, the number of intervention groups and the
number of cognitive outcomes measured in the present study, the statistical power to detect a
time effect similar to the one obtained by Aquino et al. [114] was estimated to be approximately
0.5. As such, the analysis strategy for the present study was largely descriptive, along with
calculations of effect sizes because of the awareness that the trial is underpowered. Effect sizes
of exercise training on cognition were calculated for all participants combined and for each

intervention group using Cohen'’s d.,.

In an exploratory manner, changes in cognitive scores from baseline (week 0) to
program completion (week 12) were further examined in relation to cognitive status [76] at

baseline, and exercise-adherence and attendance rate [157,197].

7.4 RESULTS

7.4.1 Participants

Baseline demographic and clinical characteristics of the 36 participants are summarized
in Table 2. The sample included mostly women (64%), with a mean age of 67.5 + 9 years, a
slightly elevated BMI (mean+SD: 27.6 + 5.1 kg/m?), and moderate airflow obstruction (FEV+1: 59
+ 17% of the normal predicted value) corresponding to GOLD stage I COPD [1]. One third of
participants were smoking at baseline and the mean smoking history was 42 + 13 American
pack-years. Age, education and BMI were evenly distributed across intervention groups, as
projected by the study design. The mean FEV+ value, expressed both in liters and percentage of
the normal predicted value, was highest in the CTVT group and lowest in the HIIT, but not
significantly different. In contrast, mean D.CO was lowest in the CTVT group. When looking at

the FEV+/FVC ratio, lung volumes, and blood oxygenation levels, the groups were similar.

In terms of cognitive function, the mean MoCA score for the entire sample was 25.7 +
3.3 (range 20-30), which is very close to the screening cutoff of 26 that was previously
established as optimal for people with COPD (< 25 indicates impairment) [76]. More specifically,
16 participants (44%) had a MoCA score of < 25. In parallel, 14 participants (40%) were
diagnosed with MCI from the complete neuropsychological assessment at baseline with 50%,
33%, and 36% of participants having MCl in CTHI, CTVT, and HIIT, respectively.
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For the response to the symptom-limited incremental exercise test, participants had a
mean peak VO of 14.0 + 3.2 mL/kg/min and 1.05 + 0.33 L/min. A reduced VO- peak is
expected in people with COPD [198], but compared to reports from previous studies of exercise
training and cognition in COPD, participants in our sample had a relatively good exercise

capacity [114-118].
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Table 2. Participant baseline characteristics

All(n=36) CTHI(n=12) CTVT (n=12) HIT (n=12)

Female, n (%) 23 (64) 9 (75) 6 (50) 8 (67)
Age, years 68 +9 66 +7 69+9 67 +10
Education, years 12 +£4 11+2 13+5 13+4
BMI, kg/m? 276 +5.1 28.3+5.1 271+54 275+53
Current smokers, n (%) 12 (33) 4 (33) 2 (17) 6 (50)
Pack-years 42 +13 45 + 14 44 +12 37+12
Pulmonary Function

FEV4, L 1.41+£0.42 1.37+0.30 1.61+0.42 1.25+0.48

FEV1, % predicted 59 £ 17 60 + 15 66 +17 50 £ 17

FEV1/FVC, % 50+9 52 +12 50+9 47 +7

TLC, % predicted 111 £ 20 108 + 23 113 +£19 112 £ 21

FRC, % predicted 135+ 30 131 £ 36 136 + 27 139 + 27

RV, % predicted 139 + 39 135+ 44 136 + 41 146 + 36

DLCO CorrVA, % 77 +£17 80+ 13 71+20 80+18

predicted

Sa0z, % 97 +£2 96 + 2 96 + 1 95 +2

PaCO2, mmHg 41.6£3.4 41.84£3.6 41.6+3.8 41.443.2
Cognitive Function

MoCA score 25.743.3 27.1£3.0 25.743.0 243434

MoCA score < 25, n (%) 16 (44) 3 (25) 6 (50) 7 (58)

MCI diagnosis®, n (%) 14* (40) 6 (50) 4 (33) 4** (36)
Psychological Symptoms

BDI score 9.446.6 9.845.4 8.345.9 10.2+8.6

BDI score > 14, n (%) 5 (14) 2(17) 2/12 (17) 1/12 (8)

ASI score 17.949.6 17.346.7 18.1£10.8 18.5+11.5
Comorbidities

Charlson Index 1.5+0.8 1.6+0.9 1.4+0.9 1.5+0.8
Exercise Tests

Peak VO (mL/kg/min) 14.0 £3.2 134 +£3.0 14.0£3.8 14.7 £3.0

Endurance cycling test (s) 285 + 118 299 + 135 301 +£120 255 + 103




Values are presented as means + sd unless otherwise specified.
BMI: Body mass index; FEV+: Forced expiratory volume in one second; FVC: Forced vital
capacity; TLC: Total lung capacity; FRC: Functional residual capacity; RV: Residual volume;

D.CO CorrVA: Lung diffusion capacity for carbon monoxide corrected for alveolar volume;

Sa02: Oxygen saturation; PaCO,: Partial pressure of carbon dioxide in arterial blood; MoCA:

Montreal Cognitive Assessment; MCI: Mild cognitive impairment; BDI: Beck Depression
Inventory; VO2: Oxygen uptake

*N = 35 for this variable

**N = 11 for this variable

*pased on complete neuropsychological test
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7.4.2 Multicollinearity

Originally, a total of 18 cognitive variables were measured with the neuropsychological
battery. Using the Pearson correlation coefficients of £ 0.7 or greater, the total number of
cognitive variables was reduced to 15. More specifically, the cognitive domain of attention and
executive functions had nine cognitive variables, which was reduced to six. Multicollinearity was
found between the forward part of the Digit Span Test and the total score of the Digit Span Test
(r=10.911), and between the backward part of the Digit Span Test and the total score of the
Digit Span Test (r = 0.902). Therefore, the total score of the Digit Span Test was selected to
represent this subdomain. Multicollinearity was also found between part B of the Trail Making
Test and part B of the Trail Making Test minus part A of the Trail Making Test (r = 0.974).
Therefore, part B of the Trail Making Test was selected to represent this subdomain. The
cognitive domain of verbal learning and memory had four cognitive variables, which remained
unchanged. The cognitive domain of visuospatial abilities had two cognitive variables, which
remained unchanged. Finally, the cognitive domain of processing speed had three cognitive
variables, which remained unchanged. Multicollinearity was not found between any variables in

these domains.

7.4.3 Changes in Cognitive Scores

7.4.3.1 Descriptive Statistics

Table 3 shows raw cognitive scores (mean and standard deviation) for all participants at
baseline, week 12, and year 1. Table 4 shows the raw cognitive scores (mean and standard

deviation) for each intervention group at baseline, week 12, and year 1.
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Table 3. Raw cognitive scores (M + SD) for all participants

All Participants

Test Baseline Week 12 Year 1
(n=36) (n=34) (n=27)
MoCA Score 25.743.3 25.6+£3.6 26.3+3.2
Digit Span Test 14.844.6 15.945.1 16.4+4.9
Trail Making Test (Part B) 125.5+£79.0 124.2+70.8 128.3172.4
Stroop Color Word Test (Part 3-1) -0.15+£2.56 -0.50+2.83 0.15+2.43
Stroop Color Word Test (Part 4-3) 0.47+2.83 0.45+2.44 0.27+2.63
Semantic Verbal Fluency 32.7491 34.7£8.9 31.6+£8.3
Letter Verbal Fluency 31.849.6 33.7£11.6 34.6+10.8
RAVLT Total 1to 5 41.149.7 40.249.9 40.5£11.6
RAVLT List B 4.141.6 4.6+1.7 4.0+1.8
RAVLT Immediate Recall 8.2+2.8 8.3+2.7 8.2+3.3
RAVLT Delayed Recall 8.1+3.3 8.1£3.0 8.1+3.2
Copy of the Rey-O Figure 29.1+£3.9 30.8+3.2 30.0+4.2
Block Design Test 28.0t11.4 28.6+12.5 29.6+£12.0
Trail Making Test (Part A) 45.6+19.5 43.1+18.9 47.2+19.9
WAIS Digit Symbol Coding Test 53.3114.5 54.1+15.8 51.3+17.9
Stroop Color Word Test (Part 2) 25.3%£15.5 22.6+4.6 22.7+4 1

Values are presented as means + sd unless otherwise specified. Higher scores indicate better

cognitive performance with the exception of Trail Making Test (Part B), Trail Making Test (Part
A), Stroop Color Word Test (Part 2), Stroop Color Word Test (Part 3-1) and Stroop Color Word

Test (Part 4-3).
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Table 4. Raw cognitive scores (M + SD) for each intervention group

CTHI CTVT HIT

Test Baseline Week 12 Year 1 Baseline Week 12 Year 1 Baseline Week 12 Year 1

(n=12) (n=12) (n=9) (n=12) (n=12) (n=11) (n=12) (n=10) (n=7)
MoCa Score 27.1+3.0 26.1+3.1 27.8+2.1 25.7+3.0 25.3+3.9 25.0+3.6 24.3+3.4 25.2+4 1 26.3+3.5°
Digit Span 13.9+3.9 16.31£5.3 14.6+4.3 16.8+6.0 15.845.0 17.315.0 13.8+3.2 15.315.4 17.615.5
TMT (B) 99.3+44.8 101.51£55.6 98.7+58.0 139.8495.5 145.7+86.1 147.9+81.6 137.5+87.3 125.8465.2 135.4+71.0
SCWT (3-1) -0.67+3.17 -0.83+2.55 -1.22+43.19  0.20+£1.69** 0.25+1.96 1.00+1.41 0.09+2.63***  -1.00+3.94 0.57+2.07
SCWT (4-3) 0.58+2.97 0.67+1.61 0.63+1.41*  -0.90+2.60**  -0.33%£3.17 -0.91+£3.36 1.50+2.61 1.2242.17% 1.71+1.60
Semantic VF 35.1+10.5 36.31£8.5 35.1£7.7 30.846.9 34.44+8.2 30.445.8 32.149.6 33.2+11.0 29.0+11.7
Letter VF 31.649.4 34.1£10.9 33.618.8 32.148.3 30.7+10.5 35.1+£10.9** 31.8+11.7 36.9+13.7 35.3+14.2
RAVLTSum 42.8+10.6 41.1£11.0 42.2+10.2 38.847.6 40.4+8.7 38.749.5 41.6+11.2 38.8+10.8 41.1+16.8
RAVLT(B) 4.2+1.4 5.5+2.2 4.3+1.9 41421 4.241.2 3.7+2.0 4.0+1.4 3.9+0.9 4.1+1.2
RAVLT(IR) 8.4+2.5 8.6+3.1 8.3+2.7 7.842.9 8.2+2.1 7.8+3.3 8.5+3.1 8.1+2.9 8.4+4.2
RAVLT(DR) 8.7+2.4 8.4+3.6 8.7+2.1 7.5+3.8 8.2+2.2 7.612.8 8.0+3.8 7.7+3.5 8.1+5.1
Copy Rey-O 28.3£3.6 30.3+3.2 29.9+4 1 28.5+4.6 31.4+2.6 29.644.5 30.6£3.5 30.6£3.9 30.614.4
Block Design  28.3+10.5 29.319.9 28.149.7 29.8+10.4 29.9+15.3 29.7+14.5** 25.8+13.7 26.3+12.5 31.3:12.6
TMT (A) 40.6+£13.9 39.3£16.3 39.3+18.7 51.0+25.4 48.0+21.6 51.1+24.4 451417 .4 41.9+19.0 51.0£10.7
Digit Coding 57.8+15.9 60.1£15.5 56.9+15.4 50.9+14.2 49.1+17 .1 48.4+22.0 51.3+13.5 52.8+13.6 48.7+13.6
SCWT-2 20.2+3.6 20.914.2 20.7+3.8 33.7+24 .4 23.1+43.4 23944 .4 22.1+6.2 23.945.9 23.4+3.3

Values are presented as means + sd unless otherwise specified.
MoCA: Montreal Cognitive Assessment; TMT: Trail Making Test; SCWT: Stroop Color Word Test; VF: Verbal Fluency; RAVLT: Rey Auditory-Verbal
Learning Test; IR: Immediate Recall; DR: Delayed Recall; Copy Rey-O: Copy of the Rey-O Figure; Digit Coding: WAIS Digit Symbol Coding Test.
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Higher scores indicate better cognitive performance with the exception of TMT (B), TMT (A), SCWT-2, SCWT (3-1) and SCWT (4-3).
* N = 8 for this variable

** N = 10 for this variable

*** N = 11 for this variable

# N = 9 for this variable

a N = 6 for this variable
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7.4.3.2 Effect Sizes
Table 5 shows the effect sizes of exercise training on cognitive scores (Z scores) for all groups

combined and each group separately.

In all intervention groups combined, effect sizes for short-term changes from baseline
(week 0) to program completion (week 12) in cognitive scores were generally small with the
exception of visuospatial abilities, where there was a medium effect size (Cohen’s d, = 0.464)

for the Copy of the Rey-O Figure test.

Between intervention groups, patterns of short-term change were heterogeneous across
and within cognitive domains from baseline (week 0) to program completion (week 12). Large
effect sizes were seen in CTHI for the Digit Span test (Cohen’s d, = 0.830) and the Copy of the
Rey-O Figure test (Cohen’s d, = 0.963). Medium effect sizes were seen in CTHI for the RAVLT
test (List B) (Cohen’s d. = 0.672) and the WAIS Digit Symbol Coding test (Cohen’s d, = 0.649),
in CTVT for the Semantic Verbal Fluency test (Cohen’s d, = 0.609) and the Copy of the Rey-O
Figure test (Cohen’s d, = 0.659), and in HIIT for the Letter Verbal Fluency test (Cohen’s d, =
0.584).

In all intervention groups combined, effect sizes for long-term changes from program

completion (week 12) to 1 year after program initiation (year 1) in cognitive scores were small.

Between intervention groups, patterns of change were heterogeneous across and within
cognitive domains from program completion (week 12) to 1 year after program initiation (year 1).
Large effect sizes were seen in CTHI for the MoCa test (Cohen’s d, = 0.932) and in HIIT for the
Stroop Color Word test (Part 4 — 3) (Cohen’s d, = 0.849). Medium effect sizes were seen in
CTHI for the RAVLT test (List B) (Cohen’s d, = -0.483) and for the Block Design test (Cohen’s d,
= -0.715). Medium effect sizes were seen in CTVT for the Stroop Color Word test (Part 3 — 1)
(d; =0.472), the Semantic (Cohen’s d, = -0.561) and Letter Verbal Fluency (Cohen’s d, = 0.671)
tests, the RAVLT test (List B) (Cohen’s d, = -0.539), and the Copy of the Rey-O Figure test
(Cohen’s d, = -0.493). Medium effect sizes were seen in HIIT for the Digit Span test (Cohen’s d.
= 0.707), the Semantic Verbal Fluency test (Cohen’s d, = -0.460) and the Stroop Color Word
test (Part 2) (Cohen’s d, = -0.700).

Overall, in all intervention groups combined, effect sizes for short and long-term changes
in cognitive scores were small. Between intervention groups, patterns of change were

heterogeneous across and within cognitive domains.
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Table 5. Effect sizes of exercise training on cognitive scores (Z scores) for all groups combined

and for each intervention group

No Effect (<0.2), Sifiall (0.2), Medium (0.5), Earge (0.8)

Attention and Executive Functions

Test Group Baseline to Week 12 Week 12 to Year 1
All [01¢] 0.1
CTHI 08 -0.4
Digit Span Test CTVT -0.3 0.4
HIT 0.4 0.7
All 0.0 0.0
CTHI 0.1 -0.3
Trail Making Test (Part B) CTVT -0.1 0.1
HIT 0.0 o)<}
All 0.0 [0
Stroop Color Word Test CTHI — 02
(Part3- 1) CTVT -0.1 0.5
HIT 02 0.4
All 0.0 0.1
CTHI 0.1 0.1
Stroop Color Word Test CTVT - 04
(Part 4 - 3)
HIT 0.0 0.8
All 0.4 0.3
CTHI o)<} 02
Semantic Verbal Fluency Test CTVT 0.6 -0.6
HIT 0.4 0.5
All 02 02
CTHI o)<} -0.3
Letter Verbal Fluency Test CTVT -0.2 0.7
HIT 0.6 -0.1
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Verbal Learning and Memory

Test Group Baseline to Week 12 Week 12 to Year 1
All 0.0 0.1
CTHI 0.2 0.0
RAVLT Total 1 to 5 CTVT (o)< -0.1
HIT 0.1 0.1
All 0.4 0.4
CTHI 0.7 0.5
RAVLT List B CTVT 0.1 0.5
HIT 02 -0.2
All 0.1 0.1
CTHI 0.1 0.2
RAVLT Immediate Recall CTVT 02 0.0
HIT 0.1 0.1
All 0.1 0.0
CTHI 0.1 0.1
RAVLT Delayed Recall CTVT 02 0.1
HIT 0.0 0.1

Visuospatial Abilities

Test Group Baseline to Week 12 Week 12 to Year 1
All 0.5 0.3
Copy of the Rey-O Figure CTHI i.g X
CTVT 0.7 -0.5
HIT 0.0 -0.1
All 0.1 -0.1
. CTHI 0.1 -0.7
Block Design Test CTVT I 02

HIT (1)) 0.4




Processing Speed

Test Group Baseline to Week 12 Week 12 to Year 1
All 02 -0.1
WAIS Digit Symbol CTHI 0.6 -0.0
Coding Test CTVT -0.1 -0.1
HIT 0.2 -0.4
All 02 0.0
. . CTHI 0.1 0.1
Trail Making Test (Part A) CTVT 0.1 0.1
HIT 0.4 -0.1
All -0.1 -0.1
Stroop Color Word Test CTHI -0.3 0.4
(Part 2) CTVT 0.2 -0.3
HIT -0.3 0.7
MoCA (RAW)
Test Group Baseline to Week 12 Week 12 to Year 1
All -0.1 0.2
CTHI -0.4 0.9
MoCA (RAW) CTVT 0.2 0.0
HIT 0.3 -0.2




7.4.4 Cognitive Status

In an exploratory manner, changes in cognitive scores from baseline (week 0) to
program completion (week 12) were further examined in relation to cognitive status at baseline.
Table 6 shows the effect sizes of exercise training on cognitive scores (Z scores) from baseline
(week 0) to program completion (week 12) for participants with MCI and those without MCI at

baseline.

We also looked at the change in cognitive status across time points. At baseline, 21
participants (60%) had no MCI, 11 participants (31.4%) had single domain MCI, and 3
participants (8.6%) had multiple domain MCI. At week 12, 22 participants (66.7%) had no MCI,
8 participants (24.2%) had single domain MCI, and 3 participants (9.1%) had multiple domain
MCI. At year 1, 16 participants (61.5%) had no MCI, 7 participants (26.9%) had single domain
MCI, and 3 participants (11.5%) had multiple domain MCI.

From baseline to week 12, 24/33 had no change in cognitive status, 5 participants’
cognitive status improved (2 from single domain MCI to no MCI, 2 from multiple domains to
single domain MCI, and 1 from multiple domain MCI to no MCI), and 4 participants’ cognitive
status worsened. From week 12 to year 1, 21/26 participants had no change in cognitive status,
2 participants improved from single domain MCI to no MCI, and 3 participants’ cognitive status
worsened. Lastly, from baseline to year 1, 15/26 participants had no change in cognitive status,
6 participants’ cognitive status improved (3 from single domain MCI to no MCI, 3 from multiple

domain to single domain MCI), and 5 participants’ cognitive status worsened.
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Table 6. Effect sizes of exercise training on cognitive scores (Z scores) for participants with and

without MCI at baseline

No Effect (<0.2), Sifiall (0.2), Medium (0.5), Earge (0.8)

Attention and Executive Functions

Test Group Baseline to Week 12
MCI
Digit Span Test .
No MCI o)<}
MCI [0
Trail Making Test (Part B)
No MCI -0.3
Stroop Color Word Test MCI -0.5
(Part3-1) No MCI 02
Stroop Color Word Test MCI 02
(Part 4 - 3) No MCI -0.1
MCI 0:8
Semantic Verbal Fluency Test
No MCI 0.4
MCI -0.0
Letter Verbal Fluency Test
No MCI 0.5
Verbal Learning and Memory
Test Group Baseline to Week 12
MCI
RAVLT Total 1to 5 02
No MCI 0.1
MCI
RAVLT ListB b4
No MCI o)<}
MCI [0
RAVLT Immediate Recall
No MCI -0.1
MCI [0
RAVLT Delayed Recall
No MCI 0.2
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Visuospatial Abilities

Test Group Baseline to Week 12

Cc f the Rey-O Fi wel 1.1

opy of the Rey-O Figure
d y g No MCI 02
MCI 0.1
Block Design Test
No MCI 0.0
Processing Speed
Test Group Baseline to Week 12
MCI

Code WAIS-3 b4

No MCI 0.1

MCI [0

Trail Making Test (Part A)
No MCI 0.0
MCI 0.3
Stroop Color Word Test (Part 2)
No MCI 0.1
MoCA (RAW)
Test Group Baseline to Week 12
MCI
MoCA (RAW) 03
No MCI 0.1
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7.4.5 Attendance and Adherence to the Exercise Intervention

Table 7 shows attendance and adherence rates for all participants and for each

intervention group. CTVT had the highest attendance rate and HIIT had the lowest one. With

respect to adherence rates, values were high and similar for participants from the CTHI and

CTVT groups, while substantially lower for participants in HIIT group.

Table 8 shows attendance and adherence rates for participants with and without MCI.

Attendance rates were highest in participants with MCI, while adherences rates were exactly the

same between both subgroups.

Table 7. Attendance and adherence (M + SD) for all participants and for each intervention group

All CTHI CTVvT HIT
(n =36) (n=12) (n=12) (n=12)
Attendance (%)
M+SD 71.8+29.7 70.1 +£32.8 81.9+17.2 63.4 +35.2
Median 83.3 80.6 90.3 77.8
Min-Max 0.0-100.0 2.8-100.0 44 .4-97.2 0.0-100.0
Adherence (%)
M+SD 76.3+34.0 88.3+16.9 91.0+16.9 49.6 £44.0
Median 93.6 95.0 98.4 48.9
Min-Max 0.0-100.0 43.3-100.0 40.4-100.0 0.0-100.0

Table 8. Attendance and adherence (M + SD) all participants and for participants with and

without MCI at baseline

MCI No MCI
(n=14) (n=21)
Attendance (%)
M+SD 77.8 +27.6 68.1 +31.7
Median 91.7 77.8
Min-Max 11.1-100.0 0.0-100.0
Adherence (%)
M+SD 78.5+30.1 78.5+33.7
Median 911 96.4
Min-Max 0.1-100.0 0.0-100.0
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7.5 DISCUSSION

Summary of Main Findings

To our knowledge, this is the first study to report on the comparative effects of three
different exercise-training protocols on cognitive function in people with COPD. In a sample of
36 participants with moderately-severe COPD and stable global cognitive functioning (based on
MoCA scores), the effects of 12 weeks of exercise training on cognition were small or very
small, except for one test of visuospatial abilities, the Copy of the Rey-O Figure. This test
detected a medium effect size in all participants combined, and a large effect size in the
subgroup of participants with MCI at baseline. The effects of exercise training on cognition were
very heterogeneous between the three intervention groups. CTHI was the only group in which
medium to large effects were detected in each of the four cognitive domains assessed. At the 1-
year follow-up, gains and losses in cognitive scores were seen in all three intervention groups.
Both continuous training groups (CTHI and CTVT) had medium-sized decreases in verbal

learning and memory, and in visuospatial abilities over the maintenance phase.

Short-Term Changes in Cognitive Function
Within-Groups

We hypothesized that, for all groups combined, cognitive scores would improve after 12
weeks of exercise training for all the domains measured, namely attention and executive
functions, verbal learning and memory, and processing speed. This hypothesis was largely
based on the current literature documenting improvements in these domains after exercise-
training interventions in people with COPD [114-117, 120]. Our results do not support this
hypothesis since we found no or small effects of exercise training on all measures related to
these cognitive domains when results from the three interventions groups were combined. One
exception to this was the Copy of the Rey-O Figure test, which measures visuospatial abilities,

in which we found a medium effect size.

The absence of substantial improvements in attention and executive functions, verbal
learning and memory, and processing speed obtained in our study is surprising, as it goes
against the literature in healthy older adults [163-165] and in COPD [114-117, 120].
Inconsistencies between our results and previous findings could stem from differences in
exercise interventions. Many of the earlier studies reporting on the impact of exercise training on
cognition in people with COPD used exercise interventions of higher weekly frequency but

shorter total intervention length compared to the one used in our study [114-117]. The higher
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exercise training frequency may have allowed participants to achieve higher levels of overall
physical activity. A dose-response relationship between physical activity levels and cognition —
more specifically verbal learning and memory (Delayed Word Recall test) — has been reported
in healthy older adults [199] and older adults with cognitive impairments [200]. Therefore, it is
possible that the higher weekly frequency of exercise training in the previous studies led to
higher gains in cognition. As for program length, evidence in healthy older adults suggests that
exercise-training programs lasting 6 months or more elicit greater effects on cognition than
shorter programs, while short (1-3 months) and intermediate-length (4-6 months) programs
induce similar gains [201]. It thus seems unlikely that program length explains the discrepancies
between our results and earlier ones in COPD. Target training intensity is another factor known
to influence the cognitive gains obtained from exercise training [202, 203]. Unfortunately, target
training intensity was not specified in most of the earlier studies of exercise training and
cognition in COPD [115-117, 120], making it difficult to determine whether or not this factor
could explain discrepancies observed. Adding a resistance training component to the exercise
intervention can increase the cognitive gains obtained through aerobic training. Indeed, Aquino
et al. [114] investigated the effects of aerobic training compared to aerobic training combined
with resistance training in 28 males with COPD (mean age: 68.4 + 9.6 years). They showed that
the group randomized to combined aerobic and resistance training had significantly higher
improvements in attention and executive functions and long-term memory compared to the
group randomized to aerobic training alone. In our study, all three intervention groups had the
same resistance training component added to their aerobic training intervention. Therefore, it
seems unlikely that this aspect of the intervention would explain the minimal effect of the

training interventions on cognition observed in the present study.

Differences in participant baseline characteristics, such as age, male/female ratio,
pulmonary function, and baseline cognitive function could also explain gaps between our study
and previous ones [114-117, 120]. Our sample included mostly women (64%), with a mean age
of 67.5 £ 9 years, and moderate airflow obstruction corresponding to GOLD stage I COPD [1].
All of the previous studies [114-117, 120] included participants that were of a very similar age
distribution as ours, but had a majority of males. Emery and colleagues [115] showed that males
generally performed better than females in attention and executive functions, and processing
speed (Trail Making Test Part B, Finger Trapping and WAIS Digit Symbol Coding) [115].
However, exercise-induced gains in cognition were similar between both subgroups, so the

male/female split unlikely explains differences in findings between your study and earlier ones.
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Most of the previous studies [115-117, 120] included participants with more severe airflow
obstruction and COPD than those who completed our study. People with more advanced COPD
are generally more prone to acute exacerbations [1]. The deleterious effects of COPD
exacerbations on inflammation, comorbidities, lung functions, health-related quality of life,
exercise fithess and mortality are well documented [204-206]. Exacerbation risk has also been
shown to predict cognitive scores, even after controlling for non-COPD predictors of cognitive
function [207]. The higher the number of COPD exacerbations a person experiences, the worse
the total cognitive score. It is thus possible that participants included in previous studies [115-
117, 120], which had more severe COPD, also had lower baseline cognitive scores. Our study
and previous ones reported similar baseline scores in tests of verbal learning and memory. In
contrast, some of these earlier trials recorded slightly worse baseline scores in attention and
executive functions (on the Trail Making Test (Part B) and Letter Verbal Fluency) [117, 120] and
in processing speed (on the WAIS Digit Symbol Coding) [115]. Participants included in these
earlier trials therefore had more room for improvement in cognition — particularly in the domains
of attention and executive function and processing speed — than those included in our study.
Kozora et al. [119] also found significant improvements, from baseline to post-intervention, in
visual attention, verbal memory and visuospatial abilities in those who had an impairment at
baseline. This supports the notion that perhaps COPD patients with impaired cognition at
baseline would be more responsive to the effects of exercise than those with preserved

cognition.

Lastly, inconsistencies between our findings and earlier ones could be due to differences
in the cognitive assessments used [114-117, 120]. The testing battery used in the present study
was substantially more comprehensive than the one used in former trials. These past studies
[114-117, 120] reported on significant improvements in attention and executive functions, verbal
learning and memory and processing speed using 4-6 cognitive tests. In contrast, our cognitive
testing battery reported on these domains using 13 tests. Having more tests increased the
number of signals obtained in our study, perhaps increasing the likelihood of heterogeneous
findings and, more generally, the risk of error, especially in the context of an underpowered
study. Focusing on domains and tests that seem particularly responsive to exercise training in

COPD may be warranted for future trials.

We did observe medium-sized positive effects of exercise training on visuospatial

abilities (Copy of the Rey-O Figure) in all participants in our study. This is in line with Aquino
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and colleagues’ findings [114] showing significant improvements in visuospatial abilities in both
of their exercise-training groups. Of note, larger gains in this domain were seen in the combined
aerobic-resistance training group compared to the aerobic only training group. The combined
group in Aquino et al.’s study is most similar to the CTHI group from our study, in which we
found a large effect size on visuospatial abilities (Copy of the Rey-O Figure). Interestingly, the
largest effect of exercise training on cognition obtained in our study was for visuospatial abilities
(Copy of the Rey-O Figure) in the subgroup of participants with MCI at baseline. Kozora et al.
[119] reported a similar finding with a different test (Clock Drawing), noting significant gains in
this domain after exercise training only for the subgroup of participants considered “impaired” at
baseline. To our knowledge, several of the former studies reporting on the effects of exercise-
training on cognition in COPD did not assess visuospatial abilities [115-118, 120]. Our results
add to those from Kozora et al. [119] and suggest that perhaps visuospatial abilities are
responsive to the effects of exercise in people with COPD and MCI, and should be included in

future trials of pulmonary rehabilitation and cognition.

Between-Groups

Between the three intervention groups, we hypothesized similar short-term
improvements in cognitive scores after 12 weeks of exercise training. This hypothesis was
largely based on earlier findings from our team, driven from the same trial as the present study
[157], showing similar short-term gains in exercise tolerance from pre- to post-intervention
between CTHI, CTVT and HIIT. Therefore, we expected similar results for cognition, since
exercise capacity and cognition have been shown to be positively associated in several studies
[114-120]. Our results do not support this hypothesis since effect sizes of exercise training on
cognitive outcomes were very heterogeneous between the three intervention groups across and
within cognitive domains. CTHI induced medium to large effects on one test from each of the
four cognitive domains assessed. Indeed, large effects were seen in CTHI for attention and
executive functions (Digit Span) and visuospatial abilities (Copy of the Rey-O Figure), while
medium effects were found for verbal learning and memory (RAVLT (List B)) and processing
speed (WAIS Digit Symbol Coding). CTVT induced medium effects for attention and executive
functions (Semantic Verbal Fluency) and visuospatial abilities (Copy of the Rey-O Figure).
Lastly, HIIT induced a medium effect for attention and executive functions only (Letter Verbal

Fluency).
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Current PR guidelines advocate continuous high-intensity training (CTHI) [139].
However, in the literature, complying to this training intensity has been shown to be difficult for
many patients with COPD and to result in lower adherence rates [151]. More tolerable exercise
interventions, such as continuous training at the ventilatory threshold (CTVT) and high-intensity
interval training (HIIT), have therefore been proposed as alternatives to CTHI with the hope of
leading to higher adherence rates and better long-term effectiveness [154-157, 159-161]. In
contrast to these beliefs and earlier findings, the observed attendance (70.1 + 32.8%) and
adherence (88.3 + 16.9%) rates to CTHI were very good in our study; this may explain why this
exercise protocol was the most effective at eliciting cognitive gains across domains. CTHI is
also likely the protocol most similar to exercise interventions used in earlier studies showing
cognitive gains in these domains in COPD [114-120]. This is not surprising since the
international guidelines for pulmonary rehabilitation have recommended CTHI for years [139].
CTVT is less popular in COPD and was probably not used in any of the previous studies on
cognition. However, this exercise intervention reflects, on average, a moderate intensity level of
exercise training, which could be similar to Emery’s et al.’s studies [115-117]. Unfortunately,
because the intensity was not reported in Emery’s trial, we cannot confirm this information. In
previous findings from our team, CTVT had the highest attendance (81.9 + 17.2) and adherence
(91.0 £ 16.9) rates. Therefore, perhaps CTVT should continue to be included in future trials of
pulmonary rehabilitation in people with COPD, especially since we did see beneficial cognitive
effects in this group in attention and executive functions and visuospatial abilities. Lastly, to our
knowledge, HIIT has not been used in studies investigating the effects of exercise-training on
cognition in COPD [114-120]. The specific protocol used in our study led to the lowest
attendance (63.4 + 35.2) and adherence (49.6 + 44.0) rates, in contrast to our expectations. It is
difficult to say, at this stage, whether our findings about HIIT are protocol- or sample-specific, or

whether they are indeed generalizable to the larger COPD population.

Long-Term Changes in Cognitive Function
Within-Groups

We hypothesized that, for all groups combined, cognitive scores would decrease from 12
weeks (post-rehab) to 1 year. This hypothesis was largely based on earlier findings by Emery et
al. [171] showing a decrease in cognitive performance, namely processing speed, from week 10
(post-rehab) to 1 year [171] when no maintenance component was offered to participants.
Likewise, our study did not include an active maintenance intervention from week 12 to year 1.

At program completion, participants were given standardized exercise recommendations, but
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were left to exercise on their own. Our results are not in line with our hypothesis, since effect
sizes for long-term changes in cognitive scores — including processing speed — from program
completion (week 12) to year 1 were either small or very small in all groups combined.
Nevertheless, our results are in line with Etnier et al.’s findings [118], which showed no change
from 3-months (week 12) to 18-months in participants randomized to receive no maintenance

intervention in the follow-up phase.

Possible explanations for why our study resulted in findings more similar to Etnier et al.’s
[118] than Emery et al.’s [171] include, once again, exercise interventions, participant baseline
characteristics, and baseline cognitive function. Our study had a similar program length (12
weeks) and training frequency (3 times per week) as Etnier et al. [118], and included
participants of similar disease severity. In contrast, Emery et al. [171] had a shorter program
length (10 weeks) and higher training frequency (3-5 times per week). Therefore, their study had
more exercise sessions than our study in a shorter period/time frame. A possible explanation to
why Emery et al. found decreases in cognitive performance while we found small to very small
effects could be the fact that their exercise intervention was more demanding than ours, leading

participants to adhere less to their exercise regimen during the follow-up phase.

Another explanation for the inconsistencies between our results and Emery et al.’s [171]
could be the fact that their sample had severe airflow obstruction, corresponding to GOLD stage
Il COPD, while our sample had moderate airflow obstruction, corresponding to GOLD stage I
COPD [1]. As mentioned previously, there may be a link between increased disease severity,
high risk for acute exacerbations, and cognitive impairment in COPD [91, 207]. Therefore, this
could be another factor that possibly led their participants to having more trouble maintaining a
regular exercise regimen than ours during the follow-up phase. In addition, a study investigating
the role of disease related factors on adherence to PR in people with COPD showed that
adherence to PR was associated with higher FEV values [208]. Therefore, our participants’
higher FEV1 values could have led to a higher long-term exercise adherence than Emery et al.’s
participants, leading to a better maintenance of cognitive gains. Although we do not have a
measure of adherence during the follow-up phase in this study, we do know that our participants
had a good overall adherence rate (76.3 + 34.0) during the active phase. This high adherence
rate could have continued on throughout the follow-up phase, additionally contributing to the

maintenance of cognitive gains from the active phase.
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Another explanation could be due to differences in cognitive scores at program
completion and at the 1-year follow-up. Our sample had higher scores at program completion
(week 12) and at year 1 in processing speed than Emery et al.’s sample at program completion
(week 10) and at year 1 on the same test (WAIS Digit Symbol Coding). Therefore, it is possible
that our sample was more cognitively preserved than theirs, resulting in a less loss in cognitive

performance in the follow-up phase.

Several studies have reported on cognitive declines over the years in people with COPD
while not participating in an exercise program [209-211]. Incalzi et al. [209] investigated the
cognitive function using the Mini Mental State Exam (MMSE) in 84 people with COPD (mean
age: 64 years) who were on oxygen therapy over two years. Results showed a slight decline of
cognition from baseline to year 1, and a significant decline in cognition from baseline to year 2.
Another longitudinal study [210] investigated the cognitive function of 110 elderly men with
COPD (mean age: 81 years) compared to 110 age- and education-matched controls over three
years. Results showed that the participants with COPD had a faster rate of cognitive decline in
the MMSE, word list recall, delayed recall, animal category fluency and symbol digit tests
compared to the control group. Lastly, another study [211] investigated the cognitive function of
older adults with COPD (mean age: 63 years) over 6 years in the Health and Retirement Study.
Results showed that cognition, which was assessed by a validated 35-point scale [212],
declined 0.7 points in participants without COPD and 1.0 point in participants with COPD over
the 6 years. These findings all indicate that, within a year, people with COPD commonly
experience cognitive decline. Therefore, seeing no change in cognition at the 1-year follow-up in

our study participant may in fact reflect an improved situation.

Incalzi et al. [209] reported that participants who experienced a decline in cognition from
baseline to year 1 and to year 2 had lower percent predicted FVC and FEV+ values, and higher
scores on the Geriatric Depression Scale (GDS), which assesses affective status. In addition, a
significant inverse correlation was found between 2-year changes in MMSE and GDS scores.
Therefore, participants experiencing cognitive declines were characterized by more severe
airflow obstruction and depressive symptoms. The authors concluded that cognitive decline is
more rapid with more severe airflow obstruction and parallels the decline of the affective status
in people with COPD. In addition, Hung et al. [211] found that cognition declined 0.9 points in
those with non-severe COPD and 1.1 points in those with severe COPD. Of note, the Beck

Depression Inventory was used in our trial to assess the presence and severity of depressive

65



symptoms. A cut-off score of 14 is the threshold for “mild” clinical depression in the general
population [213], in which 13.9% of our sample met. Earlier findings from our study also found
that subclinical levels of depression predicted poor pulmonary rehabilitation exercise attendance
and low exercise levels after pulmonary rehabilitation. Additionally, affect, which was defined as
the degree of pleasure a person experiences during exercise, was also assessed in our trial
using the Positive and Negative Affect Schedule (PANAS) and the global vigor and affect (GVA)
instrument. Earlier findings from our study found that affect generally improved from rest to post-
exercise across groups [157]. Therefore, it is possible that the decline in cognition seen in some
of our participants could be explained by airflow obstruction and depressive symptoms, which
could have led to low levels of exercise maintenance during the follow-up phase. Low levels of
exercise maintenance during the follow-up phase combined with the absence of an exercise
intervention, which showed to improve affect, could explain the losses in cognitive scores found

in some of our participants.

Between-Groups

Between the three groups, we hypothesized that long-term gains in cognition would be
better maintained at 1 year in the CTHI and CTVT groups than in the HIIT group. This
hypothesis was largely based on earlier findings by Emery et al. showing that participants who
adhered to their exercise-training program maintained their improvements in cognition [171].
Additionally, Etnier et al. [118] reported a modest increase in fluid intelligence in the active
maintenance intervention group from 3 months to 18 months. Earlier results from our team
using data from this trial showed a lower adherence rate in the HIIT group [157]. Therefore, we
expected the HIIT group to show poorer maintenance of cognitive gains than CTHI and CTVT at
the 1-year follow-up. Our results do not support this hypothesis since patterns of effect sizes of
exercise training were heterogenous between the groups across and within cognitive domains.
CTHI induced a positive large effect for global cognitive functioning (MoCa) and negative
medium effects in verbal learning and memory (RAVLT (List B)) and visuospatial abilities (Block
Design). CTVT induced positive medium effects in tests of attention and executive functions
(Stroop Color Word Test (Part 3 — 1) and Letter Verbal Fluency), but also induced negative
medium effects in another test of attention and executive functions (Semantic Verbal Fluency),
verbal learning and memory (RAVLT (List B)), and visuospatial abilities (Copy of the Rey-O
Figure). HIIT induced a positive medium and large effect in tests of attention and executive
functions (Digit Span and Stroop Color Word Test (Part 4 — 3), respectively), but also induced

negative medium effects in other tests of attention and executive functions (Semantic Verbal
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Fluency) and processing speed (Stroop Color Word Test (Part 2)). Overall, in all three
intervention groups, there were some gains and some losses in cognitive performance over the

follow-up phase.

Another interesting finding in our study is that both continuous training groups, CTHI and
CTVT, had medium-sized decreases in verbal learning and memory in the same test (RAVLT
(List B)), and in visuospatial abilities in two different tests (Block Design and Copy of the Rey-O
Figure). It is difficult to compare these findings with past studies because, to our knowledge,
there are only two studies reporting on the changes in cognition from post-rehabilitation to a 1-
year follow-up in COPD [118, 171]. These studies did not include cognitive assessments on
verbal learning and memory, and visuospatial abilities. Therefore, perhaps these domains are
sensitive to cognitive changes in COPD over time and worth including in future trials of
pulmonary rehabilitation and cognition. Additionally, these studies did not thoroughly describe
the intensity of their exercise intervention. Therefore, clear reports of the frequency, intensity,

duration, and type of exercise training intervention(s) should be included in future trials as well.

Strengths and Limitations

There are several limitations that should be considered in the interpretation of the
findings from this study. The present study included a small sample size (36 participants), three
intervention groups, and 16 cognitive outcomes, which limited the statistical power to detect
group differences. Therefore, the analysis strategy for the study was largely descriptive, along
with calculations of effect sizes, because of the awareness that the trial was underpowered. The
small sample size also prevented the ability to control for covariates and affects the
generalizability of the findings to the COPD population. In addition, the lack of a non-exercising
control group limits the study’s internal validity. Indeed, the addition of such a group would have
provided a better understanding of the specific influence of exercise training on cognition in
COPD.

Despite some limitations, this study also has several notable strengths. To our
knowledge, this is the first trial to compare the effects of three different aerobic exercise
protocols that are commonly used in COPD (CTHI, CTVT, and HIIT) on cognition. Exercise
protocols are also thoroughly described and attendance and adherence to them is reported
[214]. This is especially important since many of the past studies reporting on the effects of

exercise training on cognition in people with COPD did not specify the intensity of their exercise
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protocols, making it difficult to inform future trials [115-117, 119, 120]. In addition, there was an
effort to equalize the total dose of training between the three exercise protocols so that the
analyses could focus on the impact of the protocol and not total exercise volume. For our
cognitive assessment, our study used a comprehensive battery of validated tests administered
and interpreted by neuropsychologists, which was not the case in most former trials [114-117,
119, 120]. Lastly, this study had a randomized design and a 1-year follow-up, which many of the
past studies did not have. The randomized design further helps focus the analysis on the impact
of the exercise protocol. The 1-year follow-up allowed the analysis of the long-term changes in

cognition without a maintenance intervention.

Future Directions

In the present study, we observed medium- and large-sized positive effects of exercise
training on visuospatial abilities (Copy of the Rey-O Figure) in all participants, those in the CTHI
group, and those with MCI at baseline. These findings suggest that this cognitive domain may
be particularly responsive to the effects of exercise in people with COPD, and those with
combined COPD and MCI, and should therefore be measured in future trials of pulmonary
rehabilitation and cognition. Future studies should assess larger samples than the one included
in our trial for statistical power to be high enough to detect significant changes in cognition from
exercise training, similar to those reported in past studies and to allow for covariates to be
included in the analysis model. Future trials should also clearly report the frequency, intensity,
duration, and type of exercise training intervention(s) used and, ideally, gather precise exercise
adherence data. Lastly, future trials should include a non-exercising control group to provide a

better understanding of the specific influence of exercise training on cognition in COPD.

7.6 CONCLUSION

In conclusion, results from the present study support the idea that pulmonary
rehabilitation, particularly the exercise-training component, can help mitigate cognitive declines
in people with COPD. Our results add to earlier ones suggesting that visuospatial abilities may
be particularly responsive to the effects of exercise in people with combined COPD and
cognitive impairment. This should be considered in future trials of pulmonary rehabilitation and
cognition. Continuous high-intensity training may be the safest option to choose to elicit

cognitive gains across domains in people with COPD, provided that they are able to adhere to
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this approach. Over time, losses in cognitive performance are likely to occur if no active

maintenance intervention is offered.
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