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Abstract

As the world’s population ages, the number of people affected by dementia and the overall
burden of the disease continues to grow. Research dedicated to refining strategies to reduce the
risk of cognitive decline and dementia are of vital importance to promote cognitive health. Exercise
can play a neuroprotective role by mitigating the consequences of physical inactivity such as low
muscle strength and cardiorespiratory fitness. However, limited studies have focused on examining
the contribution of muscle strength and cardiorespiratory fitness for maintaining cognitive function
in mid-to-late life.

In this thesis, I conducted a secondary analysis using the Canadian Space Agency (CSA)
Inactivity Study, a randomized controlled trial (RCT) of either: 1) 14 days 6° head-down tilt bed
rest (HDBR); or 2) HDBR with daily resistance training (RT) and aerobic training (AT) to examine
the independent and relative contribution of change in muscle strength and change in
cardiorespiratory fitness on cognitive function in adults aged over 55 years. Results from multiple
linear regressions showed that change in muscle strength, but not cardiorespiratory fitness was
significantly associated with improved executive function following 14 days of HDBR. This
finding prompted the inclusion of the Reshaping the Path of Vascular Cognitive Impairment
(RVCI) trial, a RCT of 12-month, twice-weekly RT vs. active control in community-dwelling
adults with vascular cognitive impairment to further examine the relationship between change
muscle strength and cognitive function.

Using data from RVCI, results from multiple linear regressions showed that muscle
strength was positively associated with processing speed and working memory. The RVCI dataset
addresses the limitations of the CSA study by providing a larger sample size, a non-HDBR sample,

and a greater RT stimulus.
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This thesis provides preliminary evidence that maintaining muscle strength may be critical
for preserving cognitive function in aging adults who experience bed rest or have cerebral small
vessel disease. Importantly, this thesis prompts future research to examine: 1) the effect of exercise
modality; and 2) the mediating factors between exercise and cognitive health. A better
understanding will inform public health policies to help provide more precise exercise

recommendations that focus on promoting healthy cognitive aging.
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Lay Summary

The number of people living with dementia is expected to triple by 2050. Maintaining a
physically active lifestyle is key to reducing the risk of cognitive decline and dementia in late-life.
Despite this, physical activity levels decrease with age, leading to consequences such as low
muscle strength and physical fitness, which are shown to increase the risk of cognitive impairment.
The goal of this thesis was to determine the contribution of muscle strength or fitness to cognitive
function. This thesis demonstrates that maintaining muscle strength may be critical for preserving
cognitive function in adults over 55 years of age. The preliminary finding suggests that the type of
exercise (e.g., running or weightlifting) may have different effects on cognitive health. Thus, future
studies should investigate the effect of exercise type on cognitive health which can better inform

public health policies to refine exercise guidelines.
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Chapter 1: Background

1.1 Introduction

Worldwide, the proportion of the population over 60 years of age is expected to double
from 12% in 2015 to 22% by 2050 (1). In Canada, over 18% of the population (7 million people)
are over 65 years of age (2). As the population ages, the number of people living with age-related
neurodegenerative diseases such as dementia is expected to increase. According to the World
Health Organization, around 55 million people have dementia worldwide, with numbers expected
to triple by 2050 (3). Canada follows a similar trend; around 597,000 Canadians are living with
dementia, with numbers estimated to reach 1 million by 2030 and 1.7 million by 2050 (4). In 2020
alone, 124,000 new cases of dementia were diagnosed in Canada which equates to 15 new cases
of dementia every hour (4). Thus, research dedicated to understanding and developing strategies
to prevent or delay the onset of cognitive impairment and dementia are of vital importance to
maintain the health and quality of life of older adults.

Changes in cognitive function can occur with normal aging. However, accelerated rates of
decline that are greater than that expected for an individual’s age and education level is an indicator
of cognitive impairment with further decline that disrupts an individual’s ability to perform daily
activities as a sign of dementia. Physical activity (PA) and exercise are promising lifestyle and
behavior change strategies that can preserve late-life cognition and prevent dementia by targeting
modifiable risk factors including: 1) physical inactivity and 2) cardiometabolic comorbidities (e.g.,
diabetes mellitus, obesity, and hypertension) (5).

PA is defined as all voluntary bodily movements produced by skeletal muscles that result

in energy expenditure (6). Exercise is a subset of PA and is defined as bodily movements that are



planned, structured, and repetitive with an objective of maintaining or improving components of
physical health (6). The two main types of exercise are aerobic training (AT) and resistance
training (RT); each has its own distinct physiology and benefits. Currently, most evidence
supporting the benefits of exercise for healthy cognitive aging stem from AT interventions
whereby the mitigation of cardiometabolic risk factors for cognitive impairment are primarily
targeted.

Higher cardiorespiratory fitness, a key benefit of AT, is associated with lower
cardiometabolic risk factors (e.g., serum lipid and insulin sensitivity) later in life (7). AT-induced
improvements in cognitive function are often described by a positive association between
cardiorespiratory fitness and cognitive function (8). Evidence highlighting the efficacy of RT for
improving cognitive functions in older adults suggests that RT can elicit both cardiometabolic and
skeletal muscle health benefits (9). Notably, skeletal muscles can exert neuroprotective effects
through endocrine signaling to the brain (10). Thus, changes in skeletal muscle parameters have
been described in relation to cognitive health in the contexts of: 1) exercise-induced adaptations
(i.e., muscle mass and strength); 2) inactivity (e.g., bed rest); and 3) disease (e.g., sarcopenia).

Despite the utility of exercise as an intervention to promote healthy cognitive aging,
differences in exercise modality-dependent benefits and mechanisms prompts the question of the
independent and relative contributions of muscle health or cardiorespiratory fitness to cognitive
health in aging adults. A better understanding of the relationship between exercise-induced
physiological changes and cognitive health can inform public health guidelines to refine and
personalize exercise recommendations.

In this chapter, | will provide an overview of neurocognitive changes with age and the role

of PA and exercise training for healthy cognitive aging with an emphasis on relevant literature



including: 1) the independent contributions of muscle health parameters (i.e., muscle mass and
strength) vs. cardiorespiratory fitness on cognitive function; 2) the effect of AT vs. RT on cognitive
health; and 3) the underlying molecular mechanisms. | will conclude with a brief summary of the
evidence and the gaps in the literature, before introducing the two research studies that aim to

address these gaps.

1.2 Aging and Cognitive Function

Broadly, cognition can be categorized as fluid or crystallized intelligence (11).
Observational studies show measurable declines in some but not all cognitive domains with normal
aging (12). For example, fluid intelligence, which refers to the ability to process and manipulate
new information for reasoning and problem-solving, tends to steadily decline starting in the third
decade of life (11,13). Whereas, crystallized intelligence, which refers to the cumulative
knowledge that is learned and practiced over time (e.g., vocabulary), can be preserved until around
80 years of age (11,13). The diagnostic and statistical manual of mental disorders (DSM-5)
provides six principal domains of cognitive function (Fig. 1) to better classify cognitive deficits
associated to neurocognitive disorders; these cognitive domains include: 1) executive functions,
2) learning and memory, 3) language, 4) complex attention, 5) psychomotor function, and 6) social
cognition (14,15). Processing speed, executive function, memory, and psychomotor abilities are
considered fluid cognitive domains and are important for living independently and with quality
(11). Notably, processing speed declines in early adulthood and may be a significant contributor
to age-related declines in all cognitive domains (11,12). Even in the absence of disease, strategies
that preserve late-life cognitive function would be crucial for one’s functional independence and

quality of life.



This thesis will focus on executive functions as the main cognitive outcomes. Executive
function is an umbrella term that describes a set of mental processes that allow a person to
successfully engage in independent, appropriate, and purposive behavior (11,13). Specific
processes of executive functions include: 1) response inhibition; 2) set-shifting; and 3) working
memory. Response inhibition refers to the ability to suppress actions that can interfere with the
goal of a task (16). Set-shifting, or cognitive flexibility, is the ability to alternate between mental
sets quickly and efficiently (17). Working memory refers to the ability to temporarily retain
information that can be used to complete a task (18). The Stroop Color-Word test, Trail Making
Test, and Digit Symbol Substitution test are commonly used to assess response inhibition, set-
shifting, and working memory, respectively (19). The National Institutes of Health (NIH) Toolbox
Cognition Battery includes measures that are sensitive to age-related changes in response
inhibition and set-shifting, which are measured by the Flanker Inhibitory Control and Attention

Test and the Dimensional Change Card Sort test, respectively (20).



Language
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Theory of mind
Insight

Figure 1: The six neurocognitive cognitive domains defined by the DSM-5 and the corresponding
sub-domains used to establish severity of neurocognitive disorders; adapted from Sachdev and

colleagues (14).

1.3 Neurocognitive Disorders

Non-normal age-related cognitive decline can be attributed to neuropathological changes
in the brain. Cognitive decline that occurs at a greater rate than that expected for an individual’s
age and education level but does not impair an individual’s ability to perform activities of daily
living is defined as mild cognitive impairment (MCI) (21). MCI has two clinical subtypes: 1)
amnestic, defined by isolated memory deficits and 2) non-amnestic, defined by deficits in non-
memory cognitive domains. Petersen and Morris (22) suggest that by combining the clinical
subtypes of MCI with presumed etiology, a probable prognosis for the type of dementia can be

deduced (Fig. 2). For example, amnestic MCI combined with a suspected neurodegenerative



etiology (e.g., presence of amyloid B) would likely lead to Alzheimer’s Disease (AD). In contrast,
non-amnestic MCI combined with a suspected vascular etiology (e.g., cerebrovascular damage)
would potentially predict vascular cognitive impairment (VCI). The rate of progression from MCI
to AD is estimated to be 18% per year in clinical research settings (21). The progression of VCI
can be attributed to numerous vascular problems which complicates disease progression (23,24).

The two most common types of dementia are AD which accounts for over 50% of cases,
and VCI which accounts for 25-30% of cases (23). The hallmarks of AD include the presence of
amyloid B and phosphorylated tau; abnormal accumulation of amyloid B is thought to induce the
spread tau pathology via unknown mechanisms, ultimately leading to neurodegeneration (25). VVCI
is defined as having any level of cognitive impairment (i.e., MCI or dementia) that is caused by
overt or covert cerebrovascular disease (23). The leading cause of VCI is cerebral small vessel
disease (CSVD), in which the integrity of the brain’s small blood vessels is compromised causing
inadequate cerebral blood flow and chronic ischemia (23,24). Importantly, an estimated 75% of
people with dementia show evidence of vascular neuropathology at autopsy (24).

Given the diverse neuropathology of dementia, the neurocognitive symptoms observed
between individuals and different types of dementia are often heterogenous. A longitudinal cohort
study investigating the trajectories of cognitive decline in different types of dementia (AD, n=199;
VCI, n=10; Other, n=61) found that 1) global cognition declined faster in AD compared with VCI;
2) memory and language declined in AD but was preserved in VCI; and 3) attention and executive
functioning declined in all types (26). Findings are consistent with the DSM-5 in which
impairments in attention and executive functions are clinical features of vascular neurocognitive

disorders whereas declines in memory and learning are clinical features of AD (15).
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: Impairment -
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Figure 2: Scheme of combining clinical subtypes with presumed etiology; adapted from Petersen

& Morris (22).

1.4 Modifiable Risk Factors for Cognitive Decline and Dementia

Modifiable risk factors for cognitive decline and dementia include: 1) low education; 2)
traumatic brain injury; 3) smoking; 4) excessive alcohol consumption; 5) social isolation; 6)
physical inactivity; and 7) cardiometabolic comorbidities (5,27). Cardiometabolic risk factors such
as diabetes mellitus, hypertension, and obesity are key risk factors for VCI and are highly
modifiable by regular PA (23). The following sections will focus on the role of PA and exercise
in 1) promoting late-life cognitive health and 2) mitigating the consequences of physical inactivity

and cardiometabolic risk factors.

1.5 Physical Activity and Cognitive Function

Regular PA is associated with healthy cognitive aging and a decreased risk of late-life
cognitive impairment and dementia (28,29). A meta-analysis of 37 prospective cohort studies that

combined relevant studies from two previous meta-analyses with an updated search showed that



higher self-reported PA reduced the risk of cognitive decline by 35% (Relative Risk (RR): 0.65;
95% CI: 0.55 to 0.76) and dementia by 14% (RR: 0.86; 95% CI: 0.76 to 0.97) (30). These
significant negative associations survived sensitivity analyses that included higher quality studies,
> 10 adjustments, effect sizes reported as odds ratios (OR), and > 10-year follow-up time, albeit
with more conservative estimates (30). In a RCT including 170 participants with subjective
memory complaint, a 24-week home-based physical activity intervention (i.e., instructions to
perform > 150 minutes of moderate-to-vigorous PA per week) resulted in a significant
improvement in the Alzheimer Disease Assessment Scale (ADAS-Cog) by 0.26 points compared
with the usual care group that deteriorated by 1.04 points (p = 0.04) (31). Evidence suggests that
engaging in regular PA can promote healthy cognitive aging independent of cognitive status.
Engaging in PA throughout life is important; however, regular PA may be particularly
important in mid-to-late life. A cross sectional study by Hillman and colleagues (32) which
included participants between the ages of 15-71 years reported that higher PA was significantly
correlated with faster reaction time and greater response accuracy on the congruent and
incongruent trials of the Flanker test, a measure of executive functions. Further regression analyses
showed a stronger positive association between PA and response accuracy in trials with greater
interference that require greater executive control (i.e., incongruent trials). Notably, greater PA
levels was associated with greater response accuracy in the middle-aged cohort (mean age = 49.6
years), but not in the younger cohort (mean age = 25.5 years). Thus, data from this cross-sectional
study indicates that PA in mid-to-late life may exert a greater influence on maintaining executive
functions. Further examining the relationship between PA and specific cognitive domains, a
systematic review of 23 observational studies showed that higher intensity PA in midlife (>35

years of age) to late-life was associated with better global cognition, executive functions, and



memory during old age (33). There is strong evidence to support that PA not only decreases the
risk of late life cognitive impairment and dementia, but engaging in PA, particularly in mid-to-late

life, can preserve cognitive function.

1.6 Physical and Cognitive Health Consequences due to Physical Inactivity

Physical inactivity is defined as not meeting the current PA recommendations of > 150
minutes of moderate-to-vigorous PA per day (34). Despite the benefits of PA on cognitive health,
PA levels tend to decrease with age; around 60% of Canadians over 65 years are physically inactive
according to self-reported PA levels (35). Broadly, PA levels are highest in early adulthood and
maintained until around 50 years of age where PA levels begin to gradually decline towards a
predominantly inactive lifestyle by 80 years of age (36). Physical inactivity is associated with a
host of negative health outcomes (37), many of which are thought to mediate the relationship
between physical inactivity and increased risk of cognitive decline and dementia. Of relevance to
my thesis, cognitive impairment and dementia risk will be examined in relation to inactivity-
induced deterioration in 1) cardiorespiratory fitness and 2) skeletal muscle strength.

The two main factors contributing to decreases in cardiorespiratory fitness are biological
aging and physical inactivity which accelerates the decline at any given age (37). In a longitudinal
cohort study, Barnes and colleagues (38) showed that cardiorespiratory fitness, represented by
VOzpeak (Ml/kg/min), was positively associated to preserved global cognition and executive
function in adults > 55 years of age over a 6-year follow-up period; worse cardiorespiratory fitness
at baseline was related to worse performance on all neurocognitive tests 6 years later. These
findings were replicated by the Finnish Geriatric Intervention Study to Prevent Cognitive
Impairment and Disability (FINGER) trial whereby VO2zpeak was associated with better

performance on the neuropsychological test battery ( = 0.12, p = 0.01) over a two-year follow-up



period (39). More specifically, VOzpeak Was positively associated with executive functions (p =
0.16, p = 0.01) and processing speed (p = 0.25, p < 0.001), but not with memory (B = 0.11, p =
0.12). Evidence also supports measures of cardiorespiratory fitness as health predictors of
dementia risk. A prospective cohort study showed that healthy adults who either maintained a high
estimated VOzpeak (i.€., Stayed fit) or improved their estimated VVOzpeak (i.€., unfit to fit) had a 40-
50% reduced risk of incident dementia over a median follow-up period of 7 years and 30-40%
reduced risk of dementia-related mortality over a median follow-up period of 19 years when
compared with people who maintained low estimated VOzpeak (i.€., Stayed unfit) (40). Thus, poor
cardiorespiratory health due to persistent physical inactivity can increase the risk of cognitive
decline and dementia.

Engaging in PA plays a key role in maintaining skeletal muscle health and function.
Accelerometer-measured PA duration and intensity show an independent, dose-response
relationship with lean mass and lower limb strength in community dwelling older adults (41).
Another muscular consequence of prolonged physical inactivity is an increased risk of sarcopenia,
which is defined as a progressive and generalized skeletal muscle disorder characterized by low
muscle strength and mass (42). A meta-analysis found that PA levels are inversely associated with
risk of sarcopenia both cross-sectionally (OR = 0.49, 95% CI: 0.37 to 0.62) and longitudinally (OR
= 0.51, 95% CI: 0.27 to 0.94) (43). Several studies have reported that muscle mass and strength
are associated with cognitive function (44-46). While increased muscle strength has been
repeatedly shown to be associated with improved overall cognition (44,45), contradictory findings
emerge in the association between muscle mass and cognition (46,47). Furthermore, sarcopenia is
associated with increased risk of cognitive impairment and dementia (48-51). A longitudinal

analysis by Berri and colleagues (52) showed that sarcopenia is associated with incident cognitive
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decline, MCI, and AD. Notably, muscle strength rather than muscle mass was the primary driver
of this association. Thus, maintenance of skeletal muscle strength through regular PA can mitigate
the associated consequences to cognitive health.

A review by Le Roux and colleagues (53) suggests a different method to examine the
relationship between the adverse consequences of physical inactivity and its effects on cognitive
function; strict bed rest can be a unique model of extreme physical inactivity. Kehler and
colleagues (54) reviewing the effects of bed rest on the skeletal muscle and cardiorespiratory
system describe: 1) a reduction of 1.4 kg fat free mass with a preferential decrease in lower body
skeletal muscle by 3.3% within 7 days of bed rest; 2) a decrease in quadriceps maximal voluntary
contraction by 13.2% and power by 12.3% following 14 days of bed rest; and 3) a linear decline
in cardiorespiratory fitness of up to 1% per day. Fortunately, AT and RT (see definitions in 1.6.1
and 1.6.2, respectively) protected skeletal muscle mass and strength, and cardiorespiratory fitness
against bed rest; however, exercise training did not fully mitigate the metabolic consequences of
bed rest (53). To date, limited studies have investigated exercise can counteract the negative effects

of physical inactivity on cognitive health.

1.7 Exercise and Cognitive Health

Exercise is a promising strategy to: 1) reduce the risk of cognitive decline and late-life
dementia (55,56); or 2) promote cognitive health by acting as a countermeasure to the detrimental
changes caused by prolonged physical inactivity, previously described (53). A seminal meta-
analysis by Colcombe & Kramer (55) found that executive functions were most sensitive to
exercise-induced improvements compared with other cognitive domains. The following sections
will summarize the evidence from RCTs on the independent effects of AT and RT on cognitive

function and dementia risk in older adults.
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1.7.1 Aerobic Training and Cognitive Function

AT is defined by physical activity that involves the rhythmic and repetitive use of large
muscle groups resulting in an elevated heart and respiratory rate that requires aerobic metabolism
to sustain the activity (e.g., running or cycling) (57). AT is generally performed with an objective
to improve cardiorespiratory fitness or the capacity at which the circulatory and respiratory
systems can supply oxygen to skeletal muscle mitochondria necessary for sustained physical
activity (6). Thus, maintenance of cardiorespiratory fitness via AT can help preserve cognitive
function in older adults (58). To date, the effects of AT on cognition in older adults have been
studied more extensively (56).

According to a meta-analysis by Colcombe and Kramer (55), exercise modalities that aim
to increase VOzpreak (AT or AT+RT) are shown to significantly improve cognition in older adults
with the greatest effects being on executive functions. Moreover, multimodal exercise (AT+RT)
resulted in a greater degree of improvement in all cognitive tasks compared with AT alone (ES =
0.59 vs. 041, p < 0.05) (55). Another systematic review using objective measures of
cardiorespiratory fitness extended these findings; AT interventions that resulted in approximately
14% increased VOzreak coincided with improvements in processing speed, visual attention,
auditory attention, and motor function in healthy older adults (8). More recently, a meta-analysis
of nine studies demonstrated that AT alone had a large effect size on memory (Hedges’ g = 0.80,
95% CI: 0.14 to 1.47; p = 0.02) and a small effect size on executive functions (Hedges’ g = 0.37,
95% CI: 0.04 to 0.69; p = 0.03) in healthy adults over 50 years of age (59).

A quasi-experimental study by Guadagni and colleagues (60) explored changes in
cognition, cardiorespiratory fitness, and cerebrovascular function following a 6-month AT

intervention; cardiorespiratory fitness and executive functions improved following the AT
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intervention. This study also showed exploratory evidence that AT-induced improvements in some
executive functions are related to AT-induced improvements in cerebrovascular function. An RCT
investigating the effect of a 16-week AT intervention on cerebrovascular and cognitive function
in physically inactive adults found that cerebrovascular responsiveness to both physiological
(hypercapnia) and cognitive stimuli (Trail Making Task and Spatial Span Test) increased
following AT compared with the control group (61). This study measured cerebrovascular
responsiveness via transcranial doppler ultrasonography which reflects the ability for the brain’s
microvasculature to maintain cerebral dynamics and autoregulation (61,62). Thus, evidence
suggests that AT can elicit improvements in cognitive function through changing cerebrovascular
processes.

The effects of AT on cognitive function also apply to older adults with cognitive
impairments. A meta-analysis of 11 RCTs examining the effect of moderate-intensity (40-60%
heart rate reserve) AT on cognitive function in older adults with MCI report an improvement in
global cognition with a modest improvement in memory and no significant effects on attention,
executive functions, verbal fluency, and visuospatial function (63). Interestingly, institutionalized
older adults with dementia randomized to an AT intervention of > 15 minutes of daily cycling for
15 months showed improvements in functional mobility (measured by Timed “Up and Go” test),
global cognition (measured by Mini-Mental State Examination; MMSE) and immediate memory
(measured by Fluid Object Memory Evaluation), while those who did no exercise showed a
significant decline in the same measures (64). Moreover, when participants’ level of cognitive
impairment was categorized using MMSE cut-off points (a: 24 > MMSE > 18; b: 18 > MMSE >
14; ¢: MMSE < 14), AT exerted greater benefits to those with worse levels of cognitive

impairment.
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1.7.2 Resistance Training and Cognitive Function

RT is defined by performing skeletal muscle contractions against an external resistance
with the objective of improving one or more components of muscle health — muscle mass, strength,
endurance, and power (e.g., weight-lifting) (57,65). Numerous studies report the benefits of RT on
executive functions regardless of cognitive status; however, the effect of RT on memory functions
is heterogenous and may depend on cognitive status. A seminal RCT by Liu-Ambrose and
colleagues (66) found that 12-months of once and twice-weekly RT improved selective attention
and response inhibition (measured by Stroop test) by 12.6% and 10.9%, respectively, compared
with the active control group that deteriorated by 0.5%. A meta-analysis by Northey et al. (56) of
36 RCTs that included adults over 50 with no neuropsychiatric conditions showed that exercise
improved cognitive function; a moderator analysis revealed a significant effect of RT on executive
functions (SMD = 0.49, 95% CI: 0.20 to 0.78), memory (SMD = 0.54, 95% CI: 0.23 to 0.85), and
working memory (SMD = 0.49, 95% CI: 0.16 to 0.82). More recently, a meta-analysis aiming to
show benefits of RT on cognitive function in older adults with different cognitive statuses found
that RT improved global cognitive function in both cognitively healthy and cognitively impaired
(i.e., MCI or subjective memory complaints) older adults. However, short-term memory only
significantly improved in cognitively healthy older adults following RT (67). No significant RT-
induced improvements were found for attention, long-term memory, set-shifting, spatial
awareness, reaction time, and verbal fluency, but these null results may be due to small,
heterogenous samples that investigated these cognitive domains (67). A network meta-analysis of
73 studies including adults diagnosed with MCI or dementia examined the comparative efficacy
of AT, RT, multimodal exercise, and mind-body exercise interventions on global cognition,

executive functions, and memory (68). Results indicated that RT had the highest probability of
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being the most efficacious exercise intervention to improve global cognition, executive functions,
and memory function in adults with dementia; multimodal exercise which includes at least two
types of exercise such as RT was most efficacious in improving global cognition and executive
functions in adults with MCI (68). Gomez and colleagues (69) examining the dose-response
relationship between exercise and cognition found that lower doses of RT elicited clinically
important differences in cognition compared to AT: 135 min/week of RT vs. 175 min/week of AT.

To my knowledge, limited number of studies have examined the associations between
changes in skeletal muscle parameters and cognitive functions in response to RT. One RCT of a
12-week RT intervention that included 29 older females showed a significant improvement in
global cognition following RT and was positively associated with increased lower limb strength
(70). Thus, future research should examine whether skeletal muscle parameters mediate the
relationship between RT and cognitive function in older adults.

Based on the current literature, AT and RT are both viable options for improving and
maintaining cognitive function and reducing the risk factors associated with dementia.
Furthermore, the respective exercise-induced improvements in VOzpeak and muscle strength may
mediate cognitive improvement. Thus, the question remains of whether exercise-induced changes
in muscle strength or cardiorespiratory fitness is more important for mid-to-late life cognitive

health.

1.8 Proposed Mechanisms of Exercise-Induced Changes in Cognitive Function

While evidence supports the benefits of exercise on cognitive health in older adults, less is
known about the neurobiological mechanisms of exercise-induced improvements in cognitive
function. Currently, the Muscle-Brain Crosstalk theory is at the forefront of explaining these

exercise-induced benefits in cognition (10). This theory proposes the existence of a muscle-brain
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endocrine loop in which skeletal muscle contractions cause a release of central and/or peripheral
factors, known as myokines, that can elicit neuroprotective effects (10,71-73). The list of potential
myokines is extensive; the most studied are neurotrophic factors include brain-derived
neurotrophic factor (BDNF) and insulin-like growth factor 1 (IGF-1). Presently, BDNF cascades
are known to be the central mechanism mediating exercise-dependent proliferation of hippocampal
neurons and synaptic plasticity (10,73,74). Notably, Erickson and colleagues (74) demonstrated
that greater serum BDNF levels are associated with increased hippocampal volume in older adults
following one year of AT. Additionally, hippocampal volume was positively associated with
spatial memory. IGF-1 can also increase hippocampal neurogenesis and decrease
neuroinflammation but is commonly considered an upstream regulator of BDNF (71,72). It is
unclear whether IGF-1 can elicit direct neuroprotective effects independent of the BDNF signaling
pathway.

The impact of exercise modality (i.e., AT vs. RT) on serum BDNF and IGF-1
concentrations is not well examined or understood. Preliminary evidence from an animal study
suggest that exercise modality may elicit divergent molecular mechanisms to elicit changes in
cognitive function and brain health. Cassilhas and colleagues (75) show that RT preferentially
increases serum IGF-1 levels while AT preferentially increases BDNF levels in rats. In humans, a
meta-analysis of 29 studies including exercise programs over two weeks in length showed that
resting peripheral BDNF concentrations increased following exercise (Standardized mean
difference (SMD) = 0.39, 95% CI: 0.17 to 0.60; p < 0.001) and subgroup analyses suggested a
significant effect in AT (SMD = 0.66, 95% CI: 0.33 to 0.99, p < 0.001), but not RT (SMD = 0.07,
95% CI: -0.15t0 0.30, p = 0.52) (76). A meta-analysis of 33 RCTs examining the effect of RT on

IGF-1 showed that IGF-1 significantly increased following RT compared with the control group
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(weighted mean difference (WMD) = 10.34 ng/ml, 95% CI: 4.93 to 15.74; p < 0.001) (77).
Interestingly, subgroup analyses showed that the effect of RT on IGF-1 concentrations was only
significant in: 1) treatment durations < 16 weeks; 2) participants older than 60 years; and 3) females
compared with males. Overall evidence suggests that exercise modality can play a role in
preferential myokine release; however, future studies are required to verify these preliminary
findings.

Exercise-induced physiological changes in muscle health and cardiovascular health may
also play a role in myokine release and delivery. It is hypothesized that the association between
sarcopenia and cognitive impairment is due to compromised muscle-brain crosstalk such that
muscle atrophy leads to an imbalance in the secretion of myokines (47). Thus, resistance training
may maintain or restore the muscle-brain crosstalk and in-turn preserve or improve cognitive
function with age. Stimpson and colleagues (78) suggest that improvements in cardiovascular
health has more significant benefits on cognitive function and brain health; improved
cardiovascular health leads to: 1) increased cerebral angiogenesis and circulation; 2) increased
cerebral perfusion; and 3) increased neurotrophin delivery. These cerebrovascular benefits may be

particularly important for reducing the risk factors associated with VCI.
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Figure 3: The proposed mechanisms of exercise-induced benefits in brain health and cognitive

function via myokines, BDNF and IGF-1; adapted from Kim and colleagues (72).
1.9 Thesis Objectives and Hypotheses

1.9.1 Knowledge Gaps

What is known:
1. Persistent physical inactivity in mid-to-late life can lead to deterioration in muscle strength
and cardiorespiratory fitness; these consequences are independently associated with

increased risk of cognitive decline and dementia in late-life.
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2. AT and RT are promising strategies to improve cognitive function and reduce risk factors
associated with cognitive impairment and dementia in middle aged and older adults of
varying cognitive status.

What is unknown:

1. The contribution of changes in muscle strength vs. changes in cardiorespiratory fitness to
changes in cognitive function in middle age to older adults.

2. The role of peripheral neurotrophic factors (e.g., IGF-1) as an underlying mechanism

driving the relationship between exercise training and cognitive function.

1.9.2 Thesis Objectives

Primary Objective: To determine the independent and relative contribution of changes in muscle
strength and changes in cardiorespiratory fitness to changes in cognitive function.
Secondary Objective: To determine whether changes in peripheral neurotrophic factors are

associated with changes in cognitive function.

1.9.3 Hypotheses

1. 1 hypothesize that changes in muscle strength and changes in cardiorespiratory fitness will be
independently predict changes in cognitive function with greater variation explained by
changes in cardiorespiratory fitness.

2. | hypothesize that changes in peripheral neurotrophic factors will be associated with changes

in cognitive function.
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Chapter 2

A version of this chapter will be submitted for publication as: Zou, J., Falck, S. R., Balbim, G. M.,
Davis, J. C., Madden, K., Handy, T. C., Liu-Ambrose, T. (2024). Putting the Brain to Bed: The
Importance of Preserved Muscle Strength vs. Cardiorespiratory Fitness for Cognitive Function

During Bed Rest. Applied Physiology, Nutrition, and Metabolism.

2.1 Introduction

Despite evidence highlighting the physical and neurocognitive benefits of a physically
active lifestyle (33,79), PA levels tend to decrease with age (36). The gradual decrease in PA in
the older population can occur secondary to chronic conditions, or acutely, due to bed rest as a
result of injury, surgery, or hospitalization. Even a brief period of bed rest in older adults can
initiate a downward spiral in muscle strength (80), cardiorespiratory fitness (81), and cognitive
function (82).

Current evidence show that bed rest can lead to deleterious consequences to physical and
cognitive health. A systematic review including adults aged < 50 years showed that muscle mass
and strength in the knee extensors (i.e., quadriceps) declined at nonuniform rates with rates of
decline in muscle strength exceeding that of muscle mass in the first two weeks of bed rest (83).
These declines in muscle parameters due to experimental bed rest have also been shown by a meta-
analysis of healthy older adults, over 60 years; knee extension power (N/s) significantly decreased
(ES =-1.06, 95% CI: -1.37 to -0.75, p < 0.001) and leg muscle mass significantly decreased (ES
=-0.68, 95% CI: -0.96 to -0.40, p < 0.001) following bed rest interventions (84). A seminal bed
rest study including five 20-year-old males showed that three weeks of bed rest resulted in greater

deterioration in cardiorespiratory capacity than did 30 years of aging (85). A systematic review
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reported that cardiorespiratory fitness declines linearly with bed rest duration; participants who
had higher VOzpeak pre-bed rest also experienced greater declines (86). To my knowledge, no
studies have investigated whether bed rest-induced declines in muscle strength and
cardiorespiratory fitness are associated with cognitive decline and increased risk of dementia.
Thus, the relationship can only be speculated based on studies examining the associations in non-
bed rest contexts (38,40,43,52).

Despite the putative relationship between bed rest-induced physical consequences and
cognitive decline, a review summarizing the effects of clinical and experimental bed rest on
cognitive function showed variable findings (87). Reasons that explain the mixed results could
include: 1) repeated cognitive task exposure leading to practice effects; and 2) the use of traditional
summary scores that fail to account for within-person variability in performance (87,88).
Clinically, critical and non-critical hospitalizations were significantly associated with greater
declines in global cognition while non-critical hospitalizations were also significantly associated
with incident dementia in older adults over 65 years of age (82). Given the positive relationship
between PA and cognitive function (30), it is plausible that the effects of physical inactivity due
to bed rest is detrimental to cognitive health.

Experimental bed rest represents an extreme model of physical inactivity (37,53). The 6-
degree head-down tilt bed rest (HDBR) approach has been predominantly used in experimental
bed rest studies to examine the effects of microgravity experienced by astronauts in spaceflight
contexts. However, the physical maladaptation in the skeletal muscle and cardiovascular systems
due to HDBR are comparable to that of horizontal bed rest experienced during hospitalization

(53,54). Thus, HDBR approaches can inform how to care for adults who undergo bed rest or
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experience prolonged inactivity during acute hospitalization or long-term care due to injury or
chronic illness.

Exercise training can be a countermeasure to the consequences of physical inactivity (89).
Meta-analyses of RCTs suggest that exercise training improves older adults’ cognitive function,
particularly in executive functions (55,56,90). Few studies have investigated the effects of an
exercise intervention as a countermeasure to preserve cognitive function during bed rest. Some
evidence suggests that the neuroprotective effects of exercise hold true in bed rests contexts despite
a markedly shorter duration of the exercise intervention (91,92). Notably, an analysis using the
same data from the CSA Inactivity Study showed that the exercise group maintained performance
in the Flanker test, measuring response inhibition whereas, the non-exercise control group had
worse performance following 14 days of HDBR (91). Another RCT of a 60-day HDBR
intervention including 22 healthy males support the benefits of exercise training to modulate the
effect of bed rest on brain health and cognitive function (93). It remains unclear whether exercise-
induced changes in muscle strength and VVO2reak are associated with changes in cognitive function
following bed rest.

The neurobiological mechanisms driving exercise-induced improvements in cognitive
function are unclear. One theory, the Muscle-Brain Crosstalk, suggests that skeletal muscle
contractions cause secretions of peripheral neurotrophic factors, BDNF and IGF-1, which can lead
to downstream neuroprotective effects (10,71). Data from the CSA Inactivity Study examining the
effects of 14-day HDBR with and without exercise on serum BDNF and IGF-1 concentrations
found no changes in BDNF from pre- to post-bed rest, by group, nor by sex; however, IGF-1

significantly reduced at HDBR-completion in females only, regardless of group (p = 0.018) (94).
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Hence, one of the objectives of this study was to determine whether changes in IGF-1
concentrations are associated to changes in cognitive function.

This study aims to address the knowledge gap regarding whether exercise-induced changes
in muscle strength, measured by isokinetic knee extension peak torque (Nm), and cardiorespiratory
fitness, measured by VOgzreak (MlI/kg/min), independently contribute to the maintenance of
cognitive function in adults confined to 14 days of HDBR. We also aimed to examine whether
changes in serum IGF-1 levels are associated to changes in cognitive function to explore
underlying neurobiological mechanisms. We hypothesize that: 1) both change in muscle strength
and VO2peak Will be significantly associated with changes in executive functions with greater
variation in executive functions explained by change in VO2peak; and 2) changes in IGF-1 levels

will be associated with changes in executive functions.

2.2 Materials and Methods

This CSA Inactivity Study was supported by a consortium comprising the Canadian Space
Agency (CSA), Canadian Institutes of Health Research (CIHR), and Canadian Frailty Network
(CFEN) and developed in collaboration with the McGill University Health Center (MUHC). The
study details are described in depth published protocol (95) and the trial was registered with the
US National Institutes of Health (ClinicalTrials.gov, NCT04964999). Study protocols were
developed with reference to the “Guidelines for Standardization of Bed Rest Studies in the
Spaceflight Context” (96). The study protocol and consent form are written in accordance with the
Declaration of Helsinki. Ethical approval was granted from the Research Ethics Board of the
MUHC, and the University of British Columbia’s Clinical Research Ethics Board. All participants

provided written informed consent after receiving a thorough explanation of the study procedures
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by study staff. Participants were permitted to withdraw from the study at any time or were

prematurely withdrawn if they experienced an adverse event.

2.2.1 Study Design

A secondary analysis of an open-label, non-blinded, parallel-group, proof-of-concept RCT
in which 23 healthy older adults (12 males and 11 females) aged 55-65 years were randomized to
either: 1) 14 days of HDBR (CON); or 2) HDBR with daily combined resistance and aerobic
exercise training (EX). The experimental period spanned 26 days and included 1) an adaptation

phase (days 1-5); 2) an intervention phase (day 6-19); and 3) a recovery phase (day 20-26).

2.2.2 Recruitment and Eligibility

Participants were recruited from the greater Montreal area from April 16, 2021, to July 12,
2021, via print and electronic media advertisements. Interested individuals were first screened for
basic eligibility criteria and consent via telephone then proceeded through a second stage of
screening with medical and psychological assessments. Detailed procedures of the recruitment
process are available in the published protocol (95).

Individuals were included if they were: a) between 55 and 65 years of age; b) community
dwelling; c) able to participate in at least 2.5 hours of aerobic exercise per week at a moderate to
vigorous intensity; d) if female, postmenopausal (no menses for > 1 year) or with documented
ovariectomy and serum follicle-stimulating hormone above 30 IU/I; e) cognitively healthy, as
determined by a Montreal Cognitive Assessment score > 26/30 and a Mini-Mental State
Examination score > 27 (97,98); f) completed high school education; g) between 158 and 190 cm
in height; h) body mass index (BMI) from 20 to 30 kg/m?; and i) read, write, and speak English.

Additional inclusion criteria are outlined in the “Guidelines for Standardization of Bed Rest”.
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The exclusion criteria were: a) history of heart attacks, thrombosis risk, severe allergies,
hypocalcemia, uric acidemia, orthostatic intolerance, vestibular disorders, considerable
musculoskeletal issues, chronic back pain, head trauma, seizures, ulcers, renal stones, gastro-
esophageal reflux disease or renal function disorder, hiatus hernia, migraines, or diagnosed
psychiatric conditions; b) electrocardiogram abnormalities; ¢) diagnosis of AIDS, hepatitis B, or
C; d) anemia, defined as ferritin lower than 10 or >154 ng/ml (females) and lower than 20 or >245
ng/ml (males); e) family history of thrombosis; f) bone mineral density lower than 2 standard
deviation of T-score; g) claustrophobia; h) special dietary requests (e.g., vegetarian, vegan); i)
contraindications to undergoing magnetic resonance imaging; j) donated blood in the past three
months; K) smoked (tobacco and/or marijuana) within six months prior to the start of the study; I)
abused drugs, medicine, or alcohol (i.e., >10 drinks a week, with >2 drinks a day most days) within
up to 30 days prior to the start of the study; m) participated in another study within 2 months before

study onset; or n) positive COVID-19 test within one week to 24 h before study start date.

2.2.3 Randomization and Blinding

The randomization sequence was generated using Microsoft Excel at a 1:1 ratio stratified
by biological sex. Group allocation was not concealed to the study coordinator. Randomization
was performed after baseline assessments and participants were allocated to their assigned groups
on day 6. Blinding of group allocation from participants and staff carrying out the intervention was

not possible. Outcome assessors were also not blinded to group allocation.

2.2.4 Experimental Groups

Participants in both the EX and CON groups remained in the 6° HDBR position for 24/day during

the 14-day intervention period (days 6-19). All activities were performed in the HDBR position.
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There were no restrictions on electronic use and participants were permitted to move and stretch
in bed. Participants from different groups did not interact with each other.

CON: Participants in the control group stayed in a 6° HDBR position. Daily physiotherapy
sessions lasting 15 to 20 minutes included stretching, motion therapy, and massages.

EX: Participants in the experimental group engaged in daily combined aerobic and
resistance exercise training while in the 6° HDBR position. Exercise training was split into three
sessions consisting of a combination of high-intensity interval training (HIIT), continuous aerobic,
progressive aerobic, and lower and upper body strength training exercises for a total daily exercise
duration of 60 to 72 minutes (Table 2.1). A detailed description of exercise type, intensity, and
duration are provided in (Table 2.2). All exercise sessions occurred between 06:00 and 18:00, with
a 4-hour break between sessions. Trained exercise instructors delivered all exercise sessions with

a 1:1 supervisor-to-participant ratio.

2.2.5 Measurements

All measurements were acquired by highly trained staff at the Research Institute of the
MUHC, Centre for Innovative Medicine, Lindsay Gingras Rehabilitation Centre, and the Douglas
Mental Health University Institute in Montreal, Canada. Outcome measures were taken at baseline

(day 1-5) and at HDBR completion (day 20-26).
2.2.5.1 Descriptive Measures

Demographic data collected at baseline included: a) age; b) biological sex; c) years of
education; d) occupation; e) height (cm); f) weight (kg) using a standing scale (Rice Lake Medical

Scale, model: 250-10-2); g) and body mass index (BMI) (kg/m?).
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2.2.5.2 Cognitive Measures

Executive functions and processing speed were assessed using the National Institutes of
Health (NIH) Toolbox Cognition Battery (99). All assessments were completed in the HDBR
position using a portable 9.7-inch Apple iPad. The NIH Toolbox Cognition Battery included the
Flanker Inhibitory Control and Attention Test (congruent and incongruent), the Dimensional
Change Card Sort Test (DCCS), and the Pattern Comparison Processing Speed Test (PCPS).

The Flanker Test measures response inhibition. Response inhibition is an executive
function that refers to the ability to control automatic response tendencies that may interfere with
achieving a goal (16). The Flanker test includes two types of trials, congruent and incongruent. In
congruent trials, participants indicate the direction (left or right) of a target arrow presented in a
line of other arrows (flanker arrows) pointed in the same direction. In incongruent trials, the target
arrow is pointed in the opposite direction of flanker arrows (100). Participants were instructed to
indicate the direction of the target arrow as fast as possible without making a mistake. A total of
20 trials were conducted, with 12 congruent and eight incongruent.

The Dimensional Change Card Sort Test assessed set-shifting. Set shifting is an executive
function that refers to the capacity to switch between multiple tasks or mental sets (17). In this test,
participants were presented with cards containing a pattern of a color and shape; participants were
instructed to switch between sorting the cards by color and by shape as fast as possible without
making a mistake (100). A total of 30 trials were conducted.

The Pattern Comparison Processing Speed Test assessed processing speed. Processing
speed is a measure of mental efficiency and is necessary for many cognitive domains; it refers to
the amount of time it takes to process a set amount of information (101). Participants were

presented with two images side-by-side and instructed to indicate whether the images are the same
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or different as fast as possible without making a mistake (100). This test lasted 85 seconds with a
maximum of 130 trials.

Fully corrected T-scores which corrected for age, education, gender, and race/ethnicity
were derived for all three tests of the NIH Toolbox Cognition Battery. Higher scores indicated
better performance. The Flanker t-score was the main cognitive outcome variable of interest to
extend the findings of the primary analysis (91). The DCCS and PCPS scores were the secondary

cognitive outcome variables of interest.

2.2.5.3 Physical Measures

Quadriceps (i.e., knee extension) isokinetic strength was used to index changes in skeletal
muscle health and measured using a quantitative multi-joint muscle dynamometer (Biodex-system
3, Biodex Medical Systems, NY, USA). Standardized verbal encouragement was provided during
the test. Muscle strength was represented by peak torque (N/m), unadjusted by weight. Two muscle
strength outcomes were collected: 1) isokinetic 3 repetition extension and 2) isokinetic 20
repetition extension. Only knee extension measures will be used for data analyses because findings
from an ancillary study reported significant reductions in knee extension measures following
HDBR but not in knee flexion measures (102).

Maximal aerobic capacity (VOzpreak) Was used to index changes in cardiorespiratory fitness
and measured using incremental bicycle ergometry test to exhaustion on an electronically braked
cycle ergometer (Lode Corival CPET, Lode B.V., Groningen, NL, the Netherlands). Briefly,
participants cycled at around 70 RPM starting at 15W for 3-min followed by incremental increases
in work rate by 15W each minute until exhaustion (i.e., RPM <65 despite verbal encouragement).

Oxygen uptake was measured using either: 1) a metabolic cart (Quark CPET, COSMED, Rome,
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IT, Italy) or 2) a portable metabolic system (MetaMax 3B-R2®). VOzpeak Was normalized to

participants’ body mass at the time of assessment.

2.2.5.4 Biomarkers

Fasting blood samples were collected via venipuncture by a trained phlebotomist and
transported to the MUHC Clinical Laboratory. Blood was centrifuged, and serum and plasma were
frozen at —80°C until analysis. Serum IGF-1 concentrations (nmol/L) were analyzed by enzyme-

linked immunosorbent assay (ELISA) (R&D Systems). Serum BDNF data was not available.

2.2.6 Sample Size and Data Analysis

The sample size is predetermined by the consortium for a comparison test at a 0.05 two-
sided significance level, with a power of 80% to detect an effect of bed rest and between group
differences in maximal aerobic power, muscle-pump baroreflex, muscle and marrow adiposity,
cortical bone porosity, neuromotor drive, muscle protein turnover, and heat shock protein
expression. Thus, findings generated in this secondary analysis are hypothesis generating and
should be interpreted with caution.

Analyses were performed in IBM SPSS Statistics software version 29.0.1.0 for MacOS
(IBM Inc., Chicago, IL, USA) including only participants with complete data at baseline and trial
completion. For all tests, significance was set at p < 0.05. | performed an one-way Analysis of
Covariance (ANCOVA) to assess between-group differences in change in: 1) knee isokinetic
extension peak torque; 2) VOzreak; and 3) IGF-1 concentration, including baseline measures as
covariates. To examine within-group differences in: 1) knee isokinetic extension peak torque; 2)
VO2preak; and 3) IGF-1 concentration from baseline to trial completion, I performed paired samples
t-tests for each group (two-sided p). The independent contribution of: 1) change in isokinetic knee

extension peak torque; and 2) change in VOzpeak to changes in executive functions and processing
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speed was evaluated using multiple linear regressions. We performed two separate multiple linear
regressions for each cognitive outcome to determine whether: 1) change in VOzpeak Was associated
with change in cognitive function, after accounting for change in isokinetic knee extension and
covariates; and 2) change in isokinetic knee extension was associated with change cognitive
function, after accounting for change in VO2max and covariates. Covariates included: 1) baseline
cognitive performance; 2) baseline VOzpeak; 3) and baseline isokinetic knee extension peak torque.

Partial Pearson correlations were performed to assess associations between change in
serum IGF-1 and change in cognitive functions after accounting for biological sex and baseline
measures of interest. Additionally, data was split by biological sex to include only a sample of
females (n=6) and partial correlations were performed to examine associations between change in

IGF-1 and change in cognitive functions, adjusting for baseline outcome measures.
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Table 2.1: Weekly and daily exercise protocol — 3 sessions per day.

Week 1
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
RT-UE | AT 50" | AT prog. | AT7°0M | AT hir | AT S0 1 AT HiT
AT Prog. | RT-LE | AT7F" | RT_UE | AT Prog. | RT-UE | AT oM
AT —-HIIT | AT -Prog. | AT—HIT | AT —Prog. RT - LE AT —Prog. | AT —Prog.
Week 2
Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14
AT —2C0nt. AT _HIIT AT —1Cont. AT _HIIT AT —1Cont. AT _ HIIT AT —2Cont.
RT_LE AT —2Cont. RT_LE AT —ZCont. RT_LE AT — Prog. AT —1Cont.
AT —Prog. | AT —Prog. | AT —Prog. | AT —Prog. | AT —Prog. RT-UE | AT —Prog.

Abbreviations: AT = Aerobic training; RT = resistance training; UE = upper extremity; LE =
lower extremity; Cont. 1 = continuous (30 minutes); Cont. 2 = continuous (15 minutes); Prog. =
progressive; HIIT = high intensity interval training.

Table 2.2: Exercise protocol descriptions.

Exercise Duration Descripti
. escriptions

type (min)

High-intensity interval training (32 min) on a cycle ergometer: 5 min
HIT 32 warm-up (40% HRR), 11 intervals (30s on 80%-90% HRR, 1.5 min

relaxed cycling), 5 min cooldown
Aerobic 30 Aerobic cycle exercise (30 min): 5 min warm-up (40-50% HRR**), 20
(continuous) min at 60-70% HRR, 5 min cooldown (40-50% HRR).
Aerobic 15 Aerobic cycle exercise (15 min): 3 min at HRR 40%, 9 min at 60-70%,
(continuous) 3 min at HRR 40%.
Aerobic 15 Aerobic cycle exercise (15 min): 3 min stages at the following HRR:
(progressive) 30%, 40%, 50%, 60%, 40%.

Strength exercise with cables, resistance bands, and Swiss ball. Three
Strength sets (1 warm-up) of 10-12 repetitions: hip raise, leg press unilateral
training 25 supine lying on the cable, ankle pump, and leg curl. The first set was a
(lower body) warm-up at low load (5-6 at 10-point RPE Borg scale) and sets 2 and 3

at targeted load (7-8 at 10-point RPE Borg scale).

Strength exercise with cable, resistance bands, and Swiss ball. Three
Strength sets (1 warm-up) of 10-12 repetitions: external shoulder rotation, chest
training 25 fly, dead bug, and lateral pull down. The first set was a warm-up at low
(upper body) load (5-6 at 10-point RPE Borg scale) and sets 2 and 3 at targeted load

(7-8 at 10-point RPE Borg scale).

Abbreviations: HIIT = High-Intensity Interval Training. RPE = Rate of Perceived Exertion.
**HRR: Heart Rate Reserve = Heart Rat max—Resting Heart Rate.
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2.3 Results

2.3.1 Participant Characteristics

Twenty-four participants were eligible for the study. Twenty-three participants were
randomized following completion of baseline assessments. One participant was excluded before
randomization due to unforeseen logistical reasons and one participant’s outcome measures were
not made available at the time of analysis (Fig. 1: CONSORT diagram). The analytic sample was
N=22. Baseline characteristics are described in Table 2.3. Participant’s mean age was 58.77
(SD=2.96), mean years of education was 22.55 (SD=4.00), and 50% were females (n=11).

Table 2.3: Baseline demographics and clinical characteristics of study participants.

. Overall (n=22) Exercise (n=11)  Control (n=11)
Variables? M (SD) M (SD) M (SD)
Age 58.77 (2.96) 59.09 (2.77) 58.45 (3.24)
Females (n, %) 11 (50.00) 0.45 (0.52) 0.55 (0.52)
Education (years) 22.55 (4.00) 21.45 (4.44) 23.64 (3.35)
Cognitive function®

Flanker 47.09 (6.41) 47.09 (5.11) 47.09 (7.75)

DCCS 59 (12.84) 66.18 (8.52) 51.82 (12.66)

PCPS 52.82 (14.92) 54.64 (14.25) 51 (16.04)
Physical characteristics

BMI (kg/m?) 24.88 (2.91) 25.73 (2.91) 24.03 (2.78)

Knee extension—-3 rep (Nm)  91.83 (32.24) 96.62 (34.03) 87.05 (31.22)

Knee extension—20 rep (Nm) 62.9 (21.48) 64.39 (19.37) 61.42 (24.27)

VOzpeak (MI/min/kg) 31.11 (6.46) 32.03 (6.98) 30.19 (6.10)

IGF-1 (nmol/L) 20.77 (5.59) 22.43 (6.82) 19.44 (4.29)

Abbreviations: DCCS = Dimensional Change Card Sorting Test; PCPS = Pattern Comparisons
Processing Speed Test; BMI = Body mass index; VOzpeak = maximal aerobic capacity; rep =

repetition.

a Data presented as mean (standard deviation) or count (%) where applicable.
b Fully corrected t-score; higher scores indicate better performance (corrected for age, education,
biological sex, and race/ethnicity).
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[ Enrollment ] | Assessed for eligibility (n = 219) l Excluded (n = 195)

* Not meeting inclusion criteria (n = 97)
* Lost communication (n = 42)

* Declined prior to screening (n = 56)

| Eligible (n = 24) |

| Excluded (n=1)
| * Excluded for logistical reasons (n = 1)

| Randomised (n = 23) l

l [ Allocation ] l

Allocated to EX (n=12) Allocated to CON (n =11)
* Received allocated intervention (n = 11) * Received allocated intervention (n = 11)
Excluded (n=1)
* Withdrawn on day 3 of HDBR (n= 1)
[ HDBR completion ]
Completed assessment (n = 11) | | Completed assessment (n = 11)

Excluded (n = 2)
* Adverse event (n = 2)

[ Seven days after HDBR completion ]

S

Completed assessment (n = 11) ‘ l Completed assessment (n =9)

[ Analysis ]
Included in analysis (n = 12) I l Included in analysis (n = 11)

Figure 4: CONSORT diagram. Abbreviations: EX = exercise group; CON = control group (91).

2.3.2 Between-Group and Within-Group Differences

Results from the one-way ANCOVA show that change in VOzpreak Was significantly
different between groups (F(1,16) = 7.258, p = 0.016). The mean change showed that the control
group (M =-4.21, SE = 1.01; 95% CI: -6.36 to -2.06) had a greater decline in VO2peak COmpared
with the exercise group (M = -0.43, SE = 0.96; 95% CI: -2.47 to 1.61). There were no other
significant between-group differences in changes in: 1) knee isokinetic (3 rep & 20 rep) peak
torque; and 2) IGF-1 concentrations (all ps > 0.05).

Results from the paired samples t-tests indicate that there was a significant reduction in
VOzpreak from baseline (M = 31.61, SD = 5.82) to trial completion (M = 27.45, SD = 5.81) in the
CON group (t(8) = 3.20, p = 0.013). However, there was no significant change in VOzpeak from

baseline (M = 32.96, SD = 6.60) to trial completion (M = 32.47, SD = 7.03) in the EX group (t(9)
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= 0.84, p = 0.422). Isokinetic knee extension (3 rep) peak torque significantly reduced in both
groups (CON: t(9) =2.59, p =0.029; EX: t(10) = 2.98, p = 0.014) from baseline (CON: M = 87.99,
SD =32.74; EX: M = 96.62, SD = 34.03) to trial completion (CON: M = 79.14, SD = 30.91; EX:
M = 81.30, SD = 29.57). Similarly, isokinetic knee extension (20 rep) peak torque significantly
reduced in both groups (CON: t(9) = 2.50, p = 0.034; EX: t(10) = 3.91, p = 0.03) from baseline
(CON: M =62.70, SD =25.19; EX: M = 64.39, SD = 19.37) to trial completion (CON: M = 57.01,
SD = 24.67; EX: M = 57.26, SD = 21.12). There were no significant within-group differences in
IGF-1 concentrations in both groups (CON: t(9) = -0.17, p = 0.868; EX: t(6) = -0.66, p = 0.535)
from baseline (CON: M =19.44, SD =4.29; EX: M = 21.11, SD = 6.18) to trial completion (CON:

M =19.61, SD = 6.70; EX: M = 22.11, SD =7.78).

2.3.3 Main Analyses

The results of the multiple linear regression model analyses are reported in Table 2.4 and
Table 2.5. Change in VOzpeak after adjusting for change in isokinetic 3-rep knee extension peak
torque and covariates was not significantly associated with change in Flanker performance
following HDBR, B = -0.01; t(13) = -0.01; p = 0.990. Whereas change in isokinetic 3-rep knee
extension peak torque was significantly associated with change in Flanker t-score after adjusting
for change in VOzpreak and covariates following HDBR, = 0.63; t(13) = 2.19; p = 0.040. Change
in VOzpeak after adjusting for change in isokinetic 20-rep knee extension peak torque and covariates
was not significantly associated with change in Flanker performance following HDBR, = 0.19;
t(13) = 0.883; p = 0.394. Change in isokinetic 20-rep knee extension peak torque was not
significantly associated with change in Flanker t-score after adjusting for change in VOzpeak and

covariates following HDBR, f = 0.50; t(13) = 2.17; p = 0.051. There were no significant
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independent associations between changes in VOzreak and isokinetic knee extension peak torque

(3 and 20 repetition) with changes in DCCS or PCPS performance following HDBR (all p > 0.05).

2.3.4 1GF-1 Analyses

Complete data for IGF-1 was available for 17 participants (6 females and 11 males). There
were no significant correlations between changes in IGF-1 concentrations and changes in Flanker
(r(12) = -0.46; p = 0.099), DCCS (r(12) = -0.14; p = 0.639), or PCPS (r(12) = -0.30; p = 0.302)
performance, after adjusting for baseline measures and biological sex. Since a previous study using
the same dataset only observed a significant decrease in IGF-1 with time in females (94), data was
split by biological sex (females n = 6; males n = 11) to examine correlations between change in
IGF-1 and changes in cognitive function. There were no significant correlations between change

in IGF-1 and changes in cognitive function in female- and male-only samples (all p > 0.05).
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Table 2.4: Multiple linear regression with knee isokinetic 3 repetition extension and VOzpeak as the main predictor variables

(Complete-case; N=18).

Al Adjusted
Toolbox Block Variables B (SE) B p-value R? R? p-value
tasks
Model 1
BL Flanker 0.07 (0.30) 0.06 0.813
BL isokinetic (3 rep) 0.19 (0.06) 0.91 0.009* 0.26 0.10 0.232
BL VO2peak -0.07 (0.29) -0.06 0.806
AV Ozpeak” -0.01 (0.55) 0.00 0.990 0.26 0.03 0.868
AFlanker® A isokinetic (3 rep)® 0.35 (0.16) 0.63 0.049* 0.47 0.25 0.049*
Model 2
BL Flanker 0.07 (0.30) 0.06 0.813
BL isokinetic (3 rep) 0.19 (0.06) 0.91 0.009* 0.26 0.10 0.231
BL VO2peak -0.07 (0.29) -0.06 0.806
A isokinetic (3 rep)® 0.35 (0.16) 0.63 0.049* 0.47 0.31 0.040*
AV O2peak” -0.01 (0.55) 0.00 0.990 0.47 0.25 0.990
Model 1
BL DCCS -0.32 (0.21) -0.37 0.154
BL isokinetic (3 rep) 0.12 (0.08) 0.49 0.137 0.41 0.28 0.055
BL VO2peak -0.47 (0.32) -0.34 0.161
AV O2peak® -0.9 (0.69) -0.31 0.220 0.47 0.31 0.237
ADCCS? A isokinetic (3 rep)® 0.18 (0.18) 0.28 0.339 0.51 0.31 0.339
Model 2
BL DCCS -0.32 (0.21) -0.37 0.154
BL isokinetic (3 rep) 0.12 (0.08) 0.49 0.137 0.41 0.28 0.055
BL VOZpeak -0.47 (032) -0.34 0.161
A isokinetic (3 rep)® 0.18 (0.18) 0.28 0.339 0.44 0.27 0.384
AV Ozpeak” -0.9 (0.69) -0.31 0.220 0.51 0.31 0.220
Model 1
APCPS? BL PCPS -0.46 (0.16) -0.70 0.012* «
BL isokinetic (3 rep) 0.02 (0.09) 0.05 0.853 0.58 0.49 0.006
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BL VO2peak 0.09 (0.38) 0.06 0.807
2 AV O2peak? -0.36 (0.84) -0.10 0.679 0.59 0.46 0.663
3 A isokinetic (3 rep)P -0.03 (0.2) -0.04 0.878 0.59 0.42 0.878
Model 2
BL PCPS -0.46 (0.16) -0.70 0.012*
1 BL isokinetic (3 rep) 0.02 (0.09) 0.05 0.853 0.58 0.49 0.006*
BL VOz2peak 0.09 (0.38) 0.06 0.807
2 A isokinetic (3 rep)® -0.03 (0.2) -0.04 0.878 0.58 0.45 0.862
3 AV O2peak” -0.36 (0.84) -0.10 0.679 0.59 0.42 0.679

Abbreviations: B = Unstandardized B coefficient; SE = Standard error; DCCS = Dimensional Change Card Sort test; PCSP = Pattern
Comparison Processing Speed test; BL = Baseline; A = Change in; VO2zpeak = Maximal aerobic capacity.
2 Fully corrected t-score (corrected for age, education, biological sex, and race/ethnicity); higher scores = better.
b Change score calculated by final — baseline.
* Statistically significant (p < 0.05)

Table 2.5: Multiple linear regression using isokinetic 20 repetition extension and VOzpeak as the main predictor variables (Complete-

case; N=18).
NIH Adjusted
Toolbox  Block Variables B (SE) B p-value R? JRZ p-value
tasks
Model 1
BL Flanker -0.28 (0.28) -0.22 0.336
1 BL isokinetic (20 rep) 0.25 (0.07) 0.79 0.005 0.34 0.20 0.109
BL VOzpeak -0.08 (0.26) -0.07 0.766
2 AV O2peak® 0.47 (0.53) 0.19 0.394 0.34 0.14 0.885
AFlanker? 3 A isokinetic (20 rep)® 0.88 (0.40) 0.50 0.051 0.53 0.33 0.051
Model 2
BL Flanker -0.28 (0.28) -0.22 0.336
1 BL isokinetic (20 rep) 0.25 (0.07) 0.79 0.005 0.34 0.20 0.109
BL VOzpeak -0.08 (0.26) -0.07 0.766
2 A isokinetic (20 rep)® 0.88 (0.40) 0.50 0.051 0.50 0.34 0.066
3 AV O2zpear® 0.47 (0.53) 0.19 0.394 0.53 0.33 0.394
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Model 1

BL DCCS -0.39 (0.21) -0.46 0.081
1 BL isokinetic (20 rep) 0.11 (0.09) 0.29 0.256 041 0.29 0.053
BL VOZpeak -0.39 (032) -0.28 0.244
2 AV O2zpear” -0.59 (0.71) -0.21 0.425 0.46 0.29 0.314
a 3 A isokinetic (20 rep)® 0.28 (0.47) 0.14 0.563 0.47 0.25 0.563
ADCCS Model 2
BL DCCS -0.39 (0.21) -0.46 0.081
1 BL isokinetic (20 rep) 0.11 (0.09) 0.29 0.256 0.41 0.29 0.053
BL VOzpeak -0.39 (0.32) -0.28 0.244
2 A isokinetic (20 rep)® 0.28 (0.47) 0.14 0.563 0.44 0.27 0.407
3 AV Ozpeak” -0.59 (0.71) -0.21 0.425 0.47 0.25 0.425
Model 1
BL PCPS 0.11 (0.29) 0.10 0.723
1 BL isokinetic (20 rep) 0.19 (0.12) 0.42 0.146 0.13 -0.06 0.570
BL VOZpeak -0.32 (0.44) -0.19 0.478
2 AV Ozpeak” -1.79 (1.00) -0.50 0.099 0.32 0.12 0.076
a 3 A isokinetic (20 rep)® 0.00 (0.66) 0.00 0.998 0.32 0.04 0.998
APCPS Model 2
BL PCPS 0.11 (0.29) 0.10 0.723
1 BL isokinetic (20 rep) 0.19 (0.12) 0.42 0.146 0.13 -0.06 0.570
BL VOz2peak -0.32 (0.44) -0.19 0.478
2 A isokinetic (20 rep)® 0.00 (0.66) 0.00 0.998 0.14 -0.12 0.655
3 AV Ozpeak” -1.79 (1.00) -0.50 0.099 0.32 0.04 0.099

Abbreviations: B = Unstandardized B coefficient; SE = Standard error; DCCS = Dimensional Change Card Sort test; PCSP = Pattern

Comparison Processing Speed test; BL = Baseline; A = Change in; VO2zpeak = Maximal aerobic capacity.
2 Fully corrected t-score (corrected for age, education, biological sex, and race/ethnicity); higher scores = better.

b Change score calculated by final — baseline.
* Statistically significant (p < 0.05).
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2.4 Adverse events

Twenty-seven adverse events were recorded and addressed. Complete details are reported
in the primary analysis (91). Briefly, two participants withdrew due to development of atrial
fibrillation on day 3 of recovery. Some participants reported nausea and experienced presyncope
during the first day of recovery which could have affected performance of cycle ergometry to
exhaustion and maximal voluntary contraction tests performed on day 1 and 2, respectively.

Exercise training sessions did not cause adverse events.

2.5 Discussion

This secondary analysis suggests that preservation of muscle strength during HDBR is
critical for the maintenance of response inhibition in healthy adults aged 55-65 years. Specifically,
change in knee extension strength was positively associated with performance in cognitive tests
measuring response inhibition, but not set-shifting or processing speed. Moreover, change in serum
IGF-1 concentration was not associated with change in cognitive function in males and females.

The main finding of this study extends the results of the parent study by Balbim et al.,
2024, in which cognitive function, measured by intraindividual variability (I1V) in the Flanker
task, was maintained in the exercise group compared with the control group following HDBR
completion. Briefly, 11V is a measure of consistency in cognitive performance across multiple time
points such that lower IV indicates better cognitive performance. We provide exploratory
evidence that maintenance of muscle strength contributes to the maintenance of response inhibition
during HDBR. Corroborating results were reported in a previous RCT of multicomponent exercise
intervention (i.e., combined progressive resistance exercises, balance training, and walking) in
acutely hospitalized older adults >75 years of age; global cognition, verbal fluency, and executive

function showed significant improvements in the intervention group compared with the control
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group at discharge; no measures of muscle strength or cardiorespiratory fitness were conducted in
this RCT (92). This study, however, includes numerous differences such as: 1) a horizontal bed
rest model; 2) older participants with comorbidities; and 3) a variable exercise intervention length
corresponding to length of hospital stay. Outside of bed rest contexts, executive functions were
also shown to be particularly responsive to RT interventions (56) that aim to improve parameters
of muscle health (56). Thus, this study provides preliminary evidence that maintenance of muscle
strength through RT can promote healthy cognitive aging, and future studies should examine
whether RT-induced benefits to cognitive function are mediated by improvements in skeletal
muscle health parameters (e.g., mass and strength).

Maintenance of muscle health parameters may be particularly important for cognitive
function because: 1) skeletal muscle disorders (e.g., sarcopenia) are associated with worse
cognitive function (48,49) and 2) skeletal muscles are a major endocrine organ can secrete
neurotrophic factors (e.g., IGF-1) (10,71).

Sarcopenia is a progressive and generalized skeletal muscle disorder characterized by low
muscle strength, muscle mass, and physical performance (42). A meta-analysis of 15 cross-
sectional studies showed that sarcopenia approximately doubled the risk of mild cognitive
impairment and dementia, odds ratio of 2.25 (49). A longitudinal analysis showed that sarcopenia
is associated with incident cognitive decline, MCI, and AD. Notably, muscle strength and function
rather than muscle mass was the primary driver of this association (52). Thus, further highlighting
RT as a promising strategy to maintain cognitive function by mitigating the development of
sarcopenia in older adults.

Although this thesis did not demonstrate a link between IGF-1 and cognitive function, other

studies have shown that IGF-1 concentrations may have a U-shaped dose-response relationship
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with risk of dementia, such that higher and lower IGF-1 concentrations increased the risk of
cognitive decline and dementia (103,104). Our findings can be explained by: 1) small sample size;
2) lack of group differences in muscle strength; and 3) disproportionate AT to RT ratio in the
exercise intervention. Specifically, Haj-Boutros and colleagues (102), an ancillary team using data
from the CSA Inactivity Study, reported a significant decrease in isokinetic knee extension
strength following HDBR with no group differences (time effect, p<0.05; group*time, p>0.05),
such that the exercise group decreased by 14% and the control group decreased by 9%. This
reported reduction in muscle strength across time is expected when considering the proportion of
total time spent performing aerobic vs. resistance exercises; only 225 total minutes of RT was
performed whereas, 700 minutes of AT was performed in 14-days (Table 2.1 and Table 2.2).
Moreover, a recent meta-analysis of 30 RCTs examining the effect of RT on neuroprotective
factors showed that RT significantly increased IGF-1 levels (SMD: 0.48; 95% CI: 0.27 to 0.69; p
= 0.001) with greater effects when RT was performed > 3 times per week (SMD: 0.55; 95% ClI:
0.31 to 0.79) (105). Future studies that wish to study the associations between muscle parameters
and peripheral IGF-1 concentrations and its subsequent relationship to cognitive functioning are

warranted to include an appropriate RT stimulus to allow for muscle adaptations.

2.5.1 Strengths and Limitations

To my knowledge, this is the first study to examine the independent contribution of muscle
strength and cardiorespiratory fitness as a function of exercise training on cognitive function in
older adults confined to HDBR. This study has several limitations, and thus, findings are
hypothesis generating and should be interpreted with caution. First, the small sample size (N = 22)
likely limited our ability to detect: 1) the independent association of isokinetic 20 repetition knee

extension peak torque on flanker performance (p = 0.051); and 2) the association between change
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in IGF-1 concentration and change in cognitive function. Despite having a sex-balance sample, the
small sample size also limited our statistical power and prevented an examination of sex
differences in the main analysis. Participants included in the study were generally healthy, highly
educated, and physically active which: 1) limits the generalizability of our results to other
populations; and 2) may underestimate the effect of exercise on physical outcomes due to ceiling
effects. Furthermore, HDBR models aim to represent microgravity which lead to additional
physiological changes such as altered fluid dynamics that are not observed in horizontal bed rest
during hospitalization (106). Finally, the exercise intervention favoured AT over RT and changes

in muscle strength and cardiorespiratory fitness reflected the greater AT stimulus (102,107).

2.6 Conclusion

Maintenance of muscle strength through daily bouts of moderate-to-vigorous AT and RT
may be critical for the preservation of executive functions in adults aged 55-65 years that are
confined to 14 days of HDBR. Future studies that include: 1) a larger sample size; 2) a horizontal
bed rest model; and 3) a balanced AT and RT stimulus are needed to verify the proof-of-concept

findings.
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Chapter 3

3.1 Introduction

VCI may be the most treatable type of dementia in older adults because its key risk factors,
which include cardiometabolic and vascular disorders, are highly modifiable by regular PA and
exercise. Currently, research examining the neuroprotective effects of exercise on VCI focuses on
modifying the aforementioned risk factors through AT interventions (108,109). However,
emerging evidence suggests that RT may also play a protective role for people with VCI because
it provides similar cardiometabolic adaptations as AT with added benefits to skeletal muscle health
(9). In addition to the cognitive benefits associated with maintaining skeletal muscle health
parameters (i.e., mass and strength) (44-46,52), the skeletal muscle system is also a highly active
endocrine organ that can communicate with the brain, termed muscle-brain crosstalk (10). It is
posited that enhancing or preserving its endocrine properties via RT can lead to downstream
benefits on cognitive health (10,71). Therefore, more research examining the effects of RT on
cognitive health in VVCI is necessary to determine which type of exercise optimizes the therapeutic
outcomes on VCI.

The presence of white matter hyperintensities (WMH) on neuroimaging is a hallmark of
cerebrovascular damage (i.e., myelin loss due to chronic ischemia) caused by CSVD and a key
clinical characteristic of VCI (24). A systematic review and meta-analysis conducted by Debette
and colleagues (110) showed that WMH is associated with incident dementia (HR = 1.9; 95% CI:
1.3 to 2.8) and increased risk of global cognitive decline with domain-specific declines in
processing speed and executive functions. To date, clinical trials examining the efficacy of exercise

for preventing or managing VCI often use change in volume of WMH as a clinical outcome
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measure. The following sections will summarize the effects of RT on the risk factors and clinical
outcomes related to VCI.

Hypertension is the most significant vascular driver for WMH progression and subsequent
VCI (24). A recent prospective cohort study using data from the UK Biobank found that higher
systolic blood pressure (SBP) and diastolic blood pressure (DBP) was associated with greater
WMH; more specifically, high DBP at midlife and high SBP at late life was more strongly
associated with greater WMH (111). Therefore, managing blood pressure during mid-to-late life
via exercise may be a promising strategy to prevent WMH and VCI. A meta-analysis of 28 RCTs
showed that RT significantly reduced SBP and DBP in normotensive (SBP < 120 mm Hg and DBP
< 80 mm Hg) and prehypertensive (120 < SBP < 139 mm Hg or 80 < DBP < 89 mm Hg) groups,
whereas hypertensive (SBP > 140 mm Hg or DBP > 90 mm Hg) groups did not show significant
reductions in blood pressure (112). Data from a RCT (Brain Power Study) subset of 54 community-
dwelling older women with evidence of WMH on baseline MRI showed that participants in the 12
months of twice-weekly RT had significantly lower WMH compared with the active control group
(p = 0.03). However, change in WMH volume was not significantly associated with executive
function performance (r = 0.30, p = 0.06) (113). One other RCT (SMART trial) of 100 older adults
with MCI showed corroborating results; WMH volumes in specific brain regions regressed by
3.5% in groups that performed RT while in non-RT groups, WMH volumes progressed by 3.0%.
Again, change in WMH volume was not associated with change in either global cognition or
memory (114). Despite evidence showing that RT can independently decrease blood pressure and
slow WMH progression, the association between RT-induced changes in blood pressure and

clinical outcomes of VCI has yet to be examined.
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RT may provide additional benefits for VCI by: 1) mitigating the negative effects of
sarcopenia on WMH progression (115) and 2) promoting muscle-brain crosstalk (10,103). Both
cross-sectional and prospective cohort studies found that indices of sarcopenia such as muscle
strength measured by hand grip dynamometry were associated with greater WMH (115-117).
Notably, data from the UK biobank showed that a 5-kg loss in hand grip strength was associated
with greater WMH volume, poorer cognitive performance, and incident dementia for both men
and women (117). A cross-sectional analysis including 57 people with dementia and 22 cognitively
normal controls examined the association between sarcopenia parameters (appendicular skeletal
muscle mass, grip strength, 5-time sit-to-stand time, and gait speed) and WMH volume (115). This
study found that WMH volumes were not correlated to any sarcopenic parameters in the
cognitively normal group; whereas greater WMH volume was associated with lower appendicular
lean mass, slower gait speed, and worse sit-to-stand performance in the dementia group. Moreover,
greater WMH volume is related to declines in executive functions (115). Given the observational
design of the available evidence, causal inferences between sarcopenia and WMH progression
cannot be drawn.

IGF-1 is one of the most studied myokines facilitating muscle-brain crosstalk and is
secreted during skeletal muscle contractions particularly following RT (10,75). A systematic
review and meta-analysis of 33 trials reported that serum IGF-1 significantly increased following
RT compared with the control groups (WMD = 10.34 ng/ml, 95% CI: 4.93 to 15.74; p = 0.000)
(77). A more recent meta-analysis showed comparable results and also reported pooled estimates
for change in upper and lower body muscle strength; RT significantly increased IGF-1 (MD: 17.34
ng/ml; 95% ClI: 7.23 to 27.46; p = 0.000), muscle strength in leg press (MD: 0.82 kg; 95% CI: 0.30

to 1.34; p = 0.002), and muscle strength in bench press (MD: 0.82 kg; 95% CI: 0.42 to 1.23; p =
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0.000) (118). Interestingly, subgroups analyses performed by both studies showed that increase in
IGF-1 levels following RT was only statistically significant in women compared with men or both
sexes (77,118). Data from the UK Biobank including 369,711 cognitively normal participants
reported a U-shaped dose-response relationship between IGF-1 concentrations and risk of
dementia (103). Notably, IGF-1 concentrations were positively associated with white matter
volume and negatively associated with WMH volume which suggests that IGF-1 may play a
protective role against cerebrovascular damage and WMH (103). In summary, there is growing
evidence to suggest that RT may be particularly protective for people with VVCI because it can
provide a dual role in mitigating the cardiometabolic and sarcopenic risk factors for VCI.

To my knowledge, no studies have examined the effects of RT-induced changes in muscle
strength and peripheral IGF-1 concentration in relation to changes in cognitive function in a sample
of participants diagnosed with VCI. Thus, using data from a single-blind, proof-of-concept RCT
of a 12-month, twice-weekly RT vs. active control in community-dwelling adults with VCI, |
explored whether changes in muscle strength and serum IGF-1 concentrations are associated with
changes in cognitive function. We hypothesized that muscle strength and IGF-1 concentrations

would be positively associated with better cognitive function.
3.2 Methods

3.2.1 Study Design

A secondary analysis of a 12-month, parallel group, proof-of-concept, RCT in which 91
community-dwelling older adults (61 females and 30 males) with subcortical ischemic vascular
cognitive impairment (SIVCI) will be randomized to either: 1) twice-weekly progressive RT or 2)
twice-weekly balance and tone training (BAT; active control). The complete details of the trial are

available in the published protocol (119).
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3.2.2 Recruitment and Eligibility

Participants were recruited through newspaper advertisement and from four clinics: 1)
University of British Columbia (UBC) Hospital Clinic for Alzheimer Disease and Related
Disorders; 2) Vancouver General Hospital (VGH) Stroke Clinic; 3) VGH Falls Prevention Clinic;
and 4) VGH Geriatric Internal Medicine Teaching Clinic. Interested individuals were provided
with a consent form and screened through 1) the Physical Activity Readiness Questionnaire to
assess capability to begin exercise; and 2) the Mini-Mental State Examination (MMSE) and the
Montreal Cognitive Assessment (MoCA) to assess cognitive function. Health status and suitability
to start exercise were further verified with participants’ family physician when relevant health
concerns were reported.

We included community-dwelling older adults aged 55 years or older who fulfill the
criteria for SIVCI, defined as the presence of both cognitive impairment (MoCA score < 26)
combined with CSVD verified by white matter hyperintensities (WMH) and/or lacunes on
computed tomography (CT) or magnetic resonance imaging (MRI). Additional inclusion criteria
are as follows: 1) MMSE score > 20; 2) be able to comply with scheduled visits, treatment plan,
and other trial procedures; 3) read, write, and speak English; 4) be on a fixed dose of cognitive
medications that are not expected to change during the 12-month study period; 5) provide informed
consent; 6) be able to walk independently; and 7) be in sufficient health to participate in the RT
program.

Individuals are excluded for the following reasons: 1) absence of CSVD on a brain CT or
MRI; 2) are diagnosed with a genetic cause of SIVCI; 3) diagnoses with any neurodegenerative
condition (e.g., Alzheimer’s disease and Parkinson’s disease); 4) insufficient health to participate

in RT intervention; 5) participated in regular RT in the last 6 months; 6) significant impairments

47



in motor ability due to peripheral neuropathy or musculoskeletal or joint diseases; 7) started taking
medication that affects cognitive function < 3 months prior to the study; 8) are enrolled in other
exercise or drug trials; or 9) are unable to meet MRI scanning requirements, as specified by the

UBC 3T MRI Research Center.

3.2.3 Randomization and Blinding

The randomization scheme was generated with permuted blocks on May 26, 2016, and
stored by randomization.com (http://www.randomization.com). The sequence was held
independently and remotely by an investigator not involved in running the trial. Participants were
enrolled and randomized (1:1) to either RT or BAT. Allocation was concealed. Assessors were
blinded to group allocation. It was not possible to blind staff that delivered the RT or BAT
programs. Research personnel and participants were instructed to not discuss treatment allocation

to remain blinded.

3.2.4 Experimental Groups

All classes were led by certified instructors with a participant to instructor ratio of 4:1.
Exercise classes were 60 minutes and included a 10-minute warm-up (i.e., stretching major
muscles and walking on the spot), 40-minutes of progressive RT, and a 10-minute cool down (i.e.,
stretching and relaxation). Classes were audited on a monthly basis to ensure consistent protocol
delivery. Home-based training was delivered for both groups through instructional videos to meet
public health mandates during COVID-19. Participants were called on a weekly basis to monitor
progress and adherence.

The BAT program was an active control group and included basic exercises that targeted
flexibility, range of motion, balance, agility, core/postural control, and breathing/relaxation. All

exercises were done with body weight with no additional loading. This type of training has not
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been shown to improve cognitive function and thus served as an active control for confounding
variables such as changes in physical activity levels due to travel, social interaction, changes to
lifestyle secondary to study participation, and attention from research staff.

The progressive RT program consisted of a combination of free weight exercises including
mini-squats, mini-lunges, and lunge walks and pressurized air system exercises including biceps
curls, seated row, latissimus dorsi pull downs, triceps extension, leg press, hamstring curls, and
calf raises. The intensity of training will begin at 50-60% of their 1 repetition maximum (1RM)
and progress to 2 sets of 6-8 repetitions at 75-85% 1RM by week 4. The 7RM method will be
used to increase the training load when 2 sets of 6-8 repetitions are completed with the correct
form. The number of sets completed, and the load lifted will be recorded for each participant at

each class.

3.2.5 Measurements

All measurements were acquired by a highly trained research team that will implement
standardized protocols. Measurements were taken at baseline and trial completion (12 months).
No personal identifiers will be acquired during data collection. All data will be deidentified and

stored on secured server hosted by University of British Columbia.

3.2.5.1 Descriptive Measures

Demographic data collected at baseline include: a) age; b) sex; ¢) weight (kg) using a
calibrated digital scale; d) standing height (cm) using a wall-mounted stadiometer; €) BMI (kg/m?);
and f) MoCA (97) to assess cognitive function at baseline.
3.2.5.2 Cognitive Measures

Executive functions and processing speed were of particular interest because Debette and

colleagues (110) reported that WMH progression was significantly associated with greater declines
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in these cognitive domains. Moreover, executive functions may be particularly sensitive to RT
(56). Three key executive processes were assessed: 1) set-shifting; 2) inhibitory control; and 3)
working memory.

We measured set-shifting using the Trail Making Test (TMT) parts A and B (120). In part
A, participants are instructed to connect a series 24 encircled numbers in numerical order. In part
B, participants must connect 25 encircled numbers and letters in alphanumerical order alternating
between numbers then letters (e.g., 1-A-2-B-3-C...). The total time of completion is recorded for
each part. We calculated the difference between part B and A (i.e., TMTB — TMTA) as an index
of the level of interference between the two parts. Lower scores indicate better performance.

Inhibitory control was assessed using the Stroop Color-Word Test which includes three
conditions: two congruent conditions and one incongruent condition (121). The congruent
conditions required participants to: 1) read the name of colors printed in black ink (W); and 2)
name color patches (C) as quickly as possible. The incongruent condition included mismatched
coloured words (e.g., the word “green” printed in blue ink) and participants were instructed to
name the color of the ink rather than read the printed word (CW). The total time to complete the
list of words was recorded. An interference score was calculated by taking the difference between
the time taken to complete the incongruent and congruent conditions (i.e., CW — C). Lower scores
indicated better performance.

The Digit Symbol Substitution Test (DSST) was used to measure processing speed and
working memory (122). The test contains a legend with numbers that correspond to different
symbols and a list of numbers in random order with an empty space below each number.
Participants are instructed to match symbols to numbers according to the legend. The number of

correct symbols within the allowed time is reported; higher scores indicate better performance.
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The DSST was later added on August 15, 2017, with the start of the second cohort of participants.

This resulted in 18 participants for whom DSST data were not collected.

3.2.5.3 Physical Measures

Maximal knee isometric extension force (kg) was assessed as part of the Physiological
Profile Approach (PPA) to falls risk assessment (123). Tests were performed using an anchored
spring gauge that is attached about 10 cm above the participant’s ankle joint using a Velcro strap.
Participants are seated in a tall chair with hips and knee joints positioned at 90 degrees. Three trials
were performed for the dominant leg and each trial lasted around 2-3 seconds to allow maximal
force generation. The highest measure of the three trials were taken at both baseline and trial
completion. Higher scores indicated greater knee isometric extension strength.

We assessed resting systolic and diastolic blood pressure in the supine position using an
automatic blood pressure monitor. Assessors placed the blood pressure cuff on the left arm (unless
contraindications) and asked participants to relax in the supine position for five minutes to obtain

a resting blood pressure.

3.2.5.4 Blood Biomarkers

Fasting blood samples were collected in the morning by standard venipuncture at baseline
and 12 months. Blood was processed and stored at -80 °C as plasma, serum, and whole blood until
analysis. Serum IGF-1 concentrations (pg/ml) were analyzed by enzyme-linked immunosorbent

assay (ELISA) (R&D Systems).

3.2.6 Statistical Analysis

Analyses were performed in IBM SPSS Statistics software version 29.0.1.0 for MacOS
(IBM Inc., Chicago, IL, USA) following the intention-to-treat principle. Power analyses were

conducted in G*Power 3.1 to determine sample size. The trial is sized for the primary analysis
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which aims to examine the effects of RT on Alzheimer's Disease Assessment Scale-Cognitive-
Plus (ADAS-Cog-Plus) (124) and WMH progression at trial completion, assuming alpha of 0.05
(two-tailed). 35 participants per group will provide a power of 0.80. We recruited a total of 93
participants which accommodated for a conservative drop-out rate of 20%. Findings from this
secondary analysis are hypothesis generating and should be interpreted with caution.

A complete-case analysis including only participants with complete data at baseline and
trial completion will be included for analysis. | performed a one-way Analysis of Covariance
(ANCOVA) to assess between-group differences in change in: 1) knee isometric extension
strength; 2) systolic blood pressure; and 3) IGF-1 concentration, including baseline measures as
covariates. To examine within-group differences in: 1) knee isometric extension strength; 2)
systolic blood pressure; and 3) IGF-1 concentration from baseline to trial completion, | performed
paired samples t-tests for each group (two-sided p). | conducted three separate multiple linear
regressions for each cognitive measure as the outcome variable to determine whether following 12
months of twice-weekly RT knee isometric extension strength and serum IGF-1 concentrations are
associated with performance in the: 1) TMT; 2) Stroop Color-Word Test; and 3) DSST. Each
model was also adjusted for group, change in systolic blood pressure, the respective baseline

cognitive score, baseline physical measures of interest, and baseline serum IGF-1 concentrations.
3.3 Results

3.3.1 Participant Characteristics

Ninety-three participants were eligible for the study. Two participants withdrew from the
study prior to randomization. 91 participants were randomized following the completion of
baseline assessments; 45 (32 females and 13 males) were in the RT group and 46 (29 females and

17 males) were in the control group (Fig. 5: CONSORT diagram). Baseline characteristics are
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described in Table 3.1. Participants’ mean age was 74.58 (SD = 5.62), mean MoCA score was

21.18 (SD = 3.30), and 67.03% were females (n = 61).

Table 3.1: Baseline demographics and clinical characteristics of study participants.

. Overall (n=91 Control (n=46 RT (n=45
Variables* M (SD) =N (SD) = (éD) !
Age 74.57 (5.65) 74.96 (5.45) 74.18 (5.87)
Females (n, %) 61 (67.03) 32 (71.11) 29 (63.04)
Cognitive function

MoCA (/30 pts) 21.18 (3.3) 20.87 (3.39) 21.49 (3.22)
TMT (B-A) 88.65 (117.92) 109.27 (156.23) 67.57 (50.8)
Stroop (CW-C) 57.25 (32.81) 58.53 (36.56) 55.93 (28.82)
DSST® 42.22 (10.33) 42.24 (10.01) 42.19 (10.79)
Physical characteristics

BMI (kg/m?) 27.52 (5.45) 27.75 (5.22) 27.28 (5.71)
Systolic BP (mm Hg) 131.89 (18.38) 131.37 (19.19) 132.43 (17.69)
Diastolic BP (mm Hg) 77.78 (10.22) 77.15 (10.81) 78.43 (9.63)

Knee Isometric
Extension Strength (kg)
IGF-1 (pg/ml) 3353.54 (3222.43)  3725.30 (4094.09)  2946.94 (1843.27)
Abbreviations: MoCA = Montreal Cognitive Assessment; TMT = Trail Making Test; DSST =
Digit Symbol Substitution Test; BMI = Body mass index; BP = Blood pressure.

a Data presented as mean (standard deviation) or count (%) where applicable.

b DSST scored by the number of correct answers in 120 seconds; higher scores are better.

29.22 (12.90) 30.93 (12.38) 27.47 (12.33)

3.3.2 Exercise Class Progression

Participants in RT significantly improved from baseline in estimated 1RM leg press
strength at both 6-months (estimated difference from baseline: -213.04 N; 95% CI: -375.19 to -
50.89; p = 0.012) and 12-months (estimated difference from baseline: -512.55 N; 95% CI: -750.57
to -274.53; p < 0.001). Similarly, participants in RT significantly improved in estimated 1RM
strength for latissimus pulldown at both 6-months (estimated difference from baseline: -47.21 N;
95% CI: -75.86 to -18.56; p = 0.002) and 12-months (estimated difference from baseline: -71.24

N; 95% Cl: -104.63 to -37.85; p < 0.001).

53



RVCI Consort

Jul-22 Baseline 03 2 people withdrew during baseline, prior to randomization
I Percentage Assessments (RVCI_035 & RVCI_088)
Drop Out Count 13 14.29%
Withdrawal Count
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91
45 RT|# I ¥ |BAT 46
32 Female Female 29
13 Male Male 17
Participants C tly Bet BL&
0 |Participants Currently Between BL & MP P N M?D {clpants Lurrently Between 0
|Drcpcuts Between BL & MP: Dropouts Between BL & MP:
5 [Rvei_001 heart disease) i:E:-ggj & 083_"19,3“: '5‘5:35] s
RVCI_030 (heart failure) B rveross ‘E‘(‘)’:IE[')"E’ s health)
RVCI_066, 069, & 077 (COVID) - RVO_067 ( . ) )
RVCI_071 (familial issues)
\ 4
IMissed Assessments 4-' 40 Midpoint I I Midpoint 41 H Missed Assessments
2 |RvCI_062 (out of country) RVCI_055 (In hospital) 3
RVCI_086 (surgery recovery) RVCI_058 & 060 (COVID)
0 |Participants Currently Between MP & F % #{Participants Currently Between MP & F 0
Dropouts Between MP & F: _ _|Dropouts Between MP & F:
0 RVCI_049 (subdural hematoma) 3
RVCI_050 (husband's health)
RVCI_055 (in hospital after 2nd fall)
*RVCI_058 completed final blood draw only (DNC
A MPRI or Final Ax due to COVID concerns)
40 Final | | Final 37 |

Figure 5: CONSORT diagram. Abbreviations: BAT = Balance and Tone active control (119).

3.3.3 Adherence

Overall adherence to exercise training was 77.5% for the RT group and 77.1% for the BAT

group. Adherence was affected by the public health mandates of COVID-19 and participants were

called on a weekly basis to monitor progress and adherence. Adherence before COVID-19 was

74.4% for the RT group and 77.1% for the BAT group. During COVID-19, from March 24 to

September 29, 2020, adherence was 73.3% for the RT group and 59.7% for the BAT group. Due

to COVID-19, adherence was monitored via phone calls vs. tracked attendance per session as we

would in person.

54




3.3.4 Between-Group and Within-Group Differences

Results from the one-way ANCOVA show that changes in: 1) systolic blood pressure; 2)
knee isometric extension strength; and 3) IGF-1 concentrations were not significantly different
between groups (all ps > 0.05), after adjusting for baseline measures of interest. Change in knee
isometric extension strength was not significantly different between groups (F(1,69) = 1.57, p =
0.215). The mean change showed that knee isometric extension strength decreased in the control
group (M =-0.41, SE = 1.24; 95% CI: -2.88 to 2.06) and increased in the RT group (M = 1.79, SE
= 1.20; 95% CI: -0.61 to 4.19). Systolic blood pressure decreased in both groups (CON: M = -
2.15, SE = 2.36; 95% CI: -6.86 to 2.56; RT: M = -0.85, SE = 2.32; 95% CI: -5.49 to 3.78), but
changes in systolic blood pressure were not significantly difference between groups (F(1,66) =
0.153), p = 0.697). Change in IGF-1 concentration was not significantly different between groups
(F(1,63) =0.84, p = 0.364). The mean change showed that IGF-1 concentrations decreased in both
groups (CON: M = -125.87, SE = 180.46; 95% CI: -486.38 to 234.64; RT: M = 365.69, SE =
188.79; 95% ClI: -742.84 t0 11.47).

Results from the paired samples t-test showed that there were no significant within-group
differences in: 1) knee isometric extension strength; 2) systolic blood pressure; or 3) IGF-1
concentration from baseline to trial completion (all ps > 0.05). There were no significant within-
group differences in knee isometric extension strength in both groups (CON: t(34) = 0.819, p =
0.418; RT: t(36) = -1.60, p = 0.119) from baseline (CON: M =32.94, SD = 12.85; RT: M = 26.16,
SD = 12.05) to trial completion (CON: M = 32.11, SD = 14.37; RT: M = 28.35, SD = 11.68).
Systolic blood pressure was not significantly different within-groups (CON: t(33) = 0.82, p =
0.419; RT: t(34) = 0.48, p = 0.635) from baseline (CON: M =129.82, SD =20.98; RT: M = 133.94,

SD = 14.21) to trial completion (CON: M =128.09, SD = 20.03; RT: M = 132.69, SD = 19.46).
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There were no significant within-group differences in IGF-1 concentrations in both groups (CON:
t(34) = 0.995, p = 0.327; RT: t(31) = 1.42, p = 0.167) from baseline (CON: M = 3725.30, SD =
4094.09; RT: M =2946.94, SD = 1843.27) to trial completion (CON: M = 3548.57, SD = 3874.05;

RT: M = 2636.88, SD = 1450.94).

3.3.5 Main Analyses

The results of the multiple linear regression analyses are reported in Table 3.2. Inthe DSST
model: change in knee isometric extension strength (B = 0.30; t(43) = 2.07; p = 0.044) was
significantly associated with change in DSST scores, after adjusting for group, change in SBP, and
baseline measures of interest. The Stroop and TMT model including the same predictor variables
and respective covariates did not significantly explain the variance in change in Stroop or TMT

scores (all p > 0.05).
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Table 3.2: Multiple linear regression (Complete-case).

qug_:]:;ttslve Variables B (SE) B p-value R? Adj;zsted p-value
DSST Model
Group -3.72 (1.87) -0.30 0.053
BL DSST -0.22 (0.09) -0.33 0.018
A DSST? 1 A Systolic Blood Pressure 0.04 (0.04) 0.12 0.378 0.17 0.08 0.124
BL Knee Isometric Extension -0.08 (0.08) -0.15 0.336
BL IGF-1 0.00 (0.00) 0.03 0.829
A Knee Isometric Extension 0.23 (0.11) 0.30 0.044*
2 A IGF-1 0.00 (0.00) -0.01 0.944 0.24 0.12 0.128
Stroop Model
Group -0.46 (4.65) -0.01 0.921
BL Stroop -0.44 (0.09) -0.56 0.000
A Stroop® 1 A Systolic Blood Pressure -0.03 (0.12) -0.03 0.821 0.30 0.24 p<0.001
BL Knee Isometric Extension 0.15(0.2) 0.09 0.454
BL IGF-1 0.00 (0.00) 0.06 0.635
A Knee Isometric Extension 0.19 (0.31) 0.07 0.544
2 A 1GF-1 0.00 (0.00) 0.12 0.326 0.31 0.23 0.507
TMT Model
Group 11.84 (30.31) 0.05 0.697
BL TMT -0.57 (0.17) -0.43 0.001
A TMT® 1 A Systolic Blood Pressure -0.01 (0.76) 0.00 0.992 0.21 0.14 0.015
BL Knee Isometric Extension -0.35(1.31) -0.04 0.790
BL IGF-1 0.00 (0.01) 0.00 0.993
A Knee Isometric Extension -0.07 (1.93) 0.00 0.972
2 A 1GF-1 0.00 (0.01) 0.02 0.854 0.21 0.11 0.982

* Statistically significant (p < 0.05)

2 DSST was added in Cohort 2; complete-case analysis (n = 51); higher scores = better performance.
b Stroop and TMT complete-case analysis (n = 65); lower scores = better performance.
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3.4 Discussion

This secondary analysis provides preliminary results that suggest change in muscle strength
is positively associated with change in performance on a working memory and processing speed
task following 12-months, twice-weekly RT in adults aged over 55 with VCI. Change in IGF-1
was not significantly associated with changes in performance in cognitive function.

There are limited studies that investigate the effect of RT on cognitive function in people
with VCI. Although this study provides preliminary evidence that RT-induced improvement in
muscle strength is associated with better working memory, the Brain Power study including
cognitively normal older females (66,113) showed equivocal results, albeit in different sample
populations. 12-months of once- and twice-weekly RT significantly improved response inhibition,
but not working memory compared with the control group. Furthermore, twice-weekly RT
significantly decreased WMH volume, but change in WMH volume was not significantly
associated with change in response inhibition (p = 0.06). Forthcoming data from the primary
analysis (119) will investigate the effect of RT on cognitive function and WMH progression in
adults with VCI.

In the context of VCI, IGF-1 plays a role in stimulating oligodendrocytes to initiate
myelination (i.e., production of myelin or white matter) which may reduce WMH progression
(125,126). Moreover, mouse model of reduced IGF-1 showed cerebrovascular disfunction and
altered blood flow to active brain tissue which likely contributes to cognitive impairment (127). A
review by Frater and colleagues (104) describes the role of IGF-1 in the aging adult brain; broadly,
central and peripheral IGF-1 are involved in signaling pathways that affect numerous
neurophysiological processes (e.g., synapse morphology, neurogenesis, angiogenesis, beta-

amyloid clearance, and metabolic function) that are critical for cognitive function and brain health.
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Despite the potential mechanisms by which IGF-1 can contribute to cognitive health, this study
did not find an association between changes in IGF-1 concentration and changes in cognitive

function.

3.4.1 Strengths and Limitations

This study has limitations. The COVID-19 pandemic affected: 1) the delivery of the
intended RT protocol; and 2) the timing of assessments and data collection following trial
completion. A total of six out of 13 participants dropped out due to COVID-19 related reasons.
Although the adherence of the RT group before and during the pandemic was fairly similar at
74.4% and 73.3%, respectively, the differences between the home-based vs. supervised RT
protocol may have reduced the intended effects of RT. Furthermore, adherence of home-based
training was self-reported via weekly phone calls rather than attendance of in-person sessions. The
home-based RT programs were unsupervised and used household objects and resistance bands
instead of free weights and pressurized air system exercise machines. Due to public health
mandates, closures resulted in delayed assessments or missing data at trial completion. Overall, 45
out of the 91 randomized participants had documented changes to the delivery of the intended
study protocol due to the COVID-19 pandemic. The trial was sized for the primary analysis; the
analytic sample size of this secondary analysis likely affected our ability to detect statistical
significance in the statistical tests we performed. Thus, findings are hypothesis generating and
should be interpreted with caution. Furthermore, the study included only adults with VVCI verified
by presence of WMH and lacunes on neuroimaging which limits the generalizability of the
findings to samples with different characteristics. Finally, the Stroop was scored by completion
time alone and did not account for the number of uncorrected errors. Faster response times alone

may not be indicative of better response inhibition if more errors are made during the task. Notably,
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a review by Scarpina and Tagini (128) state that error rate rather than response speed is an index
of response inhibition, but both response accuracy and speed should be used to compute a
performance score for the Stroop Color-Word test. This review also summarizes numerous scoring
methods that can account for both response speed and accuracy. For example, interference score
can be calculated by the following: CW — [(W*C)/(W+C)] where CW is the number of correct
responses in 45 seconds in the incongruent trial and W, C the number of correct responses in 45

seconds in the two congruent trials (128).

3.5 Conclusions

To my knowledge, this is the first study to show that changes in muscle strength are
positively associated with processing speed and working memory in adults aged over 55 years
with VCI. The results from this study provide preliminary insight on a potential mediating factor
between exercise and cognitive function in adults with VCI and contribute to research aiming to

understand the role of RT to reduce the risk of factors associated with VVCI.
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Chapter 4: General Discussions and Conclusion

4.1 Summary of Chapters

My literature review shows that the consequences of physical inactivity including reduced
muscle strength and cardiorespiratory fitness are associated with increased risk of cognitive
decline and risk for dementia (38,40,43,52). Engaging in both exercise modalities (i.e., AT and
RT) play a neuroprotective role (55,56) and that skeletal muscle and cardiorespiratory health are
independently associated with better cognitive function and risk reduction for dementia
(38,40,43,52). However, limited studies have focused on examining whether exercise-induced
improvements in muscle strength or cardiorespiratory fitness is more important for maintaining
cognitive function in mid-to-late life. This thesis used a novel bed rest approach as a model of
extreme physical inactivity to more tightly examine how exercise can act as a countermeasure to
the adverse effects of physical inactivity on cognitive function (Chapter 2).

In chapter 2, it was hypothesized that both change in muscle strength and VOzpeak would
be significantly associated with changes in executive functions following bed rest and that VVO2zpeak
would better explain the variation in executive functions compared with muscle strength. In
contrast, we found that changes muscle strength and not cardiorespiratory fitness was critical for
maintenance of executive functions following 14-days of HDBR. However, there were key
limitations in this study: 1) small sample size; 2) participants were healthy, highly educated, and
physically active which limited generalizability and may underestimate the effect of exercise due
to ceiling effects; and 3) insufficient RT stimulus.

Thus, chapter 3 aimed to address the limitations of chapter 2 and further explore the

relationships between RT-induced physiological changes and cognitive function in extension to
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the main finding of chapter 2. The RVCI dataset addresses the limitations of the CSA study by
providing me with a larger sample size, a sample population that will likely not be susceptible to
ceiling effects, and an exercise intervention of RT only. Results from chapter 3 provide preliminary
evidence that muscle strength is positively associated with working memory and processing speed

following a 12-month, twice-weekly RT program.

4.2 Overall Limitations Future Directions

Given the study design of the CSA Inactivity study and the RVCI study, | was not able to
directly examine the effect of exercise modality on cognitive function. Instead, I used physical
outcomes as indices of each modality (i.e., muscle strength as an index of RT and VOzpeak as an
index of AT). This method is imperfect because RT can improve VOzpreak (129) and AT can
improve parameters of skeletal muscle health (130); thus, the effect of AT and RT alone could not
be examined. Thus, future studies should include a factorial design such that each arm of the
intervention is one type of exercise allowing for comparisons between the effect of exercise type

of cognitive function.

4.3 Final Conclusions

Maintenance of muscle strength rather than cardiorespiratory fithess may be more
important for preserving executive functions in mid-to-late life by: 1) mitigating the associations
between skeletal muscle disorders (e.g., sarcopenia) and poorer cognitive health; and 2) enhancing
the endocrine properties of the skeletal muscle system. The role and exercise-dependent signaling
pathways by which peripheral IGF-1 may act on cognitive function requires further investigation.
Importantly, this thesis provides preliminary evidence for the need to examine the effect of
exercise modality on cognitive function and further investigate the mediating factors between

exercise and cognitive health. A better understanding will help better inform public health policies
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to develop more precise exercise recommendations to reduce the risk of cognitive decline and

dementia.

63



Bibliography

10.

I1.

12.

13.

Ageing and health [Internet]. [cited 2024 Mar 8]. Available from: https://www.who.int/news-
room/fact-sheets/detail/ageing-and-health

Older adults and population aging statistics [Internet]. [cited 2023 Mar 6]. Available from:
https://www.statcan.gc.ca/en/subjects-start/older adults and population aging

Dementia [Internet]. [cited 2024 Feb 12]. Available from: https://www.who.int/news-
room/fact-sheets/detail/dementia

Alzheimer Society of Canada [Internet]. [cited 2024 Feb 12]. Dementia numbers in Canada.
Available from: http://alzheimer.ca/en/about-dementia/what-dementia/dementia-numbers-
canada

Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee S, et al. Dementia
prevention, intervention, and care: 2020 report of the Lancet Commission. The Lancet. 2020
Aug 8;396(10248):413-46.

Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical fitness:
definitions and distinctions for health-related research. Public Health Rep. 1985;100(2):126—
31.

Garcia-Hermoso A, Ramirez-Vélez R, Garcia-Alonso Y, Alonso-Martinez AM, Izquierdo M.
Association of Cardiorespiratory Fitness Levels During Youth With Health Risk Later in
Life: A Systematic Review and Meta-analysis. JAMA Pediatrics. 2020 Oct 1;174(10):952—
60.

Angevaren M, Aufdemkampe G, Verhaar HJJ, Aleman A, Vanhees L. Physical activity and
enhanced fitness to improve cognitive function in older people without known cognitive
impairment. Cochrane Database Syst Rev. 2008 Jul 16;(3):CD005381.

Ashton RE, Tew GA, Aning JJ, Gilbert SE, Lewis L, Saxton JM. Effects of short-term,
medium-term and long-term resistance exercise training on cardiometabolic health outcomes
in adults: systematic review with meta-analysis. Br J Sports Med. 2020 Mar 1;54(6):341-8.

Pedersen BK. Physical activity and muscle—brain crosstalk. Nat Rev Endocrinol. 2019
Jul;15(7):383-92.

Harada CN, Natelson Love MC, Triebel K. Normal Cognitive Aging. Clin Geriatr Med. 2013
Nov;29(4):737-52.

Salthouse TA. Trajectories of normal cognitive aging. Psychol Aging. 2019 Feb;34(1):17-24.

Murman DL. The Impact of Age on Cognition. Semin Hear. 2015 Aug;36(3):111-21.

64



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Sachdev PS, Blacker D, Blazer DG, Ganguli M, Jeste DV, Paulsen JS, et al. Classifying
neurocognitive disorders: the DSM-5 approach. Nat Rev Neurol. 2014 Nov;10(11):634-42.

Diagnostic and Statistical Manual of Mental Disorders [Internet]. [cited 2023 Mar 6].
Available from:
https://dsm.psychiatryonline.org/doi/epdf/10.1176/appi.books.9780890425596

Mostofsky SH, Simmonds DJ. Response Inhibition and Response Selection: Two Sides of
the Same Coin. Journal of Cognitive Neuroscience. 2008 May 1;20(5):751-61.

Dajani DR, Uddin LQ. Demystifying cognitive flexibility: Implications for clinical and
developmental neuroscience. Trends in Neurosciences. 2015 Sep 1;38(9):571-8.

Baddeley A. Working Memory. Science. 1992 Jan 31;255(5044):556-9.

Faria C de A, Alves HVD, Charchat-Fichman H. The most frequently used tests for assessing
executive functions in aging. Dement Neuropsychol. 2015;9(2):149-55.

Zelazo PD, Anderson JE, Richler J, Wallner-Allen K, Beaumont JL, Conway KP, et al. NIH
Toolbox Cognition Battery (CB): Validation of Executive Function Measures in Adults. J Int
Neuropsychol Soc. 2014 Jul;20(6):620-9.

Gauthier S, Reisberg B, Zaudig M, Petersen RC, Ritchie K, Broich K, et al. Mild cognitive
impairment. The Lancet. 2006 Apr 15;367(9518):1262-70.

Petersen RC, Morris JC. Mild Cognitive Impairment as a Clinical Entity and Treatment
Target. Archives of Neurology. 2005 Jul 1;62(7):1160-3.

O’Brien JT, Erkinjuntti T, Reisberg B, Roman G, Sawada T, Pantoni L, et al. Vascular
cognitive impairment. The Lancet Neurology. 2003 Feb 1;2(2):89-98.

van der Flier WM, Skoog I, Schneider JA, Pantoni L, Mok V, Chen CLH, et al. Vascular
cognitive impairment. Nat Rev Dis Primers. 2018 Feb 15;4(1):1-16.

Scheltens P, Blennow K, Breteler MMB, de Strooper B, Frisoni GB, Salloway S, et al.
Alzheimer’s disease. The Lancet. 2016 Jul 30;388(10043):505-17.

Smits LL, van Harten AC, Pijnenburg Y a. L, Koedam ELGE, Bouwman FH, Sistermans N,
et al. Trajectories of cognitive decline in different types of dementia. Psychol Med. 2015
Apr;45(5):1051-9.

Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Summary of the evidence
on modifiable risk factors for cognitive decline and dementia: A population-based
perspective. Alzheimer’s & Dementia. 2015 Jun 1;11(6):718-26.

Bherer L, Erickson KI, Liu-Ambrose T. A Review of the Effects of Physical Activity and
Exercise on Cognitive and Brain Functions in Older Adults. Journal of Aging Research. 2013
Sep 11;2013:¢657508.

65



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kramer AF, Erickson KI. Capitalizing on cortical plasticity: influence of physical activity on
cognition and brain function. Trends Cogn Sci. 2007 Aug;11(8):342-8.

Blondell SJ, Hammersley-Mather R, Veerman JL. Does physical activity prevent cognitive
decline and dementia?: A systematic review and meta-analysis of longitudinal studies. BMC
Public Health. 2014 May 27;14(1):510.

Lautenschlager NT, Cox KL, Ellis KA. Physical activity for cognitive health: what advice
can we give to older adults with subjective cognitive decline and mild cognitive impairment?
Dialogues in Clinical Neuroscience. 2019 Mar 31;21(1):61-8.

Hillman CH, Motl RW, Pontifex MB, Posthuma D, Stubbe JH, Boomsma DI, et al. Physical
activity and cognitive function in a cross-section of younger and older community-dwelling
individuals. Health Psychol. 2006 Nov;25(6):678—87.

Engeroff T, Ingmann T, Banzer W. Physical Activity Throughout the Adult Life Span and
Domain-Specific Cognitive Function in Old Age: A Systematic Review of Cross-Sectional
and Longitudinal Data. Sports Med. 2018 Jun 1;48(6):1405-36.

Tremblay MS, Aubert S, Barnes JD, Saunders TJ, Carson V, Latimer-Cheung AE, et al.
Sedentary Behavior Research Network (SBRN) — Terminology Consensus Project process

and outcome. International Journal of Behavioral Nutrition and Physical Activity. 2017 Jun
10;14(1):75.

Government of Canada SC. Physical activity, self reported, adult, by age group [Internet].
2017 [cited 2023 Mar 13]. Available from:
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1310009613

Westerterp KR. Changes in physical activity over the lifespan: impact on body composition
and sarcopenic obesity. Obesity Reviews. 2018;19(S51):8—13.

Booth FW, Roberts CK, Thyfault JP, Ruegsegger GN, Toedebusch RG. Role of Inactivity in
Chronic Diseases: Evolutionary Insight and Pathophysiological Mechanisms. Physiol Rev.
2017 Oct 1;97(4):1351-402.

Barnes DE, Yaffe K, Satariano WA, Tager IB. A Longitudinal Study of Cardiorespiratory
Fitness and Cognitive Function in Healthy Older Adults. Journal of the American Geriatrics
Society. 2003;51(4):459-65.

Pentikdinen H, Savonen K, Ngandu T, Solomon A, Komulainen P, Paajanen T, et al.
Cardiorespiratory Fitness and Cognition: Longitudinal Associations in the FINGER Study.
Journal of Alzheimer’s Disease. 2019 Jan 1;68(3):961-8.

Tari AR, Nauman J, Zisko N, Skjellegrind HK, Bosnes I, Bergh S, et al. Temporal changes in

cardiorespiratory fitness and risk of dementia incidence and mortality: a population-based
prospective cohort study. The Lancet Public Health. 2019 Nov 1;4(11):e565-74.

66



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Foong YC, Chherawala N, Aitken D, Scott D, Winzenberg T, Jones G. Accelerometer-
determined physical activity, muscle mass, and leg strength in community-dwelling older
adults. Journal of Cachexia, Sarcopenia and Muscle. 2016;7(3):275-83.

Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, Cederholm T, et al. Sarcopenia:
revised European consensus on definition and diagnosis. Age Ageing. 2019 Jan 1;48(1):16—
31.

Sanchez-Sanchez JL, He L, Morales JS, Barreto P de S, Jiménez-Pavon D, Carbonell-Baeza
A, et al. Association of physical behaviours with sarcopenia in older adults: a systematic

review and meta-analysis of observational studies. The Lancet Healthy Longevity. 2024 Feb
1;5(2):e108-19.

Sui SX, Holloway-Kew KL, Hyde NK, Williams LJ, Leach S, Pasco JA. Muscle strength and
gait speed rather than lean mass are better indicators for poor cognitive function in older
men. Sci Rep. 2020 Jun 25;10(1):10367.

Chen WL, Peng TC, Sun YS, Yang HF, Liaw FY, Wu LW, et al. Examining the Association
Between Quadriceps Strength and Cognitive Performance in the Elderly. Medicine
(Baltimore). 2015 Aug 14;94(32):e1335.

Tessier AJ, Wing SS, Rahme E, Morais JA, Chevalier S. Association of Low Muscle Mass
With Cognitive Function During a 3-Year Follow-up Among Adults Aged 65 to 86 Years in
the Canadian Longitudinal Study on Aging. JAMA Netw Open. 2022 Jul 1;5(7):€2219926.

Burns JM, Johnson DK, Watts A, Swerdlow RH, Brooks WM. Lean Mass is Reduced in
Early Alzheimer’s Disease and Associated with Brain Atrophy. Arch Neurol. 2010
Apr;67(4):428-33.

Cabett Cipolli G, Sanches Yassuda M, Aprahamian 1. Sarcopenia Is Associated with
Cognitive Impairment in Older Adults: A Systematic Review and Meta-Analysis. J Nutr
Health Aging. 2019 Jun 1;23(6):525-31.

Peng TC, Chen WL, Wu LW, Chang YW, Kao TW. Sarcopenia and cognitive impairment: A
systematic review and meta-analysis. Clinical Nutrition. 2020 Sep 1;39(9):2695-701.

Jo D, Yoon G, Kim OY, Song J. A new paradigm in sarcopenia: Cognitive impairment caused
by imbalanced myokine secretion and vascular dysfunction. Biomedicine &
Pharmacotherapy. 2022 Mar 1;147:112636.

Scisciola L, Fontanella RA, Surina, Cataldo V, Paolisso G, Barbieri M. Sarcopenia and
Cognitive Function: Role of Myokines in Muscle Brain Cross-Talk. Life (Basel). 2021 Feb
23;11(2):173.

Beeri MS, Leugrans SE, Delbono O, Bennett DA, Buchman AS. Sarcopenia is associated

with incident Alzheimer’s dementia, mild cognitive impairment, and cognitive decline. J Am
Geriatr Soc. 2021 Jul;69(7):1826-35.

67



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Le Roux E, De Jong NP, Blanc S, Simon C, Bessesen DH, Bergouignan A. Physiology of
physical inactivity, sedentary behaviours and non-exercise activity: insights from the space
bedrest model. The Journal of Physiology. 2022;600(5):1037-51.

Kehler DS, Theou O, Rockwood K. Bed rest and accelerated aging in relation to the
musculoskeletal and cardiovascular systems and frailty biomarkers: A review. Exp Gerontol.
2019 Sep;124:110643.

Colcombe S, Kramer AF. Fitness Effects on the Cognitive Function of Older Adults: A Meta-
Analytic Study. Psychol Sci. 2003 Mar 1;14(2):125-30.

Northey JM, Cherbuin N, Pumpa KL, Smee DJ, Rattray B. Exercise interventions for

cognitive function in adults older than 50: a systematic review with meta-analysis. Br J
Sports Med. 2018 Feb;52(3):154—60.

American College of Sports Medicine (ACSM). ACSM’s Guidelines for Exercise Testing
and Prescription. Lippincott Williams & Wilkins; 2020. 562 p.

McAuley E, Kramer AF, Colcombe SJ. Cardiovascular fitness and neurocognitive function in
older Adults: a brief review. Brain, Behavior, and Immunity. 2004 May 1;18(3):214-20.

Hoffmann CM, Petrov ME, Lee RE. Aerobic physical activity to improve memory and
executive function in sedentary adults without cognitive impairment: A systematic review
and meta-analysis. Preventive Medicine Reports. 2021 Sep 1;23:101496.

Guadagni V, Drogos LL, Tyndall AV, Davenport MH, Anderson TJ, Eskes GA, et al. Aerobic
exercise improves cognition and cerebrovascular regulation in older adults. Neurology. 2020
May 26;94(21):e2245-57.

Bliss ES, Wong RHX, Howe PRC, Mills DE. The Effects of Aerobic Exercise Training on
Cerebrovascular and Cognitive Function in Sedentary, Obese, Older Adults. Front Aging
Neurosci [Internet]. 2022 May 18 [cited 2024 Mar §];14. Available from:
https://www.frontiersin.org/articles/10.3389/fnagi.2022.892343

Purkayastha S, Sorond F. Transcranial Doppler Ultrasound: Technique and Application.
Semin Neurol. 2012 Sep;32(4):411-20.

Zheng G, Xia R, Zhou W, Tao J, Chen L. Aerobic exercise ameliorates cognitive function in
older adults with mild cognitive impairment: a systematic review and meta-analysis of
randomised controlled trials. Br J Sports Med. 2016 Dec 1;50(23):1443-50.

Cancela JM, Ayan C, Varela S, Seijo M. Effects of a long-term aerobic exercise intervention
on institutionalized patients with dementia. Journal of Science and Medicine in Sport. 2016
Apr 1;19(4):293-8.

Liu C, Latham NK. Progressive resistance strength training for improving physical function
in older adults. Cochrane Database Syst Rev. 2009 Jul 8;2009(3):CD002759.

68



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Liu-Ambrose T, Nagamatsu LS, Graf P, Beattie BL, Ashe MC, Handy TC. Resistance
Training and Executive Functions: A 12-Month Randomised Controlled Trial. Arch Intern
Med. 2010 Jan 25;170(2):170-8.

Coelho-Junior H, Marzetti E, Calvani R, Picca A, Arai H, Uchida M. Resistance training
improves cognitive function in older adults with different cognitive status: a systematic
review and Meta-analysis. Aging & Mental Health. 2022 Feb 1;26(2):213-24.

Huang X, Zhao X, Li B, Cai Y, Zhang S, Wan Q, et al. Comparative efficacy of various
exercise interventions on cognitive function in patients with mild cognitive impairment or

dementia: A systematic review and network meta-analysis. Journal of Sport and Health
Science. 2022 Mar 1;11(2):212-23.

Gallardo-Gomez D, del Pozo-Cruz J, Noetel M, Alvarez-Barbosa F, Alfonso-Rosa RM, del
Pozo Cruz B. Optimal dose and type of exercise to improve cognitive function in older

adults: A systematic review and bayesian model-based network meta-analysis of RCTs.
Ageing Research Reviews. 2022 Apr 1;76:101591.

Smolarek A de C, Ferreira LHB, Mascarenhas LPG, McAnulty SR, Varela KD, Dangui MC,
et al. The effects of strength training on cognitive performance in elderly women. CIA. 2016
Jun 1;11:749-54.

Delezie J, Handschin C. Endocrine Crosstalk Between Skeletal Muscle and the Brain. Front
Neurol. 2018 Aug 24;9:698.

Kim S, Choi JY, Moon S, Park DH, Kwak HB, Kang JH. Roles of myokines in exercise-
induced improvement of neuropsychiatric function. Pflugers Arch - Eur J Physiol. 2019 Mar
1;471(3):491-505.

Cotman CW, Berchtold NC, Christie LA. Exercise builds brain health: key roles of growth
factor cascades and inflammation. Trends in Neurosciences. 2007 Sep 1;30(9):464-72.

Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et al. Exercise training
increases size of hippocampus and improves memory. Proc Natl Acad Sci U S A. 2011 Feb
15;108(7):3017-22.

Cassilhas RC, Lee KS, Fernandes J, Oliveira MGM, Tufik S, Meeusen R, et al. Spatial
memory is improved by aerobic and resistance exercise through divergent molecular
mechanisms. Neuroscience. 2012 Jan 27;202:309-17.

Dinoff A, Herrmann N, Swardfager W, Liu CS, Sherman C, Chan S, et al. The Effect of
Exercise Training on Resting Concentrations of Peripheral Brain-Derived Neurotrophic
Factor (BDNF): A Meta-Analysis. PLoS One. 2016 Sep 22;11(9):e0163037.

Jiang Q, Lou K, Hou L, Lu Y, Sun L, Tan SC, et al. The effect of resistance training on serum

insulin-like growth factor 1(IGF-1): A systematic review and meta-analysis. Complement
Ther Med. 2020 May;50:102360.

69



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Stimpson NJ, Davison G, Javadi AH. Joggin’ the Noggin: Towards a Physiological
Understanding of Exercise-Induced Cognitive Benefits. Neuroscience & Biobehavioral
Reviews. 2018 May 1;88:177-86.

Hamer M, Chida Y. Physical activity and risk of neurodegenerative disease: a systematic
review of prospective evidence. Psychological Medicine. 2009 Jan;39(1):3—11.

Dirks ML, Wall BT, van de Valk B, Holloway TM, Holloway GP, Chabowski A, et al. One
Week of Bed Rest Leads to Substantial Muscle Atrophy and Induces Whole-Body Insulin
Resistance in the Absence of Skeletal Muscle Lipid Accumulation. Diabetes. 2016 Jun
29;65(10):2862-75.

Convertino VA. Cardiovascular consequences of bed rest: effect on maximal oxygen uptake.
Med Sci Sports Exerc. 1997 Feb;29(2):191-6.

Ehlenbach WJ, Hough CL, Crane PK, Haneuse SJ, Carson SS, Curtis JR, et al. Association
between Acute Care and Critical Illness Hospitalization and Cognitive Function in Older
Adults. JAMA. 2010 Feb 24;303(8):763-70.

Marusic U, Narici M, Simunic B, Pisot R, Ritzmann R. Nonuniform loss of muscle strength
and atrophy during bed rest: a systematic review. Journal of Applied Physiology. 2021
Jul;131(1):194-206.

Di Girolamo FG, Fiotti N, Milanovi¢ Z, Situlin R, Mearelli F, Vinci P, et al. The Aging
Muscle in Experimental Bed Rest: A Systematic Review and Meta-Analysis. Frontiers in
Nutrition [Internet]. 2021 [cited 2023 Nov 17];8. Available from:
https://www.frontiersin.org/articles/10.3389/fnut.2021.633987

McGuire DK, Levine BD, Williamson JW, Snell PG, Blomqvist CG, Saltin B, et al. A 30-
year follow-up of the Dallas Bedrest and Training Study: 1. Effect of age on the
cardiovascular response to exercise. Circulation. 2001 Sep 18;104(12):1350-7.

Ried-Larsen M, Aarts HM, Joyner MJ. Effects of strict prolonged bed rest on
cardiorespiratory fitness: systematic review and meta-analysis. Journal of Applied
Physiology. 2017 Oct;123(4):790-9.

Lipnicki DM, Gunga HC. Physical inactivity and cognitive functioning: results from bed rest
studies. Eur J Appl Physiol. 2009 Jan 1;105(1):27-35.

Grand JHG, Stawski RS, MacDonald SWS. Comparing individual differences in
inconsistency and plasticity as predictors of cognitive function in older adults. Journal of
Clinical and Experimental Neuropsychology. 2016 May 27;38(5):534-50.

Cunningham C, O’ Sullivan R, Caserotti P, Tully MA. Consequences of physical inactivity in

older adults: A systematic review of reviews and meta-analyses. Scand J Med Sci Sports.
2020 May;30(5):816-27.

70



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Falck RS, Davis JC, Best JR, Crockett RA, Liu-Ambrose T. Impact of exercise training on

physical and cognitive function among older adults: a systematic review and meta-analysis.
Neurobiology of Aging. 2019 Jul 1;79:119-30.

Balbim GM, Falck RS, Barha CK, Tai D, Best JR, Hajj-Boutros G, et al. Exercise counters
the negative impact of bed rest on executive functions in middle-aged and older adults: A
proof-of-concept randomized controlled trial. Maturitas. 2024 Jan 1;179:107869.

Saez de Asteasu ML, Martinez-Velilla N, Zambom-Ferraresi F, Casas-Herrero A, Cadore EL,
Galbete A, et al. Assessing the impact of physical exercise on cognitive function in older

medical patients during acute hospitalization: Secondary analysis of a randomized trial.
PLoS Med. 2019 Jul;16(7):e1002852.

Friedl-Werner A, Brauns K, Gunga HC, Kiihn S, Stahn AC. Exercise-induced changes in
brain activity during memory encoding and retrieval after long-term bed rest. Neurolmage.
2020 Dec 1;223:117359.

Blaber AP, Sadeghian F, Naz Divsalar D, Scarisbrick IA. Elevated biomarkers of neural
injury in older adults following head-down bed rest: links to cardio-postural deconditioning
with spaceflight and aging. Front Hum Neurosci. 2023 Sep 26;17:1208273.

Hajj-Boutros G, Sonjak V, Faust A, Balram S, Lagacé JC, St-Martin P, et al. Myths and
Methodologies: Understanding the health impact of head down bedrest for the benefit of
older adults and astronauts. Study protocol of the Canadian Bedrest Study. Experimental
Physiology [Internet]. [cited 2024 Mar 25];n/a(n/a). Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1113/EP091473

Sundblad P, Orlov O, Angerer O, Larina I, Cromwell R. Standardization of bed rest studies in
the spaceflight context. J Appl Physiol (1985). 2016 Jul 1;121(1):348-9.

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V, Collin I, et al. The
Montreal Cognitive Assessment, MoCA: A Brief Screening Tool For Mild Cognitive
Impairment. Journal of the American Geriatrics Society. 2005;53(4):695-9.

Folstein MF, Folstein SE, McHugh PR. “Mini-mental state: A practical method for grading

the cognitive state of patients for the clinician. Journal of Psychiatric Research. 1975 Nov
1;12(3):189-98.

Weintraub S, Dikmen SS, Heaton RK, Tulsky DS, Zelazo PD, Slotkin J, et al. The Cognition
Battery of the NIH Toolbox for Assessment of Neurological and Behavioral Function:
Validation in an Adult Sample. J Int Neuropsychol Soc. 2014 Jul;20(6):567-78.

Mungas D, Heaton R, Tulsky D, Zelazo PD, Slotkin J, Blitz D, et al. Factor Structure,
Convergent Validity, and Discriminant Validity of the NIH Toolbox Cognitive Health
Battery (NIHTB-CHB) in Adults. Journal of the International Neuropsychological Society.
2014 Jul;20(6):579-87.

71



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

Carlozzi NE, Tulsky DS, Chiaravalloti ND, Beaumont JL, Weintraub S, Conway K, et al.
NIH Toolbox Cognitive Battery (NIHTB-CB): The NIHTB Pattern Comparison Processing
Speed Test. Journal of the International Neuropsychological Society. 2014 Jul;20(6):630—41.

Hajj-Boutros G, Sonjak V, Faust A, Hedge E, Mastrandrea C, Lagacé JC, et al. Impact of 14
Days of Bed Rest in Older Adults and an Exercise Countermeasure on Body Composition,

Muscle Strength, and Cardiovascular Function: Canadian Space Agency Standard Measures.
Gerontology. 2023 Sep 15;69(11):1284-94.

Cao Z, Min J, Tan Q, Si K, Yang H, Xu C. Circulating insulin-like growth factor-1 and brain
health: Evidence from 369,711 participants in the UK Biobank. Alzheimer’s Research &
Therapy. 2023 Aug 22;15(1):140.

Frater J, Lie D, Bartlett P, McGrath JJ. Insulin-like Growth Factor 1 (IGF-1) as a marker of
cognitive decline in normal ageing: A review. Ageing Research Reviews. 2018 Mar 1;42:14—
27.

Rodriguez-Gutiérrez E, Torres-Costoso A, Pascual-Morena C, Pozuelo-Carrascosa DP,
Garrido-Miguel M, Martinez-Vizcaino V. Effects of Resistance Exercise on Neuroprotective
Factors in Middle and Late Life: A Systematic Review and Meta-Analysis. Aging Dis. 2023
Aug 1;14(4):1264-75.

Pavy-Le Traon A, Heer M, Narici MV, Rittweger J, Vernikos J. From space to Earth:
advances in human physiology from 20 years of bed rest studies (1986-2006). Eur J Appl
Physiol. 2007 Sep 1;101(2):143-94.

Hedge ET, Mastrandrea CJ, Hughson RL. Loss of cardiorespiratory fitness and its recovery
following two weeks of head-down bed rest and the protective effects of exercise in 55- to
65-yr-old adults. J Appl Physiol (1985). 2023 Apr 1;134(4):1022-31.

Torres ER, Strack EF, Fernandez CE, Tumey TA, Hitchcock ME. Physical Activity and
White Matter Hyperintensities: A Systematic Review of Quantitative Studies. Prev Med Rep.
2015;2:319-25.

Liu-Ambrose T, Best JR, Davis JC, Eng JJ, Lee PE, Jacova C, et al. Aerobic exercise and
vascular cognitive impairment. Neurology. 2016 Nov 15;87(20):2082-90.

Debette S, Markus HS. The clinical importance of white matter hyperintensities on brain
magnetic resonance imaging: systematic review and meta-analysis. BMJ. 2010 Jul
26;341:c3666.

Wartolowska KA, Webb AJS. Midlife blood pressure is associated with the severity of white
matter hyperintensities: analysis of the UK Biobank cohort study. Eur Heart J. 2020 Nov
26;42(7):750-7.

Cornelissen VA, Fagard RH, Coeckelberghs E, Vanhees L. Impact of resistance training on

blood pressure and other cardiovascular risk factors: a meta-analysis of randomized,
controlled trials. Hypertension. 2011 Nov;58(5):950-8.

72



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Bolandzadeh N, Tam R, Handy TC, Nagamatsu LS, Hsu CL, Davis JC, et al. Resistance
Training and White Matter Lesion Progression in Older Women: Exploratory Analysis of a
12-Month Randomized Controlled Trial. ] Am Geriatr Soc. 2015 Oct;63(10):2052—60.

Suo C, Singh MF, Gates N, Wen W, Sachdev P, Brodaty H, et al. Therapeutically relevant
structural and functional mechanisms triggered by physical and cognitive exercise. Mol
Psychiatry. 2016 Nov;21(11):1633-42.

Weng X, Liu S, Li M, Zhang Y, Zhu J, Liu C, et al. White matter hyperintensities: a possible
link between sarcopenia and cognitive impairment in patients with mild to moderate
Alzheimer’s disease. Eur Geriatr Med. 2023 Oct 1;14(5):1037-47.

Zhang K, Zhang K, Liu Q, Wu J. The Relationship Between Sarcopenia, Cognitive
Impairment, and Cerebral White Matter Hyperintensity in the Elderly. Clin Interv Aging.
2023;18:547-55.

Duchowny KA, Ackley SF, Brenowitz WD, Wang J, Zimmerman SC, Caunca MR, et al.
Associations Between Handgrip Strength and Dementia Risk, Cognition, and Neuroimaging
Outcomes in the UK Biobank Cohort Study. JAMA Netw Open. 2022 Jun 23;5(6):¢2218314.

Amiri N, Fathei M, Mosaferi Ziaaldini M. Effects of resistance training on muscle strength,
insulin-like growth factor-1, and insulin-like growth factor—binding protein-3 in healthy
elderly subjects: a systematic review and meta-analysis of randomized controlled trials.
Hormones. 2021 Jun 1;20(2):247-57.

Liu-Ambrose T, Dao E, Crockett RA, Barha CK, Falck RS, Best JR, et al. Reshaping the
path of vascular cognitive impairment with resistance training: a study protocol for a
randomized controlled trial. Trials. 2021 Mar 18;22(1):217.

Bowie CR, Harvey PD. Administration and interpretation of the Trail Making Test. Nat
Protoc. 2006 Dec;1(5):2277-81.

Rozenblatt S. Stroop Neuropsychological Screening Test (adult). In: Kreutzer JS, DeLuca J,
Caplan B, editors. Encyclopedia of Clinical Neuropsychology [Internet]. New York, NY:
Springer; 2011 [cited 2024 Mar 20]. p. 2408-9. Available from: https://doi.org/10.1007/978-
0-387-79948-3 661

Wechsler D. Wechsler Adult Intelligence Scale--Third Edition [Internet]. 2019 [cited 2024
Mar 20]. Available from: https://doi.apa.org/doi/10.1037/t49755-000

Lord SR, Menz HB, Tiedemann A. A physiological profile approach to falls risk assessment
and prevention. Phys Ther. 2003 Mar;83(3):237-52.

Skinner J, Carvalho JO, Potter GG, Thames A, Zelinski E, Crane PK, et al. The Alzheimer’s
Disease Assessment Scale-Cognitive-Plus (ADAS-Cog-Plus): an expansion of the ADAS-
Cog to improve responsiveness in MCI. Brain Imaging Behav. 2012
Dec;6(4):10.1007/s11682-012-9166-3.

73



125.

126.

127.

128.

129.

130.

McMorris FA, Mozell RL, Carson MJ, Shinar Y, Meyer RD, Marchetti N. Regulation of
oligodendrocyte development and central nervous system myelination by insulin-like growth
factors. Ann N Y Acad Sci. 1993 Aug 27;692:321-34.

O’Kusky J, Ye P. Neurodevelopmental effects of insulin-like growth factor signaling.
Frontiers in Neuroendocrinology. 2012 Aug 1;33(3):230-51.

Toth P, Tarantini S, Ashpole NM, Tucsek Z, Milne GL, Valcarcel-Ares NM, et al. IGF-1
deficiency impairs neurovascular coupling in mice: implications for cerebromicrovascular
aging. Aging Cell. 2015;14(6):1034-44.

Scarpina F, Tagini S. The Stroop Color and Word Test. Front Psychol. 2017 Apr 12;8:557.

Paluch AE, Boyer WR, Franklin BA, Laddu D, Lobelo F, Lee D chul, et al. Resistance
Exercise Training in Individuals With and Without Cardiovascular Disease: 2023 Update: A

Scientific Statement From the American Heart Association. Circulation. 2024 Jan
16;149(3):¢217-31.

Konopka AR, Harber MP. Skeletal Muscle Hypertrophy After Aerobic Exercise Training.
Exercise and Sport Sciences Reviews. 2014 Apr;42(2):53.

74



	Abstract
	Lay Summary
	Preface
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Acknowledgements
	Dedication
	Chapter 1: Background
	1.1 Introduction
	1.2 Aging and Cognitive Function
	1.3 Neurocognitive Disorders
	1.4 Modifiable Risk Factors for Cognitive Decline and Dementia
	1.5 Physical Activity and Cognitive Function
	1.6 Physical and Cognitive Health Consequences due to Physical Inactivity
	1.7 Exercise and Cognitive Health
	1.7.1 Aerobic Training and Cognitive Function
	1.7.2 Resistance Training and Cognitive Function

	1.8 Proposed Mechanisms of Exercise-Induced Changes in Cognitive Function
	1.9 Thesis Objectives and Hypotheses
	1.9.1 Knowledge Gaps
	1.9.2 Thesis Objectives
	1.9.3 Hypotheses


	Chapter 2
	2.1 Introduction
	2.2 Materials and Methods
	2.2.1 Study Design
	2.2.2 Recruitment and Eligibility
	2.2.3 Randomization and Blinding
	2.2.4 Experimental Groups
	2.2.5 Measurements
	2.2.5.1 Descriptive Measures
	2.2.5.2 Cognitive Measures
	2.2.5.3 Physical Measures
	2.2.5.4 Biomarkers

	2.2.6 Sample Size and Data Analysis

	2.3 Results
	2.3.1 Participant Characteristics
	2.3.2 Between-Group and Within-Group Differences
	2.3.3 Main Analyses
	2.3.4 IGF-1 Analyses

	2.4 Adverse events
	2.5 Discussion
	2.5.1 Strengths and Limitations

	2.6 Conclusion

	Chapter 3
	3.1 Introduction
	3.2 Methods
	3.2.1 Study Design
	3.2.2 Recruitment and Eligibility
	3.2.3 Randomization and Blinding
	3.2.4 Experimental Groups
	3.2.5 Measurements
	3.2.5.1 Descriptive Measures
	3.2.5.2 Cognitive Measures
	3.2.5.3 Physical Measures
	3.2.5.4 Blood Biomarkers

	3.2.6 Statistical Analysis

	3.3 Results
	3.3.1 Participant Characteristics
	3.3.2 Exercise Class Progression
	3.3.3 Adherence
	3.3.4 Between-Group and Within-Group Differences
	3.3.5 Main Analyses

	3.4 Discussion
	3.4.1 Strengths and Limitations

	3.5 Conclusions

	Chapter 4: General Discussions and Conclusion
	4.1 Summary of Chapters
	4.2 Overall Limitations Future Directions
	4.3 Final Conclusions

	Bibliography

