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Abstract

Glucose dysregulation has been associated with poorer cognitive functioning in healthy
adults with and without diabetes, as well as in individuals with neurodegenerative disease. In
addition to cognitive changes, hyperglycemia has also been associated with brain atrophy, and
this is especially true for those with the apolipoprotein E (ApoE) €4 genotype. However, most of
these studies rely on cognitive screening measures of dementia with vast variations in how
cognition is assessed. This precludes the ability to make conclusive inferences from findings that
have not assessed cognition consistently nor comprehensively.

In the present study, the effects of glucose on cognition were examined across healthy
aging, and two neurodegenerative diseases, namely Alzheimer’s (AD) and Parkinson’s disease
(PD), with the goal of assessing cognition in a detailed and standardized manner across cohorts.
Data from the Ontario Neurodegenerative Disease Research Initiative was used to assess three
cohorts of healthy adults and individuals with AD and PD. The primary interest was to analyze
the effects of elevated glucose levels on cognition after controlling for related covariates of
triglycerides, hypertension, and smoking. Secondary analyses examined the roles of genetics,
and brain volume with glucose.

Higher glucose levels were differentially related to disease status and cognitive abilities
after controlling for the effects of triglycerides, hypertension, and smoking. In healthy adults and
those with PD, glucose levels were associated with poorer cognition, but not in those with AD.
Among healthy adults, this effect was due to worse language and visuospatial abilities whereas
widespread cognitive changes over domain-specific impairment was observed in those with PD.
In AD, glucose levels were not associated with cognition. No significant interaction emerged

between ApoE-g4 carriers and glucose in neurodegenerative disease. An interaction between
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lower brain volume and poorer cognition was observed among those with higher glucose levels
in the healthy adult group but not in the PD or AD groups.

Hyperglycemia appears to have a different relationship in those with and without
neurodegenerative disease. In healthy adults, it may be possible that even glucose levels within
the normal range may be exerting deleterious effects that manifest clinically, affecting both
cognition and brain volume. In neurodegenerative disease, more research is needed to understand
the complex relationship between hyperglycemia and specific disease pathology. With the
consistent increase in both diabetes and dementia, close monitoring of glucose levels may be a
potential modifiable risk factor that contributes to optimal brain health to reduce the risk of a

dementia diagnosis.
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The Impact of Glucose on Cognition in Neurodegenerative Disease

The prevalence of cognitive impairment and dementia among middle-aged and elderly
adults is on the rise. Currently, there are 50 million people worldwide living with dementia, and
that number is projected to increase to 80 million in the next 10 years (World Health
Organization, 2017). By 2050, it is expected to increase by 200%, to 152 million. Among
individuals living with dementia, over 90% have additional underlying health conditions, of
which diabetes, hypertension, and stroke are among the highest reported comorbidities (Browne
et al., 2017; Bunn et al., 2016). In a recent report, half of the top modifiable risk factors to
prevent dementia onset identified by the Lancet Commission (Livingston et al., 2020) were
related to vascular health (hypertension, diabetes, obesity, smoking, and alcohol consumption).
However, the exact mechanisms of how these vascular factors contribute to cerebral structural
changes and the progression to cognitive deficits that lead to a dementia diagnosis remain
unclear.

Abnormal glucose levels have been identified as a contributing mechanism in several of
these vascular conditions (Burns et al., 2013; Chait & Bornfeldt, 2009; Crane et al., 2013).
Poorly regulated glucose levels have been linked to numerous mechanisms that contribute to
cognitive changes seen in neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
diseases. The underlying mechanisms that contribute to cognitive changes include atrophy in
brain structures, alterations in cerebral blood flow, and neuronal dysfunction (Buysschaert et al.,
2015; Kerti et al., 2013; Sima et al., 2004). However, these changes are not consistently
demonstrated in studies that have explored cognitive changes due to glucose dysregulation. In a

population that is predicted to double in dementia prevalence across the next 20 years, the need



to better understand underlying contributing mechanisms of dementia risk factors is urgent, as
the culpable factors may be treatable, and thus their damage may be reversible.

Hyperglycemia refers to chronically elevated glucose levels in the blood. It contributes to
various deleterious processes that affect brain health including increased oxidative stress,
inflammation, and neuronal death (Mergenthaler et al., 2013). The human brain depends on
glucose as its main source of energy supply, and the adult human brain consumes approximately
20% of glucose-derived energy, making it the highest glucose consumer within the human body
(Lam et al., 2009; Mergenthaler et al., 2013). Glucose metabolism provides the fuel for
physiological function through the generation of adenosine triphosphate and helps with both
neuronal and cellular maintenance. This process is tightly regulated, as optimal glucose levels
and metabolism within the brain are critical for healthy brain functioning. Disturbances to
glucose metabolism underlie several cerebrovascular and neurodegenerative diseases that impact
brain health at both structural and functional levels.

In this introduction, I outline recent research advances in understanding the role of
hyperglycemia in brain health and how it affects cognitive functioning, implicated brain
structures, and the possible contributions of the apolipoprotein gene in this process. Studies
conducted with healthy adults and those with neurodegenerative disease, namely Alzheimer’s
(AD) and Parkinson’s diseases (PD), are reviewed.

Function of Glucose in the Brain

Glucose is involved in several important functions to help maintain optimal brain
functioning. Neurons rely almost exclusively on glucose as their main source of energy for the
generation of action potentials and synaptic activity, which is required for information

processing and signalling by the neurons (Lam et al., 2009; Mergenthaler et al., 2013).



In addition, glucose provides the energy for biosynthesis of neurotransmitters and plays a
role in learning and memory formation by producing the end-product lactate (Grayson et al.,
2013). Although the mechanisms of this relationship are not clear, it is believed that lactate
receptors may play a role in linking brain energy metabolism and neurotransmission, which
enhance learning and memory (Grayson et al., 2013). There are specialized neuronal networks in
the hypothalamus and hindbrain, as well as glucose transporter cells throughout the brain, that
mediate and maintain glucose metabolic signalling (Grayson et al., 2013; Mergenthaler et al.,
2013). This process also involves the hormone insulin, which is released by the pancreas and
allows cells to use glucose as energy. Insulin is closely involved in regulating glucose levels by
signaling the oxidation and storage of excess glucose as glycogen in the muscles, liver, and fat
cells, which prevents hyperglycemia (Taouis, & Torres-Aleman, 2019). Thus, there is a complex
interplay of several brain structures, receptor and transporter cells, and hormones at work to
maintain and regulate brain blood glucose levels. Disturbances in this regulation process are
associated with several metabolic disorders such as obesity and Type 2 diabetes mellitus
(T2DM) that are increasingly recognized as contributing risk factors of neurodegenerative
disease and dementia (Kapogiannis & Mattson, 2011; Scheen, 2010).

Mechanisms of Hyperglycemia

Chronic high glucose levels can directly affect brain structures through the accumulation
of abnormal metabolites, increased oxidative stress, and the depletion of metabolic cofactors that
give rise to neuronal dysfunction and cell death (Biessels et al., 2006; Sima et al., 2004).
Prolonged hyperglycemia can further damage the cellular membranes and integrity of capillary
walls, which leads to altered cerebral blood flow (Chait & Bornfeldt., 2009), and it has also been

associated with increased systemic inflammation as well as increased coagulation activity (Levi



& Van der Poll, 2010; Vaidyula et al., 2006). Systemic inflammation has been shown to be
associated with cerebral atrophy, particularly in the hippocampus (Cherbuin et al., 2012; Das &
Basu, 2008; Esposito, 2002), whereas coagulation can potentiate inflammatory processes, which
together increase the risk of thrombosis, microemboli, and stroke (Levi & Van der Poll, 2010).
Thus, inflammation and coagulation are insidious processes that result from hyperglycemia and
decrease the integrity of brain functioning.

Evidence from an experimental study demonstrated that induced hyperglycemia in
healthy adults was associated with an increase in procoagulant activity, prothrombic factors, and
platelet activation (Vaidyula et al., 2006), thereby suggesting that chronic high glucose levels
irrespective of underlying diseases such as T2DM can lead to coagulation. Inflammation and
coagulation have a bidirectional relationship in which inflammatory pathways lead to
coagulation, and coagulation also considerably affects inflammatory activity (Levi & Van der
Poll, 2010). These processes are likely to further amplify the effects of high glucose levels.
Overall, chronically elevated glucose levels can lead to a cascade of cerebrovascular risk factors
attributed to compromised cerebral integrity and associated cognitive changes.

Glucose and Incidence of Dementia

The association of increased glucose levels and dementia risk has been consistently
reported among individuals with T2DM (Geijselears et al., 2015), and some studies have also
demonstrated this relationship among nondiabetic individuals (Benn et al., 2020; Chatterjee et
al., 2016; Crane et al., 2013). Crane and colleagues (2013) examined incidence of dementia in a
large longitudinal study among individuals with and without diabetes. Even among participants
without diabetes, higher average glucose levels (6.4 compared to 5.5 mmol/L) across 5 years

were associated with an increased risk of dementia (i.e., 26% of participants without diabetes had



developed dementia by the end of the study period; Crane et al., 2013). They also found that 20%
of their sample had probable Alzheimer’s dementia, and another 3% presented with vascular
dementia (VaD; Crane et al., 2013). These findings suggest that incremental increases in blood
glucose levels across a prolonged period that are within normal limits may increase the risk of
dementia in otherwise healthy individuals.

Another longitudinal study with over 100,000 participants (Benn et al., 2020) reported
similar findings. However, increased glucose levels were associated only with increased risk of
unspecified dementia (dementia due to unknown causes), and not with AD or VaD. Interestingly,
individuals with unspecified dementia had higher glucose levels compared to the AD and VaD
groups. They also found that individuals with diabetes who progressed to unspecified dementia
were less likely to be treated with glucose-lowering drugs than those with AD or VaD. This
suggests that poor glycemic management in individuals with diabetes is related to increased
dementia risk. Specifically, a I mmol/L increase in blood glucose levels was associated with a
significant hazard ratio of 1.04 for unspecified dementia after controlling for confounding
variables (age, sex, smoking, alcohol intake, and hypertension).

In a recent longitudinal study, the effects of glucose were examined in relation to
reversion from MCI to normal cognition (Makino et al., 2021). Individuals with and without
diabetes who had elevated glucose levels were less likely to revert to normal cognition from MCI
across 4 years, in comparison to those with lower glucose levels. These findings provide support
for the idea that hyperglycemia may accelerate processes that cause irreversible
neurodegenerative changes and result in permanent cognitive decline.

In sum, findings suggest that poor glycemic control may contribute directly to dementia

risk and cognitive decline, although the exact mechanisms and specific dementia profiles are



variable. This is an important finding as it suggests that dementia risk may be modifiable, and
careful management and adequate control of glucose levels may reduce or slow the progression
to dementia, or even reverse cognitive decline.

Glucose and Cognitive Domain Changes

Relatively little is known about specific cognitive changes that may occur with elevated
glucose levels and which may go on to result in a dementia diagnosis. Among studies that have
examined glucose and cognitive domains in nondiabetic individuals, only a few studies have
examined specific cognitive abilities that may be affected by increased glucose levels. Below is a
review of studies that have examined specific cognitive domains.

Kerti and colleagues (2013) examined the effect of glucose on memory performance in
healthy, nondiabetic individuals. They found that higher levels of both short-term (fasting blood
glucose) and long-term (HbA 1c) glucose levels were associated with poorer memory
performance on measures of delayed recall, learning across trials, and consolidation, and these
findings were accompanied by structural changes in the hippocampus. Although these findings
suggest that the deleterious effects of glucose may impact some cognitive abilities, this
hypothesis needs further examination to understand how other cognitive abilities are impacted,
as only memory was examined in this study. Earlier evidence comes from Dahle et al. (2009)
who hypothesized that abilities most affected by the aging process would show further
deterioration with higher levels of glucose in otherwise healthy, nondiabetic individuals. They
examined the cognitive domains of memory, working memory, executive functions, and
psychomotor speed. There was a significant inverse relationship between glucose levels and
delayed memory across participants. In other cognitive domains, the relationship between

cognitive performance and glucose interacted with sex. Higher glucose levels were associated



with reduced working memory accuracy only in women and with slower processing speed only
in men (Dahle et al., 2009). These findings suggest that the effect of glucose on cognitive
abilities is complex and may be influenced by additional biological mechanisms.

Similar relationships between glucose and cognition have been shown among healthy
younger adults (Repple et al., 2021). A recent study that examined specific cognitive abilities in
relation to glucose levels among healthy young adults found that long-term higher glucose levels,
even when these were within normal range (HbAlc < 5.7 mmol/L), were associated with poorer
vocabulary knowledge, working memory, and executive functions and with reduced white matter
microstructural integrity (Repple et al., 2021). Messier et al. (2011) examined attention,
executive functions, verbal memory, and psychomotor speed in young, nondiabetic adults and
found that higher glucose was associated with reduced verbal memory but not with cognitive
performance in other domains (Messier et al., 2011). They found that indices of invoked glucose
levels (glucose ingestion during the study) were most associated with reduced verbal memory.

Taken together, these findings provide evidence for an association of reductions in
cognitive abilities with increased glucose levels in healthy adults without diabetes. It is suggested
that glucose may affect some cognitive abilities more than others, and its impact across cognitive
abilities is variable.

In contrast, not all studies have found a clear association between glucose and cognition.
For example, evidence from a prospective study with over 8,000 participants demonstrated that
only a single test of processing speed was significantly associated with glucose levels across 6
years, and even that was seen only in individuals with a diagnosis of diabetes and not in
nondiabetic individuals (Christman et al., 2011). Euser et al. (2010) also found no significant

cognitive changes in relation to glucose levels in nondiabetic individuals across 5 years, which



suggests that hyperglycemia alone may not be a significant determinant of the elevated risk of
cognitive impairment seen in diabetes. It is also important to note that in a meta-analysis with
individuals with T2DM (Geijsealer et al., 2015), out of the 32 studies that examined cognitive
domains, most (53%) did not report a significant effect of glucose levels on cognitive
functioning. Of the studies that did find an association, it tended to be weak (i.e., accounting for
less than 10% of the variance in cognitive abilities).

When considered with findings from the studies reported earlier, these findings suggest
that the link between elevated glucose levels and cognition is inconsistent. Even among studies
that assessed individual cognitive domains, most assessed fewer than five distinct domains or
used only one neuropsychological test per domain. This results in an incomplete assessment of
cognitive functions and limits our ability to understand whether higher glucose levels
differentially affect some cognitive abilities over others.

Structural and Biological Changes in the Brain

It is well understood that chronic hyperglycemia has a strong impact on neuronal activity,
which in turn affects the integrity of different brain structures. Brain atrophy is defined as low
brain volume that is not related to specific focal injury (e.g., trauma or infarction; Wardlaw et al.
2013). Broadly, there is firm evidence that metabolic disorders such as T2DM are associated
with brain atrophy (Biessels & Reijmar, 2014). This consists of widespread changes of white
matter connectivity as well as gray matter reductions (Biessels & Reijmar, 2014; Espeland et al.
2013; Moran et al., 2017). These reductions in brain volume in turn are related to cognitive
impairment (Biessels & Reijmar, 2014; Moran et al., 2017). Evidence shows that individuals
with T2DM have an increased burden of cerebrovascular lesions, especially lacunes, whereas

large artery infarcts or microinfarcts are less common (Abner et al., 2016; Pruzin et al., 2017).



Furthermore, specific brain structures have been reported in several studies to be affected by
mechanisms of hyperglycemia.

In particular, the hippocampus is especially affected by dysregulation of glucose
homeostasis. The hippocampus is one of the few areas where neurogenesis continues throughout
adulthood, which supports learning and memory in addition to potentially contributing to brain
repair (Mainardi et al., 2015). It has been shown that animals with lower levels of plasma
glucose and insulin exhibit increased neurogenesis in the hippocampus, particularly in the
dentate gyrus (Lee et al., 2002). Studies in healthy adults found long-term hyperglycemia was
associated with volume reductions in the hippocampus (Cherbuin et al., 2012; Convit et al.,
2003; Kerti et al., 2013). Reduced hippocampal volume and microstructural changes were found
with elevated glucose levels (Convit et al., 2003; Kerti et al., 2013) and at long-term follow up (4
years; Cherbuin et al., 2012). These reductions in hippocampal volume are also consistently
found in individuals with T2DM (Gold et al., 2007).

Additional structural brain changes have been noted. Hyperinsulinemia in the brain may
be associated with increased amyloid-f (AB) deposition, a protein that is elevated in AD (Wang
et al., 2017). This may be due to competition for the main clearance mechanism, the insulin-
degrading enzyme, which clears the brain of toxic metabolites (Qiu & Folstein, 2006). Similar
reasoning has led to the idea that AD may be a third type of diabetes, based on the evidence for
insulin resistance and impaired insulin-response pathways in individuals with AD (De la Monte,
2014; De la Monte & Wands, 2008). Given that similar pathways have been linked in AD and
T2DM, elevated glucose levels have been explored as a possible contributor in the pathology

associated with neurodegenerative disease.



Glucose Metabolism in Neurodegenerative Diseases
Alzheimer’s Disease

Clinically, dementia due to AD is characterized by severe memory loss and global
cognitive dysfunction with impairment in daily functioning (Smith, 1998). In the brain, AD
neuropathology consists of deposition of amyloid-£ that initiates a pathological cascade of
events including formation of neurofibrillary tangles, gliosis, inflammatory changes, synaptic
damage, and neurotransmitter loss (Hillen, 2019). A study examining AP clearance and
deposition in AD patients showed that AP production was normal in AD as compared to healthy
controls, but AP clearance was significantly decreased (Mawuenyega et al., 2010). Decreased A}
clearance leading to its increased deposition in the brain is central to AD pathology.

Another frequently noted biomarker of AD is decreased glucose metabolism which was
noted as one of the earliest brain changes and a distinct characteristic of the disease (Mosconi,
2005; Patil et al., 2012). This was found even in individuals with mild cognitive impairment
(MCI) who subsequently developed Alzheimer’s dementia (Hunt et al., 2007). The uptake of
glucose into the brain is a saturable process, meaning there is a limit to how much glucose can be
absorbed. In order to increase the uptake of glucose in the brain, it would require the
upregulation of insulin receptors as well. But when this receptor activity is compromised, it
could lead to functional hypoglycemia, which reduces the glucose metabolic rate in the brain
(Mittal & Katare, 2016). This reduced uptake of glucose and in turn reduced glucose metabolism
is an early biomarker consistently seen in AD, which suggests that glucose dysregulation may be
an underlying mechanism of the disease.

Both glucose utilization and adenosine triphosphate formation in the brain are

significantly lower in AD compared to healthy controls (Hoyer, 1991; Karran & De Strooper
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2016), and reductions in glucose metabolism in AD correlate with disease severity (Alam et al.,
2016; Munch et al., 1998). Glucose metabolic changes have also been documented well before
clinical manifestations of the disease begin in individuals who are genetically predisposed to AD
(Gibson, 2002), and these reductions have been observed at the MCI stage (Hunt et al., 2007).
Reductions and alterations in glucose metabolism may be a prodromal mechanism to other
pathological changes in AD, in particular affecting the clearance of Af, which leads to increased
AP in the brain.

Both T2DM and increased fasting blood glucose levels occur more often in AD patients
than healthy controls (Janson et al., 2004). However, AD pathology (e.g., AP depositions) is not
always greater in AD patients with T2DM than in nondiabetic individuals with AD. Thus, T2DM
might exacerbate the progression of AD, but alone it is not necessarily sufficient to cause AD
pathology, as there are many individuals with T2DM who do not progress to AD (Janson et al.,
2004). Overall, although there have been strong links between T2DM, insulin dysregulation and
AD, the underlying mechanisms are still not well understood.

Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disease characterized by degeneration of
the substantia nigra, reduced dopamine production, and abnormal aggregation of alpha-synuclein
protein (Poewe et al., 2017; Trost et al., 2019). Clinically, the disease causes impaired motor
movements, including bradykinesia, rigidity, resting tremor, and cognitive impairment (Schapira,
2017). Cognitive decline is one of the most debilitating nonmotor symptoms of PD (Aarsland,
2017), and almost 80% of PD patients go on to develop dementia within 20 years of diagnosis
(Reid et al., 2011). Cognitive changes are observed in several domains, with changes in

planning, working memory and executive functions most commonly reported (dysexecutive

11



syndrome; Gratwicke et al., 2015; Kehagia et al., 2013). This is attributed to a disruption of the
fronto-striatal dopamine network caused by depletion of dopamine transmission rather than by
primary frontal dysfunction. Some PD patients also experience deficits in visuospatial
functioning and semantic fluency which are attributed to posterior temporal lobe dysfunction
(Gratwicke et al., 2015; Kehagia et al., 2013). This posterior pattern of cognitive impairment is
more predictive than the frontal dysexecutive pattern of progression to dementia (Alves et al.,
2006).

The link between vascular factors and cognitive impairment in PD is less studied than in
AD and not well established. The few areas of related vascular research in PD are reviewed
below.

Hypometabolism. Changes in brain glucose metabolism in PD have been well
documented, and like in AD, impaired glucose metabolism precedes brain atrophy (Gonzales-
Redondo et al., 2014). These metabolic changes are more commonly reported than structural
changes (Albrecht et al., 2019). More recent literature on glucose metabolism in PD has focused
on cognitive decline in specific stages of PD. For example, individuals with mild cognitive
impairment in PD (PD-MCI) show regional glucose hypometabolism in the temporo-parieto-
occipital regions compared to healthy controls (Hu et al., 2000; Lyoo et al., 2010). Studies
examining the progression of cognitive decline show that extensive parietal and occipital
hypometabolic changes can predict the development of cognitive decline in PD-MCI patients
(Baba et al., 2017; Bohnen et al., 2011) and also in PD patients with normal cognition (Shoji et
al., 2014). These findings suggest that early metabolic changes in glucose can be useful in

predicting cognitive changes at various stages of disease severity.
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Other Vascular Contributors. In addition to dysregulation of brain glucose metabolism,
several other shared vascular mechanisms among diabetes and neurodegenerative disease have
been suggested to contribute to the development of PD and subsequent cognitive impairment. A
recent study examined progression and baseline predictors of cognitive and motor symptoms in
PD across 4 years (Mollenhauer et al., 2019). Decreased hippocampal volume and several
vascular risk factors, including dysregulated blood glucose levels, heavy alcohol use, and
elevated HDL cholesterol were significant predictors of cognitive but not motor decline.
Notably, both fasting blood glucose levels as well as hyperglycemia were significant predictors
of cognitive decline and were specific to PD patients in comparison to healthy controls
(Mollenhauer et al., 2019). When controlling for diabetes in the PD group, only fasting blood
glucose remained a significant predictor of cognitive decline.

Glycation of alpha synuclein could promote abnormal aggregation of the protein and
brain neurodegeneration (Vincente et al., 2016). These disturbances in metabolic factors should
be further studied, as diabetes has been described as a risk factor for PD with a 38% higher risk
of developing PD among individuals with T2DM compared to nondiabetic individuals (Yue et
al., 2016). In a recent finding among individuals with PD and diabetes, higher glucose levels
were associated with poorer cognition. However, after controlling for other vascular factors, this
relationship was no longer significant (Uyar et al., 2022). Although dysregulated glucose levels
may be involved in progression of cognitive decline, it should be noted that global cognitive
measures such as the Mini-Mental Status Examination (Folstein, Robins, & Helzer, 1983) and
Montreal Cognitive Assessment (Nasreddine et al., 2005) were used to assess cognitive decline

in most studies, and these measures do not detect subtle and specific cognitive changes. A more
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comprehensive neuropsychological battery would likely be better able to detect subtle cognitive
changes that may be present in early stages of the disease.
Apolipoprotein E4 Gene

The apolipoprotein gene makes the protein apolipoprotein E (ApoE). This protein
combines with fats (lipids) in the body to form molecules called lipoproteins (Farmer et al.,
2019; Liu et al., 2013). ApoE is primarily synthesized in the liver and brain; it is responsible for
the homeostasis of cholesterol and metabolism of lipids and aids in carrying them through the
bloodstream (Eid, 2019). Maintaining normal levels of lipids is essential for the prevention of
disorders that affect the brain, heart and central nervous system (Irie et al., 2008; Jellinger, 2008)

The ApoE gene exists as three polymorphic alleles (epsilon 2, epsilon 3, and epsilon 4).
Each individual inherits two alleles of the gene, which can be either homozygous (e.g., €2/€2), or
heterozygous (e.g., €2/¢3; Eid et al. 2019). These variations in allelic forms alter the structure and
function of the protein, which, in turn, also differentially affect AB aggregation and
clearance. The €2 allele has been considered protective against AD as it is more efficient in
metabolizing lipids, whereas the €4 allele, which is less efficient at clearing lipids, is considered
a risk factor for AD (Harold et al. 2009; Lambert et al., 2009). The €3 allele is considered to
harbour neutral risk for the development of AD. The prevalence of the €2 allele is quite low, with
a worldwide frequency of only 5%, whereas the €3 allele has a 75% prevalence rate, and the &4
allele is intermediate, with a prevalence of 15-20% (Angelopoulou et al., 2021; Davignon, 1988).

In individuals with AD, the frequency of the &4 allele is dramatically increased relative to
the general population, with a prevalence of ~60% (Lanfranco, 2020). The &4 allele further
increases the risk of developing AD at an earlier age of onset in a gene dose-dependent manner.

A meta-analysis demonstrated that compared with individuals with an €3/e3 genotype, risk of
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AD was increased in individuals with one copy of the €4 allele with an odds ratio (OR) of 2.6-
3.2, and those with two copies of the 4 allele jumped to an OR of 14.9 (Farrer et al. 1997). The
¢4 allele is also associated with increased prevalence of AD and earlier age at onset (Corder et
al., 1993; Farrer et al. 1997; Rebeck et al., 1993). The frequency of AD and mean age at onset
are 91% and 68 years of age in ¢4 homozygotes, 47% and 76 years of age in €4 heterozygotes,
and 20% and 84 years in those without an €4 allele (Corder et al., 1993; Rebeck et al., 1993).
These studies demonstrate the dose-dependent relationship with €4 alleles, as €4 carriers develop
AD at an earlier age and are at greater risk of AD compared to those without an &4 allele.

ApoE and Glucose in Alzheimer’s Disease

In comparison to other variants of ApoE, the €4 genotype is associated with increased
deposition of A, is less protective against oxidative stress, and is associated with cholinergic
dysfunction (Hunsberger, 2019; Kanekiyo et al., 2014). The precise mechanism by which
elevated blood glucose and ApoE €4 genotype interact to increase AD neuropathology is not as
well understood. One theory is that the mechanisms of advanced glycation end-products (AGE)
interact with ApoE €4 to increase pathology in neurodegenerative diseases (Sasaki et al., 1998).
Indeed, ApoE €4 genotype is associated with three-fold greater AGE-binding activity compared
to the ApoE €3 genotype. Li and Dickson (1997) found that AGE by ApoE &4 interactions may
contribute to the formation of dense amyloid deposits as well as neurofibrillary tangles.

In support of this theory, Bangen et al. (2016) found that midlife elevated blood glucose
predicted the later development of AD tangle pathology in individuals with the ApoE &4
genotype. Presence of the ApoE &4 allele significantly modified the association between elevated
blood glucose and AD tangle pathology independently of other known risk factors for AD,

including age, history of smoking, midlife obesity, hypertension, and high cholesterol (Bangen et
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al., 2016). Interestingly, results did not change when adjusting for presence of late-life diabetes,
suggesting that genetic risk may interact with elevated glucose to cause AD pathology (Bangen
et al., 2016). These results suggest that higher levels of blood glucose, even among nondiabetics,
may exert deleterious effects on the aging brain especially among those at genetic risk for AD.
However, the interaction of ApoE €4 with glucose has not been consistently
demonstrated. A review examining the association between diabetes and the ApoE gene reported
that although having an €4 allele increases chances of developing AD, overall, individuals with
AD who are €4 carriers tend to have normal insulin and glucose levels (Messier, 2003; Ravona-
Springer et al., 2012). This suggests that the €4 allele may not dysregulate glucose but instead
may interact with glucose with additional mechanisms in play to increase AD pathology.
Individuals who have both an ApoE ¢4 allele and diabetes have more than double the risk of
developing Alzheimer’s disease compared to people with an ApoE &4 allele but no diabetes
(Messier, 2003; Peila et al., 2002). Individuals with diabetes and an €4 allele who developed AD
were found to have an increase of neuritic plaques in the hippocampus, an increase in cerebral
neurofibrillary tangles, and increased cerebral amyloid angiopathy at autopsy examination
compared to individuals with AD, without diabetes or an €4 allele (Peila et al., 2002). In sum,
these studies suggest that glycemic mechanisms interact with the ApoE gene to increase AD
pathology; however, the exact mechanisms underlying this interaction warrant further
examination. Understanding these factors may be highly beneficial in lowering the risk between
diabetes and developing dementia, especially among individuals who have an increased genetic

risk of developing AD.
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Parkinson’s Disease and the ApoE Gene

The role of ApoE €4 in Parkinson’s disease is less consistently demonstrated than in AD,
and only a few studies have examined the relationship of the gene with cognitive impairment and
dementia onset in PD. A few large cohort studies have demonstrated an increased prevalence of
the €4 allele in PD patients with dementia (PDD) relative to PD patients without dementia
(Pankratz et al., 2006; Parsian et al., 2002), whereas other studies failed to find such an &4 allele
effect (Ezquerra et al., 2008; Federoff et al., 2012; Ryu & Kwon, 2010). Additionally, where
studies supported the high rates of ApoE €4 in PDD versus PD without dementia (Williams-Gray
et al., 2009), the effect is modest, with an OR of 1.74. This is much smaller than seen in AD (OR
of 15.5; Nalbantoglu et al, 1994; Rasmussen et al., 2020).

Recent findings from a large cohort study examining PD and other neurodegenerative
diseases found that having an ApoE &4 allele contributed to cognitive decline in AD but not in
PD (Dilliott et al., 2021). Reconciliation of these conflicting data may lie in the findings of a
longitudinal study. Individuals with PD who were also ApoE-g4 allele carriers had a faster rate
of cognitive decline (Moreley et al., 2012) compared to any other variants of the gene. This
suggests that having an €4 allele does contribute to cognitive decline in PD but may not always
lead to a diagnosis of dementia. Nonetheless, the €4 variant differentially affects individuals with
PD compared to AD, which underscores the need for a better understanding of its role in the
relationship between glucose metabolism and neurodegenerative disease.

Summary and Rationale of Proposed Studies

The literature reviewed above demonstrates that glucose dysregulation is linked to

cognitive impairment even among nondiabetic healthy individuals, as well as in

neurodegenerative disease and in diabetes. Firstly, as previously reviewed, reduced glucose
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metabolism is consistently reported as an early biomarker of both AD and PD (Hu et al., 2000;
Patil et al., 2012). Metabolic changes resulting from chronically elevated glucose levels precede
structural brain changes, which suggests that glucose dysregulation may be part of early subtle
changes that do not manifest clinically until later stages of disease severity.

In regard to cognition, most studies that have examined cognitive impairment with
elevated glucose levels have used global cognitive screening measures (e.g., Mini-Mental State
Examination or Montreal Cognitive Assessment). Among studies that have examined specific
cognitive abilities, only one study with healthy adults used at least two neuropsychological tests
per domain to examine cognitive functioning (Dahle et al., 2009). Using at least two tests per
domain is important to conduct a comprehensive examination of each cognitive domain; using a
single test per domain is not as robust or stable as when performance is consistently impaired or
unimpaired on multiple measures. Thus, using multiple measures to assess one domain provides
more validity, reliability and confidence in the findings than using a single measure.

Studies that did examine specific cognitive domains more often reported reductions in
memory and no other cognitive domains with elevations in glucose levels (Kerti et al., 2013;
Messier et al., 2011). Although memory is not consistently related to glucose levels across
studies, it is examined more frequently than other cognitive domains. Studies of other cognitive
domains, including executive dysfunction, slowed processing speed, and reduced attention
abilities have all been reported across separate studies, never within the same participant groups.
This variation in findings highlights the need to further characterize cognitive changes that may
occur in concert with chronically elevated glucose levels in order to potentially identify a

modifiable risk factor.
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Cognitive changes that have been reported have been linked to changes in neural
correlates, namely, global atrophy with reductions in gray and white matter volume and reduced
volume and microstructural changes in the hippocampus (Repple et al., 2021). Conflicting
findings have been noted in AD. Some studies report increased amyloid-f deposits and plaques
in individuals with reduced glucose metabolism and elevated plasma glucose levels, whereas
other studies have not found these links. In PD, changes in glucose metabolism are more reliably
reported than structural changes. Lastly, the ApoE €4 gene is associated with increased risk of
developing AD and cognitive decline in AD, especially among those who have diabetes, whereas
it is less consistently associated with increased risk of developing cognitive decline in
individuals with PD.

Study Aims and Hypotheses

In this dissertation, I examine the relationship between higher glucose levels and
cognition in healthy adults and in individuals with neurodegenerative disease, namely AD and
PD. The primary aim of this project was to understand the association of elevated blood glucose
levels in neurodegenerative disease from a neuropsychological perspective. Using a
comprehensive neuropsychological battery was intended to facilitate not only detection of more
subtle cognitive changes that occur early in disease progression, but also a better understanding
of which cognitive abilities may be more susceptible to the early harmful effects of chronically
elevated glucose levels so as to potentially identify a modifiable risk factor. The use of a detailed

neuropsychological battery, as opposed to a global cognitive measure, allows for examination of
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specific cognitive abilities with changes in structural correlates and relation to genetic risk
factors. As such, the study objectives and hypotheses were as follows:

1. To understand which distinct cognitive domains are affected by elevated glucose levels
among healthy individuals through a comprehensive examination of cognitive abilities.
As reported in previous studies, memory was expected to be most implicated relative to
other cognitive domains.

2. To understand whether cognitive performance is affected by elevated glucose levels in
neurodegenerative disease. Given that reduced glucose metabolism is an early biomarker
in AD and PD, elevated glucose levels were expected to exacerbate cognitive
disturbances in comparison to lower glucose levels among those with AD and PD.

3. To explore whether the relationship between elevated glucose levels and cognitive
deficits interacts with changes in cerebral gray and white matter and hippocampal
volumes in neurodegenerative disease. Based on previous findings, it was expected that
structural changes in the hippocampus would moderate the relationship between memory
decline and elevated glucose levels, especially in the AD population. Global volume
reductions were expected to be associated with elevated glucose levels in both AD and
PD populations as an indicator of more global and widespread changes that were
expected with elevated glucose levels.

4. To examine whether the ApoE &4 genotype is associated with additional cognitive
impairment in individuals with elevated glucose levels in comparison to those with the
ApoE €3/3 genotype. It was expected that among individuals with AD or PD, the ApoE

€4 genotype would interact with glucose levels to exhibit greater cognitive impairment.
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The primary aim of these studies was to explore the links between glucose levels and the
presence and severity of cognitive complications in neurodegenerative disease. Considering that
individual glucose levels in general are a modifiable risk factor, understanding their
contributions to cognitive decline, especially in underlying neurodegenerative disease, has

important consequences for future dementia preventive efforts.

Methods
Participants

Data from the Ontario Neurodegenerative Disease Research Initiative (ONDRI) were
used for this study. ONDRI is a longitudinal cohort study investigating four neurodegenerative
diseases and cerebrovascular disease using rigorous evaluations across multiple assessment
platforms (Farhan et al., 2017). In addition, ONDRI has a control cohort of 45 healthy older
adults without neurodegenerative disease. The assessments include genomics, neuroimaging,
comprehensive hematological tests, ocular function, retinal imaging, gait and balance, and
neuropsychological assessment. Approximately 600 participants were recruited across Ontario,
Canada and were followed annually up to 3 years. This large cohort study provides a unique
opportunity to examine cognitive functioning across different diseases in a harmonious and
standard fashion.

For the present study, data from the healthy aging, Alzheimer’s disease, and Parkinson’s
disease cohorts were used. Participant characteristics are outlined in Table 1 for all three cohorts.
Baseline data from the clinical, neuropsychological, genetic and neuroimaging platforms were
obtained. Genetic data for the healthy aging group were not available and was obtained for the
neurodegenerative groups only. All participants were required to meet extensive inclusion and

exclusion criteria for the larger ONDRI study, as well as specific criteria for individual disease
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cohorts and specific assessment platforms. Below is an outline of the general study criteria as
well as specific inclusion and exclusion criteria for each of the cohorts.
General Inclusion and Exclusion Criteria

Inclusion Criteria. Participants had to identify as male or post-menopausal female
(minimum of one year since the last menstrual period) and be between the ages of 45-90 years.
They were required to be (a) proficient in speaking and understanding spoken English, (b) have
at least 8 years of formal education, (c) be capable of cooperating for the duration of the study
procedures and assessments, (d) be willing to undergo study procedures and remain unaware of
the results (unless there were findings that were deemed of clinical significance), (e) have
sufficient vision and hearing to participate in cognitive testing, (f) have good venous access for
phlebotomy to be performed, and (g) be able to walk with or without an assistive aid (e.g., cane,
walker).

All participants were also required to have a reliable study partner. The study partner
must have regular interaction with the participant (i.e., have contact with the participant at least
once per month over the phone, email, or face-to-face) and know the participant well enough to
answer questions about their cognitive abilities, communication skills, mood, and daily
functioning (i.e., have known the participant for at least 2 years).

Exclusion Criteria. The general exclusion criteria consisted of not having any
underlying conditions (other than the disease being studied) that may interfere with participation
in the study or the study results. These included (a) unstable cardiac, pulmonary, renal, hepatic,
endocrine or hematologic disease; (b) active malignancy or infectious disease; (c) significant
psychiatric illness, including life-long depressive illness; (d) history of significant learning

disability; (e) other significant neurologic disease; (f) cognitive complications of cancer; (g)
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symptomatic stroke within the past 6 months; (h) substance abuse within the past year or history
of alcohol or drug abuse; (i) history of significant head trauma or recurrent concussions requiring
hospitalization followed by persistent neurologic defaults or known structural brain
abnormalities; (j) pain or sleep disorder that could interfere with cognitive testing; or (k) any
disability that would limit the ability to perform study assessments.

For three of the five recruiting sites (Toronto, London, Ottawa) participants were
excluded if they had poorly controlled diabetes, defined by HbAlc levels of 7.5 mmol/L or
higher. Lastly, participants were excluded if they were enrolled in a disease-modifying
therapeutic trial that could potentially compromise study results.

Assessment Platform Criteria. Participants were also excluded if they had any
significant ocular conditions, including previous retinal laser therapy for diabetic retinopathy,
clinical diagnosis of glaucoma, taking eye drops for glaucoma, previous surgery (including laser)
for glaucoma, history of optic neuritis, or any other serious eye disease or treatment or eye
surgery.

Reasons for exclusion also included brain imaging abnormalities detected on CT or MRI,
including evidence of infection or focal compressive mass lesions (tumours, subdural
hematomas, malformations, etc.), contraindications to 3T MRI (e.g., metal implant), or inability
to tolerate the MRI environment (e.g., due to physical size and/or claustrophobia).

For the neuropsychology platform, all participants were required to complete at least 75%
of the test battery, which must include the hearing and vision screening measures, in order to be
included. As such, potential participants who were nonverbal and/or had severe dysarthria at

screening were excluded from neuropsychological assessment.
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Cohort Criteria.

Healthy Aging. Participants had to be cognitively normal and functionally independent in
prescreening history and score within normal limits on the Montreal Cognitive Assessment
(MoCA score > 26) and Toronto Cognitive Assessment (TorCA score > 28; Freedman et al.,
2018).

Alzheimer’s Disease. Participants had to be between the ages of 45-90 years and meet
the National Institute on Aging-Alzheimer’s Association core clinical criteria for probable AD
dementia or amnestic single or multiple domain Mild Cognitive Impairment (McKhann et al.,
2011). Participants with a nonamnestic presentation (e.g., language, visuospatial, or executive
function) of AD or MCI were excluded from the study. Participants were also required to score >
18 on the MoCA.

Parkinson’s Disease. Participants had to be between the ages of 55-85 years and be
diagnosed with idiopathic Parkinson’s disease based on the United Kingdom Parkinson’s
Disease Society Brain Bank criteria (Hughes, Daniel, Kilford, & Lee, 1992) including acceptable
and sustained response to dopaminergic drugs. Participants had to be diagnosed with PD within
the last 8 years, be in Stage 2 or 3 of the Hoehn & Yahr Scale (Hoehn & Yahr, 1967) and score >
18 on the MoCA.

Study Procedures

All participants and study partners were required to provide written informed consent.
Data used for this study were from the baseline screening visit for all three cohorts. Participants
were required to complete all baseline measures and testing within an 8-week window from the

day the consent form was signed. All cognitive testing was conducted in the “ON” state for the
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Parkinson’s disease cohort and all participants were required to fast for 8-10 hours prior to their
blood tests for biomarkers and genetic testing.
Study Variables
Neuropsychological Battery

Rigorously trained study coordinators administered the neuropsychological tests, and
extensive quality assurance and quality control protocols were completed on all
neuropsychological data for the larger ONDRI study (McLaughlin, 2020; Sunderland, 2019). For
the current study, the neuropsychological battery was divided into five cognitive domains.
Recommendations by the ONDRI Neuropsychology platform team were followed to create
composite scores for each cognitive domain (McLaughlin et al., 2021). These recommendations
and steps are based on conventions in clinical neuropsychology (Lezak et al., 2004), and follow
the Movement Disorder Society Task Force’s framework for characterizing and diagnosing
cognitive impairment in Parkinson’s disease (Litvan et al., 2012). This procedure consisted of
using raw test scores that were adjusted for age, sex and education, mean centered, and converted
to z-scores for each cohort. Standardized test scores (z-scores) were then averaged across
measures within each domain to generate a composite score. The composite scores were
calculated separately for each of the cohorts; thus, the standardized scores represent scores that
are relative to each cohort and not the combined sample of all three cohorts. Five cognitive

domains were assessed, including attention and working memory, executive functions, language,
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memory and visuospatial abilities. The list of specific tests that comprised each cognitive domain
are provided in Appendix A.
Glucose and Covariates

HbA1c. The primary measure of blood glucose used in the study was glycated
hemoglobin Alc (HbAlc). This measure represents the average blood sugar levels, or the
concentration of glucose in the blood, over the past 2-3 months and is measured as millimole per
liter (mmol/L). The American Diabetes Association (2020) recommends that HbAlc levels of
5.6 mmol/L or lower are healthy, 5.7-6.4 mmol/L are characterized as prediabetic or at risk of
developing diabetes, and HbAlc levels higher than 6.4 mmol/L are diagnostic of diabetes
(American Diabetes Association, 2020). The measure of HbAlc is more commonly used than
fasting blood glucose and has shown more robust findings of deleterious effects in relation to
cognition (Kirvalidze et al., 2022.). In comparison, fasting blood glucose has shown both
deleterious and advantageous outcomes for cognitive performance, and it is less consistently
reported in the glucose and cognition literature (Kirvalidze et al., 2022; Riby et al., 2004). For
these reasons, only HbAlc was used as the primary measure for glucose in the secondary
analyses with the genetic and brain volume variables.

Fasting Blood Glucose. Fasting blood sugar test is the secondary glucose measure in the
study. This provides a measure of short-term glucose in the blood (based on approximately the
last 24 hours) and measures the free glucose molecules in the blood. This test requires a
minimum 8-hour fast prior to the test. Fasting blood glucose guidelines suggest that less than 5.5
mmol/L is normal, 5.5-6.9 mmol/L is considered prediabetic, and 7.0 mmol/L or greater is

diagnostic of diabetes (American Diabetes Association, 2020).
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Triglycerides. Triglyceride blood levels were measured as part of a lipid profile.
Participants were required to fast for a minimum of 8 hours prior to the test. Triglyceride test
results less than 1.7 mmol/L are categorized as normal, 1.7-2.2 mmol/L as borderline, and
greater than 2.3 mmol/L as high.

Hypertension. Presence of hypertension was assessed by self-report of a diagnosis that
must have been received by the participant’s medical health professional. This was a yes or no
question that was part of an extensive health history questionnaire.

Smoking. Smoking was assessed by self-reported number of years smoked. Smoking
history was assessed as part of an extensive health history questionnaire.

Genotyping

Genomic DNA was isolated from whole blood and sequenced using ONDRISeq, a
custom-designed next-generation sequencing gene panel that targets 80 genes previously
associated with the disease cohorts in ONDRI (Dilliott et al., 2018; Farhan et al., 2016). For the
present study, ApoE genotypes were used to categorize participants into three groups based on
carrier status: €2 carriers (£2/2, €3/2); €3 carriers (€3/3); and €4 carriers (g4/3, €4/4). Participants
harbouring an €4/2 genotype were excluded from the study. Genotype analyses were conducted
for the disease groups using only €3 and &4 carriers.

MRI

3D T1-weighted neuroimages were acquired for each participant. Prior to image
processing, MRI images were reviewed by a neuroradiologist for incidental findings and by a
medical biophysics scientist for imaging quality. The structural neuroimaging pipeline used in
ONDRI is a component-based algorithm commonly referred to as Semi-Automatic Brain Region

Extraction Lesion Explorer (SABRE-LE; Ramirez, 2020). This method separates the brain into
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26 regions of interest. Each imaging analyst was required to achieve an intraclass correlation
coefficient (ICC) > 0.90 in order to work on ONDRI patient imaging analysis. For the present
study, three volumetric regions of interest were used: normal appearing gray matter, normal
appearing white matter, and total hippocampal volume.

Missing Data

Two methods were used to correct for missing data for the neuropsychological dataset. If
data were missing due to a cognitive or behavioural impairment, then the assumption was that
these individuals would have obtained the worst possible score had they completed the measure.
For these data points the lowest possible score for the test was imputed. Correction for cognitive
or behaviour impairment was very infrequent, occurring for none of the 1150 data points in the
healthy aging group, 12 of 3150 (0.4%) data points in the AD group and 3 of 3500 (0.09%) data
points in the PD group.

The remaining reasons for missing data included administration errors, verbal refusal by
participant or other (participant not wearing hearing aids, auditory screening not administered,
test session discontinued due to time constraints). Corrections using mean imputation were also
very infrequent occurring for 5 out of a possible 1150 (0.4%) data points in the healthy aging
group, 50 of 3150 (1.6%) data points in the AD group, and 14 of 3500 (0.4%) data points in the
PD group.

Missing data for any of the clinical, genetic, and MRI measures were not corrected. Only
3 individuals were missing glucose data across all three cohorts and no individuals were missing

genetic and MRI data. As previously mentioned, genetic data were not available for the healthy

aging group.
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Approach to Data Analyses
Primary Analyses: Multivariate Regression

Multivariate multiple regression analysis was used as the primary multivariate approach
to understand the combined influence of multiple adverse variables that affect cognition.
Specifically, this approach allowed examination of whether glucose levels predict various
cognitive domains while controlling for the effect of related covariates using one model.
Multivariate multiple regression analysis is considered an effective technique to analyze the
relationship between multiple predictor variables and multiple outcome variables (Hartung &
Knapp, 2005), which in this case is a set of vascular-related factors and a set of cognitive
abilities.

The selection of covariates for the model was based on a-priori hypotheses after
extensive review of the literature on glucose and cognition. The final model consisted of two
predictor variables of glucose levels (short-term fasting blood glucose and long-term HbAlc
levels), three related vascular covariates (triglycerides, smoking, and hypertension) and five
variables that represented each cognitive domain for the outcome variables (attention and
working memory, executive functions, language, memory, and visuospatial abilities). This model
was conducted first with the healthy aging group, then with each of the disease groups
separately. Wilk’s lambda was used to assess the significance of the multivariate model, in other
words, to determine whether the glucose variables significantly predict cognition after
controlling for the vascular covariates. Here, significance indicated that predictor contribution
was non-zero for at least one of the five cognitive domain variables. For those multivariate
models that were significant, individual coefficients were examined in order to determine which

of the five cognitive domain variables were predicted.
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Secondary Analyses: Interaction Effects

As secondary analyses, the relationships between genotype, brain volumes, glucose
levels, and cognition were further explored. Interaction analyses were used to examine whether
genotype and brain volumes affected the strength of the relationship between glucose levels and
each of the five cognitive domains.

For the genetic analysis, a one-way multivariate analysis of variance (MANOVA) was
conducted to examine group differences and determine whether ApoE-¢4 carriers differed on
cognitive abilities compared to ApoE-£3/3 carriers. The significant MANOVA model was
followed by one-way ANOVA tests to examine which of the five cognitive domains differed
between the two groups. Next, interaction effects of genotype and glucose levels (HbAlc) on
each of the five cognitive domains were examined using a multivariate regression model, which
allowed for all five dependent variables to be examined in one model. Genetic analyses were
conducted for the disease groups only.

Similarly, interaction effects of total white matter volume (WM), total gray matter
volume (GM), and long-term glucose levels (HbA 1c) were examined for each of the five
cognitive domains using a separate multivariate model. A total of five terms were entered into
one model: total gray volume, total white matter volume, HbAlc levels, and two interactions
terms (GM*HbA 1c and WM*HbA Ic¢), and there were five outcome measures of cognitive
performance. For only the memory domain, the interaction effect of total hippocampal volume
and HbA1c levels was also examined separately.

As in the primary analyses, all interaction analyses were conducted in the control group
and two disease groups separately. All statistical analyses were performed using SPSS version

28.0.
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Results

Healthy Aging

Genetics data were not collected for this cohort; consequently, analyses examined only
glucose and brain volumes.
Multivariate Regression with Glucose and Covariates

After excluding three individuals with missing lab data, 42 individuals from the healthy
adult cohort were included in the analyses. A Wilk’s Lambda test on the multivariate multiple
regression revealed a large significant contribution of HbAlc levels, A = .65, F(1,36) =3.40, p
=.01, partial n? = .35, but not fasting blood glucose, A = .77, F(1,36) = 1.90, p = .12, partial n° =
.23, to cognitive abilities when controlling for triglycerides, smoking, and hypertension. When
examining univariate coefficients, higher HbAlc levels significantly predicted lower language
performance, b = -1.04, p =.01, and lower visuospatial abilities, b = -.91, p =.01. Given that the
multivariate model was not significant for fasting blood glucose, individual coefficients for each
cognitive domain for this variable were not examined.
Analyses of Brain Volume and Glucose

Interactions for Gray and White Matter Volume and Glucose. Next, the main effects
of total gray matter volume, total white matter volume, and their interaction with HbAlc on
cognitive performance were examined using a separate multivariate multiple regression model. A
Wilk’s Lambda test on the multivariate multiple regression revealed large significant
contributions of the interaction of total gray matter volume and HbAlc levels, 4 = .66, F(1,37) =
3.47, p = .01, partial n’ = .34, and the interaction of total white matter volume and HbA ¢ levels,
A=71,F(1,37)=2.73, p = .04, partial n’ = .29, but their main effects did not reach significance

As> .04, Fs(1,37) < 1.34, ps > .25 , partial n’ s < .18. However, examination of individual
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coefficients with univariate analyses did not reach significance for any of the five cognitive
domains for the interaction of gray or white matter volume with HbAlc levels, bs < .34, ps > .09.

Interaction of Hippocampal Volume and Glucose for Memory. Lastly, the main
effects of total hippocampal volume, HbAlc, and their interaction for the memory domain were
examined using a separate multiple linear regression. There was no significant main effect of
hippocampal volume or HbAlc level, nor an interaction effect of hippocampal volume and
HbA I¢ levels on memory performance, F(3,39) = 0.36, p =.78, R>=.03.
Alzheimer’s Disease
Multivariate Regression with Glucose and Covariates

After excluding one participant with missing glucose data, 125 individuals from the
Alzheimer’s Disease cohort were included in the analyses. A Wilk’s Lambda test on the
multivariate multiple regression did not reveal a significant contribution of fasting blood glucose,
A=.94,F(1,119) = 1.63, p = .16, partial n>=.07 or HbAlc levels, A = .93, F(1,119)=1.84,p =
.11, partial n>=.07 to cognitive abilities when controlling for triglycerides, smoking, and
hypertension. Given that the multivariate model was not significant, individual coefficients for
each cognitive domain were not examined.
Analyses with Genotype and Glucose

Genotype Group Differences. For the genetics analyses, 120 individuals who were
ApoE-€3/3 or g4 carriers were included. A one-way MANOVA revealed that there was a large,
significant difference in cognitive performance based on genotype, A = .85, F(1, 118)=4.19,p =
.002, partial n>=.16. Examining individual cognitive domains using an ANOVA revealed
medium significant mean differences on the memory domain in favour of the ApoE €3/3 group,

F(1, 118) =13.23, p <.001, partial n°=.10. No other cognitive domains showed statistically
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significant mean differences between €3/3 and €4 carriers, Fs(1, 118) < 1.32, ps > .25, partial n°s
<.01. Means for each cognitive domain by ApoE genotype are presented in Table 2.

Interactions for Genotype and Glucose. To examine the interaction effect of genotype
and HbA1c on cognitive performance, a separate multivariate multiple regression model was
conducted. A Wilk’s Lambda test on the multivariate multiple regression revealed a medium
significant main contribution of genotype, A = .85, F(1,115) = 4.08, p = .002, partial n’°= .16, but
no main effect of HbAlc, A = .94, F(1,115) = 1.46, p = .21, partial n’= .06. The interaction of
HbA 1¢ and genotype also did not reach significance, A = .91, F(1,115) =2.21, p = .06, partial n’
=.09. As in the previously reported MANOVA, examining individual coefficients of the
regression analysis revealed a medium significant main effect of genotype on memory
performance, in which €4 carriers performed 0.26 standard deviations lower on memory
measures (M = -.29) than £3/3 carriers (M = .24), b =-.26, p < .001, R’ = .10. No other
significant main effect or interactions were noted for any of the five cognitive domains. Fasting
blood glucose and HbA 1c means by ApoE genotype are presented in Table 2.
Analyses of Brain Volume and Glucose

Interactions for Gray and White Matter Volume and Glucose. Next, the main effects
of total gray matter volume, total white matter volume, and their interaction with HbAlc on
cognitive performance were examined using a separate multivariate multiple regression model. A
Wilk’s Lambda test on the multivariate multiple regression did not reach significance for total
gray or white matter volumes, and no interaction terms reached significance, As > .91, Fs(1,119)
<2.24, ps > .06 , partial n° s< .08.

Interaction of Hippocampal Volume and Glucose for Memory. Lastly, the main

effects of total hippocampal volume, HbAlc, and their interaction for the memory domain was
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examined using a separate multiple linear regression. The model was significant, F(3,121) =
5.29, p=.002, R’ = .12, due to a medium, significant main effect of hippocampal volume, with
greater hippocampal volume predicting better memory performance, b = .27, p <.001. There was
no significant main effect of HbAlc, b = .05, p = .52, or an interaction effect of hippocampal
volume and HbAlc, b =-.06, p = .45,
Parkinson’s Disease
Multivariate Regression with Glucose and Covariates

All 140 individuals from the Parkinson’s disease cohort were included in the analyses. A
Wilk’s Lambda test on the multivariate multiple regression revealed a medium significant
contribution of HbAlc levels, A = .92, F(1,134) = 2.38, p = .04, partial n?>= .08, but not fasting
blood glucose, A = .94, F(1,134) = 1.72, p = .13, partial n> = .06, to cognitive abilities when
controlling for triglycerides, smoking, and hypertension. However, when examining univariate
coefficients, HbAlc levels were not significant for any of the five cognitive domains, bs < .06, ps
> .08, partial n?s<.02.
Analyses Involving Genotype and Glucose

Genotype Group Differences. For the genetics analyses, 116 individuals who were
ApoE-€3/3 or €4 carriers were included. A one-way MANOVA revealed that there was a large
significant difference in cognitive performance between individuals with these two genotypes, A
= .88, F(1, 114) =3.13, p = .01, partial n?=.13. Examining individual cognitive domains using
univariate ANOV As revealed large, significant mean differences on the visuospatial abilities
domain in favour of the ApoE £3/3 group, F(1, 114) = 14.79, p < .001, partial n’=.12. No other

cognitive domains showed statistically significant mean differences between €3/3 and €4 carriers,
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Fs(1, 114) <3.19, ps > .08, partial n’s < .03. Means for each cognitive domain by ApoE
genotype are presented in Table 2.

Interactions for Genotype and Glucose. To examine the interaction effect of genotype
and HbA1c on cognitive performance, a separate multivariate multiple regression model was
conducted. A Wilk’s Lambda test on the multivariate multiple regression revealed a significant
main contribution of genotype, A = .87, F(1,112) =3.17, p = .01, partial n?= .13, but no main
effect of HbAlc levels, A = .96, F(1,112) = 0.96, p = .45, partial n?>= .04. The interaction of
HbA 1¢ and genotype also did not reach significance, A = .96, F(1,112) = .86, p = .51, partial n°
= .04. As in the previously reported MANOV A, examining individual coefficients of the
regression analysis revealed a medium, significant main effect of genotype on visuospatial
abilities, in which €4 carriers performed 0.22 standard deviations lower on visuospatial abilities
measures (M = -.37) than ApoE €3/3 carriers (M = .12), b=-.22, p <.001, R’ = .12. No other
significant main effect or interactions were noted for any of the five cognitive domains bs <-.11
ps > .14, partial n?s <.02. Fasting blood glucose and HbA ¢ means by ApoE genotype are
presented in Table 2.

Analyses of Brain Volume and Glucose

Interactions for Brain Volume and Glucose. Next, the main effects of total gray matter
volume, total white matter volume, and their interaction with HbAlc on cognitive performance
were examined using a separate multivariate multiple regression model. A Wilk’s Lambda test
on the multivariate multiple regression revealed a large significant main contribution of total
gray matter volume, A = .83, F(1,134) = 5.19, p <.001, partial n?>= .17 and a medium significant
main contribution total white matter volume, A = .91, F(1,134) = 2.70, p = .02, partial n*>= .09,

but not their interactions with HbAlc, As > .96, Fis(1,134) < 0.97, ps > .44 , partial n° s < .04.
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Examination of individual coefficients revealed that greater total gray matter volume predicted
better performance for attention and working memory, b = .25, p = .007, language, b = .31, p =
.002, memory, b = .36, p <.001, and visuospatial abilities, b = .20, p = .02. Greater white matter
volume predicted better memory, b = .27, p =.008, and visuospatial abilities, b = .19, p =.02. No
other significant main effect or interactions were noted for any of the five cognitive domains.

Interaction of Hippocampal Volume and Glucose for Memory. Lastly, the main
effects of total hippocampal volume, HbAlc and their interaction for the memory domain was
examined using a separate multiple linear regression. There was no significant main effect of
hippocampal volume, or HbA1c level, nor an interaction effect of hippocampal volume and
HbA Ic¢ levels on memory performance, F(3,136) = 0.76, p =.52, R*=.02.

The results from all three cohorts are summarized in Table 3. Figures 1.1, 1.2, and 1.3
present a visualization of the relevant analyses and the key findings for each of the cohorts.

Discussion

The present study tested the relationship between glucose levels and cognitive abilities
among healthy aging and neurodegenerative disease. The results suggested that higher glucose
levels are differentially related to disease status and cognitive abilities after controlling for the
effects of related covariates of triglycerides, hypertension, and smoking. The following is a

summary of the present findings, how they contribute to previous research, the clinical
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implications of the results, and the strengths and limitations of the study. This section ends with
brief suggestions for future directions for research.
Healthy Aging
Summary of Findings

Among the healthy aging group, higher glucose levels, specifically HbAlc, was
associated with poorer cognition compared to lower levels of glucose when controlling for
triglycerides, hypertension, and smoking. This relationship was demonstrated across language
and visuospatial abilities, but performance in the domains of memory, executive functions, and
attention and working memory was unrelated to glucose levels. Fasting blood glucose levels
were not related to cognitive performance in any domain. Additionally, a significant interaction
emerged in which lower brain volumes were related to poorer cognitive performance in those
who exhibited higher levels of glucose (HbA1c), relative to those with lower levels of glucose.
This interaction was significant for both whole brain gray and white matter volumes. This pattern
was not observed when examining hippocampal volume and the memory domain alone. As
previously mentioned, genetic analyses were not conducted for the healthy aging group.
Relation to Previous Research

A large systematic review summarized the existing literature on the association between
markers of poor glycemic control, cognitive function, and progression to dementia in nondiabetic
individuals (Kirvalidze et al., 2022). No definitive conclusions for an association between poor
glycemic control and worse cognitive functions were made, however there was evidence that
poor glycemic control is associated with brain abnormalities on MRI (Kirvalidze et al., 2022). A
recent study examined HbA 1c levels and specific cognitive domains using a detailed cognitive

battery rather than global cognitive measures and reported evidence for a negative association
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between HbAlc levels and vocabulary knowledge, working memory, and executive functions
and with white matter microstructural integrity in healthy young adults (Repple et al., 2021).
However, this study did not include older adults and used fewer than two cognitive measures to
represent each cognitive domain.

The present findings build upon this literature by examining specific cognitive abilities
with a comprehensive assessment of five distinct cognitive domains, with a minimum of three
neuropsychological tests to represent a specific cognitive domain. Using a comprehensive battery
of tests revealed that the effects of higher glucose levels are not observed consistently across all
cognitive abilities and affect verbal and visuospatial abilities more than other cognitive domains.
Importantly, the domain of memory, which is more frequently assessed in the literature than
other domains, was not associated with glucose levels (Convit et al., 2003; Kerti et al., 2013).
Moreover, there was no significant interaction of hippocampal volume and glucose levels with
memory performance. There was, however, an interaction with global gray and white matter
brain volume and glucose, which suggests that higher glucose levels may lead to more
widespread changes rather than targeting specific brain structures. It may be that widespread
changes occur prior to changes in specific brain structures. These findings support the hypothesis
that glucose may differentially affect healthy adults compared to those with neurodegenerative
disease where additional biological abnormalities may already be occurring.
Neurodegenerative Disease
Summary of Findings

Alzheimer’s Disease. With the AD cohort, glucose levels were not associated with
cognition for either HbAlc levels or for fasting blood glucose after controlling for covariates.

Genetic analyses revealed that ApoE-¢4 carriers performed worse on the memory domain, but no
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other cognitive differences emerged between ApoE €3/3 and €4 carriers. There was also no
interaction effect of glucose levels and ApoE with cognition. Lastly, there was no interaction of
gray and white matter volumes or of hippocampal volume with glucose and cognition.

Parkinson’s Disease. Within the PD cohort, there was an association of higher glucose
levels, specifically with HbAlc and not fasting blood glucose, with cognition when all cognitive
domains were combined. However, when individual cognitive domains were examined, no
specific domain revealed a significant association. Genetic analyses revealed that ApoE-¢4
carriers performed worse on the visuospatial domain compared to the ApoE-€3/3 carriers, and no
other cognitive domain differences emerged between the two ApoE groups. Lastly, while there
was an association between gray and white matter volumes and cognitive abilities, no significant
interaction emerged between glucose levels and brain volume. Greater total gray matter volume
predicted better performance on the attention and working memory, language, and memory
domains, whereas greater white matter volume predicted better memory and visuospatial
abilities. No significant association or interactions emerged when examining hippocampal
volume and glucose with memory.
Relation to Previous Research

Past research has shown decreased glucose metabolism as one of the earliest brain
changes to occur in AD (Mosconi, 2005; Patil et al., 2012). For example, individuals with mild
cognitive impairment (MCI) who subsequently develop AD show disturbances in glucose

metabolism (Hunt et al., 2007). Some research has also shown this relationship directly with
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decreased cognitive performance with higher levels of HbA1c in individuals with MCI or AD
but not with healthy adults (Pappas et al., 2019).

The current findings were not consistent with previous research. Here, glucose levels
were not associated with cognition in the AD group, nor did a significant interaction of ApoE or
brain volume with glucose emerge. Our findings are consistent with other research that
concluded that higher glucose levels may have a causal effect on the risk of unspecified
dementia, but not on the risk of AD (Benn et al., 2020; Larsson et al., 2017; Ostergaard et al.,
2015). One hypothesis put forth in the literature that may explain these findings suggests that key
features of AD, such as deposits of amyloid-f and aggregates of hyperphosphorylated tau, are
not more common in AD individuals with diabetes in comparison to AD individuals without
diabetes (Benn et al., 2020; Arvanitakis et al., 2006). This supports the suggestion that high
glucose concentrations or poor glycemic control do not directly contribute to the underlying
pathology seen in Alzheimer’s disease.

An additional explanation for the lack of observation between glucose and cognition may
be that insulin resistance has greater impact than glucose on cognition. Insulin resistance is a key
feature of both diabetes and AD (Abner et al., 2016) and has shown associations with cognition
(Craft & Watson., 2004). Improvements to memory following the administration of intranasal
insulin point to the importance of this hormone in cognitive functioning (Claxton et al., 2015)
and thus may be an important vascular index to examine in neurodegenerative disease. Although
information on insulin resistance was not available, it would be interesting to study its impact
upon the cognitive domains assessed in the present study in neurodegenerative disease.

Interestingly, the mechanisms of hyperglycemia on cognition differentially affected those

with PD relative to AD. The findings of the current study with the PD cohort were in line with
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recent research concluding that higher glucose levels are negatively associated with cognition in
PD (Huxford et al., 2022; Mollenhauer et al., 2019; Uyar et al., 2022), although these studies
assessed cognition using only global cognitive measures (MMSE and MoCA). Higher glucose
levels in individuals with PD have been associated with greater progression of cognitive decline,
more severe motor impairment, and greater neuroaxonal damage (Uyar et al., 2022).

The results of the present study build upon these previous findings by reporting that
higher glucose is associated with poorer cognitive abilities in PD while controlling for related
covariates and using a comprehensive neuropsychological battery. The present results further
suggest that elevated glucose levels in PD may lead to more widespread cognitive changes rather
than altering specific cognitive abilities, as no single cognitive domain was significantly
associated with glucose. Previous research suggests that diabetes is a risk factor for PD, and
glycation of the alpha-synuclein protein could promote the aggregation of the protein, leading to
altered glucose signaling pathways, which in turn may cause neurodegeneration (Cereda et al.,
2013; Culberson, 2017; Mollenhauer et al., 2019). Although an interaction between brain
volume, glucose, and cognition did not emerge in the present study, lower brain volumes were
associated with poorer cognition. One explanation may be that the structural changes seen from
glycation which can be detected by MRI may occur in the later stages of disease progression,
whereas the current sample was relatively recently diagnosed (M = 4.7 years since PD
diagnosis).

It may be possible that glucose metabolism was dysregulated in the disease cohorts, as
higher HbAlc levels were observed among the neurodegenerative disease groups (M = 5.9% in
AD, and 5.7% in PD) compared to the healthy aging cohort (M = 5.5%). However, these higher

levels of HbA1c did not demonstrate the same association with cognition in the disease groups
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that was observed in the healthy aging group. One explanation for this difference may lie in the
possibility that greater brain pathology in those with neurodegenerative disease (increased
amyloid-f or alpha-synuclein protein, neurofibrillary tangles, inflammatory changes, or
decreased dopamine production) may be causing greater damage and accounting for greater
variance than the processes caused by glucodysregulation. Thus, increased HbAlc levels may
indeed be similarly harmful in neurodegenerative disease as in healthy aging, but when examined
in isolation of other pathological processes may not be sufficient to reach statistical significance.
This explanation is supported by the finding in the PD cohort in which higher HbAlc levels were
associated with poorer cognition when examined in aggregate, but no individual cognitive
domain reached statistical significance in isolation.

Multiple studies have reported associations between ApoE-g4 carriers and poorer
cognition, specifically for memory performance. These findings have been reported both in
individuals with neurodegenerative disease, as well as in healthy adults who were considered
cognitively normal for their age (Baxter et al., 2003; Caselli et al., 2009). Dilliott et al. (2021)
examined this relationship across five neurodegenerative diseases and observed poorer
performance in the verbal memory and visuospatial domains with ApoE-g4 carriers in
comparison to €3/3 carriers when all disease cohorts were combined. When examining individual
diseases, they found that the direction of association with ApoE &4 was not uniform across
diseases. Specifically, only those with AD showed associations between ApoE &4 and poorer
verbal memory performance. These findings suggest that ApoE €4 may differentially affect
neurodegenerative diseases and may interact with various pathology to influence cognition. It
has been suggested that ApoE-g4 carriers are in a prodromal stage of AD, with the ApoE &4

allele increasing the deposition of amyloid-£ and tau (O’Donoghue et al., 2018). The data in the
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present study are in concordance with these past findings where an effect of €4 was observed
differentially between the AD and PD cohorts, with AD individuals demonstrating poorer
memory performance and the PD individuals performing worse on visuospatial measures when
having the €4 allele.

Clinical Implications

There are a number of important clinical implications for these findings. Firstly, it is
important to note that the mean HbA1c level for the healthy aging cohort (M = 5.5 mmol/L) was
within the suggested, normal healthy range (< 5.7 mmol/L), well below diabetic (> 6.4 mmol/L)
and even prediabetic cut-off levels (5.7-6.4 mmol/L). This suggests that the insidious effects of
higher long-term glucose levels may begin to demonstrate subtle clinical changes well before
reaching diagnostic levels. Individuals with chronically high glucose levels may be at higher risk
for developing cognitive impairment compared to those who consistently maintain lower glucose
levels. As such, the use of a diagnostic cutoff score of HbAlc to diagnose diabetes or even
prediabetes may not be sufficient to capture the early cognitive changes that may be occurring at
the currently suggested normal HbAlc range. In line with previous findings (Repple et al., 2021),
the results of the current study suggest that a continuous rather than a categorical application of
HbA Ic levels with regular monitoring may be a beneficial protective method to mitigate
cognitive decline, in healthy aging and in neurodegenerative disease.

Given that higher mean glucose levels were observed in the two disease groups compared
to the healthy aging group, it suggests that mechanisms of glucodysregulation may be at play,
despite not showing the same effect as seen among the healthy adults. As such, these findings
suggest that it may be beneficial to monitor glucose levels throughout disease progression and

may be especially important in the early years of disease. Clinically, this may be important in
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reducing other disease symptoms that have been linked to higher glucose levels, especially in PD
such as motor impairment (Uyar et al., 2022). Early changes to reduce glucose intake through
dietary adjustments may be a feasible intervention for patients to help mitigate the severity of
disease symptoms, especially cognitive decline.

Secondly, these findings highlight the importance of a comprehensive assessment of
cognition when examining potential modifiable risk factors for dementia. Several past studies
have examined cognition with global cognitive measures or have focused on only one or two
cognitive domains (Arnoriaga et al., 2019; Convit et al., 2003; Kerti et al., 2013), or have used
fewer than two measures to assess a specific ability (Repple et al., 2021). The present findings
underscore the importance of comprehensive testing when assessing cognition, including the
assessment of cognitive domains other than memory, which may have been missed in previous
studies simply due to lack of assessment. The present results support the notion that higher
glucose levels may differentially affect cognitive domains in healthy older adults. Thus, global
cognitive measures may not accurately capture subtle changes that may be occurring in some
cognitive abilities over others.

Lastly, these findings are especially important given that they were independent of the
influence of other covariates that are likely to covary with either glucose, cognition, or brain
volume. The neuropsychological scores were independent of age, sex, and education, and the
analyses controlled for additional vascular covariates of triglycerides, hypertension, and
smoking. Controlling for these important sources of potential bias reduced the effects of

confounding factors that may otherwise interact with the relationship of glucose and cognition.
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Strengths and Limitations

There are several strengths of the present study. First, the comprehensive cognitive
domains assessed using an extensive neuropsychological battery across all three cohorts allowed
for the impact of higher glucose levels on cognition to be studied in a detailed and novel manner.
A minimum of at least two tests per domain reduced the likelihood of seeing impairment on a
cognitive domain by chance alone or showing single test bias and also increased confidence in
the composite score that represented a cognitive domain. Methodological variations involving
different assessment methods when testing cognitive performance in this body of literature have
precluded conclusive results in previous studies. Our use of a standardized cognitive battery
directly addressed this problem and allowed for direct comparisons to be made across all three
cohorts. This standardization improved validity of the results when understanding how glucose
affects cognition in healthy aging versus neurodegenerative disease and further allowed
comparisons among different neurodegenerative diseases (AD vs. PD).

Additionally, the use of multiple modalities of assessment (vascular indices, genetic
samples, and neuroimaging data), which were standardized across all three cohorts, allowed for a
more complete assessment of additional biological mechanisms that may underlie the complex
interplay of glucose and cognition. Lastly, the use of HbAlc as our primary glucose variable
rather than fasting blood glucose allowed for a measure of long-term glucose control over two to
three months instead of one day. Using HbA 1¢ rather than fasting blood glucose may be
advantageous as it provides a reliable measure of glucoregulatory abilities which are less
impacted by day-to-day, short term dietary changes.

Some of the limitations of the present study include a small number of individuals with

diabetes in all three cohorts and the lack of data on indices of insulin. This limited the ability to
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assess glycemic changes in those with and without a diabetes diagnosis or the effects of insulin
resistance in relation to glucose and cognition. Additionally, individuals with uncontrolled
diabetes, or HbAlc levels higher than 7.5 mmol/L were excluded from recruitment. This reduces
the variability of glycemic control in the cohorts and ultimately restricts the range of the
observed relationships.

Further, because the study is cross-sectional, it limits the ability to determine
conclusively that higher HbAlc leads directly to poorer cognition among healthy adults and
those with PD. Longitudinal data are needed to assess the long-term outcomes of chronically
elevated glucose levels and whether this effect impacts progression to cognitive impairment or
dementia.

Summary, Conclusions, and Future Directions

The current study tested the relationship between glucose levels and cognitive abilities
among adults with and without neurodegenerative disease. The results suggested that higher
glucose levels are differentially related to disease status and cognitive abilities after controlling
for the effects of triglycerides, hypertension, and smoking. In healthy adults and those with PD,
higher glucose levels were associated with poorer cognition. Domain-specific impairment with
worse language and visuospatial abilities accounted for this effect in the healthy aging group,
whereas widespread changes were observed in the PD group. In AD, glucose levels were not
associated with cognition. No significant interaction emerged between ApoE-¢4 carriers and
glucose in neurodegenerative disease. Lower brain volume and poorer cognition was observed
among those with higher glucose levels in the healthy aging group but not in the PD or AD
groups.

Future research continuing to understand the complex relationship between
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glucodysregulation and cognition is needed among neurodegenerative disease populations,
particularly with the interest in identifying protective factors for delaying cognitive impairment
and further decline leading to a dementia diagnosis. Longitudinal data is especially needed in
understanding the long-term effects of chronic hyperglycemia on cognition. Based on the results
of this study, targeting glucoregulatory abilities could be advantageous in preserving cognitive
abilities, which in turn may slow down the effects of neurodegenerative disease. The rise in
dementia, diabetes and other vascular diseases in recent years highlights the need for targeted
lifestyle strategies to promote healthy lifestyle and brain function across the lifespan.
Consequently, there is a need for hypothesis-driven, randomized controlled trials that evaluate
the role of different glycemic manipulations on cognition. Early-to-midlife interventions aimed
at better managing and targeting glycemic control can potentially mitigate or delay early harmful
processes that lead to cognitive decline and can yield important healthcare outcomes to manage

increasing dementia prevalence.
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Table 1

Participant Characteristics

Healthy aging (N = 45)

Alzheimer’s disease (N = 126)

Parkinson’s disease (V= 140)

M (SD) Range n (%) M (SD) Range n (%) M (SD) Range n (%)
Age, years 66.7 (6.0) 51-77 71.0 (8.2) 53-87 67.9 (6.3) 55-86
Education, years 16.3 (2.0) 12-20 152 (3.1) 8-20 15.5(2.7) 8-20
Sex
Male 11 69 109
(24%) (55%) (78%)
Female 34 57 31
(76%) (45%) (22%)
Time since 1.7 (2.5) 0-19.0 4.7 (1.6) 1.0-8.0
diagnosis, years
MoCA Total 28.1(1.4) 26-30 22.7 (3.0) 15-30 25.8 (2.6) 18-30
HbAlc, in 5.5(0.4) 4.8-6.9 5.9 (1.0) 4.0-13.0 5.7(0.8) 4.8-12.4
mmol/L
Fasting blood 5.5(0.7) 4.5-8.1 6.0 (1.8) 4.0-14.0 5.6(1.4) 3.9-17.4
glucose, in
mmol/L
Triglycerides, in 1.4 (1.4) 0-9.0 1.3 (0.8) 0.5-5.4 1.3 (1. 0.43-12.0
mmol/L
Smoking, years 4.7 (12.5) 0-53 10.8 (14.7) 0-52 73 (11.7) 0-46
Diagnosis of 15 34 47
hypertension (33%) (27%) (34%)
Diagnosis of 3 (7%) 25 13
diabetes (20%) (9%)
APOE
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€2 carriers 5 (4%) 20

(14%)
€3 carriers 59 86
(47%) (61%)
€4 carriers 61 30
(48%) (21%)
Gray matter 561854 471640- 533256 416442- 574693 (47077) 478100-
volume, in mm®  (49619) 678844 (51403) 646058 719741
White matter 421417 335252- 395381 260505- 446140 (61163) 310887-
volume, in mm®  (53817) 564668 (64321) 556681 637969
Hippocampal 819 (199) 408- 706 (268) 175-1590 932 (257) 320-1584
volume, in mm? 1307

Note. €2 carriers consisted of individuals with €2/2 and €3/2 genotypes; €3 carriers consisted of individuals with €3/3; €4 carriers
consisted of €4/3 and €4/4 genotypes. All individuals with the ApoE €4/2 genotype were excluded from all genetic analyses (AD n =1,

PD n = 4). HbAlc = glycated hemoglobin; mmol/L = millimoles per litre; mm?= cubic millimeter.
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Table 2

Group Differences by ApoE Genotype

Alzheimer’s disease (N=126) Parkinson’s disease (N=140)
€3 carriers €4 carriers €3 carriers €4 carriers

(n=159) (n=061) (n=86) (n=30)

M (SD) M (SD) Partzial M (SD) M (SD) Partzial
Attention & working memory z- 0.0 (0.7) -0.0 (0.7) .1(1)0 0.0 (0.6) -0.0 (0.7) .?)0
score
Executive functions z-score -0.0 (0.7) -0.0 (0.7) .00 0.1(0.7) -0.1 (0.8) .01
Language z-score -0.0 (1.1) -0.1 (0.7) .00 0.1 (0.6) -0.2 (0.9) .03
Memory z-score 0.2 (0.8) -0.3 (0.8) J10** 0.1(0.7) -0.1 (0.7) .02
Visuospatial functions z-score 0.1 (0.6) -0.1 (0.8) .01 0.1 (0.6) -0.4 (0.7) 2%
Fasting blood glucose, in 6.2 (1.9) 5.8(1.4) .01 5.5(1.1) 6.0 (2.3) .02
mmol/L
HbAlc, in mmol/L 6.1(1.2) 5.7(.8) .02 5.7(.5) 59(1.3) .01

Note. **p <.001
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Table 3

Summary of Hypotheses and Relevant Results

Hypotheses

Cohort

Results

Higher glucose levels affect
cognition.

ApoE interacts with glucose to
affect cognition.

Brain volume interacts with glucose
to affect cognition.

Healthy Aging

Alzheimer’s Disease

Parkinson’s Disease

Healthy Aging

Alzheimer’s Disease

Parkinson’s Disease

Healthy Aging

Alzheimer’s Disease

Parkinson’s Disease

Significant: HbAlc levels affect cognition, A = .65, p =.01,
specifically, lower language b = -1.04, p =.01, and lower
visuospatial abilities, b = -.91, p =.01 with higher HbAlc levels.

No significant relationship, A = .94, p = .16.

Significant: HbAlc levels affect cognition, A = .92, p = .04.
Univariate coefficients were not significant for specific cognitive
domains, bs < .06, ps > .08.

No genetic analyses conducted.

No significant relationship, A = .91, p = .06.
No significant relationship, A = .96, p = .51.

Significant: Interaction of total gray matter volume, 4 = .66, p = .01
and interaction of total white matter volume, 4 = .71, p = .04, with
HbA Ic levels and cognition. No individual cognitive domain was
significant.

Hippocampal volume and HbA1c interaction was not significant
with memory, F(3,39) = 0.36, p =.78.

No interaction terms reached significance, As > .91, ps > .06.

No interaction terms reached significance, As > .96, ps > .44.
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Note. The main hypotheses and corresponding key findings are presented here in summary format to present an overview of the

results. Details of the results are presented in the Results section.
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Figure 1.1

Visualization of Key Findings for the Healthy Aging Cohort
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Figure 1.1. Drawing of multivariate multiple regression examining HbAlc levels with cognition and interaction of HbAlc with brain

volumes and cognition.
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Figure 1.2

Visualization of Key Findings for the Alzheimer’s Disease Cohort
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Figure 1.2. Drawing of multivariate multiple regression examining HbAlc levels with cognition and interaction of HbAlc with brain

volumes and cognition.
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Figure 1.3

Visualization of Key Findings for the Parkinson’s Disease Cohort
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Figure 1.3. Drawing of multivariate multiple regression examining HbAlc levels with cognition and interaction of HbAlc with brain

volumes and cognition.
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Appendix A

Neuropsychological Battery

Cognitive domain Neuropsychological tests

Attention & Working Memory Symbol Digit Modality Test (coding)
Trail Making Test — Part A (time)
WAIS-III: Digit Span Forward
WAIS-III: Digit Span Backward
WAIS-III: Digit Span Total
DKEFS: Color naming (time)

DKEFS: Word reading (time)

Executive Function Trail Making Test — Part B (time)
DKEFS: Interference (time)
DKEFS: Switching (time)
DKEFS: Letter Fluency
DKEFS: Category Fluency

WASI-II: Matrix Reasoning

Language Boston Naming — 15 Item
TAWEF: Verb Naming
BDAE: Semantic Probe (raw)

WASI-II: Vocabulary
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Memory RAVLT: Immediate
RAVLT: Short-delay
RAVLT: Long-delay
BVMT-R: Immediate

BVMT-R: Delayed

Visuospatial Judgement of Line Orientation
VOSP: Incomplete Letters

BVMT-R: Copy Trial (raw)

Note. BDAE-III = Boston Diagnostic Aphasia Examination—Third edition; BVMT-R = Brief
Visuospatial Memory Test—Revised; DKEFS = Delis—Kaplan Executive Function System;
RAVLT = Rey Auditory Verbal Learning Task; TAWF = Test of Adolescent/Adult Word
Finding; VOSP = Visual Object and Space Perception battery; WAIS-III = Wechsler Adult
Intelligence Scale—Third edition; WASI-II = Wechsler Abbreviated Scale of Intelligence—Second

edition.
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Appendix B

List of Abbreviations
Abbreviation Definition
AP Amyloid-p (beta-amyloid)
AD Alzheimer’s disease
ApoE Apolipoprotein E
GM Gray matter
HbAlc Glycated hemoglobin
MANOVA Multivariate analysis of variance
MCI Mild cognitive impairment
MoCA Montreal Cognitive Assessment
PD Parkinson’s disease
T2DM Type 2 diabetes mellitus
WM White matter
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