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DELETERIOUS EFFECTS OF HYPERGLYCEMIA ON COGNITIVE FUNCTIONING
IN THE CARDIA STUDY COHORT

MICHELE LYN HOLLAND TALLEY
SCHOOL OF NURSING
ABSTRACT
With an aging society, maintaining cognitive functioning into older age is
becoming more important. Because of the impact cognitive functioning has on daily
activities, any disruption may inhibit the ability to perform such daily activities
successfully. To prevent disruptions, determinants of cognitive functioning must be
considered. Such determinants may or may not be modifiable. Some predictors may be
demographic, metabolic, or inflammatory in nature. In addition, predictors or
determinants may differ based on genetic predisposition to Alzheimer’s disease. As part
of a three article dissertation, a subset of data from the Coronary Artery Risk
Development in Young Adults (CARDIA) Study was used to conduct this dissertation
study. The first article focused on a review of literature related to determinants, including
hyperglycemia, of cognitive function later in life. The second article focused on the use
of hierarchical regression models to determine the predictors (e.g., hyperglycemia) of
cognitive functioning in persons with and without genetic predisposition (i.e., the APOE
¢4 allele). The third article used structural equation modeling to specify relationships
between body habitus, hyperglycemia, inflammatory markers, vascular health, and lipids;
which were hypothesized to predict cognitive functioning 5 years later in those with and
without APOE ¢4.
Keywords: hyperglycemia, cognitive functioning, metabolic predictors, inflammatory

predictors
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INTRODUCTION
Background and Significance

According to the National Institutes of Aging, by 2050, adults aged 65 years and
older are projected to triple to 1.5 billion, totaling 16% of the world population (U.S.
Department of Health and Human Services, 2014). With an aging society, the
maintenance of normal cognitive functioning is becoming more important throughout the
lifespan. According to VVance and colleagues (2011), perhaps one of the most important
components of successful cognitive aging is maintaining normal cognition due to the
direct impact it has on day-to-day activities. Even subtle disruptions in cognition can
interfere with everyday tasks (e.g., grocery shopping, answering the phone, and driving).
The preservation of cognitive functioning in young and middle-aged adults could lessen
the deficits later in life.

There are many determinants of cognitive functioning (Rafnsson et al., 2007;
Singh-Manoux, Britton, & Marmot, 2003; Strachan, 2011). Some determinants may be
modified (e.g., hyperglycemia, inflammatory markers, lipids, and vascular health). Other
determinants of cognitive functioning cannot be modified (e.g., genetic expression of the

Alzheimer’s gene [APOE ¢4], age, gender, and race).

Determinants of Cognitive Functioning
Of the determinants of cognitive functioning, hyperglycemia, a hallmark of

diabetes, was of particular interest in this dissertation. According to the Centers for



Disease Control and Prevention (CDC, 2014), approximately 29.1 million children and
adults in the United States (9.3% of the population) have diabetes. Adults aged 20 years
and older represent 28.8 million of these Americans with diabetes, with 15.5 million men
and 13.4 million women affected. Among adults with diabetes, 7.6% are White while
13.2% are Black. Among older adults in the United States (i.e., persons 65 years or
older), 11.2 million have diabetes. Additionally, patients with diabetes are 1.5 times more
likely to have deficits in cognitive functioning compared to patients without diabetes
(Cukierman, Gerstein, & Williamson, 2005).

Hyperglycemia (or high blood sugar levels) can occur acutely or chronically.
Acute hyperglycemia, chronic hyperglycemia, and insulin resistance are hallmarks of
diabetes. These hallmarks are also associated with deficits in cognitive functioning
(Cukierman-Yaffe et al., 2009) and can be measured by a vast array of cognitive tests.
Researchers from the ACCORD-MIND Trial studied 2,977 participants to define the
relationship between cognitive functioning (measured by the Mini Mental Status Exam,
Digit Symbol Substitution Test [DSST], Stroop Test, and Rey Auditory Verbal Learning
Test [RAVLT]) and chronic hyperglycemia (measured by Alc scores) (Cukierman-Yaffe
et al., 2009). These researchers concluded that a 1% higher Alc score was associated
with a 0.20-point lower score of the Mini Mental Status Exam (95% CI -0.11 to -0.28; p
<0.0001), a 1.75-point lower score on the DSST (95% CI -1.22 to -2.28; p < 0.0001), a
worse score (0.75 seconds or greater) on the Stroop Test (95% CI 1.31t0 0.19; p =
0.0094), and a 0.11-point lower score on the RAVLT (95% CI -0.22 to -0.19, p <

0.0142).



Other determinants responsible for cognitive impairment include activation of
inflammatory markers, poor lipid control, and poor vascular health (Akiyama et al., 2000;
Anstey, Lipnicki, & Low, 2008; Helzner et al., 2009). Chronic activation of inflammatory
markers, including interleukin-6 and C-reactive protein, can alter the vasculature
supplying major organs such as the brain (Akiyama et al.). Additionally, poor lipid status,
more specifically elevated low density lipoprotein (LDL-C) and triglycerides, impact the
flow of blood through the vasculature as fatty plagues accumulate in the walls of arteries
(Anstey, Lipnicki, & Low, 2008; Helzner et al., 2009). This impairment in blood flow in
turn leads to changes in the vasculature, which lead to changes in the functioning of the
brain. Patients with diabetes are known to have poor lipid health (Donahue et al., 1996;
Marcovina et al., 1993; Pradhan, Manson, Rifai, Buring, & Ridker, 2001). Patients with
diabetes are also known to have sustained inflammation (Fujita et al., 2013).

Non-modifiable determinants (e.g., age, gender, and race) of cognition can also
impact functioning. Normal healthy aging can lead to changes in cognitive functioning
(Administration on Aging, 2012; Koen & Yonelinas, 2014). Gender-related differences,
specifically after the age of 65 years, could also impact cognitive functioning
(McDougall et al., 2014). McDougall and colleagues reported that episodic memory
decline occurred more in men than women.

Combined, the effects of modifiable and non-modifiable determinants can have
ill-effects on cognition. The synergistic effects warrant further studies because deficits in
cognitive functioning can have devastating effects on individual health and daily
activities, as well as the community, due to the social and economic implications.

Therefore, if specific determinants are identified and treated appropriately, the social and



economic costs potentially can be reduced. For example, Moghessi and colleagues (2009)
noted that control of hyperglycemia not only improves acute and chronic conditions in
these patients but also reduces healthcare costs associated with these conditions.
According to the CDC (2014), the costs associated with the acute and chronic conditions
caused by diabetes are alarming. In 2012, diabetes costs were estimated at $245 billion,
which encompasses $176 billion in direct costs (e.g., medical expenditures related to
diabetes care or inpatient and outpatient care, medications, and supplies) and $69 billion
in indirect costs (e.g., reduced national productivity or loss of work related to diabetes).
The National Institute of Nursing Research (NINR), a department of the National
Institute of Health (NIH), is dedicated to the health and health promotion of individuals
through the funding of nursing research in several major areas (U.S. Department of
Health & Human Services: NINR, 2015). These areas include: building the scientific
foundation for clinical practice, preventing disability and disease, improving quality of
life and end-of life care, and eliminating or managing symptoms related to illness. Given
the areas of NINR interest, the overall focus of this dissertation is to identify significant

determinants of cognitive functioning in young to middle-aged adults.

Purpose of the Study
Previous studies have focused on some of the determinants for cognitive
functioning; however, such studies either have small sample sizes or lack key variables
that are of interest in this dissertation (Arvanitakis, Wilson, Bienias, Evans, & Bennett,
2004; Bruce, Harrington, Foster, & Westerfelt , 2009; Rizzo et al., 2010; Galanina,

Surampudi, Ciltea, Singh, & Perlmuter, 2008; Gonder-Frederick et al., 2009; Shimada et



al., 2010). Fortunately, the Coronary Artery Risk Development in Young Adults
(CARDIA) Study has a large sample size and many variables thought to contribute to
cognitive functioning. Therefore, the purpose of this study was to examine the effects that
hyperglycemia and related metabolic, inflammatory, and physiological markers have on
cognitive function in those with and without APOE ¢4 expression (due to its known
association with Alzheimer’s disease risk) using records from the CARDIA Study
database.

The CARDIA Study enrolled 5,116 men and women who were either White or
Black and were 18 to 30 years old (at baseline) in 1985 through 1986 and conducted
periodic testing on the cohort over the next 25 years to examine the development of heart
disease (Friedman et al., 1988; Hughes et al., 1987). The study took place at four centers:
the University of Alabama at Birmingham in Birmingham, Alabama; Northwestern
University in Chicago, Illinois; the University of Minnesota in Minneapolis, Minnesota;
and Kaiser Permanente in Oakland, California. The participants were asked to participate
in follow-up examinations at baseline (year 0), year 2, year 5, year 7, year 10, year 15,
year 20, and year 25. Even though the specific aims of each examination varied, data
were collected on a variety of determinants thought to be related to heart disease (blood
pressure, cholesterol and other lipids, glucose, insulin, weight, and body composition),
lifestyle factors (e.g., dietary and exercise patterns), substance use (e.g., alcohol and
tobacco), behavioral and psychological variables, and medical and family history. In
addition, diagnostic tests such as echocardiography, chest and abdominal computed
tomography scans, carotid ultrasonography, and brain magnetic resonance imaging were

also performed during some of the examination periods.



Indeed, the synergistic effects of these determinants on cognitive impairment are
very similar to the clustering of factors that influence metabolic syndrome (Yaffe et al.,
2004). The metabolic syndrome is associated with abnormal lipid levels, blood pressure,
glucose, and adiposity to the abdomen. Similar to cognitive impairment, the individual
risk factors for metabolic syndrome have been studied intensely, but the clustering effect
had not received much attention until the researchers from CARDIA performed their
study (Carnethon et al., 2004). In that study, 5,115 participants were studied over time to
determine the risk of metabolic syndrome. The researchers noted that the risk increased
with age, was higher among African Americans participants, and those with the least
amount of education (RR 0.79, 95% CI 0.50 to 1.24). Yet, the associations among age,
gender, race, and education, and the development of metabolic syndrome are complex
and vary depending on the severity of other risk factors present (i.e., lipid levels, glucose
levels, abdominal adiposity, and blood pressure).

Again, the synergistic relationships responsible for the metabolic syndrome are
likely similar to the relationships responsible for changes in cognitive functioning. In the
CARDIA Study, 2,510 participants were studied at year 25 in order to determine if
vascular disease (measured by calcification) in middle-age was associated with cognitive
changes later in life. The researchers found that greater amounts of calcification of the
vasculature were associated with worse performance on cognitive tests (measured by
DSST, Stroop Test, and RAVLT). In addition, the researchers noted that the risk factors
associated with vascular disease attenuated the association of calcification to the

vasculature (Carnethon et al., 2004).



Research Questions
For this dissertation, a subset of the data gathered from the CARDIA Study was
used to determine the effects that diabetes and other related physiological markers have
on cognitive function in those with and without the APOE ¢4 expression (due to its
known impact on Alzheimer’s disease risk; Spinney, 2014). Demographic, clinical, and
neuropsychological data from the CARDIA Study were used in order to answer the
following research questions:
1. Using multiple regression, what model best predicts cognitive function for
those regardless of APOE ¢4 status, those with APOE ¢4, and those without
APOE ¢4?
2. Using structural equation modeling, what are the relationships between
variables that best predict cognitive functioning 5 years later in those with and

without APOE ¢4?

Description of the Articles

As a part of the dissertation, three articles were prepared for publication. The first
article detailed the synergistic effects of diabetes and aging on cognitive impairments
with an explanation of the role that insulin plays in the brain. The authors also proposed
areas for nursing practice and research such as diet and exercise, blood pressure and
cholesterol management, as well as the delivery of intranasal insulin. This article
provided a review of literature that was used to identify predictors of cognitive
functioning. This article was accepted for publication in the Journal of Neuroscience

Nursing.



Using the CARDIA Study dataset, the second article detailed the design, methods,
analysis, and results using hierarchical multiple regression models to determine the
demographic, metabolic, and inflammatory predictors of cognitive functioning in those
with and without the APOE ¢4 expression. All of the records of participants in the
original CARDIA Study were included as long as the record did not have missing data
and the participant had denied stroke or transient ischemic attack by self-report. The
variables of interest for this analysis included several predictor/independent variables
including demographic data (i.e., age, gender, race) gathered at year 0, and measurements
of hyperglycemia, lipid status, inflammatory markers, and vascular disease gathered from
year 20. In general, these variables were utilized to predict cognitive functioning 5 years
later (at year 25) through the use of cognitive tests (i.e., Stroop Test, DSST, and
RAVLT). In addition, a composite cognitive score was used to reflect global cognitive
functioning because the specific cognitive tests used test specific domains of cognition
rather than overall functioning. Next, a series of hierarchical regression analyses was
performed to test the best model to predict cognitive functioning after 5 years.

The third article describes the design, methods, results, and conclusions that were
used to evaluate how predictor variables (i.e., body habitus, hyperglycemia, vascular
health, and lipid status) are interrelated as they contribute to cognitive functioning in the
CARDIA Study cohort. The goal was to build structural equation models to determine the
relationships between variables that predict cognitive functioning 5 years later in
participants with and without APOE ¢4 (genetic expression for Alzheimer’s disease).
Again, all of the records for participants in the original CARDIA study were included as

long as participants denied having a stroke or transient ischemic attack and the records



had complete data for the variables of interest. To clean the dataset, listwise deletion was
used.

In summary, this dissertation consists of a brief introduction, a review of the
literature in article 1, the results of the hierarchical multiple regressions analysis in article
2, the results of a structural equation modeling analysis in article 3, and a brief summary

of the dissertation.
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Abstract

A substantial proportion of individuals over age 65 years will experience some
degree of cognitive impairment, and older adults with diabetes are at increased risk for
these impairments. Such impairments can negatively affect activities of daily living and
lead to a decrease in quality of life as well as increase caregiver burden. Cumulatively,
the effects of diabetes and aging slowly diminish cognitive function, resulting in various
degrees of cognitive impairment including dementia. In fact, older adults with diabetes
have a 65% higher chance of developing Alzheimer’s disease than those without
diabetes. This article reviews the synergistic effects of aging and diabetes on cognitive
function. A discussion of the physiologic basis for these effects is included, in particular,
the role of insulin in the brain. The final section of the article focuses on intervention
strategies that can be used by nurses and allied healthcare providers to mitigate the
influence of diabetes and aging so that optimal cognitive performance is maintained.
Avreas for future research are also discussed.

Keywords: diabetes, aging, cognition, cognitive impairment, risk factors

Synergistic Effects of Diabetes and Aging on Cognition:
Implications for Nursing Practice and Research

In 2050, approximately 88.5 million people will be 65 years and older as
compared to the 40 million alive in 2010 (U. S. Department of Aging, 2008). Within this
group of older individuals, 20% to 56% report a cognitive complaint with memory loss
being the most common; such complaints often correspond to objective measures of
neuropsychological performance (St. John & Montgomery, 2003). Unfortunately, co-

morbidities such as diabetes become more prevalent with advancing age and contribute to
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poorer cognition. According to the Centers for Disease Control and Prevention (CDC,
2011), 26.9% (10.9 million) of older Americans have diabetes. Persons with diabetes are
1.5 times more likely to have cognitive impairments than those without diabetes
(Cukierman, Gerstein, & Williamson, 2005). Both aging and diabetes have been shown to
affect cognition independently. Combined, diabetes and aging represent an increased risk
for the development of cognitive impairments and dementia (Lee et al., 2011).

Although the interplay between diabetes and aging does not always mean that
frank cognitive impairments will result, the synergy from them may result in poorer
cognitive performance when compared to younger adults and individuals free of diabetes.
While individuals are likely familiar with the physical signs and symptoms associated
with aging and diabetes, many individuals may be less familiar with the cognitive
outcomes associated with diabetes and aging, especially in cases where diabetes is poorly
controlled (i.e., when there is poor glycemic control). In addition, some individuals and
healthcare providers may be unfamiliar with the significance of maintaining optimal
cognitive functioning, which is crucial in performing daily activities such as negotiating
medication regimens, driving, and managing finances.

The purpose of this article is to inform researchers and healthcare providers about
the cognitive outcomes associated with diabetes and aging. Within the context of
cognitive reserve, the effects of diabetes on brain health are examined, followed by the
effects of aging on brain health. As seen in Figure 1, their combined influence on brain
health is synthesized. From this, as seen in Figure 2, intervention strategies may be used
to prevent or potentially improve cognitive functioning, or at a minimum, help prevent

some cognitive impairment.



Cognitive Reserve

Neuronal connections are necessary for the transmission of signals in the brain; it
is from these constant signals that cognition emerges. It is the strength, sophistication,
and density of these connections that constitute cognitive reserve. Cognitive reserve
refers to an individual’s ability to physiologically adapt to insults to neurons and neuronal
connections in lieu of pathologic burden and still support the functions necessary for
cognition (Stern, 2012; Vance & Wright, 2009). When insults are introduced to the
neurons or neuronal connections, new pathways may be formed and such rerouting
allows the communication between neurons to still occur. This physiological process
parallels the process of collateral flow observed with the heart (Choi et al., 2013). For
example, during heart perfusion, arteries will develop new pathways for blood to flow to
the heart muscle if a narrowing in the coronary artery occurs, thus allowing normal
physiologic function of the heart. Similarly, in the brain, the neurons may have damage
or die but communication can still occur as the nerve impulses are rerouted around
blocked pathways.

These actual morphological and neurochemical changes that occur in the brain,
nervous system, and neurons are known as positive and negative neuroplasticity (Vance
et al., 2012). Positive neuroplasticity results when the stimuli, or presses, from one’s
environment encourage the restructuring of neurons to enhance cognitive reserve.
Likewise, when one’s environment does not have a high press on cognition, meaning the
brain can handle environmental demands, cognitive reserve is decreased because atrophy

of brain tissue occurs. Such loss is consistent with the “use it or lose it” theory in which

13
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energy needed for these underused systems is actually shifted to those systems that are
used more frequently. This loss is known as negative neuroplasticity.

Health behaviors and demands from one’s environment affect neuronal health and
cognitive reserve (Vance & Wright, 2009). More specifically, more education, physical
exercise, social contact, and mental stimulation provide an environment that enriches
neuronal health and cognitive reserve. Conversely, inadequate sleep, substance abuse,
and co-morbid conditions yield an environment that is not conducive to neuronal health
and cognitive reserve. Consequently, these factors determine the occurrence and amount
of positive and negative neuroplasticity. For example, Boyke and colleagues (2008)
conducted a longitudinal study of older adults (Mage = 60) who could not juggle, in order
to determine the adaptive changes of the brain and nervous system in response to a new
demand, learning to juggle three balls at a time. A total of 25 participants learned to
juggle while another 25 participants served as the control group and were not taught to
juggle. Next magnetic resonance images (MRI) from the jugglers and the control group
were compared. These researchers found significant post-juggling changes in the gray
matter of the brain and a decrease in changes in the gray matter over time when this
activity ceased. Although slower than the younger brain, Boyke and colleagues noted that
the older adult brain is able to maintain its capacity to change in structure so as to meet
the environmental demands placed on it by learning (i.e., developing juggling skills).
Their findings are similar to others (Brayne et al., 2010; Roe et al., 2008) who suggest
that particular activities actually support cognitive reserve and can even delay cognitive

impairments and dementia. Therefore, it is within this context of cognitive reserve and
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neuroplasticity that impairments associated with diabetes, aging, and the combination

thereof are examined.

Diabetes and Cognition

Diabetes has been defined as a condition marked by hyperglycemia (high blood
glucose) as a result of the body’s inability to properly use blood glucose for energy
(American Diabetes Association [ADA], 2014). Diabetes can be diagnosed via four
methods: a fasting blood glucose above or equal to 126 mg/dL, a random blood glucose
greater than 200 mg/dL (with accompanying complaints of excessive thirst, hunger, and
urination), a glycated hemoglobin Alc above 6.5%, or a blood glucose greater than 200
mg/dL 2 hr after an oral glucose tolerance test. Healthcare providers can further classify
diabetes as type 1 or type 2. Physiologically, type 1 diabetes and type 2 diabetes differ in
several ways but the most pronounced difference is that in type 1 diabetes, no insulin is
produced; whereas in type 2 diabetes, insulin is still produced, but it may be insufficient
in its action or production.

Insulin is produced by the beta cells in the pancreas; unfortunately, in type 2
diabetes, beta cell function decreases over time. By the time a person is diagnosed with
type 2 diabetes, beta cell function has actually declined by approximately 50% with a 3-
5% decline in function annually thereafter (U.K. Prospective Diabetes Study, 1995).
Regardless of the type of diabetes, acute hyperglycemia, chronic hyperglycemia, and
insulin resistance are hallmarks of diabetes and have been associated with cognitive
impairments (Cukierman-Yaffe et al., 2009; Euser et al., 2010). Indeed, researchers from

the ACCORD-MIND Trial (Cukierman-Yaffe et al., 2009) conducted a study of 2,977
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participants in order to determine the relationship between chronic hyperglycemia and
cognitive impairment (measured by the Mini Mental Status Exam, Stroop Test, Rey
Auditory Verbal Learning Test, and Digit Symbol Substitution Test). These researchers
found that a 1% higher Alc score was associated with a 1.75 lower score on the Digit
Symbol Substitution Test, a 0.20-point lower score on the Mini Mental Status Exam, a
0.11-point lower score for the Rey Auditory Verbal Learning Test, and a worse score
(0.75 seconds or more) on the Stroop Test.

As seen in Figure 1, many physiologic mechanisms have been postulated to
explain predictors of diabetes-associated cognitive impairment. It involves either direct
damage to the brain and its structures from hyperglycemia (non-vascular damage) and/or
increased risk imposed by atherosclerosis on the vasculature from diabetes itself
(vascular damage) (McCutchan et al., 2012). Other mechanisms providing insight on
diabetes-related cognitive impairment involves insulin, the insulin resistance intrinsic to

diabetes, and the by-products of diabetes.

Insulin Resistance

Insulin is a hormone that functions to aid in glucose homeostasis in muscle and
adipose tissues. At times, insulin may not be produced (type 1 diabetes) or its production
does not meet the demand, or its action is impaired (type 2 diabetes). When insulin is
produced but its action in aiding glucose into cells is impaired, this is known as insulin
resistance (Bruce & Hanson, 2010; Petersen & Shulman, 2006). When insulin resistance
occurs, major dysfunction to its target organs, including the brain, can occur (Petersen &

Shulman, 2006). To emphasize the role that insulin resistance plays in cognitive
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impairment, in the Diabetic Encephalopathy Trial, Brands and colleagues (2003) found
more marked MRI changes in patients with type 2 diabetes versus type 1 diabetes. These
results suggest that the development of cognitive impairment hinges on the inherent
insulin resistance found in type 2 diabetes rather than just the presence of insulin.

The role of insulin resistance in the brain is of particular importance. Like other
tissues in the body, the brain requires oxygen, food, and nutrients to meet its metabolic
needs (Hall, 2011). In fact, the brain itself requires about 15% of the body’s total
metabolism. Most of the metabolism takes place in the neurons; therefore, a constant
supply of energy in the form of glucose is required. Unlike other tissues in the body, the
brain and neurons do not require insulin to transport glucose into the cell. The glucose
can enter the cell directly. Insulin actually crosses the blood brain barrier and is present in
the brain. While neurons are not insulin dependent, they are insulin responsive (Petersen
& Shulman, 2006).

Since 1955, researchers have known that the brain was relatively insulin-
independent (Park & Johnson). Not much emphasis was placed on this scientifically until
researchers began noting high densities of insulin receptors in the brains of humans and
rats (Havrankova, Roth, & Brownstein, 1978; Potau, Escofet, & Martinez, 1991). These
insulin receptors were especially noted in the hippocampal area, a brain structure
necessary for memory consolidation (Havrankova, Roth & Brownstein, 1978), and the
hypothalamus, a brain structure necessary for many metabolic processes and producing
neurotransmitters (e.g., glutamate and Gamma-aminobutyric acid [GABA]) (Zhao, Chen,

Quon, & Alkon, 2004).



Insulin in the brain is also known to have an influence on the release and uptake
of neurotransmitters. Neurotransmitters are the chemicals in the brain that are responsible
for potentiating the action potentials between neurons allowing them to communicate. A
careful balance between, for example, glutamate (an excitatory neurotransmitter) and
GABA (an inhibitory neurotransmitter), becomes necessary for normal cognition (Zhou
& Danbolt, 2013). The effect that insulin has on neurotransmitters has been shown to
improve memory (Zhao, Chen, Quon, & Alkon, 2004). When neurons are resistant to
insulin, the balance between the neurotransmitters is not maintained, thereby influencing
the transmission of signals. Such disturbances in the cerebral insulin signaling pathways
have been associated with dementia and the aging brain (Biessels & Kappelle, 2005). In
addition, the neurons are also susceptible to damage from chronic states of

hyperglycemia.

Neurotoxic Effects of Diabetes

Another mechanism in which diabetes impacts cognition is through its production
of several by-products that exert neurotoxic effects (i.e., altered tau and beta-amyloid
metabolism and glucose metabolites). These by-products influence the amyloid cascade
in the brain; excessive amyloid is neurotoxic (Costa, 2013). Insulin mitigates
hippocampal synapse sensitivity to beta-amyloid, inhibits the phosphorylation of tau, and
is involved in the regulation of the metabolism of beta-amyloid protein and tau (Biessels
& Kappelle, 2005). Beta-amyloid and tau are responsible for amyloid plaques (senile
plaques) and neurofibrillary tangles, respectively, which are the hallmark pathological

signs of Alzheimer’s disease. Such amyloid plaques form when they mix with other
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proteins and disturb the normal transmission between neurons. When transmission of
signals is disrupted, the functional connectivity of the brain is compromised which
obviously results in cognitive impairment (Biessels & Kappelle).

Furthermore, the plague formation can be lessened through a process involving
insulin-degrading enzymes (Biessels & Kappelle, 2005). Insulin-degrading enzymes are
found inside cells or on their surface. These enzymes degrade insulin and beta-amyloid
protein (Messier & Teutenberg, 2005). Insulin stimulates beta-amyloid to be released. If
excessive amounts of insulin are present during states of insulin resistance, then more
beta-amyloid is present, potentiating more senile plaque formation. If more insulin-
degrading enzymes are released, less insulin is present, and in turn, fewer beta-amyloid
proteins are present. Interestingly, the protective nature of these insulin-degrading
enzymes is known to be less expressed in those who carry the APOE4 allele for
Alzheimer’s disease (Cook et al., 2003). Therefore, when neurons are resistant to insulin,
the effects can be particularly harmful.

Another mechanism involves the role of toxic glucose metabolites that exist
during times of hyperglycemia which can damage the brain through its vasculature
(Biessels & Kappelle, 2005). Many studies support an association between both acute and
chronic hyperglycemia and cognitive impairment (Bruce et al., 2009; Messier et al.,
2010; Rizzo et al., 2010; Shimada et al., 2010; van Elderen et al., 2010). Such
hyperglycemia is characteristic of diabetes. Hyperglycemia stimulates inflammatory
processes in the vessels. The inflammation potentiates narrowing of arteries that supply
tissues, including brain tissue. As a result, when the brain tissue does not receive

adequate nutrients (e.g., oxygen, glucose, and water), ischemia occurs. This insufficiency
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of vascular flow carrying the necessary nutrients can worsen over time in the presence of
atherosclerosis. In addition, as the capillary walls in the vessels in the cerebrum thicken,
the exchange of nutrients across the vessels is lessened, leading to even more ischemia
(Biessels & Kappelle, 2005). When ischemia occurs, subcortical white matter lesions
develop. In turn, these white matter lesions, appearing as hyperintensities on MRIs, are

associated with declines in cognitive performance (Maillard et al., 2012).

Cholesterol

Metabolism also plays a key role in cognition (Hall, 2011). Basically, metabolism
occurs when fat, protein, and carbohydrates are broken down chemically to provide
energy for the cells of the body. In doing so, harmful by-products can result. For
example, insulin is needed to enable carbohydrate metabolism to occur. Outside of the
brain, insulin is required to allow glucose to enter cells for energy. In patients with
diabetes, the lack of adequate insulin actually increases the cholesterol concentration in
the blood, mainly due to changes in the activation of specific enzymes responsible for the
metabolism of fat. Excessive amounts of specific cholesterol components in the
circulatory system cause plaque formation within the vessel walls. The formation of
plaques within the vessels lead to narrowing of the arteries, and hence, small vessel
disease (microvascular) and large vessel disease (macrovascular) develops. Such diseases
prevent adequate blood flow to tissues and organs. When these vessels fail to perfuse the
brain sufficiently, cognitive impairments emerge. This reduced vasculature also means

waste products are not removed as well which can increase oxidative stress.
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Oxidative Stress

Oxidative stress is caused by the imbalance of free radicals and antioxidants in the
body. Free radicals, which are a by-product of normal oxygen metabolism, cause death to
neurons and prevent the transmission of signals necessary for cognition. Antioxidants
bind to free radicals making them inert; thus, they can restore homeostasis to the
structures necessary for cognition. Unfortunately, patients with diabetes have greater
oxidative stress in their tissues, suggesting that hyperglycemia may disrupt the balance
between free radicals and antioxidants (Ziegler, Sohr, & Nourooz-Zadeh, 2004). In
addition, a disruption in this balance also results in vessel damage. Therefore, oxidative
stress can cause direct damage to neurons as well as damage to vessels leading to

microvascular and macrovascular diseases that can also cause cognitive impairment.

Multidimensional Model

Diabetes impacts the brain through several mechanisms, which supports a multi-
dimensional model (Figure 1). Mechanisms in this multi-dimensional model are similar
to those found for the cluster of conditions known as metabolic syndrome (Biessels, van
der Heide, Kamal, Bleys, & Gispen, 2002). Metabolic syndrome is usually characterized
by abdominal obesity, insulin resistance, prediabetes, hypertension, hypertriglyceridemia,
and low high-density lipoproteins (Reaven, 2004; Yaffe, 2007) or a combination of three
to four of these conditions. Metabolic syndrome is also associated with atherosclerotic
disease. In fact, some of the same factors noted to potentiate the metabolic syndrome are
also factors found to potentiate cognitive impairments. These factors have been identified

as independent predictors for dementia, accelerated cognitive impairment, ischemic



stroke, and cardiovascular as well as cerebrovascular diseases (Whitmer, Sidney, Selby,
Johnston, & Yaffe, 2005). Additionally, peripheral (or skeletal muscle) insulin resistance
may lead to type 2 diabetes, ischemic cerebrovascular disease, and Alzheimer’s-type
pathology. Any one of these or all three may then lead to cognitive impairment. Studies
suggest that people with metabolic syndrome have an increased risk of cognitive
impairment when compared to those without the metabolic syndrome (Yaffe et al., 2004).
Therefore, the additive effects of these factors may accelerate the mechanisms thought to
produce cognitive impairment with aging.

Interestingly, some studies have reported that the actual duration of diabetes is
associated with worsening cognitive impairment (Okereke et al., 2008; Tiehuis et al.,
2008). Okereke and colleagues conducted a prospective cohort study on 5,907 men in the
Physicians' Health Study Il and 6,326 women in the Women's Health Study (Mage = 74.1
and 71.9, respectively). Of these participants, 553 men and 405 women had diabetes and
underwent cognitive testing at baseline and then several years later. Using adjusted linear
regression models, these researchers found that participants with diabetes scored
significantly lower at baseline on all cognitive outcomes. In addition, longer duration of
diabetes was associated with lower scores on global cognitive tests (p-trends <.001).
Diabetes may also accelerate the aging process; therefore, the effects of normal aging on

cognitive reserve must also be considered.

Aging Contributions to Cognitive Impairment
Age-related cognitive impairment is thought to affect up to 40% of otherwise

healthy adults over the age of 60 years (Small, 2002). As people live longer, the number
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of those impacted by cognitive impairment will rise as well (Van Guilder et al., 2011).
Common health problems such as hypertension and atherosclerosis are known to increase
the risk for cognitive impairment in those who are aging. Albeit, genetic influences are
important as well.

In a recent prospective study from the Religious Orders Study, Hayden and
colleagues (2011) examined 1,049 (Mage = 75) Catholic priests, nuns, and brothers to
determine the significance of cognitive impairment over a 15-year period. These
researchers found that over time, approximately two thirds of participants experienced
slow cognitive decline while the other one-third experienced a rapid decline in cognition
during the study. Those participants with the fastest rate of impairment in cognition were
noted to have a greater frequency of APOEA4 allele as well as greater levels of amyloid
plaques and neurofibrillary tangles.

In addition, other physiologic processes associated with aging include increased
oxidative stress, reduced glucose utilization and metabolism, and abnormal protein
synthesis and signaling. These processes negatively impact the health of neurons and
their connections. The health of the nerve fiber depends on its insulation, known as
myelin sheath. Healthy, insulated nerve fibers transmit signals properly and enhance
cognition. Myelin sheaths undergo three phases: myelination (formation of the myelin
sheath), demyelination (or degeneration), and remyelination (or restoration). These
processes, or phases, begin at birth and continue well into middle-age (Bartzokis et al.,
2012). These phases are not necessarily a sequence of events but rather occur
simultaneously. Therefore, the formation of myelin sheath occurs while other sheaths are

being destroyed, restored, and repaired.
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Degeneration of these sheaths results in neuronal mass loss with an actual
reduction in the weight of the brain (Eliopoulos, 2014). In Bartzokis and colleagues’
(2012) study, white matter MRI changes, consistent with demyelination, influenced the
volume of the brain. These volumetric changes followed a U-shaped trajectory wherein
the processes of development, degenerative, and repair of myelin sheath occurred in the
aging brain. The results support the notion that as one matures, a healthy brain is
constantly changing and is driven by development and repair of myelin in order to
support function among the neural connections in which optimal cognition is dependent.

Once the sheath is damaged, the healthy tissue may be replaced by protein
deposits, amyloid plaques, and neurofibrillary tangles in the process of being restored.
These deposits, plaques, and tangles reduce the ability to transmit signals in the white
matter of the brain. As a result, signals cannot reach the areas of the brain responsible for
long-term memory and other cognitive functions (Hall, 2011). These changes in the
microenvironment have been linked to dementia and Alzheimer’s disease due to the
inhibition of proper signal transmission. Thus, identifying accelerators of the
demyelination and remyelination process is of particular interest. Diabetes may be one of

these accelerators.

Diabetes, Cognition, and Aging
The underlying pathophysiologic changes that occur in both aging and diabetes
are likely contributors to cognitive impairment, yet the exact mechanisms are unknown.
In the same Religious Orders Study mentioned above, Arvanitakis and colleagues (2004)

followed 824 older nuns, priests, and brothers with similar lifestyles to determine whether
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diabetes was associated with the incidence of Alzheimer’s disease. These researchers
found that those with diabetes experienced a 65% higher chance of Alzheimer’s disease
compared to those without diabetes. Similarly, in a cross-sectional study of 121 older
patients with type 2 diabetes, Rizzo and colleagues (2010) found a significant
relationship between acute glucose swings and cognitive impairment. Likewise, when
studying a prospective cohort study of 54 male veterans with type 2 diabetes, Galanina
and colleagues (2008) noted that patients with higher, rather than lower, glucose values
scored poorer on cognitive tests of short-term visual memory, word fluency, attention,
mental flexibility, and visuoperceptual processing.

Interestingly, the type of diabetes a patient has may also impact cognitive
impairment in older adults (Biessels et al., 2002; Lee et al., 2011). More specifically, type
2 diabetes has been more closely linked with cognitive impairment than type 1 diabetes.
Perhaps this association is related to the fact that oxidative stress, the accumulation of by-
products of metabolism, and microvascular disease all occur in type 2 diabetes and the
aging brain (Reijmer, van den Berg, Ruis, Kapelle, & Biessels, 2010). In addition,
patients with type 1 diabetes have a shortened lifespan as compared to patients with type
2 diabetes and are therefore less likely to live to ages at which dementia becomes more
common.

This combination of aging and diabetes on brain health becomes more
problematic because the self-care behaviors (e.g., compliance with medications and blood
glucose monitoring) important in diabetes management tend to worsen with age (Feil,
Zhu, & Sultzer, 2012). In a cross-sectional study on 1,398 older adults with diabetes aged

60+, Feil and colleagues found that those participants with greater cognitive impairment
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were less likely to adhere to physical exercise and their diet. These results indicate that
poorer cognitive function may interfere with self-care behaviors leading to poor glycemic
control. Poor glycemic control can ultimately contribute to further neurological insults

which slowly decreases cognitive reserve.

Influential Factors for Practice
As seen in Figure 2, aging, diabetes, and cognition are all influenced by multiple
factors. Each of these factors can potentiate or lessen the effects of these physiological
processes that affect neuronal health and cognition. Factors such as diabetes control,
nutrition, physical exercise, social support/stimulation, sleep, substance abuse,
polypharmacy, depression, and co-morbid conditions have all been linked with cognition
(Vance & Burrage, 2006). Therefore, controlling one or more of these factors could

potentially reduce the risk of developing cognitive impairment later in life.

Diabetes Control

Optimal glucose control in those with diabetes has been associated with a lower
risk of the development of co-morbid conditions. Although when patients age, the risk
associated with tighter glycemic control may outweigh the benefit (e.g., lower risk of co-
morbid condition development) due to a higher incidence of hypoglycemia occurrence.
As a result, glycemic goals for older adults may be less stringent than younger patients
with diabetes (ADA, 2014), leading to an increased risk for developing diabetes-related
co-morbidities such as hypertension and stroke, which are also detrimental to brain

health.
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Healthcare providers can use Alc levels to gauge how adequately glucose is
controlled. Typically, in patients with diabetes, Alc levels should remain below 7%
(ADA, 2014). If patients with type 1 diabetes are noted with Alc levels greater than 7%,
then changes in diet and physical exercise levels should be implemented as well as
changes in the insulin regimen. If patients with type 2 diabetes are noted with Alc levels
greater than 7%, then changes in diet and physical exercise should also be implemented.
If after 3 months the Alc level is still not at goal, then oral medications may be added
such as insulin sensitizing agents (e.g., metformin, pioglitazone) (Dominguez, Marschoff,
Gonzalez, Repetto, & Serra, 2012). If patients fail to achieve optimal glycemic control
despite oral agents or a combination of them, then progression to insulin therapy may be
required in patients with type 2 diabetes. If patients are unable to achieve goals within 3-6
months of the initiation of multiple oral agents, introduction of insulin should be initiated,
as its use has been associated with reaching therapeutic goals more rapidly (Morris &
Burns, 2012). When goals are not achieved, co-morbid conditions occur at an increased

frequency.

Co-morbid Conditions

Cardiovascular disease is the major cause of mortality and morbidity among
patients with diabetes (ADA, 2014). The United Kingdom Prospective Diabetes Study
(1998) estimated that at the time of diagnosis of diabetes, the risk of cardiovascular
disease increases by 1.5% per year. Therefore as patients with diabetes age, this risk
increases (Stevens, Kothari, Adler, & Stratton, 2001). Proper management of blood

pressure, cholesterol levels, and diabetes can drastically reduce the incidence and severity



of cardiovascular co-morbidity. Poor control of these conditions may yield
atherosclerosis, which also impacts brain health.

Using the guidelines from the Eighth Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (James et al.,
2014), nurses and healthcare providers should aim to maintain a blood pressure less than
140/90 mm/Hg in patients with diabetes. Again, diet and physical exercise modifications
often are needed initially. Then if blood pressure goals are still not met, pharmacologic
agents may be required. Angiotensin-receptor blockers, angiotensin converting enzyme
inhibitors, calcium channel blockers, and diuretics have all been found to be helpful in
achieving blood pressure goals for patients who also have diabetes (ADA, 2014).

Cholesterol management is also crucial to minimizing co-morbid conditions in
patients with diabetes. In a landmark study, 5,102 patients with diabetes were found to
have a cardiovascular disease risk that is the same as that of a patient who has sustained a
previous cardiovascular event (known as a cardiovascular risk equivalent) (Holman,
2001). Nurses and healthcare providers should aggressively treat older patients with
diabetes to maintain low density lipoprotein levels below 100 mg/dL. In order to
accomplish this, the Adult Treatment Panel 111 (U. S. Department of Health and Human
Services, 2002) recommends diet and physical exercise modification first. If these
modifications fail to achieve the acceptable low density lipoprotein level, then nurses and
healthcare providers should add a statin. Statins reduce the incidence of atherosclerosis,
thereby reducing the incidence of cognitive impairment from the sequelae of nutrients not

reaching the neurons via the arteries supplying the brain. For management of other
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elevated lipids, the use of other dyslipidemic medications (e.g., fibrates plus statins) may

be necessary (Moretti, Gorini, & Villa, 2011).

Depression

Emotional well-being is an important aspect of many disease processes.
Unfortunately, depression affects as many as 20-25% of patients with diabetes
(Anderson, Freedland, Clouse, & Lustman, 2001). Kaulgud and colleagues (2013) found
that depression occurs significantly more in older adults with diabetes compared to those
without diabetes. Additionally, in the ACCORD-MIND Trial, diabetic patients with the
greatest cognitive impairment were more likely to have depression (Sullivan et al., 2013).
Fortunately, researchers have found that treatment with antidepressants improves
cognitive functioning (Greer et al., 2014). Thus, screening for and treating depression in

patients with diabetes is also important for cognitive health.

Sleep

Sleep disturbances are common in adults with diabetes (Bopparaju & Surani,
2010), aging adults (Schmidt, Peigneux, & Cajochen, 2012), and among obese adults
who are also prone to type 2 diabetes (Gangwisch et al., 2005). Such fragmented sleep
can lead to difficulties in cognition (Vance, Heaton, Eaves, & Fazeli, 2011). Sleep
disturbances also have been linked to an increased appetite due to the disturbance in
hormone release (i.e., leptin) that occurs during sleep (Mesarwi, Polak, Jun, & Polotsky,
2013). With less sleep comes hunger, with hunger comes increased intake, and with

increased caloric intake comes weight gain. Weight gain leads to decreased insulin



sensitivity and increased risk for type 2 diabetes. Hence, adequate sleep is necessary to
reduce risk for impairments in cognition and prevent worsening in diabetes as a result of

increasing insulin resistance.

Nutrition

Disturbances in sleep have been associated with an increased insulin resistance,
which leads to an increased appetite (Mesarwi, Polak, Jun, & Polotsky, 2013). With
increased appetite, excessive weight gain can occur. Fortunately, the adherence to
specific dietary regimens can yield better glycemic control in patients with diabetes. In
the Diabetes Prevention Program, researchers noted that early initiation of modifications
in diet along with physical exercise leads to a decrease in the progression of prediabetes
to diabetes by 58% after 2.8 years (Knowler et al., 2002). Current ADA guidelines
recommend that patients with diabetes adhere to a diet with reduced calories and fat but
rich in fiber (2014). Also, high fiber diets take longer to metabolize. When metabolism is
delayed, a sharp spike in glucose levels does not occur and, as a result, the need for a
sharp spike in insulin is prevented. In turn, the body avoids undue burden on the pancreas
for insulin production. Likewise, poor nutrition itself, characterized by low fiber and
excessive carbohydrate diets, has been associated with cognitive impairments (Ahmed &
Haboubi, 2010). Therefore, the role of a healthy diet, especially in those with diabetes, is

essential.
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Physical Exercise

Physical exercise is important for patients with diabetes, as it has been associated
with better health outcomes (e.g., healthy weight, better glycemic control, blood pressure,
and cholesterol) (ADA, 2014). In addition, older adults who are physically active tend to
perform better cognitively than those who are not (Vance, Wadley, Ball, Roenker, &
Rizzo, 2005). In a randomized controlled clinical trial on 33 older adults, Baker and
colleagues (2010) noted that certain domains of cognition (e.g., executive functioning)
were improved by participation in aerobic physical exercise for 45 min to 60 min a day
for at least 4 days a week. Additionally, physical exercise has been found to mitigate
heart disease and diabetes (Lewis & Hoeger, 2005). Physical exercise has been shown to
reduce Alc levels in individuals with diabetes, and such improved Alc is independent of
weight loss (Boule, Haddad, Kenny, Wells, & Sigal, 2001). In addition, many older
adults find that exercising with others also promotes social stimulation (Vance et al.,

2005).

Social Support/Stimulation

Social stimulation has been purported to stimulate the brain and nervous system,
thereby ensuring maintenance of or improvement in cognition. In addition, social support
has also been noted to be an important predictor of better glycemic control in those with
diabetes (ADA, 2014). Without adequate social support, those aging with diabetes may
not have someone to remind them to eat healthily or assist in the management of their
diabetes. For example, Gau and colleagues (2013) conducted a study on 274 older adults

and found that social support was indirectly related to glycemic control through diabetes
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self-care behaviors. Therefore, those patients with greater social support had better
diabetes control. Sadly, social support is lacking for many people as they age (Schnittker,

2007; Shaw, Krause, Liang, & Bennett, 2007).

Polypharmacy

Jyrkka and colleagues (2011) conducted a prospective cohort study of 294 older
adults and noted that polypharmacy (defined as using more than 10 daily medications)
was associated with increased cognitive impairment (p < .001) when compared to a non-
polypharmacy group (no more than 5 daily medications). Therefore, nurses and
healthcare providers should strive to eliminate any unnecessary medications for aging

patients with diabetes.

Substance Abuse

Low to moderate alcohol use has been associated with the lowest risk of dementia
when compared to abstainers and heavy drinkers (Weyerer et al., 2011). In addition,
those aging with diabetes can have problems that arise from abuse of substances like
alcohol (Hall, 2011). Alcohol abuse increases the risk of liver disease such as cirrhosis.
Liver disease impacts the production of cholesterol which in turn impacts vascular health.
With abnormal levels of “bad” cholesterol (e.g., triglycerides and low density
lipoproteins), more microvascular and macrovascular disease of the brain results (Hall,
2011). These changes in cholesterol and vascular health are already known co-morbid
conditions of diabetes. Therefore, the synergistic effects of aging, diabetes, and alcohol

abuse yield negative cognitive consequences. Thus, nurses and healthcare providers must
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assess whether aging patients with diabetes are abusing substances that can potentiate

cognitive impairment.

Implications for Research

Because cognitive impairment results from either direct damage or indirect
damage caused by diabetes, researchers should focus their attention on ways to target
these two processes. Interestingly, researchers have identified intranasal insulin as a
novel way to locally reduce insulin resistance in just the brain instead of systemically
lowering blood glucose levels (Shemesh, Rudich, Harman-Boehm, & Cukierman-Y affe,
2012). Researchers have noted that in rodents, intranasal insulin actually bypasses the
blood-brain-barrier and reaches the brain within 30 min (Thorne, Pronk, Padmanabhan, &
Frey, 2004). Researchers have postulated that improved insulin sensitivity in the brain
improves cognition. Thus, intranasal insulin reaches the olfactory neural pathways and
then reaches the hippocampus relatively quickly. Also when insulin is administered
intranasally, the close proximity to the tissues of the brain allow for a rise in central
nervous system insulin without a systemic effect. This localized effect allows for
enhanced neuronal signal transmission and allows improved cognition, as evidenced by
the study performed by Reger and colleagues (2006). They studied 26 participants with
impaired memory and 35 participants with normal cognition. The researchers
administered intranasal insulin and then performed cognitive testing. Interestingly,
participants with Alzheimer’s disease had improvement in cognition without
experiencing dangerous hypoglycemia. The results suggest that normalizing insulin levels

may reduce cognitive impairment. With better understanding of the pathologic processes



involved with diabetes and aging, better treatment options for maintaining or improving

cognition should be considered.

Conclusion

As people age, diabetes and other co-morbidities become more prevalent. The
combination of such disease processes impact neural health. As neural health
deteriorates, poor cognitive functioning often results (e.g., mild cognitive impairment or
dementia). Therefore, nurses, healthcare providers, and researchers continue to develop
ways to (a) prevent co-morbidities associated with aging and diabetes, (b) decrease the
severity of such diseases or co-morbid conditions through effective treatment, (c)
enhance cognitive reserve, and (d) avoid cognitive losses. Healthcare providers may
choose to focus on the pathophysiology of diabetes and cognitive health and target
interventions there. They may also choose to focus on lifestyle interventions shown to
improve diabetes or cognitive reserve. Regardless of whether one strategy or multiple
strategies are implemented in practice, the ultimate goal should improve diabetes control

and cognitive health.
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Abstract

With an aging population, a focus on successful cognitive aging in midlife is
warranted. Predictor variables at year 20 were used to determine cognitive functioning 5
years later (i.e., at year 25). The objective of this study was to identify predictors and
investigate the relationship between predictors of cognitive functioning among middle-
aged adults in the Coronary Artery Risk Development in Young Adults (CARDIA) Study
with and without apolipoprotein E epsilon 4 allele (APOE ¢4) expression. Hierarchical
regression analyses were used to examine predictors of cognitive functioning. After
controlling for age, gender, race (Black or White), level of education, and site,
hyperglycemia, hyperlipidemia, elevated inflammatory markers, and poor vascular health
were added to the model incrementally. Demographic covariates were examined added in
step 1 of the model. Step 2 examined hyperglycemia after controlling for demographic
covariates. Lipid levels were added in step 3; inflammatory markers in step 4, and
vascular health in step 5. These analyses were performed separately for all participants
and for participants stratified by APOE ¢4 expression. Several hypothesized relationships
were suggested. Specifically, lower levels of HbAlc, triglycerides, and interleukin-6
were associated with better cognitive functioning 5 years later for those without APOE ¢4
carrier status and for the unstratified group. However, for those participants with APOE
¢4 carrier status, only younger age, higher levels of education, and surprisingly, higher
LDL-C levels were associated with higher cognitive composite scores. Younger age was
associated with better cognitive functioning.

Keywords: cognitive functioning, diabetes, predictors, CARDIA, APOE ¢4
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Introduction

By 2050, those who are aged 65 years and older are expected to triple to 1.5
billion, representing 16% of the world population (U.S. Department of Health and
Human Services, 2014). Therefore, it is important to understand correlates of successful
cognitive aging. Successful cognitive aging depends largely on cognitive reserve.
Cognitive reserve refers to the amount of insult neurons and their connections can absorb
while still functioning and supporting cognition. Normal cognitive functioning is required
for engagement in cognitively demanding everyday activities (e.g., driving a car, grocery
shopping, taking medications, managing finances and healthcare, etc.). Even modest
disruption in cognitive functioning can result in interference with higher-order activities
of daily living (McGuire, Ford, & Ajani, 2006; Okonkwo, Griffith, Vance, Marson, Ball,
& Wadley, 2009). Determining cognitive functioning at middle-age along with
identifying the relationship among metabolic and inflammatory predictors could be of
great importance as strides are made to protect cognitive reserve and optimize cognitive
functioning later in life. Long-term exposure to such predictors could seemingly increase
the risk of developing decline in cognitive functioning. Hence, the importance of
identifying significant predictors of cognition in middle-aged adults is crucial to
determining the best model that predicts cognitive functioning later in life. Once this has
been accomplished, interventions can be implemented during middle-age so that the
severity and occurrence of future cognitive impairment may be reduced while the brain is
relatively more plastic than in older age (Carmelli, 2014).

Many predictors of coronary artery disease are also predictors for a decline in

cognitive functioning in later life (e.g., diabetes, genetic predisposition, calcification in
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the arteries, and inflammatory factors) (Feinkohl et al., 2013). Of these predictors, some
can be controlled (e.g., diabetes, vascular disease from hyperlipidemia, and inflammatory
factors) while others cannot (e.g., race, gender, and the presence of the APOE ¢4 allele).
Coronary Artery Risk Development in Young Adults (CARDIA), a 25-year cohort study,
was designed to evaluate the coronary artery risk development in Black and White adults
who were aged 18-30 years at enrollment (Friedman et al., 1988). Cognitive functioning
also was assessed in CARDIA.

Demographic, metabolic, and inflammatory processes marker variables are
potential predictors of cognitive functioning (Rafnsson et al., 2007; Singh-Manoux,
Britton, & Marmot, 2003; Strachan, 2010). By studying each potential predictor,
significant associations can be identified and can be used later to determine the best
model that predicts cognitive impairment in middle-aged adults. The longitudinal nature
of the CARDIA Study provided a unique opportunity to examine these factors in a

racially diverse cohort.

Demographic Covariates

Demographic covariates such as age, race, gender, and level of education may
prove to be important in determining cognitive functioning through their impact on aging
and chronic disease development. Arterial atherosclerotic plaque, which is often
calcified, leads to turbulence in blood flow. In addition, Black adults, at least in America,
are also more likely to have hypertension and diabetes than White adults (Nasir). This
point is important because such medical conditions can impair brain health (Cukierman,

Gerstein, & Williamson, 2005; Talley et al., 2015). Specific racial, gender, and
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educational differences have been reported in previous studies conducted by the
CARDIA researchers. For example, in the CARDIA Study, education levels were higher
in White participants; White men had higher levels of triglycerides and low density
lipoprotein cholesterol (LDL-C) and triglycerides than Black men; however, lower high
density lipoprotein cholesterol (HDL-C) levels were noted in White men when compared
to Black men (Norman, Bild, Lewis, Liui, & West, 2003). Additionally, Black and White
men along with Black women were noted to have blood cholesterol increase with age
(Van Horn et al., 1991); as the cholesterol increases, risk for neurovascular disease may
increase and negatively impact cognitive functioning. In addition, higher levels of
education have been associated with better cognitive maintenance (Mortamais et al.,

2013).

Metabolic and Inflammatory Predictors

Many metabolic and inflammatory predictors may influence cognitive functioning
including hyperglycemia, dyslipidemia, inflammatory markers, and loss of vascular
health. In the recent Whitehall 1l Cohort, researchers studied cognitive performance over
time in 6,401 adults who were of normal weight, overweight, or obese (Singh-Manoux et
al., 2012). These researchers observed that obese participants had the fastest decline in
cognition when they also had metabolic abnormalities compared to those without such
abnormalities, indicating that while obesity has a link with cognitive functioning, its
effects may be strengthened by co-morbid conditions due to metabolic abnormalities.
Therefore, metabolic predictors in relation to cognitive functioning should be examined

in greater detail.
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Hyperglycemia, a hallmark characteristic of diabetes, may also negatively impact
cognitive functioning. Diabetes is a metabolic risk factor that becomes more prevalent
with advancing age. Indeed, 10.9 million (26.9%) older Americans have diabetes
(Centers for Disease Control and Prevention [CDC], 2011). Moreover, based on a
systematic review of 25 observational studies (Cukierman et al., 2005), it is estimated
that persons with diabetes are 1.5 times more likely to suffer from cognitive impairments
than persons without diabetes. While we know that diabetes is related to lower cognitive
function and greater risk for declines, it is less clear whether hyperglycemia, even at
levels below those found in diabetes, may also negatively influence cognitive
functioning. Hyperglycemia affects lipids, inflammatory markers, and vascular health—
all factors which plausibly relate to cognitive functioning (Zhang & Wu, 2014).

Dyslipidemia is another syndrome negatively associated with cognitive
functioning in older adults (Anstey, Lipnicki, & Low, 2008). More specifically, elevated
LDL-C levels are associated with poorer cognitive functioning later in life as a result of
vascular damage. In a study conducted by Helzner and colleagues (2009), 156 patients
with higher LDL-C levels before the diagnosis of Alzheimer’s disease experienced faster
decline in cognitive functioning after diagnosis than those without high LDL-C levels.
Higher triglyceride levels are associated with a higher risk of cardiovascular disease and
death (Liu et al., 2013) while higher HDL-C levels are associated with lower risk of
cardiovascular disease and related deaths (Silbernagel et al., 2013). The ratio of LDL-C
and HDL-C is what actually determines the amount of plaque and arterial calcifications.

Plaques in the arteries result in poorer cardiovascular health and, therefore, negatively
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affect neurovascular health which can contribute to poorer cognitive functioning (Alosco
etal., 2014).

Inflammatory markers, including interleukin-6 and C-reactive protein, may also
contribute to neuroinflammation which hinders cognition (Ownby, 2010). Interleukin-6 is
a key cytokine that mediates the acute phase of inflammation. With inflammation, local
thrombosis (or clotting) is initiated. Such chronic inflammatory changes can alter the
vasculature and might accelerate risk for the development of Alzheimer’s disease and
associated cognitive changes (Akiyama et al., 2000). C-reactive protein is another
indicator of inflammation. Higher levels (greater than 10 mg/L) can indicate acute
infection while lower more subtle levels (1-3 mg/L) indicate inflammation. Levels
between 3-10 mg/L may indicate inflammatory processes such as cardiovascular disease;
hence, monitoring these markers of inflammation in conjunction with cognitive function
IS warranted.

Measurements of changes in the vasculature can be determined by studying the
calcification of the coronary arteries. Calcification of atherosclerotic plague is typically a
head-to-toe occurrence; therefore, coronary artery calcification could correlate with
cerebral calcification. Cerebral calcification could in turn alter cognitive functioning
because the calcifications limit the amount of blood that can flow to the brain and its
structures. Alosco and colleagues (2014) conducted a study on 55 older adults and found
that less cerebral blood flow predicted poorer cognitive functioning.

Specific genetic predispositions (i.e., presence of APOE ¢ 4) also might relate to
cognitive functioning (Radwan et al., 2014), although this relationship is equivocal in

young and middle-aged adults and likely is age-dependent (Small, Rosnick, Fratiglioni, &



Backman, 2004). Apolipoprotein E is a polymorphic glycoprotein with three alleles (2,
¢3, and ¢4) which are present in the plasma on chylomicrons, namely very low density
lipoprotein cholesterol and HDL-C (Radwan et al.). These apolipoproteins serve as a
ligand for the LDL receptor and LDL receptor-related protein. Hence, APOE plays a vital
role in catabolism triglyceride-rich lipoprotein as well as cholesterol homeostasis
(Mortimer, Redgrave, Spangler, Verstuyft, & Rubin, 1994). Additionally, APOE ¢3/4,
and ¢4/4 alleles have been associated with elevated LDL-C levels (Puttonen, Elovainio,
Kivimaki, Lehtimaki, & Keltikangas-Jarvinen, 2003). A complex relationship has been
noted between LDL-C, genetic expression of APOE, and cognitive functioning (Barres &

Smith, 2002).

Purpose

The purpose of this study was to determine the relationship of hyperglycemia to
cognitive functioning while controlling for potential metabolic and inflammatory
markers. These relationships were examined in those with and without APOE ¢4
expression, specifically, to determine whether the relationships differed in those with this
genetic predisposition to Alzheimer’s disease (Rizzuto, 2013). In the CARDIA Study,
3,485 Black and White men and women were examined to determine APOE phenotypes
as well as gender and racial differences in phenotype frequencies (Howard, Gidding, &
Liu, 1998). These researchers found that Black men and women had higher frequencies
of the ¢4 allele than White adults (p < .005).

Based upon the literature, hierarchical regression models for predicting the

relationship of hyperglycemia to cognitive functioning in middle-aged adults were

o1



constructed. Demographic variables were controlled in all models. Potential confounding
metabolic and inflammatory variables were added in a stepwise fashion. Hypothesized
relationships appeared in the order in which they were thought to influence one another
(i.e., hyperglycemia influenced lipids, inflammatory markers, and vascular health so they
were added to the model in that order [Zhang & Wu, 2014]). Therefore, hyperglycemia
was introduced in step 2 after the demographic covariates were introduced in step 1. In
step 3, lipids were introduced as they influence inflammatory markers and vascular
health, which in turn influences cognitive functioning (Donahue et al., 1989). In step 4,
inflammatory markers were introduced due to their influence on vascular health and
finally cognitive functioning (Umegaki, 2014). In step 5, vascular health was added due
to its effect on cognitive functioning. These models were tested first for all participants,
using an overall cognitive composite score as the outcome; and then separately in

participants with and without the APOE ¢4 allele.

Methods

Participants

This study was conducted using records from the participants of the CARDIA
Study, a prospective study designed to study the evolution of cardiovascular disease risk
over 25 years in a cohort of Black and White women and men who were 18 to 30 years
old at enrollment (Friedman et al., 1988). A young population was recruited from four
urban areas: University of Alabama at Birmingham (Birmingham, AL), the University of
Minnesota (Minneapolis, MN), Northwestern University (Chicago, IL), and Kaiser

Permanente (Oakland, CA) (Hughes et al., 1987). Within each of these locations, care
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was taken to ensure that equal representation was achieved with regard to race, gender,
education, and age. Specific inclusion and exclusion criteria were also instituted for
participation. Participants in these cities who were free of disability and long-term
diseases that could interfere with the examinations were invited to participate.
Participants who were pregnant or up to 3-months postpartum, deaf, blind, mentally
challenged, mute, or unable to ambulate on a treadmill were excluded. Initially, CARDIA
recruited a total of 5,115 participants, which was approximately 50% of those invited. At
year 25 (2010-2011), 3,499 participants were examined (72% of surviving cohort). Of
these participants, 233 were excluded for the current study because they had incomplete
information on all three tests of cognitive function and 79 were excluded for reporting a
prior transient ischemic attack or stroke. After using listwise deletion, a total of 2,229
participants remained; only those participants whose records had complete data for all

variables of interest including the cognitive tests at year 25 were included in this study.

Measures

The CARDIA Study collected data at years 0, 2, 5, 7, 10, 20, and 25 post-
recruitment. Because each assessment had a different set of aims, not all variables were
tested at each follow-up visit. Demographic data (e.g., age, gender, and race) were
gathered at year 0; except for level of education, which was garnered from year 25.
Apolipoprotein E status was retrieved from year 7. The measures of hyperglycemia, lipid
status, inflammatory markers, and vascular disease from year 20 were used. These
variables were used as potential predictors of cognitive functioning 5 years later when

cognitive tests were administered at year 25.
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Demographic Covariates. A sociodemographic questionnaire was used to
determine age, gender, race, and level of education. These variables were self-reported.
The date of birth (i.e., age in years), gender (women = 0; men = 1), and race (Black = 4;
White = 5) were used from year 0 of the study. In addition, site was statistically
controlled (Birmingham = 1; Chicago = 2; Minnesota = 3; Oakland = 4). Race and sex
were later verified at year 2. The total number of years a participant had completed by

year 25 was reported as level of education.

Metabolic and Inflammatory Predictors. Specific laboratory measures were
used to study hyperglycemia, lipid levels, inflammatory markers, and coronary artery
calcification (CAC). Venous blood sampling was performed after participants had fasted
for at least 12 hr. The sample was collected using minimal stasis, divided, stored at -
70°C, and then shipped to the central study laboratories (Howard, Gidding, & Liu, 1998).
In order to determine whether participants had hyperglycemia, the results from the
hemoglobin Alc (HbAlc), a 90 to 120 day average of blood glucose levels, were
evaluated. A lipid panel was used to determine the value of LDL-C, HDL-C, and
triglycerides.

Specific inflammatory markers, namely C-reactive protein and interleukin-6, were
used to determine if inflammation was present. C-reactive protein was assessed using a
nephelometry-based high throughput assay. Interleukin-6 was measured using an ELISA
assay from R&D Systems with methodology well established in the laboratory.
Interleukin-6 is a key cytokine that mediates acute inflammation which then promotes

clotting within the vasculature.
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Vascular health was determined using coronary artery calcification scores from
year 20. The coronary artery calcification was either measured using the GE Lightspeed
QX/I (Birmingham), the Imatron C-150 (Chicago and Oakland), or the Siemens S4+
Volume Zoom (Minneapolis). The scanning protocol was developed by a committee of
cardiologists, radiologists, and a physicist to ensure that the scans were as uniform as
possible when using different technologies (Carr et al., 2005). A central CT reading
center at Harbor-UCLA Research and Education Institute, Los Angeles, California was
used to coordinate all activities and measurements of the calcified coronary artery plaque.
The presence of CAC was defined as a positive, non-zero Agatston score after averaging
two scans. For this study, the CAC variable was dichotomized; 0 indicated participants
with no coronary artery calcification while 1 indicated the presence of coronary artery
calcification.

Presence of the APOE ¢4 allele may predict vascular health and dementia risk
and, hence, cognitive functioning. Apolipoprotein E status from year 7 was determined
from plasma samples obtained from each participant. CARDIA modified the method
originally identified by Kamboh et al. (1988). For this study, participants were classified
according to APOE phenotype prior to the analysis. Two groups were created - those
with APOE ¢4 (£3/4 or ¢4/4 alleles) and those without APOE ¢4 (¢2/4, any ¢2 and ¢3

alleles).

Dependent Variable. The dependent variable of interest was cognitive
functioning. For this study, cognitive functioning was operationalized as the composite z-

score derived from scores on three cognitive tests. These tests were administered by
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certified cognitive technicians and included the Stroop Test, the Digit Symbol

Substitution Test (DSST), and the Rey-Auditory Verbal Learning Test (RAVLT).

Stroop Test. The Stroop Test is a measure of executive function (often attributed
to the frontal lobe). Executive function is a conglomerate of skills needed for complex,
goal-directed behavior and adaptation to one’s environment. The Stroop Test evaluated
the participant’s ability to view complex visual stimuli and respond to one stimulus while
blocking out the processing of other stimuli. Three subtests were utilized for the Stroop
Test. In subtest 1, the participants verbalized color words that were written in black ink.
In subtest 2, the participants verbalized the colors of colored rectangles. In subtest 3, the
participants verbalized the color of ink in which color words were written (i.e., if the
word “red” is written in green ink, the correct answer is green) (Reis et al., 2013). An
interference score was calculated by subtracting the score on subtest 3 from the score
from subtest 2. Interference provided a measure of the additional executive processing

needed to respond to subtest 3; higher interference scores indicate worse performance.

Digit Symbol Substitution Test (DSST). The DSST is a subtest of the Wechsler
Adult Intelligence Scale, Third Edition, and is a measure of psychomotor speed
(Salthouse, 1992). For this test, participants were presented with rows of numbers with
empty boxes underneath. A key appeared at the top of the form, and the numbers 1-9
were shown. Each number was paired with a distinct symbol. Participants were asked to
fill in the blank boxes below the numbers with their distinct symbols (up to 140 boxes) in

a 2-min period. Participants received a point for each correctly drawn symbol. The
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obtained range of scores was 0-133; higher scores indicate better cognitive functioning

(Reis et al., 2013).

Rey-Auditory Verbal Learning Test (RAVLT). The RAVLT assesses memory as
well as verbal learning (Malloy-Diniz, Lasmar, Gazinelli, Fuentes, & Salgado, 2007).
More specifically, the test assessed participants’ ability to recall a short list of words with
immediate, short-term, and long-term recall. A 15-item word list was read to the
participants at a rate of one word per second. The list of words was presented five times
and participants were asked to immediately recall as many words as possible. A 1-min
maximum time limit was allowed per trial for the recall. The cognitive technician
checked off all of the words the participants were able to recall. An interference list of
words was presented next. Participants were asked to recall these words immediately.
Participants were then asked to recall words from the first trial. Then once 10 min had
lapsed, the cognitive technician asked the participants to recall as many of the words as
possible that were on the first list. Participants were scored according to the total number
of words remembered correctly for each trial (Trial 1-5). Five trials were scored but only
the long delay score was used for this study. Higher scores indicating better cognitive

performance.

Composite Cognitive Score. In order to have a stable global measure of cognition,
the scores from each cognitive test (Stroop, DSST, and RAVLT) were transformed into z-
scores and summed to form a composite cognition score. Higher scores indicate better

cognitive functioning.
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Data Analysis

When data were missing, listwise deletion was used. The large sample size in this
study eliminated the need for pairwise deletion or imputation. Larger sample sizes are
typically resistant to violations of assumptions of normality as the larger the sample, the
more likely it is to be representative of the population (Polit & Beck, 2008). Parametric
correlations (i.e., Pearson’s r) were conducted for all continuous variables and
nonparametric correlations were used for dichotomous data. Threats to multicollinearity
were assessed in each of the steps but none were found.

Hierarchical regression analyses were performed to investigate the relationship
between predictors of cognitive functioning among middle-aged adults in the CARDIA
Study. Demographic variables (i.e., age, gender, race, level of education, and site),
hyperglycemia (e.g., HbAlc at year 20), lipids (i.e., LDL-C, HDL-C, and triglycerides at
year 20), inflammatory markers (i.e., C-reactive protein and interleukin-6 at year 20), and
vascular health (i.e., coronary artery calcification at year 20) were entered to determine
their relationships with cognitive functioning (i.e., Stroop, DSST, and RAVLT at year
25). The data were analyzed using hierarchical regression modeling in order to test 3 sets
of regression models (one with all participants, a second with only those with APOE ¢4

[tested at year 7], and a third for those without APOE ¢4 [tested at year7]).

Results
Table 1 provides sample characteristics. At year 25, included participants with
APOE ¢4 ranged in age from 42 to 56 (Mage = 50.14 years) while participants without

APOE ¢4 ranged in age from 42 to 57(Mage = 50.14 years). Fifty-six percent (n = 320) of
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the participants with APOE ¢4 were women and 52% of participants with APOE ¢4 (n =
297) were White. Fifty-seven percent (n = 949) of the participants without APOE ¢4 were
women and 63% of participants without APOE ¢4 (n = 1,050) were White. Significant
differences in race, level of education, LDL-C, HDL-C, C-reactive protein, DSST, and
RAVLT were noted between groups (with and without APOE ¢4). Table 2 shows
correlations among study variables. A number of variables had strong associations with
the cognitive tests and the cognitive composite. Those variables with moderate or strong
associations to the Stroop Test included all variables except sex, triglycerides, and
coronary artery calcification scores. Variables with strong to moderate associations to the
DSST included all variables except LDL-C. Variables with moderate to strong
associations with the RAVLT included all variables except age and LDL-C. Variables
with moderate to strong associations with the cognitive composite score included all
variables except age and LDL-C.

Results from the hierarchical regression modeling are presented in Table 3. For
Model 1, which included all participants (i.e., those with and without APOE ¢4), Step 1
explained 33.8% of the variance of the cognitive composite score. With the addition of
HbAlc (t =-3.127, p = .002), step 2 explained 34.1% of the variance. With the addition
of lipids, step 3 included triglycerides (t = -2.436, p = .015) and explained 34.3% of the
variance. With the addition of inflammatory markers, step 4 included interleukin-6 (t = -
2.340, p =.019) and explained 34.6% of the variance. Although the addition of coronary
artery calcification scores approached significance (t = -1.760, p = .078), step 5 explained

34.7% of the variance in cognitive functioning.



In the final model, higher levels of education were associated with higher
cognitive composite scores. Younger age and lower levels of HbAlc, triglyceride, and
interleukin-6 were associated with higher cognitive composite scores. Coronary artery
calcification scores approached significance as well, with the lack of coronary artery
calcification being predictive of better cognitive functioning.

The second multiple regression model was run only on participants with the
APOE ¢4 allele (n =573). Step 1 explained 34.7% of the variance in cognitive
functioning. With the addition of HbAlc (t =-1.453, p = .147), step 2 explained 35.0% of
the variance. With the addition of lipids, step 3 explained 35.5% of the variable but
triglycerides (t = -1.068, p = .286), LDL-C (t = 1.937, p = .053), and HDL-C (t =-.017, p
=.986) were all non-significant. With the addition of inflammatory markers, step 4
explained 36.0% of the variance and neither C-reactive protein (t = -1.389, p = .165) nor
interleukin-6 (t = -1.151, p = .250) were significant. With the addition of coronary artery
calcification scores, step 5 explained 36.1% of the variance and coronary artery
calcification scores was not significant (t = -.714, p = .476). In the final model, higher
levels of education were associated with higher cognitive composite scores. Younger age
was associated with better cognitive functioning. Higher LDL-C levels were associated
with better cognitive functioning (t = 1.937, p = .049).

The third multiple regression analysis was run on participants without the APOE
¢4 allele (n = 1,656). Step 1 explained 33.2% of the variance in cognitive functioning
using the cognitive composite score. With the addition of HbAlc (t = -2.836, p = .005),
step 2 explained 33.5% of the variance. With the addition of lipids, step 3 included

triglycerides (t = -2.123, p = .034) and explained 33.7% of the variance. With the
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addition of inflammatory markers, step 4 included interleukin-6 (t =-2.077, p = .038) and
explained 34.0% of the variance. Although the addition of coronary artery calcification
scores was not statistically significant (t = -1.552, p = .121), step 5 explained 34.1% of
the variance in cognitive functioning. In the final model, higher levels of education were
associated with higher cognitive composite scores. Younger age was associated with
better cognitive functioning as well as lower levels of HbAlc, triglycerides, and

interleukin-6.

Discussion

The purpose of this study was to determine which metabolic and inflammatory
predictors that were studied at year 20 were associated with cognitive functioning at year
25 among Black and White middle-aged adults. High levels of metabolic and
inflammatory markers were significantly associated with worse cognitive functioning 5
years later but they explained little to none of the variance in cognitive functioning
between individuals.

Regardless of genetic predisposition to Alzheimer’s disease, the first model
revealed lower levels of HbAlc, triglycerides, and interleukin-6 were predictive of better
cognitive functioning in mid-life. In the second model, those participants with APOE ¢4
who had higher levels of LDL-C were noted with better cognitive functioning in mid-life.
Interestingly, the ¢4 variant of APOE has been identified as the most common genetic
risk factor of Alzheimer’s disease (Puglielli, Tanzi, & Kovacs, 2003). Therefore, likely a
complex relationship exists between LDL-C, genetic expression of APOE alleles, and

cognition functioning (Puttonen, Elovainio, Kivimaki, Lehtimaki, & Keltikangas-
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Jarvinen, 2003). Such a relationship could be due to an interaction between LDL-C and
APOE whereby the APOE polymorphism impacts neural activity (Barres & Smith,
2002). In order to understand this better, it is necessary to understand APOE’s role in the
transport of cholesterol between cells and around the body (Barres & Smith, 2002).
Cholesterol, like LDL-C, is bound to APOE and is released by astrocytes and absorbed
by neurons. This cholesterol may promote an increase in the number of synapses. These
synapses assist in plasticity. Therefore, if abundant amounts of LDL-C are noted, then
perhaps this abundance is protective of cognitive functioning in middle-aged adults. If so,
the results noted in this study support this premise.

Yet another explanation for the ambiguous findings of elevated LDL-C levels and
better cognitive functioning could be explained by a U-shaped phenomenon, although
one was not found, for which LDL-C and cognitive functioning share. Perhaps, in middle
age, higher levels of LDL-C are protective to cognitive functioning but then later in life
they are detrimental to cognitive functioning. If so, then an age-related component of
APOE, LDL-C, and cognitive function also exists. If so, one explanation could be similar
to the age-related effects of APOE ¢4 on cognitive functioning (Liu et al., 2010). Liu and
colleagues noted APOE ¢4’s effect on one cognitive domain (e.g., memory) becomes
more pronounced with aging.

At the time of the study, elevated LDL-C levels were defined as those above 160
mg/dL. Interestingly, only 163 participants out of 2,229 had LDL-C levels greater than
160 mg/dL. The levels of LDL-C ranged from 14-282 mg/dL (M = 111.81). Therefore,
one simple explanation for the results may be that those who had “elevated” LDL-C

levels were not the majority.



For those participants without the genetic predisposition to Alzheimer’s disease,
lower levels of HbALlc, triglycerides, and interleukin-6 was associated with better
cognitive functioning, mirroring the findings in the full sample. These results are likely
possible because only 25% of all participants had the genetic predisposition for
Alzheimer’s disease. Therefore, the results are similar to the larger group findings (i.e.,

Tables 3 and 5).

Strengths and Limitations

Several strengths may be noted about this study. This study had a large sample
size with diversity of gender, race, and level of education, enhancing generalizability and
power. Second, this study examined cognitive functioning in middle-aged rather than
older adults. Many studies examine cognitive functioning in older adults; however,
studying participants earlier may be useful to identify predictors and the complex
relationships among these variables. Third, this study used standardized and acceptable
measures at all sites for the collection of data. The cognitive tests in the study focused on
three different domains of cognition. These were selected so that a wide range of deficits
that one might expect in middle-age were detected. However, for the purposes of
evaluating more global cognitive functioning, a composite cognitive score was used.

One limitation of this study was the restricted age range of our sample. Although
the range was 18-30 years at onset of the study, the study did not examine anyone over
the age of 57 at year 25, making it difficult to analyze the effect of much older age on
cognition; by that same token, this is a strength of examining cognitive functioning in

mid-life. Additionally, fewer participants with APOE ¢4 were noted which results in less
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power to detect associations. Many genes are associated with Alzheimer’s disease but the
current study only looked at one. Yet another limitation in the study was the lack of a
direct measure of transient ischemic attacks, stroke, or vascular dementia, although the
prevalence or incidence in middle aged adults is low. Participants were asked to report
whether they had a previous stroke and transient ischemic attack at year 25 as one of the
exclusion criteria. Many limitations exist with self-reported measures. Therefore, FLAIR
magnetic resonance imaging could have assessed whether a previous stroke or transient
ischemic attack had occurred. This was performed by CARDIA researchers; however, the
FLAIR MRI studies results were not available at the time of this analysis. The
dichotomous nature of the coronary artery calcification variable (either some or none)
may limit the interpretability of these findings. In addition, although the study occurred
over 25 years, many measures were repeatedly performed while others were not. This
makes it difficult to study predictors at baseline and compare them to predictors at year
25 when cognitive testing was performed. Cognitive testing was also only tested once.
Likewise, the assumption is that biologic measures are reflective and accurate “single
time measures”. However, if assessed over time, these biologic measures could better be
examined using individual slopes as predictors. Lastly, three models were run without an
alpha correction, which could also be a weakness, as this could have inflated family-wise

error rate.

Implications for Practice and Research
This study offers many opportunities to enhance practice and thus promote health.

First, as a measure of hyperglycemic and diabetic health, HbAlc should be maintained at
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normal levels. Periodic surveillance of this measure should follow the evidence-based
guidelines supported by the experts in this field because of the predictive nature HbAlc
has on cognitive functioning (Cukierman-Yaffe et al., 2009). Second, this study suggests
that low triglyceride levels are associated with better cognitive functioning. Therefore,
monitoring triglycerides according to established standards should be implemented with
consideration given to the use of dietary and lifestyle modifications, as well as
pharmacologic therapies when indicated (Giacco et al., 2014). As noted by Giacco and
colleagues, a change as simple as switching from refined sugar based cereals to whole-
grain based cereals was noted to reduce high glucose and reduce triglyceride levels.
Interventions aimed at reducing the inflammatory process within the body should be
considered. This approach may include adding more antioxidants through dietary
measures or with the aid of pharmacologic agents when an inflammatory process is
present (Scoditti et al., 2012)

Concerning research implications, further determination of the possible age-
varying relationships between LDL-C and cognitive function is needed, particularly
among carriers of the APOE ¢4 allele. It will be of interest to follow the CARDIA cohort
into older ages to examine the shape of this relationship more fully. Future research could
also extend examination of the relationships identified here to other ethnic and racial
groups. Different measures of hyperglycemia could be studied rather than HbAlc, as
HbALc is more a measure of chronic glycemic control rather than hyperglycemia. For
example, random blood glucoses could be more sensitive to acute episodes of
hyperglycemia. Studies comparing acute versus chronic measures of hyperglycemia and

its effect on cognitive functioning could be a target of future studies. In addition, more



studies are needed on LDL-C and cognitive functioning to further determine the nature of
their relationship. More specifically, age-related factors related to LDL-C as well as any
interaction of APOE ¢4 carrier status with LDL-C needs to be studied with cognitive
functioning. Inflammatory markers other than C-reactive protein and interleukin-6, such
as D-dimer and lipoprotein-associated phospholipase A2, are possible candidates for

future research in relation to vascular health and with cognitive functioning.

Conclusions

As adults age, many will experience changes in cognitive functioning later in life.
Sufficient cognitive functioning is needed in order to negotiate the activities of daily
living (Vance, Larsen, Eagerton, & Wright, 2011). Even a subtle impairment in cognition
can impact everyday functioning. Cognitive reserve becomes an important focus for
middle-aged adults so that cognitive functioning may be preserved (Stern, 2012; Vance &
Wright, 2009). Better cognitive functioning may be predicted by lower HbAlc levels,
triglycerides, and interleukin-6 levels for all participants regardless of genetic
predisposition for Alzheimer’s disease. Monitoring the levels of HbAlc, triglycerides,
and interleukin-6 in mid-life could assist in maintenance of cognitive functioning in older

life.
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Table 2
Correlation Matrix

Variable 1 2 3 4 5 6 7 8
1. Age® 1.00
2. Race® 019t  1.00
3. Sex’ 000 -0.09t 1.00
4. Education® 0.25f  0.34f -0.03  1.00
5. HbA1c? 0.01 -0.23f  -0.05t -0.15% 1.00
6. LDL-C? 0.23 0.03  -0.05t  0.02 -0.02 1.00
7. HDL-C? 0.08f  0.03 0.37f 0.09f -0.17f -0.13f  1.00
8. Triglycerides® 0.01 0.12f -0.19t -0.06f 018t 0.17f -0.42t  1.00
9. C-reactive -0.06f -0.22¢ 0417 -0.16t 017t -0.01 -0.11%f  0.07%

protein®

10. Interleukin-62 -0.05t -0.15¢ 0.06f -0.13t 010t -0.02 -0.07t  0.03
11. CACP 0.14f  0.06%f -0.24f  0.00 0.06f 0.02 -0.13f  0.12%
12. Stroop® 0.04t -035f -0.001  -027f 0.15%f -0.06t -0.05f  0.04
13. DSST? -0.06f 0.24f 0.29f 034 -0.18f 0.02  0.15f -0.07%
14. RAVLT? 0.03 0.25f 0.9t 0.6t -0.12f -003  0.13f -0.06%
15. Cognitive® -0.03 0.22f 0.41%f 0.38t -020f 002  014f -0.08%
16. APOE ¢4° -0.03  -010f -001 -006t 0.01 0.14f -0.06t -0.01

Note. Correlations are unadjusted.  Continuous variable. ® Dichotomous variable. T p <

0.05. £p<0.01. Race

(women =0 and men = 1); Race (Black = 4 and White = 5); Education (total number of

years); HbAlc = hemoglobin

Alc; LDL-C = low density lipoprotein cholesterol; HDL-C = high density lipoprotein

cholesterol; CAC = coronary
artery calcification scores; DSST = Digit Symbol Substitution Test; RAVLT = Rey-
Auditory Verbal Learning Test;

APOE ¢4 = apolipoprotein E ¢4 allele. APOE ¢4 (With = ¢ 3/4 and ¢4/4 and Without = ¢2/4
and any ¢2 or ¢3 alleles).
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Variable 9 10 11 12 13 14 15

1. Age?
2. Race®
3. Sex’
4. Education®
5. HbA1c?
6. LDL-C?
7. HDL-C?
8. Triglycerides®
9. C-reactive 1.00

protein®
10. Interleukin-6*  0.27f  1.00
11. CAC® 0.01 0.02 1.00
12. Stroop® 0.11f 012t 0.04 1.00
13. DSST? -0.12¢ -0.12¢ -0.12f -0.42% 1.00
14. RAVLT? -0.05t -0.05% -0.08% -0.26% 0.38% 1.00
15. Cognitive? -0.12¢f -0.13t -0.10f -0.74% 0.80% 0.72% 1.00
16. APOE g4b -0.07% -0.02 0.03 0.03 -0.07t -0.07% -0.07%

Note. Correlations are unadjusted.  Continuous variable. ® Dichotomous variable. T p <
0.05. £p<0.01. Race
(women = 0 and men = 1); Race (Black = 4 and White = 5); Education ( total number of
years); HbAlc = hemoglobin
Alc; LDL-C = low density lipoprotein cholesterol; HDL-C = high density lipoprotein
cholesterol; CAC = coronary
artery calcification scores; DSST = Digit Symbol Substitution Test; RAVLT = Rey-

Auditory Verbal Learning Test;

APOE ¢4 = apolipoprotein E ¢4 allele. APOE ¢4 (With = ¢ 3/4 and ¢4/4 and Without = ¢2/4
and any ¢2 or ¢3 alleles).
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Table 3
Hierarchical Multiple Regression Examining Predictors of Cognitive Functioning
Model 1 B SE B p F Adj.R° AR
Step 1: Demographics 162.275 .336
Age, yrs. -.038 .004 -.178 .000
Race .566 .029 .367 .000
Gender .390 .026 .256 .000
Education .099 .006 .303 .000
Step 2:Hyperglycemia 143.774 339 .002
Age -.037 .004 -174 .000
Race .548 .030 .355 .000
Gender .384 .026 .252 .000
Education .097 .006 .298 .000
HbAlc -.046 .015 -.056 .002
Step 3: Lipids 105.441 .340 .002
Age -.037 .004 -174 .000
Race 561 .030 .364 .000
Gender 375 .028 .246 .000
Education .096 .006 293 .000
HbAlc -.038 .015 -.046 .012
LDL-C .001 .000 .022 .203
HDL-C .001 .001 -.002 932
Triglycerides -.001 .000 -.048 .015
Step 4: Inflammatory Markers 90.257 .342 .003
Age -.037 .004 -175 .000
Race .548 .031 .355 .000
Gender .389 .029 .256 .000
Education .094 .006 .288 .000
HbAlc -.034 .015 -.041 .025
LDL-C .001 .000 .021 .226
HDL-C .000 .001 -.008 .693
Triglycerides -.001 .000 -.045 .021
C-reactive protein -.005 .003 -.028 .143
Interleukin-6 -.011 .005 -.042 .019
Step 5: Vascular Health 84.111 .343 .001
Age -.036 .004 -.170 .000
Race .550 .031 .256 .000
Gender 379 .030 .249 .000
Education .094 .006 .287 .000
HbAlc -.033 .015 -.040 .028
LDL-C .000 .000 .021 234
HDL-C .000 .001 -.009 .658
Triglycerides -.001 .000 -.044 .027
C-reactive protein -.005 .003 -.026 159
Interleukin-6 -.011 .005 -.041 .022
CAC -.061 .035 -.032 .078

Note. Controlled for site using dummy variables. Yrs. = years; Gender (women = 0 and
men = 1); Race (Black = 4 and White = 5); APOE ¢4 = apolipoprotein E ¢4 allele; APOE
¢4 (With = ¢ 3/4 and ¢4/4 and Without = ¢2/4 and any ¢2 or ¢3 alleles); HbAlc =
hemoglobin Alc; LDL-C= low density lipoprotein cholesterol; HDL-C = high density
lipoprotein cholesterol; CAC = coronary artery calcification scores. Step 1R* = .338; Step
2 R?=.341; Step 3 R* = .343; Step 4 R = .346; Step 5 R* = .347.
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Table 4
Hierarchical Multiple Regression Examining Predictors of Cognitive Functioning in
Those With APOE 4

Model 2 B SE B p F Adj.R® AR
Step 1: Demographics 42.944 339
Age, yrs. -.036 .007 -174 .000
Race .564 .057 .370 .000
Gender .384 .053 .250 .000
Education .099 .006 .303 .000
Step 2: Hyperglycemia 37.914 .340 .003
Age, yrs. -.035 .007 -.169 .000
Race 544 .059 .357 .000
Gender 376 .053 .246 .000
Education .100 .013 .294 .000
HbAlc -.045 .031 -.052 147
Step 3: Lipids 28.099 .343 .005
Age, yrs. -.036 .007 -172 .000
Race .556 .060 .365 .000
Gender 375 .057 .245 .000
Education .100 .013 292 .000
HbAlc -.037 .032 -.042 .250
LDL-C .002 .001 .067 .053
HDL-C -.001 .002 -.001 .986
Triglycerides -.001 .001 -.042 .286
Step 4: Inflammatory Markers 24.217 .345 .005
Age, yrs. -.036 .007 -.170 .000
Race .536 .061 .352 .000
Gender 403 .059 .263 .000
Education .098 .013 .288 .000
HbAlc -.033 .032 -.037 .309
LDL-C .002 .001 .069 .045
HDL-C .000 .002 -.010 .814
Triglycerides .000 .001 -.038 332
C-reactive protein -.011 .008 -.051 .165
Interleukin-6 -.013 011 -.042 .250
Step 5: Vascular Health 22.504 .345 .001
Age, yrs. -.035 .008 -.166 .000
Race .536 .061 .352 .000
Gender .395 .060 .258 .000
Education .098 .013 .287 .000
HbAlc -.031 .032 -.035 .338
LDL-C .002 .001 .068 .049
HDL-C .000 .002 -011 787
Triglycerides -.000 .001 -.034 .382
C-reactive protein -.011 .008 -.051 .168
Interleukin-6 -.013 011 -.041 .258
CAC -.048 .068 -.026 476

Note. Controlled for site using dummy variables. Yrs. = years. Gender (women = 0 and
men = 1); Race (Black = 4 and White = 5); APOE ¢4 = apolipoprotein E ¢4 allele; APOE
¢4 (With = ¢ 3/4 and ¢4/4 and Without = ¢2/4 and any ¢2 or ¢3 alleles); HbAlc =
hemoglobin Alc; LDL-C = low density lipoprotein cholesterol; HDL-C = high density
lipoprotein cholesterol; CAC = coronary artery calcification scores. Step 1 R* = .347;
Step 2 R*=.350; Step 3 R? = .355; Step 4 R® = .360; Step 5 R* = .361.
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Table 5
Hierarchical Multiple Regression Examining Predictors of Cognitive Functioning in
Those Without APOE 4
Model 3 B SE B p F Adj.R® AF
Step 1: Demographics 116.922 329
Age, yrs. -.038 .004 -.180 .000
Race .566 .034 .364 .000
Gender .390 .031 .258 .000
Education .098 .007 .306 .000
Step 2: Hyperglycemia 103.749 332 .003
Age, yrs. -.037 .004 -.175 .000
Race 548 .035 .352 .000
Gender .384 .031 .254 .000
Education .096 .007 299 .000
HbAlc -.047 .017 -.059 .005
Step 3: Lipids 75.979 .333 .002
Age, yrs. -.037 .004 =175 .000
Race 561 .035 .360 .000
Gender 375 .033 .248 .000
Education .095 .007 .296 .000
HbAlc -.040 .017 -.050 .021
LDL-C .000 .000 .010 .642
HDL-C .000 .001 -.004 .854
Triglycerides -.001 .000 -.049 .034
Step 4: Inflammatory Markers 64.972 334 .003
Age, yrs. -.037 .004 -.176 .000
Race .548 .036 .352 .000
Gender .387 .034 .255 .000
Education .093 .007 290 .000
HbAlc -.036 .017 -.044 .039
LDL-C .000 .000 .009 675
HDL-C .000 .001 -.010 .664
Triglycerides -.001 .000 -.047 .042
C-reactive protein -.004 .004 -.023 295
Interleukin-6 -011 .005 -.044 .038
Step 5: Vascular Health 60.555 .335 .001
Age, yrs. -.036 .004 =172 .000
Race 551 .036 .354 .000
Gender 376 .034 .248 .000
Education .093 .007 .289 .000
HbAlc -.035 .017 -.044 .041
LDL-C .000 .000 .009 673
HDL-C .000 .001 -011 .647
Triglycerides -.001 .000 -.046 .046
C-reactive protein -.004 .004 -.022 .330
Interleukin-6 -.010 .005 -.043 .043
CAC -.063 041 -.032 121

Note. Controlled for site using dummy variables. Yrs. = years; Gender (women = 0 and

men = 1); Race (Black = 4 and White = 5); APOE ¢4 = apolipoprotein E ¢4 allele; APOE
¢4 (With = ¢ 3/4 and ¢4/4 and Without = ¢2/4 and any ¢2 or ¢3 alleles); HbAlc =
hemoglobin Alc; LDL-C = low density lipoprotein cholesterol; HDL-C = high density
lipoprotein cholesterol; CAC = calcification scores. Step 1 R = .332; Step 2 R? = .335;
Step 3 R = .337; Step 4 R? = .340; Step 5 R? = .341.
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Abstract

Using structural equation modeling, the investigators examined causal models of
cognitive functioning in a sample of 1,911 middle-aged adults from the Coronary Artery
Risk Development in Young Adults (CARDIA) Study. Prior studies suggest that body
habitus, hyperglycemia, inflammatory processes, vascular health, lipid status, and
expression of apolipoprotein E ¢4 predict cognitive functioning in older adults; however,
it is unclear whether such predictors of cognition have value in middle-aged adults when
a great deal of cognitive reserve remains. Based on the literature, a model of how these
different predictors influence each other to affect cognitive functioning was
hypothesized. The model was tested using physiological measures to determine
predictors of cognitive functioning after 5 years. Several direct and indirect effects were
noted. More specifically, for those participants with apolipoprotein E ¢4, no direct effects
were noted on cognitive functioning. However, for those without apolipoprotein E ¢4,
lower levels of inflammatory marker levels were predictive of better cognitive
functioning.
Key words: body habitus, hyperglycemia, inflammatory processes, cognitive functioning,

vascular health, lipid status, and APOE ¢4

Introduction
With a rapidly aging society, it becomes necessary to focus earlier on maintaining
normal cognitive functioning over the lifespan. Within the United States, the number of
people 65 years and older continues to grow, with expectations of the population

doubling to 79 million by 2040, therefore constituting 20% of the population
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(Administration on Aging, 2012). Nonpathological, healthy aging can still result in a
decline in cognition functioning (Administration of Ageing, 2012). This decline is
unfortunate because the maintenance of normal cognition functioning is a highly
important component of successful aging due to its direct relationship with everyday
functioning and health promotion (Vance, Eagerton, Harnish, McKie, & Fazeli, 2011).
Even moderate disruption in cognitive functioning, without dementia, has been found to
interfere with everyday tasks such as driving a car, taking medications, managing
healthcare and finances, grocery shopping, and using the telephone (McGuire, Ford, &
Ajani, 2006; Okonkwo et al., 2009).

Several mechanisms may affect cognitive functioning including: genetic
predisposition (apolipoprotein E ¢4, or APOE ¢4, the allele associated with Alzheimer’s
disease), hyperglycemia, vascular disease, inflammatory factors, and others (Strachan,
2010). Of these mechanisms, some can be controlled (e.g., hyperglycemia, inflammatory
factors, and vascular disease resulting from dyslipidemia), while others cannot (e.g.,
gender, race, and genetic predisposition). Thus, understanding the significant
mechanisms responsible for cognitive functioning can allow healthcare providers and
researchers to focus on controllable risk factors in hopes of maintaining normal cognitive
functioning with age.

Predictors of coronary artery disease are very similar to predictors for changes in
cognitive functioning. For that reason, some of the variables of interest in the Coronary
Artery Risk Development in Young Adults (CARDIA) Study can be evaluated for their
effects on cognitive functioning. The CARDIA Study, a 25-year longitudinal cohort

study, was designed to explore the evolution of risk factors associated with coronary
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heart disease in 18-30 year old White and Black women and men (Friedman et al., 1988).
Understanding the causal nature of changes in cognitive functioning might also provide
areas for healthcare providers to target for prevention.

Many metabolic and inflammatory predictors may influence cognitive functioning
including body habitus (measured by waist circumference and BMI), hyperglycemia,
lipids, inflammatory markers, and vascular health. A large body habitus, known as
obesity, is one such modifiable mechanism that could affect cognitive functioning. In
fact, the CARDIA Study researchers have noted that over time young adults participating
in their study have significantly increased their weight (Burke et al., 1996). Such weight
gain may cause an individual to be diagnosed with obesity. Researchers in the Whitehall
I1 Study found that in 6,401 participants, those with the fastest cognitive decline were
also those who were obese and had metabolic abnormalities (Singh-Manoux et al., 2012).
Unfortunately, obesity is becoming an epidemic in the United States and has been linked
to declines in cognitive functioning across the lifespan (Launer et al., 2000; Launer,
2005; Whitmer et al., 2005; Yaffe et al., 2007). Unfortunately, obesity is linked to other
co-morbidities, including diabetes.

Hyperglycemia, a hallmark of diabetes, is one of the modifiable mechanisms of
particular interest. According to the Centers for Disease Control and Prevention (CDC,
2011), diabetes affects 10.9 million, or 26% of the population 65 years and older.
Unfortunately, people with diabetes are 1.5 times more likely than those without diabetes
to experience deficits in cognitive functioning (Cukierman et al., 2005). In fact, several
studies link both diabetes with poorer cognitive functioning (Arvanitakis, Wilson,

Bienias, Evans, & Bennett, 2004; Bruce, Harrington, Foster, & Westerfelt , 2009;
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Galanina, Surampudi, Ciltea, Singh, & Perlmuter, 2008; Gonder-Frederick et al., 2009;
Rizzo et al., 2010; Shimada et al., 2009).

In addition to diabetes (Gregg et al., 2000; Grodstein, Chen, Wilson, & Manson,
2001; Kanaya, Barrett-Connor, Gildengorin, & Yaffe, 2004), dyslipidemia (elevated high
density lipoproteins, elevated low density lipoproteins, and elevated triglycerides) has
also been reported to affect vascular health which in turn negatively impacts cognitive
functioning (Evans et al., 2000; Moroney et al., 1999; Yaffe, Barrett-Connor, Lin, &
Grady, 2002). Even in early to middle-aged adults in the CARDIA Study, dyslipidemia
was already present in many of the participants (Donahue et al., 1989; Marcovina et al.,
1993). Studies have linked diabetes and dyslipidemia to underlying inflammation
(Pradhan, Manson, Rifai, Buring, & Ridker, 2001), which potentiates the processes
involved in vascular disease (Barzilay et al., 2001; Ridker, Buring, Shih, Matias, &
Hennekens, 2003). More specially, elevated interleukin-6 and C-reactive protein, both
inflammatory markers, are associated with an increased risk of developing diabetes,
vascular disease (i.e., atherosclerosis measured by coronary artery calcification),
Alzheimer’s disease, as well as other complications (Umegaki, 2014). In the CARDIA
Study, 9.6% of the participants had coronary artery calcification (Mage = 40-42 years old)
noted after 15 years (Loria et al., 2007). When considering that coronary artery
calcification is associated with head-to-toe vascular disease, the risk of developing
neurovascular-related cognitive impairment in early to middle-aged adults is of some
concern. The concern for vascular disease generates even more emphasis on detrimental

cognitive functioning over time.



83

Further, the APOE ¢4 allele may predict vascular health and eventually cognitive
functioning. As noted by Rizzuto (2013), the APOE phenotypes have been noted to be
determinants of cardiovascular disease, cerebrovascular disease, and dementia.
Apolipoprotein E, a polymorphic glycoprotein, can be found in the plasma on certain
chylomicrons and serves as a binder for the LDL receptor and LDL receptor-related
protein. It can be expressed in 3 different alleles, ¢2, ¢3, and ¢4. In the CARDIA Study,
Howard and colleagues (1998) studied 3,485 White and Black men and women in order
to determine APOE phenotypes as well as gender and racial differences. These
researchers found that Black men and women had higher frequencies of the ¢4 allele than
Whites (p < 0.005) indicating a racial predisposition on genotype.

Overall, the larger one’s body habitus, the worse one’s hyperglycemia, vascular
health, and lipid status, and the higher one’s inflammatory markers, then the higher the
risk for worsening cognitive functioning (Talley et al., in press). Although all of the
predictors discussed here have been implicated in worsening cognitive functioning, the
manner in which they all contribute to cognitive functioning is not well understood. The
purpose of this study was to examine how such predictors are interrelated as they
contribute to cognitive functioning over time.

The goal of this study was to test structural equation models that specified
relationships between the latent variables (i.e., body habitus, hyperglycemia,
inflammatory markers, vascular health, and lipids) hypothesized to predict cognitive
functioning after 5 years. Structural equation models were created to determine which
paths were most salient in predicting subclinical changes in cognitive functioning in

middle-aged participants with and without the APOE ¢4 allele (U. S. Department of
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Health and Human Services, 2014). Based on the literature, direct paths were identified
between latent variables known to be associated with cognitive functioning.
Hypothesized paths are displayed in Figure 1. Paths were specified with a direct path
from body habitus to hyperglycemia, lipids, inflammatory markers, vascular health, and
cognitive functioning (Talley et al., in press). The order in which the variables were
added to the model was based on the causal relationship observed between
hyperglycemia and dyslipidemia to underlying inflammation (Pradhan et al., 2001),
further potentiating vascular disease (Barzilay et al., 2001; Ridker et al., 2003). Going
downstream from the exogenous to the endogenous latent variables, direct paths from
inflammatory markers were specified to vascular health and cognitive functioning;
hyperglycemia to inflammatory markers, lipids, vascular health, and cognitive
functioning were specified; direct paths from lipids were specified to inflammatory
markers and vascular health; finally, a direct path from vascular health to cognitive

functioning was specified.

Methods
Participants
Recruitment for the CARDIA Study was conducted using a stratified random
sampling method from four urban areas: University of Alabama at Birmingham
(Birmingham, AL), the University of Minnesota (Minneapolis, MN), Northwestern
University (Chicago, IL), and Kaiser Permanente (Oakland, CA) (Hughes et al., 1987).
Eligible participants were at least 18 years old but younger than 30 years of age and

either White or Black. Only participants who were free of disability and long-term
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diseases (those that would interfere with the examinations) were invited to participate.
Participants were not eligible if they were pregnant, 3 months postpartum, mute, deaf,
blind, mentally challenged, or unable to ambulate on a treadmill. Additionally,
participants who self-reported stroke and who did not complete the neurocognitive tests
at year 25 were excluded from the present analyses. A total of 5,116 participants were
included in the original CARDIA Study. In addition to the physical exam performed at
entry into the study, participants were asked to undergo follow-up examinations over 25
years. All participants gave informed consent. The study design, data collection, and
analyses were approved by the institutional review boards where the participants were
recruited. For this study, only those records from participants with complete data for each
of the variables were included. Thus, using such a listwise deletion approach, a total of

1,911 records remained for analysis.

Measures

The CARDIA Study collected data at year 0, 2, 5, 7, 10, 15, 20, and 25 post-
recruitment. Each year had a different set of aims; therefore, not all variables were tested
at each interval. Demographic data (age, gender, race, and site) were collected at year 0.
Self-reported education level at year 25 was also used for this study. The measurement of
body habitus, hyperglycemia, lipids, inflammatory markers, and vascular health from
year 20 were used. The results from cognitive tests were collected from year 25.
Measurements for age, body habitus, hyperglycemia, lipids, inflammatory markers, and
cognitive tests were continuous variables while gender, race, site, and vascular health

were dichotomous or categorical variables.
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Waist Circumference. Waist circumference was measured using the Gulick 11
Plus anthropometric tape which was applied horizontally at a lateral level midway
between the iliac crest, the lowest lateral area of the rib cage, and anteriorly midway
between the xiphoid process and the umbilicus (Scientific Resources Section, 2005). For
the purposes of this study, the average of the two measurements of waist circumference
were used since they were highly correlated with one another (Pearson’s correlation =

0.999).

Body Habitus. Body mass index (BMI) is a measure commonly used to
objectively measure obesity. Measures of height and weight of the participants were used

to calculate BMI (kg/m?).

Hyperglycemia. Hyperglycemia was measured by hemoglobin Alc (HbAlc),
oral glucose tolerance tests, and fasting blood glucoses. Hemoglobin Alc was used as an
average for blood glucoses over the last 90-120 days and was converted to a percentage
for evaluation. Oral glucose tolerance tests, which were used to test a glucose challenge
after a long fasting period, were measured using the hexokinase ultraviolet method to
assess glycemia 2 hr after the glucose challenge. Fasting blood glucose was measured

using the hexokinase ultraviolet method (Scientific Resources Section, 2005).

Lipids. A lipid panel was used to determine the value of low density lipoprotein
cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), and triglycerides.

LDL cholesterol was calculated using the Friedewald equation (Scientific Resources
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Section, 2005). HDL cholesterol by trinder-type method was determined enzymatically
after the precipitation of dextran sulfate-magnesium on the Abbot Spectrum.
Triglycerides were determined by ultraviolet method which was again determined
enzymatically on the Abbot Spectrum (using Hitachi 917 — R1Buffer/4-

Chloropheno/Enzymes).

Inflammatory Markers. The inflammatory markers, C-reactive protein and
interleukin-6, were used to determine if inflammation was present. C-reactive protein was
gauged using a nephelometry-based high throughput assay (Scientific Resources Section,
2005). Interleukin-6 was assessed using an ELISA assay from R&D Systems with
methodology well established in the laboratory. Interleukin-6 is a key cytokine that
mediates the acute phase of inflammation, promotes local thrombosis (or clotting), and

over time can alter vasculature.

Vascular Health. Coronary calcification scores from year 20 were used to
determine if vascular disease was present. The coronary calcification was measured with
different scanners; the Birmingham field center used the GE Lightspeed QX/I, the
Chicago site used the Imatron C-150, the Minneapolis site used the Siemens S4+ VVolume
Zoom, and the Oakland site used the Imatron C-150 (Scientific Resources Section, 2005).
The same scanning protocol was developed and used by all sites to ensure uniformity of
the scans because different technologies were used. The presence of coronary
calcification was defined as having a positive, non-zero Agatston score using the average

of two scans. Those participants with higher coronary artery calcification scores have
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greater plaque burden and a greater risk of having cardiac events related to poor vascular
health. This variable was dichotomized with a score of 0 indicating the absence of
calcification in the coronary arteries and therefore a low likelihood that these participants

would have cardiac events related to poor vascular health.

Cognitive Functioning. Three different neurocognitive tests were used to
evaluate cognitive functioning in the participants. Cognitive functioning was measured
using the: Rey-Auditory Verbal Learning Test (RAVLT), Digit Symbol Substitution Test
(DSST), and Stroop Test. Neurocognitive technicians all used the same protocol in order

to perform the tests and ensure inter-rater reliability.

Stroop Test. The Stroop Test is a measure of executive function (a function
attributed to the frontal lobe). To assess this, the Stroop Test was used to evaluate the
participants’ ability to view complex visual stimuli, respond to one stimulus, while
purposefully ignoring the processing of the other dimension. The Stroop Test consists of
three subtests. In subtest 1, participants read aloud color words that are written with black
ink. In subtest 2, participants stated the colors of colored rectangles. In subtest 3,
participants read aloud the color of ink that color words are written (i.e., if the word
“green” is written in red ink, the correct answer is red) (Reis et al., 2013). Next, an
interference score was calculated by subtracting the score on subtest 3 from the score
from subtest 2. Interference provided a measure of the additional executive processing
needed to respond to subtest 3. For scoring purposes, higher interference scores indicate

worse cognitive functioning.
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Digit Symbol Substitution Test (DSST). The DSST, a subtest of the Wechsler
Adult Intelligence Scale, Third Edition, is a measure of psychomotor speed (Salthouse,
1992). For this test, participants were presented with rows of numbers with empty boxes
underneath and a key appeared above the rows where the numbers 1-9 were shown. Each
number was paired with a distinct symbol. For this test, participants were asked to fill-in
the blank boxes with their distinct symbol (up to 140 boxes) in a 2-min period. The
participants received a point for each correctly drawn symbol. The range of scores is 0-

133, with lower scores indicating poorer cognitive functioning (Reis et al., 2013).

Rey-Auditory Verbal Learning Test (RAVLT). The RAVLT is a well-known test
of memory and verbal learning (Malloy-Diniz, Lasmar, Gazinelli, Fuentes, & Salgado,
2007). More specifically, this test was used to evaluate the participants’ ability to recall a
short list of words with immediate, short-term, and long-term recall. A 15-item word list
was read to the participants (a rate of one word per second). The list of words was
presented five times and then the participants were asked to immediately recall as many
words as possible in one minute’s time. The neurocognitive technician checked off all of
the words the participants were able to recall. An interference list of words was presented
next and the participants were asked to recall these words immediately followed by recall
of the words from the first trial. After about 10 min had lapsed, the neurocognitive
technician asked the participants to recall as many of the words that were in the first trial.

The long delay score for the RAVLT was used for this study.
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Data Analysis

From the entire data set of 5,115 participants, listwise deletion was used to
eliminate participants with incomplete data leaving 1,912 participants. Violations of
multivariate normality were explored using bivariate graphs, Cook’s distance, and
Mahalanobis distance. Body mass index had one outlier (136.64 kg/m?; z-score = 16.75)
that was highly aberrant and was eliminated from the dataset because the observed value
was not trusted. After this elimination, a total of 1,911 participants remained.

Correlations among study variables were analyzed using SPSS 11.5 (Norusis,
1993) and LISREL (Joreskog & Sorbom, 1993). A partial correlation matrix was created
and latent variables were extracted for body habitus (BMI and waist circumference),
hyperglycemia (fasting blood glucose, oral glucose tolerance test, and HbAlc), lipids
(LDL-C, HDL-C, and triglycerides), inflammatory markers (C-reactive protein and
interleukin-6), vascular health (coronary calcification), and cognitive functioning
(RAVLT, DSST, and the Stroop Test).

A causal model was constructed to determine the effects of body habitus,
hyperglycemia, lipids, inflammatory markers, and vascular health on cognitive
functioning (Figure 1). Standard fit indices were used to compare the fit of the models.
Standard absolute fit indices included the adjusted goodness-of-fit index and the
goodness-of-fit index; these compare the models to a saturated model instead of a nested
model. The chi-square test was used as the conventional overall test of fit. The chi-square
is overly sensitive because it provides a value of the difference between the sample and
the fitted partial correlation matrix controlling for age, gender, race, level of education,

and site.
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To trim the model, t-tests of the significance of each estimated path were
evaluated, and non-significant paths were fixed to zero so as to improve parsimony and
model fit and then rerun. Finally, modification indices were examined to identify paths
that could be added that would improve the overall fit of the model. The above procedure

was conducted for participants with and without the APOE ¢4 allele.

Results
Demographic and Cognitive Associations

Table 1 compares the descriptive statistics for the demographic variables at year
25 for participants with and without APOE ¢4. Of the 1,911 participants who had
complete data for analysis, 489 (25.6%) participants had the APOE ¢4 allele. Participants
with APOE ¢4 ranged in age from 42 to 56 (Mage = 50.10 years). Women comprised 55%
of these participants and 55% were White (n = 269). These participants had completed 7-
20 years of school (M = 14.68 years). The mean HbAlc for those with APOE ¢4 was
5.54% and ranged from 4 to 14%. The average levels of LDL-C, HDL-C, and
triglycerides were noted to be 120.56 mg/dL, 56.75 mg/dL, and 104.55 mg/dL,
respectively.

Conversely, a total of 1,422 (74.4%) did not have the APOE ¢4 allele. Of those
without APOE ¢4, their age ranged from 42 to 57 (Mage = 50.35 years). Women
comprised 56% of these participants and 66% were White (n = 936). These participants
had completed 8 to 20 years of school (M = 14.76 years). The mean HbAlc for those
without APOE ¢4 was 5.51% and ranged from 4 to 15%. The average levels of LDL-C,

HDL-C, and triglycerides were noted to be 111.03 mg/dL, 59.50 mg/dL, and 107.28
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mg/dL, respectively. Significant differences between those with and without APOE ¢4
were noted for race, level of education, LDL-C, HDL-C, C-reactive protein, DSST, and
RAVLT.

Table 2 included the partial correlations for the variables of interest after
controlling for age, race, sex, level of education, and site. Because LISREL does not
create p values for individual correlations, significance levels were determined in SPSS.
For those with APOE ¢4, strong correlations were noted between: waist circumference
with BMI (r = .91, p < .01); oral glucose tolerance test with fasting blood glucose (r =
.70, p <.01) and HbAlc (r = .62, p <.01); and fasting blood glucose with HbAlc (r =
.77, p <.01). Moderate correlations were noted between: waist circumference with
fasting blood glucose (r = .26, p <.01), C-reactive protein (r = .33, p <.01), triglycerides
(r =.30, p<.01), and HDL-C (r =-.39, p < .01); BMI with C-reactive protein (r = .35, p
<.01) and HDL-C (r = -.34, p < .01); oral glucose tolerance test with triglycerides (r =
.27, p <.01); HDL-C with triglycerides (r = -.38, p < .01); and DSST with Stroop (r = -
27,p <.01).

For those without APOE ¢4, strong correlations were noted between: BMI with
waist circumference (r = .90. p <.01); fasting blood glucose with oral glucose tolerance
test (r =.74, p <.01); HbAlc with oral glucose tolerance test (r = .64, p <.01) and
fasting blood glucose (r = .76, p <.01); as well as DSST with RAVLT (r =-.74, p < .01).
Moderate correlations were noted for waist circumference with C-reactive protein (r =
.35, p <.01); interleukin-6 with waist circumference (r = .25, p <.01) and BMI (r = .25, p

<.01); triglycerides with oral glucose tolerance test (r = .28, p < .01); HDL-C with waist
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circumference (r =-.37, p <.01), BMI (r =-.31, p <.01), oral glucose tolerance test (r = -
.25, p <.01), and triglyceride (r = -.44, p < .01).

For structural equation modeling, Anderson and Gerbing (1988) suggested
following a procedure whereby models are compared in a sequential, logical manner.
Thus, for this analysis, a baseline model was constructed first using six conceptual or
latent variables (body habitus, hyperglycemia, lipids, inflammatory markers, vascular
health, and cognitive functioning). This baseline model was constructed to check the
validity of the latent variables. Waist circumference and BMI served as the observed
variables for body habitus. Oral glucose tolerance test, fasting blood glucose, and HbAlc
served as the observed variables for hyperglycemia. Low density lipoprotein cholesterol,
triglycerides, and HDL-C served as observed variables for lipids. C-reactive protein and
interleukin-6 served as indicator variables for inflammatory markers. A dummy latent
variable was created for vascular health since it only had one observed variable (coronary
artery calcification). Reference variables were identified and specified to help in
interpreting the valence of the model (i.e., triglycerides for lipids and RAVLT for
cognitive functioning); therefore, higher scores indicated higher levels of the construct.
Next, a causal model was specified whereby all of the proposed paths were added,
regardless of significance. Lastly, in an iterative process, the trimmed model was
constructed by eliminating the least nonsignificant paths one at a time until only all

significant paths remained. Data were then interpreted from this trimmed model.
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Analysis with APOE ¢4 Sample

For those participants with APOE ¢4, first, the independence model tested the
hypothesis that all variables are not correlated, this model was rejected, X* (91, n = 489)
=2058.47, p < .001. The baseline model was then tested, and fit was significant (X* [63,
n =489] = 94.86, p < .001). A chi-square difference test indicated significant
improvement in fit between the independence model and the baseline model, X2 (28, n
=489) =1,963.61, p <.001. The full model was specified next. Many of the model
predicted paths were not significant; therefore, the trimmed model was developed by
sequentially removing nonsignificant paths (based on the lowest t-value) one at a time
and then recalculating the model estimates. This respecification process was continued
until only significant paths remained in the model (p <.05).

Figure 2 shows the fully trimmed model along with the path coefficients with
standardized solutions. As noted in Table 3, the standard fit indices (e.g., GFI = 0.97,
AGFI = 0.96) for the trimmed model provided excellent fit to the observed data, X (71, n
=489) = 105.64, p < .001. Ullman (1996) suggests running a correlation between the
baseline model and the trimmed model estimates after performing post hoc model
modification. Therefore, a very high correlation was observed (r = .96; p < .01) which is
indicative of stable parameter estimates for the statistically significant paths after removal
of all nonsignificant paths.

Interestingly, the fully trimmed model for the APOE ¢4 sample shows that none of
the latent causal variables (body habitus, hyperglycemia, lipids, inflammatory markers,
and vascular health) directly affected cognitive functioning in those with APOE ¢4.

However, body habitus predicted hyperglycemia (standardized coefficient = 0.19),
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inflammatory markers (standardized coefficient = 0.54), lipids (standardized coefficient =
0.41), and vascular health (standardized coefficient = 0.23); thus, the larger the body
habitus the worse the hyperglycemia, inflammatory markers, lipids, and vascular health.
Hyperglycemia predicted inflammatory markers (standardized coefficient = 0.20) and
lipids (standardized coefficient = 0.22); thus, worse hyperglycemia predicted higher
inflammatory markers and lipid levels.

Several significant indirect paths were noted in the trimmed model. More
specifically, larger body habitus predicted worse hyperglycemia which predicted higher
levels of inflammatory markers (R? = .04, p < .01). In addition, larger body habitus

predicted worse lipid status (R? = .04, p < .01).

Analysis without APOE ¢4 Sample

For those participants without APOE ¢4, first, the independence model tested the
hypothesis that all variables are not correlated, this model was rejected, X? (91, n = 1,422)
=5,999.67, p < .01. The baseline model was then tested, and fit was significant (X* [63, n
=1,422] = 184.90, p <.01). In fact, a chi-square difference test indicated a significant
improvement in fit between the independence model and the baseline model, X2 (28, n
=1,422) =5,814.77, p < .01. The full model was specified next. Many of the model
predicted paths were not significant; therefore, the trimmed model was developed.

Figure 3 shows the fully trimmed model including path coefficients with
standardized solutions. As noted in Table 3, the standard fit indices (e.g., GFI = 0.98,
AGFI = 0.97) for the trimmed model provided excellent fit to the observed data, X (71, n

=1,422) =197.43, p <.01. Because Ullman (1996) suggests running a correlation
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between the baseline model and the trimmed model estimates after performing post hoc
model modification, a correlation analysis was conducted. A very high correlation was
observed (r = .99; p <.01) and indicates that stable parameter estimates exist for the
statistically significant paths after removal of all nonsignificant paths.

In contrast to the final model for those with APOE ¢4, the final model for those
without APOE ¢4 showed one latent causal variable, inflammatory markers, had a direct
effect on cognitive functioning. Inflammatory markers affected cognitive functioning in
an inverse way (standardized coefficient = -0.15). Albeit, body habitus affected
hyperglycemia (standardized coefficient = 0.27), inflammatory markers (standardized
coefficient = 0.54), lipids (standardized coefficient = 0.54), and vascular health
(standardized coefficient = 0.13). Hyperglycemia affected inflammatory markers
(standardized coefficient = 0.27) and lipids (standardized coefficient = 0.36).

Several significant indirect paths were noted in the trimmed model. Larger body
habitus predicted worse lipid status (R = .06, p <.01). Larger body habitus also predicted
worse hyperglycemia which predicted higher inflammatory markers and eventually worse
cognitive functioning (R* = -.08, p < .01). In addition, larger body habitus predicted

higher inflammatory markers and, in turn, predicted worse cognitive functioning.

Discussion
The purpose of this study was to examine the possible influence that several
metabolic and inflammatory predictors have on cognitive functioning with middle-aged
adults with and without APOE ¢4. With the use of structural equation modeling analyses,

both the independent contributions and the common contributions on cognitive
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functioning were investigated. The trimmed model for those without APOE ¢4 produced
only one direct path; lower levels of inflammatory markers predict better cognitive
functioning in 5 years. Yet, several indirect effects were noted. Body habitus was noted
to predict cognitive functioning as larger body habitus predicted hyperglycemia, higher
levels of hyperglycemia predicted higher levels inflammatory markers, and higher levels
of inflammatory markers predicted poorer cognitive functioning. In addition, larger body
habitus predicted higher levels of inflammatory markers and lipids as well as worse
vascular health. These findings are consistent with previous studies (e.g., Launer et al.,
2000; Launer, 2005; Singh-Manoux et al., 2012; Whitmer et al. 2005; Yaffe et al., 2007).

Unfortunately, the trimmed model for those with APOE ¢4 revealed that the
variables of interest did not have any direct effects on cognitive functioning. Some
indirect effects were found in the trimmed model. More specifically, body habitus
predicted both worse lipid status and higher levels of inflammatory markers and also
indirectly through hyperglycemia. The indirect effects that were noted predicted vascular
health. Perhaps poor vascular health results in poor performance of the heart; therefore,
cognitive functioning may be dependent on blood pressure. When the blood pressure is
low, there is poor perfusion to organs such as the brain. When the brain lacks perfusion, it
cannot function properly and cognitive functioning is impaired.

Third, the inability to find a predictive relationship directly on cognitive
functioning in those with APOE ¢4 at first seems surprising but may be due to the
restricted age of the study. These results are likely due to studying middle-aged adults
rather than an older population as subtle changes in cognitive functioning may not be

detected as much in middle-aged adults as it is in older adults. If the participants had been
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older at the beginning of the study, perhaps more direct effects on cognitive functioning
may have been found.

Clearly, middle-aged adults with and without APOE ¢4 have differences
inherently that predict cognitive functioning over time. Thus, many unexplored predictive
explanations for the difference in cognitive functioning exist for those with and without
APOE ¢4 as evident by only 2-5% of the variance of the cognitive measure being
explained in the trimmed models. For example, midlife systolic blood pressure may
predict late-life cognitive functioning as in the Honolulu-Asia Aging Study (Peila et al.,

2001).

Strengths and Limitations

This study has several strengths. First, a large sample size with diverse gender,
race, and level of education was used. Such a sample size allows for higher power and a
greater ability to generalize its findings to the general population. Second, this study
focused on middle-aged adults rather than older adults in order to determine the
synergistic effects that metabolic and inflammatory predictors had on cognitive
functioning. Finally, cognition was studied using more than one domain of cognition
enabling a more global evaluation of cognitive functioning. The tests and measures
within the study were performed using standardized measures at each site.

One limitation of this study is the age range; only adults from age 42 to 57 years
old were in the study. This middle-aged sample did not allow the effects of older age on
cognitive functioning. In addition, there were fewer participants in the APOE ¢4 group

which could account for less power in the detection of associations. There are also many
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genes associated with Alzheimer’s disease and this study only looked at one. This study
also lacked a direct measurement of transient ischemic attacks and stroke. Instead, the
participants reported whether or not they had experienced either transient ischemic
attacks or stroke. A more direct way to measure previous transient ischemic attack or
stroke could have included FLAIR imaging via magnetic resonance imaging, therefore,
allowing the exclusion of these participants in a more reliable way. However, the results
of the FLAIR imaging were not available at the time of this study. In addition, this study
measured coronary artery calcification as either being present or not being present.
Again, a more precise measurement of coronary calcification could yield even richer
results. Indeed, CARDIA had a quantitative measurement of coronary artery calcification
that could have been used. Because some the measures in this study were only measured
once, the effects that they have over time could be better studied through the use of
repeated measures. For example, interleukin-6 and cognitive measures were only
conducted once. If some of the variables of interest had been studied at baseline and
repeated at another time, change in cognition could be studied in more detail. In
particular, with one measure of interleukin-6, it is difficult to determine whether the

inflammation is occurring acutely or chronically.

Implications for Practice and Research
Based on the direct and indirect paths noted from the trimmed model for those
with and without APOE ¢4, a few implications for future practice and research can be
gleaned. For those with APOE ¢4, certainly there are multiple factors effecting cognitive

functioning as noted by some of the strong correlations and the GFI for the trimmed
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model. However, since this trimmed model explained such little variance, more
exploratory research would need to be performed to explain cognitive functioning before
practice changes could be made.

For those without APOE ¢4, because direct paths from body habitus to
hyperglycemia to inflammatory markers to cognitive functioning were noted, a few
practice implications may be suggested. The measurement of body habitus via BMI and
waist circumference should be considered. Then evidence based dietary and lifestyle
modification plans can be taught and recommended in this patient population. Next, a
focus on evidence based modifications of glycemia via diet, exercise, monitoring, and
medications should be encouraged for patients. Additionally, measuring inflammatory
markers periodically over time may be valuable in risk reduction in this patient
population in efforts to maintain cognitive functioning (Talley et al., in press).

Further research for both those with and without APOE ¢4 is necessary. First, this
study could be replicated on other genes associated with Alzheimer’s disease risk.
Additionally, this study could be repeated on an older sample to determine if the results
are age-related. Furthermore, other potential predictors of cognitive functioning still need
to be explored, such as blood pressure (Cukierman-Yaffe et al., 2009). Repeating the
measures of several metabolic and inflammatory predictors could also be useful with an

older population to determine the change over time that may affect cognitive functioning.
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Figure 1. Proposed Causal Model of Cognitive Functioning. APOE ¢4 = Apolipoprotein
E 4 allele. HbAlc = hemoglobin Alc; LDL-C = low density lipoprotein cholesterol;
HDL-C = high density lipoprotein cholesterol; CAC = coronary artery calcification;
DSST = Digit Symbol Substitution Test; RAVLT = Rey Auditory Verbal Learning Test.
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Figure 2. Trimmed Causal Model of Cognitive Functioning with APOE ¢4. APOE ¢4 =
Apolipoprotein E 4 allele. HbAlc = hemoglobin Alc; LDL-C = low density lipoprotein
cholesterol; HDL-C = high density lipoprotein cholesterol; CAC = coronary artery
calcification; DSST = Digit Symbol Substitution Test; RAVLT = Rey Auditory Verbal
Learning Test. All solid lines represent significant effects (p < 0.05); broken lines
indicate proposed nonsignificant paths. A partial correlation matrix was

used to control for age, gender, race, level of education, and site.
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Figure 3. Trimmed Causal Model of Cognitive Functioning without APOE ¢4. APOE ¢4
= Apolipoprotein E 4 allele. HbAlc = hemoglobin Alc; LDL-C = low density
lipoprotein; HDL-C = high density lipoprotein cholesterol; CAC = coronary artery
calcification; DSST = Digit Symbol Substitution Test; RAVLT = Rey Auditory Verbal
Learning Test. All solid lines represent significant effects (p < 0.05); broken lines
indicate proposed nonsignificant paths. A partial correlation matrix was used to control
for age, gender, race, level of education, and site.
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Table 2
Partial Correlation Matrix for Participants with and without the APOE 4 Allele
Variable 1 2 3 4 5 6 7
1. Waist Circumference® 1.00 0.91% 0.24% 0.26% 0.19F 0.33F 0.17f
2. BMI? 0.90% 1.00 0.21% 0.23% 0.19% 0.35% 0.17%
3. Oral Glucose Tolerance 0.22% 0.19% 1.00 0.70% 0.62% 0.19% 0.03
Test?
4. Fasting Glucose® 0.17% 0.15F  0.74% 1.00 0.77¢ 0.14t  0.05t
5  HbA1c 0.10f  0.08 0.64t 076t 1.00 0.16t  0.07t
6. C-reactive protein® 0.35% 0.36 0.22+ 0.18t 0.16f 1.00 0.20%
7. Interleukin-6 0.25% 0.25¢  0.07 0.06  0.03 0.24t  1.00
8. LDL-C? 0.03 0.03 0.10t  0.08 0.07 0.04  0.01
9. Triglyceride® 0.23% 0.18f 028t 018t 0.11f 0.12f 0.05
10. HDL-C? -0.37t -0.31+ -0.25f -0.18%f -0.13t -0.18f -0.07
11. CACP 023t  016f 005 002 002 0.05  0.06
12. RAVLT? 0.06 0.09 0.02 0.01 0.03 -0.03 001
13. DSST® -0.05 0.01 003 -003 -005 -0.12t -0.17
14. Stroop® -0.05 0.07 001 -0.03 0.01 0.04  0.06

Note. Controlled for age, sex, race, level of education, and site. Values above the
diagonal represent those with apolipoprotein E ¢4 allele (APOE ¢4) and those below the
diagonal are from those without APOE ¢4. *Continuous variable. ® Dichotomous variable.
tp < 0.05. ¥p < 0.01. BMI = body mass index; HbAlc = hemoglobin Alc; LDL-C = low
density lipoprotein cholesterol; HDL-C = high density lipoprotein cholesterol; CAC =
coronary artery calcification scores; DSST = Digit Symbol Substitution Test; RAVLT =
Rey-Auditory Verbal Learning Test.
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Table 2 (Continued)
Partial Correlation Matrix for Participants with and without the APOE 4 Allele

Variable 8 9 10 11 12 13 14
1. Waist Circumference?® 0.07f  0.30% -0.39% 0.13f 0.01 -0.04 0.05t
2. BMI? 0.05 0.23f  -0.34% 0.13f -0.00 -0.04 0.05
3. Oral Glucose Tolerance 0.04 0.27% -0.20% 0.01 -0.07¢  -0.07% 0.03

Test®

4. Fasting Glucose? 0.07t 0.22f -0.19f -0.01 -0.01 -0.06 0.01
5. HbA1lc? 0.09F 0.20+ -0.18% 0.01 -0.03 -0.08% 0.05
6. C-reactive protein® 0.03 0.14% -0.20+ 0.08f -0.02 -0.07  0.02
7. Interleukin-6 0.01 0.04 -0.08% 0.03 -0.02 -0.03 0.05
8. LDL-C? 1.00 0.23f  -0.18% 0.02 -0.03 -0.01 -0.02
9. Triglyceridea 0.12¢ 1.00 -0.38% 0.02 -0.03 -0.03 0.06t
10. HDL-C? -0.11f  -0.44% 1.00 -0.03 0.00 0.04 -0.03
11. CACP -0.01 0.14t -0.14% 1.00 -0.01 -0.00 0.03
12. RAVLT? 0.00 0.01 -0.04 -0.08t 1.00 0.23 -0.12%
13. DSST? 0.08 -0.06 0.01 -0.10+ -0.74% 1.00 -0.27%
14. Stroopa 0.02 -0.08 0.02 0.03 0.03 -0.07% 1.00

Note. Controlled for age, sex, race, level of education, and site. Values above the
diagonal represent those with apolipoprotein E ¢4 allele (APOE ¢4) and those below the
diagonal are from those without APOE ¢4. *Continuous variable. ® Dichotomous variable.
tp < 0.05. ¥p < 0.01. BMI = body mass index; HbAlc = hemoglobin Alc; LDL-C = low
density lipoprotein cholesterol; HDL-C = high density lipoprotein cholesterol; CAC =
coronary artery calcification scores; DSST = Digit Symbol Substitution Test; RAVLT =
Rey-Auditory Verbal Learning Test.
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Fit Measures of Baseline, Causal, and Trimmed Models
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With APOE ¢4

X?(df) GFI AGFI PGFI RMR RMSEA NFI PNFI RFI
Baseline 94855  0.974 0.957 0.584 0.035 0.032 0.954 0.660 0.933
model (63)
Full model 96.131(64) 0.974 0.957 0.593 0.036 0.032 0.953 0.670 0.933
Trimmed  105.639 0.971 0.957 0.657 0.038 0.032 0.949 0.740 0.934
model (71)

Without APOE ¢4

X?(df) GFI AGFI PGFI RMR RMSEA NFI PNFI RFI
Baseline 184902 0.982 0.970 0.589 0.025 0.037 0.969 0.671 0.955
model (63)
Full model 185.951 0.982 0.970 0.598 0.025 0.037 0.969 0.681 0.956

(64)
Trimmed 197.426 0.981 0.971 0.663 0.028 0.036 0.967 0.755 0.958
model (71)

Note. GFI = goodness-of-fit index; AGFI = adjusted goodness-of-fit index; PGFI =

parsimony goodness-of-fit; RMR = root-mean residual; RMSEA = root-mean-square-
error of approximation; NFI = normed fit index; PNFI = parsimony normed fit index; RFI

= relative fit index.
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CONCLUSIONS

With an aging society, maintaining cognitive functioning throughout the lifespan
is becoming more important so that normal day-to-day activities can continue to be
performed (Vance et al., 2011). Many determinants of cognitive functioning exist; some
are modifiable (e.g., level of education, body habitus, hyperglycemia, inflammatory
markers, lipids, and vascular health) while others are not (age, gender, race, and the
genetic expression of Alzheimer’s disease) (Talley et al., in press). The synergistic effects
of these determinants can have detrimental effects on cognitive functioning. This
dissertation project was designed to use a subset of data in order to determine the best
model that predicted cognitive functioning for all participants of the CARDIA Study and
then also those with APOE ¢4, and those without APOE ¢4 using multiple regression
modeling. In addition, SEM was used to determine significant predictors of cognitive
functioning 5 years later for those with and without APOE ¢4.

As a part of the dissertation, the first manuscript was submitted for publication
while the second and third manuscripts were generated with permission of the CARDIA
Publication and Presentation Committee. Final approval by this committee will be
required prior to submission of these manuscripts for publication. The first article was a
literature review that explored the synergistic effects of diabetes and aging on cognitive
functioning. Literature supported the notion that diabetes caused insulin resistance,

increased by-products, increased cholesterol levels, and oxidative stress while aging
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caused demyelination and the formation of neurofibrillary tangles and plaques. The
combined, synergistic effects impacted brain health and ultimately cognitive functioning.
The impact that insulin plays in the brain and potential methods of delivery of insulin,
such as intranasal delivery, was also explored. Implications for practice and research
were also outlined and included changes in diet, exercise, blood pressure, and cholesterol
management.

The second article included the design, methods, analysis, and results of
hierarchical regression models to identify significant demographic, metabolic, and
inflammatory predictors of cognitive functioning among the CARDIA Study participants.
These analyses were conducted on records from 2,229 participants and stratified by
APOE ¢4 status. The results of the study indicated that among all participants, regardless
of APOE ¢4 status, lower levels of HbAlc, triglycerides, and interleukin-6 were
predictive of better cognitive functioning among Black and White middle-aged
participants; although, the amount of variance explained in predicting cognitive
functioning was small.

For those participants with APOE ¢4, higher levels of LDL-C were noted with
better cognitive functioning in mid-life. This result is consistent with the notion that a
complex relationship likely exists between LDL-C cholesterol, genetic expression of
APOE alleles, and cognition functioning (Puttonen, Elovainio, Kivimaki, Lehtimaki, &
Keltikangas-Jarvinen, 2003). This relationship may be due to an interaction between
LDL-C and APOE whereby the APOE polymorphism impacts neural activity (Barres &
Smith, 2002). Higher LDL-C may actually facilitate more synapses; these synapses assist

in plasticity. This plasticity is neuroprotective in middle-aged adults but as aging occurs,
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perhaps this neuroprotective mechanism decreases. As the protective nature diminishes,
the high levels become detrimental to cognitive functioning due to the negative impact
LDL-C has on vascular health. This relationship is similar to the age-related effects that
APOE ¢4 status has on cognitive functioning (Liu et al., 2010) whereby APOE ¢4 tends to
have a more pronounced effect as aging occurs. When considering that APOE ¢4 is a
major component of LDL-C, genetic variations of APOE ¢4 may likely impact LDL-C as
well. Those participants without the APOE ¢4 had lower levels of HbAlc, triglycerides,
and interleukin-6, which resulted in better cognitive functioning. These results are similar
to the results found by the first model whereby all participants, regardless of APOE ¢4
status, were studied.

The third article used structural equation modeling to determine the relationships
between variables that predict cognitive functioning 5 years later in those middle-aged
participants with and without APOE ¢4 from the CARDIA Study. Interestingly, the fully
trimmed model for the APOE ¢4 sample revealed that none of the latent causal variables
(body habitus, hyperglycemia, lipids, inflammatory markers, and vascular health) had a
direct effect on predicting cognitive function. In contrast to the trimmed model for those
with APOE ¢4, the trimmed model for those without APOE ¢4 revealed that one latent
causal variable, inflammatory markers, had a significant and direct effect on cognitive
functioning. Lower levels of inflammatory markers predicted better cognitive
functioning. However, several other indirect paths were noted and include: larger body
habitus predicted worse hyperglycemia, inflammatory markers, lipids, and vascular
health. In addition, worse hyperglycemia predicted higher levels of inflammatory markers

and lipids.
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The review of literature and statistical analyses performed for this dissertation
provided implications for future practice and research. There has been a growing
consensus on the need to identify the pathogenic processes that lead to dementia in
middle-aged adults or even sooner (Sperling et al., 2011), which could yield both practice
changes and research possibilites. Practice changes for those at risk for changes in
cognitive functioning later in life should be managed using the best evidence provided by
research studies in order to preserve cognition. Based on the findings of this study, the
measurement of body habitus via BMI or waist circumference should be monitored by
health care providers. Dietary and lifestyle modifications can then be prescribed, if the
body habitus is excessive. In addition, glycemic control may be tested. In those who have
uncontrolled hyperglycemia, diet, exercise, frequent monitoring, and medication
regimens could be individually tailored to improve control. The measurement of lipid
status and inflammatory markers may also be implemented to identify those at risk for
decline in cognitive functioning. Once identified, health care providers may adhere to
evidence-based standards of care for the treatment of abnormal findings.

Another implication from this dissertaton, is that further research is needed among
persons with and without a genetic predisposition for Alzheimer’s disease. Clearly,
additional predictors should be studied as well as the ways in which those with and
without a genetic predisposition to Alzheimer’s disease differ in regard to clinically
relevant variables. Future efforts in research should be aimed at replicating the findings
from this study with an older population and a more racially diverse population. In order
to determine the age-related changes on specific metabolic and inflammatory predictors,

researchers need to conduct studies with repeated measures of these key variables to
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determine the change over time that may affect cognitive functioning. In addition,
identifying the synergistic effects that metabolic and inflammatory predictors have on

cognitive reserve should also be explored.
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