.
I\

//

%
i\

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

R
7

DISTURBANCES OF
GLUCOSE METABOLISM,
COGNITIVE DECLINE,
AND NEUROIMAGING
CHANGES RELATED TO
ALZHEIMER'S DISEASE

Sini Toppala

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. D OSA - TOM. 1658 | MEDICA - ODONTOLOGICA | TURKU 2022






St

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

DISTURBANCES OF
GLUCOSE METABOLISM,
COGNITIVE DECLINE,
AND NEUROIMAGING
CHANGES RELATED TO
ALZHEIMER’S DISEASE

Sini Toppala

TURUN YLIOPISTON JULKAISUJA — ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. D OSA - TOM. 1658 | MEDICA — ODONTOLOGICA | TURKU 2022




University of Turku

Faculty of Medicine
Department of Geriatrics

Doctoral Programme in Clinical Research

Turku PET Centre

Supervised by

Research Professor Antti Jula, MD, PhD
National Institute for Health and Welfare

Turku, Finland

Professor Juha O. Rinne, MD, PhD
Turku PET Centre

University of Turku

Turku, Finland

Reviewed by

Professor Tommy Olsson, MD, PhD
Department of Public Health and
Clinical Medicine

Umea University

Umea, Sweden

Opponent

Docent Leo Niskanen, MD, PhD
Department of Endocrinology

Paijat-Hame Joint Authority for Health

and Wellbeing and
University of Eastern Finland
Kuopio, Finland

The originality of this publication has been checked in accordance with the University

Professor Matti Viitanen, MD, PhD
Department of Geriatrics
University of Turku

Turku, Finland

Docent Antti Loimaala, MD, PhD
Department of Nuclear Medicine
Diagnostic Center

Helsinki University Hospital
Helsinki, Finland

of Turku quality assurance system using the Turnitin OriginalityCheck service.

ISBN 978-951-29-8969-0 (Print)
ISBN 978-951-29-8970-6 (PDF)
ISSN 0355-9483 (Print)

ISSN 2343-3213 (Online)
Painosalama, Turku, Finland 2022



To my family



UNIVERSITY OF TURKU

Faculty of Medicine

Department of Geriatrics

Turku PET Centre

SINI TOPPALA: Disturbances of glucose metabolism, cognitive decline,
and neuroimaging changes related to Alzheimer’s disease

Doctoral Dissertation, 169 pp.

Doctoral Programme in Clinical Research

August 2022

ABSTRACT

Insulin resistance is a common abnormal metabolic state related to obesity and many
other health problems where target organs cannot respond normally to insulin.
Insulin resistance and the dysfunction of the pancreatic insulin-secreting p-cells are
the basic features of type 2 diabetes and its preceding stages, i.e. prediabetes.
Diabetes is a risk factor for cognitive decline and progressive memory disorders, of
which Alzheimer’s disease (AD) is the most common. Presumably, the risk for
cognitive decline begins increasing at the prediabetic stages.

This thesis aimed to clarify the associations between midlife insulin resistance,
late-life cognitive performance, and neuroimaging changes related to AD among
individuals with and without insulin resistance in midlife. Vascular changes were
assessed with magnetic resonance imaging (MRI), and neuroinflammation and beta-
amyloid (AP) deposition, which is an early marker of AD pathology, with positron
emission tomography (PET) (n=60). This thesis also evaluated if measures from an
oral glucose tolerance test (OGTT) can predict cognitive decline in the Finnish
nationwide Health 2000 survey and its follow-up, the Health 2011 study (n=961).

Midlife insulin resistance was associated with poorer executive functions and
slower processing speed but not with brain vascular changes after 15 years. Af
deposits, but not vascular lesions, were related to slower processing speed. A was
associated with neuroinflammation among those with only small amounts of A3
accumulation. Insulin resistance, low-grade systemic inflammation, and a higher
body mass index (BMI) were associated with higher levels of neuroinflammation in
brain regions where AR is first detected in AD. Higher 2-hour glucose (reflecting
impaired glucose tolerance) and a decreased early insulin response (an indicator of
B-cell function) in an OGTT predicted poorer performance and greater decline in a
test of episodic memory after ten years.

These results indicate that midlife insulin resistance, impaired glucose tolerance,
and decreased early insulin secretion — all related to prediabetic stages — are risk
factors for cognitive decline. These results also suggest that early amyloid
accumulation is associated with neuroinflammation.

KEYWORDS: beta-amyloid, cognitive decline, insulin resistance, magnetic
resonance imaging, memory disorders, neuroinflammation, oral glucose tolerance
test, [''C]PBR28, [!!C]PiB, positron emission tomography, prediabetes
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TIVISTELMA

Insuliiniresistenssilld tarkoitetaan tavallista, lihavuuteen ja moniin muihin
terveysongelmiin kytkeytyvdd metabolista héiridtilaa, jossa insuliinin vaste sen
kohde-elimissd on poikkeava. Insuliiniresistenssi sekd haiman insuliinia erittdvien
beetasolujen heikentynyt toiminta ovat tyypin 2 diabeteksen ja sen esiasteiden
tunnusomaisia piirteitd. Diabetes on riskitekijad kognition heikkenemiselle ja
muistisairauksille, joista Alzheimerin tauti (AT) on yleisin. Kognition heikkene-
misen riski kasvaa todennékdisesti jo tyypin 2 diabeteksen esiastevaiheissa.

Taman tutkimuksen tavoitteena oli selventdd keski-idn insuliiniresistenssin,
myOhemmén i4n kognition sekd AT:iin liittyvien kuvantamismuutosten vilisid
yhteyksid. Aivoja kuvannettiin magneettikuvantamisella (verenkiertoperdiset muu-
tokset) ja positroniemissiotomografialla (PET) (AT:n patologiaan liittyvat
amyloidikertymit (AP) sekd neuroinflammaatio) (n=60). Liséksi laajojen Terveys
2000 ja 2011 tutkimusten avulla selvitettiin, voiko kahden tunnin glukoosirasituskoe
ennustaa mydhempéaa kognition heikkenemistd (n=961).

Keski-idn insuliiniresistenssi oli yhteydessd heikompaan suoriutumiseen
cksekutiivisia toimintoja ja prosessointinopeutta mittaavissa testeissd, mutta ei
aivojen verenkiertoperdisiin muutoksiin 15 vuotta myShemmin. A-kertymat, toisin
kuin verenkiertoperdiset muutokset, olivat yhteydessd hitaampaan prosessointi-
nopeuteen. AB-kertymiit olivat yhteydessd myds neuroinflammaatioon niilla tutkitta-
villa, joilla oli vain vihdisid madrid aivojen Af-kertymid. Insuliiniresistenssi,
matala-asteinen tulehdus ja korkeampi painoindeksi olivat yhteydessd neuroi-
nflammaatioon niilld aivoalueilla, jonne AP kertyy ensimmdisend AT:ssa.
Korkeampi kahden tunnin glukoosiarvo sekd matalampi varhainen insuliinivaste
glukoosirasituskokeessa olivat yhteydessd heikompaan suoriutumiseen episodisen
muistin testissd 10 vuoden seurannan jilkeen.

Tulokset viittaavat sithen, ettd keski-iin insuliiniresistenssi, heikentynyt
glukoosinsieto ja alentunut ensivaiheen insuliinin eritys, jotka kaikki liittyvat
diabeteksen esiasteisiin, ovat kognition laskun riskitekijoitd. Lisdksi nayttda silté,
ettd aivojen varhaiset Af-kertymat ovat yhteydessd neuroinflammaatioon.

AVAINSANAT: beeta-amyloidi, glukoosirasituskoe, insuliiniresistenssi, kognition
lasku, magneettikuvantaminen, muistisairaudet, neuroinflammaatio, [''C]PBR28,
[''C]PiB, positroniemissiotomografia, prediabetes
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1 Introduction

The prevalence of overweight and obesity has increased rapidly during the past few
decades, and obesity has become a major health problem worldwide. (Ng et al.,
2014) Obesity is strongly linked to numerous health problems such as insulin
resistance, prediabetes, and type 2 diabetes. (Lingvay et al., 2022) These conditions
have also become increasingly common globally. In the United States, the
prevalence of prediabetes is estimated to be 38%. (Menke et al., 2015)

Insulin resistance, i.e. decreased insulin sensitivity, is when target tissues cannot
respond normally to insulin. Consequently, insulin secretion from the pancreatic f3-
cells first increases, leading to elevated blood insulin levels, i.e. hyperinsulinemia.
However, over time, B-cell failure occurs, and the blood glucose values increase.
(Freeman & Pennings, 2022). Prediabetes is a term used to describe the condition
where the blood glucose values of an individual are above normal but below diabetes
thresholds. People with prediabetes are at high risk for diabetes, but not everyone
with prediabetes will develop diabetes. (Perreault, 2019; Tabak et al., 2012) Previous
epidemiological studies have indicated that type 2 diabetes is an independent risk
factor for cognitive decline and dementia. (Cheng et al., 2012; Zhang et al., 2017)
Further, it has been suggested that the cognitive impairment related to type 2 diabetes
would begin developing at the prediabetic stages. (Biessels et al., 2014).

Memory and also other cognitive functions decline in progressive memory
disorders (i.e. diseases causing dementia). Alzheimer’s disease (AD) is the most
common dementia-causing disease. Other common illnesses causing dementia
include vascular cognitive impairment (vascular dementia), Lewy body disease,
dementia related to Parkinson’s disease, and frontotemporal lobar degeneration.
Mixed dementia (with both AD and vascular pathology) is common, particularly
among the elderly. (O’Brien & Thomas, 2015; Winblad et al., 2016) Most dementia-
causing diseases develop slowly but progressively. In AD, the underlying
pathological process has typically evolved for years before clinical symptoms
emerge. Thus, the development of AD is regarded as a continuum with normal
cognition at one end and dementia at the other end of the continuum. (Sperling et al.,
2011). Neuroimaging and fluid biomarkers have made detecting pathological brain
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changes related to memory disorders possible, even before symptoms are present.
Regarding AD, this stage is often called preclinical AD.

Currently, no cure for dementia-causing diseases exists. Previous studies suggest
that managing the modifiable risk factors for cognitive decline and dementia could
postpone progressive memory disorders. (Ngandu et al., 2015; Norton et al., 2014)
Thus, identifying those with a heightened risk for cognitive decline is important to
target interventions.

The underlying pathological processes linking type 2 diabetes to cognitive
decline and dementia are not yet fully understood, but presumably, multiple and
possibly overlapping mechanisms behind the association exist. (Biessels et al., 2014;
Srikanth et al., 2020) One possible hypothesis is that impaired insulin signaling or
inflammation would link type 2 diabetes to cognitive decline since they are common
molecular nominators both in type 2 diabetes and AD. (de Felice & Ferreira, 2014)

Neuroimaging Studies I and II of this thesis aim to clarify the associations among
midlife insulin resistance, late-life cognitive decline, and neuroimaging changes
related to memory disorders (including vascular changes, neuroinflammation, and
beta-amyloid [AP] accumulation), while the epidemiological Studies III and IV
based on the Health 2000 and 2011 surveys evaluate if measures from an oral glucose
tolerance test (OGTT), a commonly used test to detect prediabetes and diabetes, can
predict future cognitive decline.

12



2 Review of the Literature

2.1 Overview

This literature review will discuss disturbances of glucose metabolism, review the
spectrum from normal cognitive aging to dementia, focus on the associations
between glucose metabolism and cognitive decline, review neuroinflammation in
cognitive disorders, and finally discuss the neuroimaging of patients with cognitive
decline.

2.2 Disturbances of glucose metabolism

Among healthy people, glucose homeostasis is strictly regulated by several
mechanisms. Normal fasting and postprandial blood glucose levels depend on
normal insulin sensitivity of the target tissues and the expected function of the
pancreatic insulin-secreting p-cells. Here, the concept of ‘disturbances of glucose
metabolism’ is used as a general term to describe alterations in these functions and
what they lead to (prediabetes and diabetes). Next, the concepts of insulin resistance
and prediabetes will be discussed in more detail. Since this thesis focuses not on type
2 diabetes but the stages preceding its onset, type 2 diabetes will be reviewed less
thoroughly.

2.21 Insulin resistance

Insulin resistance is a pathological state where target tissues — primarily skeletal
muscle, the liver, and adipose tissue — cannot respond normally to insulin. Under
normal conditions, insulin promotes glucose utilization (for example in skeletal
muscle and adipose tissue) and suppresses glucose production in the liver from
amino acids and other intermediates of metabolism (i.e. gluconeogenesis) and
glycogen (i.e. glycogenolysis) as well as adipose tissue lipolysis. Insulin is the only
hormone that lowers blood glucose levels through these mechanisms. Insulin
resistance, in turn, impairs these processes. Thus, glucose disposal and the
suppression of hepatic glucose production and lipolysis are impaired. The
impairment of glucose disposal further leads to a compensatory increase in

13
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pancreatic insulin secretion and consequently elevated insulin levels. (Figure 1).
(Freeman & Pennings, 2022; Lam & LeRoith, 2019

Skeletal muscle:
glucose uptake |

Insulin resistance

Liver: suppression
of glucose
production |,

Adipose tissue:
suppression of

lipolysis 1

Beta-cell insulin
hyperglycemia secretion T
-> hyperinsulinemia

Figure 1. Schematic drawing of the influences of insulin resistance in skeletal muscle, adipose
tissue, and the liver, as well as the compensatory increase of pancreatic -cell insulin
secretion. FFA = free fatty acids.

Insulin resistance typically occurs as a component of a cluster of metabolic
disturbances originally called “Syndrome X (Reaven, 1988), and then named “the
insulin resistance syndrome” (Reaven, 2004) or “the metabolic syndrome” (MetS).
According to Reaven, the syndrome is featured by insulin resistance, impaired
glucose tolerance, hyperinsulinemia, increased triglycerides, decreased high-density
lipoprotein (HDL) cholesterol, and hypertension. Reaven suggested that insulin
resistance is the basic abnormality in the syndrome, whereas all the other changes
are secondary to insulin resistance. (Reaven, 1988) Since then, multiple definitions
and diagnostic criteria of MetS have been proposed. The main differences have
concerned the measure for central obesity. In 2009, several major organizations gave
a Joint Statement to harmonize the criteria for MetS. According to these criteria, the
presence of any three of the following five risk factors constitutes a diagnosis of
MetS. (K.G.M.M. Alberti et al., 2009)

* Elevated waist circumference (population and country-specific
definitions)

» Elevated triglycerides (or drug treatments for elevated triglycerides)
* Reduced HDL (or drug treatment for reduced HDL)
» FElevated blood pressure (or antihypertensive drug treatment)

» FElevated fasting glucose (or drug treatment of elevated glucose)

14
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Pathological conditions commonly associated with insulin resistance are
demonstrated in Figure 2. Insulin resistance tightly relates to major public health
problems such as obesity (especially visceral adiposity), hypertension, and
cardiovascular disease. (Freeman & Pennings, 2022; Muniyappa et al., 2021)
Ectopic lipid deposition, i.e. lipid accumulation in non-adipose tissues, is closely
associated with insulin resistance and type 2 diabetes. (Trouwborst et al., 2018) It
has been suggested that type 2 diabetes could result from excess fat in the liver and
pancreas. (Taylor, 2021) Lifestyle modification, including nutritional intervention
with calorie and high glycemic index carbohydrate reduction, decreased saturated
and increased unsaturated fatty acid intakes, and increased physical activity, is the
primary focus of treating insulin resistance. However, medications that improve
insulin sensitivity or contribute to weight loss might be useful. (Freeman &
Pennings, 2022; Jula et al., 2002; Pahkala et al., 2020; Vessby et al., 2001) Recent
studies show that achieving remission, even in type 2 diabetes, is possible through
weight reduction. The likelihood of remission after weight loss seems to depend
mainly on the duration of diabetes. (Taylor, 2021)

elevated markers of
inflammation

visceral

|hyperglycemia | L
| adiposity

hypertension _— Insulin resistance _—

protrombic
state

endothelial
dysfunction

dyslipidemia

Figure 2. Manifestations of insulin resistance. (Freeman & Pennings, 2022; Muniyappa et al.,
2021)

Several methods to evaluate insulin sensitivity/resistance have been developed —
ranging from simple tests of fasting blood samples to complex, invasive, and time-
consuming procedures. The gold standard method to assess insulin resistance is the
euglycemic-hyperinsulinemic clamp. The test is performed after an overnight fast.
Insulin is infused constantly, and plasma glucose is maintained at a steady level by
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intravenous glucose infusion. The euglycemic-hyperinsulinemic clamp provides a
steady-state estimate of insulin sensitivity/resistance where hepatic glucose
production is assumed to be completely suppressed. The rate of infused glucose
required reflects whole-body glucose disposal. Insulin sensitivity/resistance is
calculated based on glucose disposal and body size. (DeFronzo et al., 1979; Freeman
& Pennings, 2022) The hyperglycemic clamp, in turn, evaluates the B-cell activity
of the pancreas. Plasma glucose concentration is raised acutely by glucose infusion
and then held constant. During sustained hyperglycemia, the insulin response is
biphasic: There is an early insulin response during the first six minutes, then a
gradual increase in plasma insulin concentration. (DeFronzo et al., 1979) However,
the clamp is laborious (two intravenous lines are required), time-consuming, and
unusable in extensive epidemiological studies. Thus, more straightforward surrogate
methods to quantify insulin sensitivity/resistance have been developed.

Homeostatic model assessment (HOMA) is used to evaluate the B-cell function
and insulin sensitivity/resistance from fasting blood samples (glucose and insulin or
C-peptide concentrations). HOMA was originally described by Matthews et al. in
1985. (Matthews et al., 1985) HOMA is derived from a mathematical evaluation of
the interaction between f-cell function and insulin resistance based on experimental
data on humans and animals. An estimate for insulin resistance (HOMA-IR) is
calculated with an equation ‘(fasting insulin times fasting glucose) divided by 22.5°.
HOMA-IR correlates well with measures derived from the euglycemic clamp. The
model makes no distinction between hepatic or peripheral insulin sensitivity.
(Mather et al., 2001; Matthews et al., 1985; Wallace et al., 2004; Wallace &
Matthews, 2002) However, HOMA-IR is suggested to reflect above all insulin
resistance in the liver. (Abdul-Ghani, 2006) No cut-off values for HOMA-IR exist,
limiting the classifying of individuals as insulin sensitive or insulin resistant.

Assessing B-cell function (HOMA-%B) is calculated by an equation ‘(20 times
fasting insulin) divided by (fasting glucose minus 3.5)’. The corrected nonlinear
HOMA2 computer model is an updated version of HOMA, which can be used to
estimate insulin sensitivity/resistance and p-cell function from paired fasting plasma
glucose and insulin or C-peptide concentrations. Like the original HOMA, HOMA?2
assumes a feedback loop between the liver and the pancreatic B-cell. Glucose
concentration in the basal state is regulated by (insulin dependent) glucose output,
whereas insulin concentration depends on the B-cell response to glucose. HOMA2
considers variations in hepatic and peripheral glucose resistance, i.e. the reduction
in the suppression of hepatic glucose output (by hyperglycemia) and the reduction
of peripheral glucose stimulated glucose uptake. HOMAZ2 is suggested to be used
when comparing HOMA with other models. (Matthews et al., 1985; Wallace et al.,
2004)
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The Quantitative Insulin Sensitivity Check Index (QUICKI) is another
surrogate method of evaluating insulin sensitivity/resistance. QUICKI is a
mathematical transformation of fasting blood glucose and plasma insulin
concentrations. (Katz et al., 2000; Muniyappa et al., 2021)

HOMA and clamps provide steady-state measures of insulin
sensitivity/resistance and insulin secretion, whereas the intravenous glucose
tolerance test (IVGTT) and the OGTT provide measures of dynamic (non-steady-
state) insulin sensitivity and insulin secretion. (Ferrannini & Mari, 1998) During
the IVGTT, a rapid bolus of dextrose is given intravenously, and glucose and
insulin concentrations are measured. Bergman et al.’s minimal model of glucose
kinetics calculates insulin-mediated glucose disposal from the IVGTT. (Bergman
et al., 1981) The minimal model is slightly less complicated to perform than the
euglycemic-hyperinsulinemic clamp, since intravenous infusions requiring
constant adjustment are unneeded. Nevertheless, the minimal model is laborious
because intravenous lines and multiple blood sampling are required. (Muniyappa
etal., 2021)

A standard OGTT is performed after an overnight fast of 8-14 hours. In
OGTT, patients are given a glucose solution of 300 ml containing 75 g of glucose
and water. Blood samples are drawn before and 120 minutes after the glucose
ingestion. (Alberti & Zimmet, 1998) In research, insulin is commonly determined
together with glucose and blood samples are often drawn at other time points as
well (often at 0, 30, 60, and 120 min). OGTT reflects the disposal of glucose after
an oral glucose load. (Muniyappa et al., 2021) Compared to steady-state measures,
OGTT attempts to examine a more physiological state where the glucose load
mimics a meal. None of the single glucose or insulin measures of the OGTT
directly provide a good measure of insulin sensitivity/resistance, but individuals
with higher glucose increments during the OGTT have shown to be more insulin
resistant than those whose glucose values remain lower. (Ferrannini et al., 2011;
Matsuda & DeFronzo, 1999) However, OGTT-derived methods utilizing insulin
and glucose values, the Matsuda index, for example, have been developed to
evaluate insulin sensitivity/resistance. (Matsuda & DeFronzo, 1999) Insulin
secretion can also be estimated from the OGTT. The early insulin response (EIR)
to oral glucose load can be calculated by the equation ’the increment above basal
insulin or C-peptide divided by the increment in glucose in the same time interval’
or as the increase in insulin or C-peptide above the basal up to 30 minutes after
glucose ingestion. (Phillips et al., 1994)

Some surrogate measures of insulin sensitivity/resistance are calculated from
triglycerides alone or triglycerides in relation to HDL cholesterol. However, these
methods are outside the scope of this review. (Freeman & Pennings, 2022)
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222 Insulin secretion

The islet B-cells of the pancreas secrete insulin. The ability of B-cells to respond to
glycemic changes by increasing or decreasing insulin secretion is essential to
glycemic control. An increase in circulating glucose concentration stimulates insulin
secretion, promoting glucose uptake and suppressing hepatic glucose production.
Although insulin’s main function is maintaining glucose homeostasis, it has
additional functions. Insulin is an anabolic hormone that stimulates numerous
cellular responses and is involved in fat and amino-acid metabolism, and
cardiovascular, kidney, and brain function. A severe lack of insulin results in extreme
hyperglycemia, protein wasting, keto-acidosis, and ultimately death. (Ferrannini &
Mari, 1998; Muniyappa et al., 2021) Conversely, excessive insulin is detrimental as
it increases the risk of obesity and cardiovascular disease. (Kolb et al., 2020)

Insulin resistance leads to increased pancreatic insulin secretion,
hyperinsulinemia, as an attempt to maintain euglycemia. (Figure 1). (Goldstein,
2002; Reaven, 1988) Hyperinsulinemia promotes weight gain, further increasing
insulin resistance. This vicious cycle proceeds until B-cell failure occurs when the
pancreatic -cells can no longer fully compensate for the increased need for insulin;
thus, glucose values begin increasing. (Freeman & Pennings, 2022) Also, an
alternative theory has been proposed: hyperinsulinemia, per se, would contribute to
insulin resistance. (Shanik et al., 2008) Hyperinsulinemia could be at least partly due
to decreased insulin clearance. (Bergman et al., 2019) In turn, insulin resistance
could be seen as a protective mechanism maintaining glucose homeostasis by
preventing excess glucose transport despite hyperinsulinemia. (Kolb et al., 2020)

Although insulin’s role is crucial in transporting glucose into the cells, previous
studies have shown a non-insulin-dependent uptake of glucose into the cells,
mediated by glucose. The ability of glucose per se to suppress endogenous glucose
production and stimulate peripheral glucose uptake is called glucose effectiveness
and can be estimated from the IVGTT. Glucose effectiveness is impaired for
example in type 2 diabetes and obesity. (Ahrén & Pacini, 2021; Alford et al., 2018)

Previous studies have demonstrated that insulin resistance and pancreatic -cell
dysfunction start years before the clinical onset of diabetes. (Figure 3.) (Abdul-
Ghani, 2006; Gastaldelli et al., 2004; Lillioja et al., 1993; Tabak et al., 2009;
Zethelius et al., 2004) Insulin resistance and pancreatic B-cell dysfunction are
considered hallmarks of prediabetes and type 2 diabetes (Kahn, 2001; Tabak et al.,
2012) which will be discussed in the following chapters.

223 Prediabetes

Individuals with glycemic parameters above normal but below diabetes thresholds
are considered to have “prediabetes” or “intermediate hyperglycemia”; the latter
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term is used by the World Health Organization (WHO). (Alberti & Zimmet, 1998)
The prevalence of prediabetes is increasing worldwide. Over 470 million people are
estimated to have prediabetes by 2030. Individuals with prediabetes have an
increased risk for diabetes with an annual conversion rate of 5-10%. However, not
everyone with prediabetes will ever progress to diabetes. (D. H. Morris et al., 2013;
Perreault, 2019; Tabak et al., 2012) People with prediabetes can be identified by
measuring fasting glucose, glycated hemoglobin (HbA1c), or performing an OGTT.
(Alberti & Zimmet, 1998; American Diabetes Association, 2018)

Two distinct types of prediabetes are impaired fasting glucose (IFG) and
impaired glucose tolerance (IGT). According to the WHO, IFG is defined as a
fasting plasma glucose of 6.1-6.9 mmol/L (in the absence of IGT) and IGT as OGTT
2-hour glucose of 7.8—11.0 mmol/L. (Alberti & Zimmet, 1998) The American
Diabetes Association (ADA) uses a lower cut-off value for IFG (5.6-6.9 mmol/L).
ADA has also included HbAIc in the criteria: individuals with HbAlc between 39
and 47 mmol/mol (5.7-6.4%) are considered to have prediabetes. (American
Diabetes Association, 2018). (Table 1)

Insulin resistance is present both in individuals with IFG and IGT, but the site of
insulin resistance is different. IFG is especially associated with hepatic insulin
resistance, while IGT is associated with insulin resistance, particularly in muscles.
(Abdul-Ghani, 2006; Abdul-Ghani et al., 2006; Ferrannini et al., 2011) B-cell
dysfunction is also present in both conditions. Individuals with IFG have impaired
EIR during OGTT. However, their insulin secretion improves during the later phase
of the OGTT, whereas individuals with IGT have impaired early and late phase
insulin secretion. (Kanat et al., 2012; Tabak et al., 2012)

Table 1. The diagnostic criteria for IFG, IGT, and diabetes according to WHO and ADA. Modified
from Alberti & Zimmet, 1998 and American Diabetes Association, 2018.

Normal IFG IGT Diabetes
fasting glucose <6.0 (WHO) 6.1-6.9 (WHO) >27.0
(mmol/l) < 5.5 (ADA) 5.6-6.9 (ADA)

OGTT 2-hour <78 7.8-11.0 >11.0
glucose (mmol/l)

Random glucose >11.0

value of a patient

with symptoms

(mmol/l)

glycated < 39 mmol/ml > 48 mmol/mol
hemoglobin (5.7 %) (ADA) (6.5 %)
(HbA1c)
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224 Type 2 diabetes

Type 2 diabetes is generally characterized by insulin resistance and a relative
deficiency of insulin secretion leading to elevated blood glucose concentration.
(Chatterjee et al., 2017; Solis-Herrera et al., 2018) The diagnostic criteria for
diabetes are fasting glucose > 7.0 mmol/l, 2-hour glucose in the OGTT > 11.1
mmol/l, or HbAlc > 48 mmol/mol (6.5%). A second test is recommended for
confirmation unless a clear clinical diagnosis (i.e. classic symptoms of
hyperglycemia and a random plasma glucose > 11.1 mmol/L) exists. (Alberti &
Zimmet, 1998; American Diabetes Association, 2018; Syed IA, 2011)

Type 2 diabetes is a heterogeneous disease with different subtypes. A recent
study suggested that adult-onset diabetes could be classified into five subtypes with
different underlying disease mechanisms, disease progression, and risk of
complications. (Ahlqvist et al., 2018)

Insulin resistance has been shown to begin years before diabetes emerges. The
development of type 2 diabetes from normal glucose tolerance is considered a
continuous process with several stages. The first phase is a long compensatory
period: Insulin resistance is present, but insulin secretion is increased as a
compensatory mechanism. The second stage is considered a stable adaptation period:
The pancreas can no longer fully compensate for the increased insulin resistance, so
glucose values (fasting and post-load) are increased, although they remain within the
normal range. In the next stage, glucose levels start rising because of B-cell
dysfunction. (Tabak et al., 2012) For example, in the longitudinal British Whitehall
II study, among individuals who developed diabetes, fasting glucose and post-load
glucose values were higher over ten years before diabetes was diagnosed than in
those who did not develop diabetes. A fast elevation of the glucose values was seen
3-6 years before the diabetes diagnosis. Insulin sensitivity had declined 13 years
before the diabetes diagnosis; a steeper reduction was seen five years before the
diagnosis. Among those who developed diabetes, insulin secretion was elevated
throughout the 13-year follow-up, with a greater increase 3-4 years before diagnosis,
followed by a steep decrease at diagnosis. (Tabak et al., 2009) Figure 3 demonstrates
the pathophysiology of the diabetes continuum.
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Figure 3. A schematic illustration of the pathophysiology of prediabetes and diabetes. Modified
from Perreault, 2019.

2.3 A continuum from normal cognitive function to
dementia

Memory and other cognitive functions decline in pathological conditions such as AD
or other diseases causing dementia. Even among healthy elderly individuals, some
cognitive functions — especially those dependent on cognitive processing speed and
efficiency — are declined from earlier. Working memory and executive functions are
considered the most vulnerable cognitive domains to ageing. However, the cognitive
decline related to ageing is subtle and does not disturb an individual’s ability to
manage activities of daily living. (Cohen et al., 2019)

The development of memory disorders (especially AD) can be seen as a
continuum with normal cognition at one end and dementia at the other end of the
continuum. The point at which one transitions from the asymptomatic phase to the
symptomatic predementia phase — or from the symptomatic predementia phase to the
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onset of dementia — is difficult to identify. Further, the differential diagnostics of the
illnesses causing cognitive decline and dementia may be complex. Cognitive and
functional assessments are required and metabolic or structural etiologies
responsible for symptoms should be ruled out. Traditionally, neuropathological
confirmation has been needed for a definitive diagnosis. However, the development
of biomarkers has aided the diagnostics of the AD continuum.

The next chapter will review the evaluation of cognitive function and the
concepts of mild cognitive impairment (MCI) and dementia, after which AD — the
most common disease leading to dementia — and AD biomarkers will be discussed.

2.3.1 Assessment of cognitive function

Cognitive performance is often characterized and classified by referring to domains
of cognitive function. Domains such as memory and executive functions are
hierarchical and not independent of each other. Typically, subdomains exist within
each domain. (Harvey, 2019) Comprehensive neuropsychological test batteries
consisting of several tests assess performance in different cognitive domains (e.g.
attention and concentration, memory, executive functioning, language skills, and
visuospatial abilities). Neuropsychological tests are sensitive to early and subtle
cognitive changes. (Masur et al., 1994) However, a neuropsychological evaluation
is time-consuming and unavailable for every patient with memory complaints.

The Mini-Mental State Examination (MMSE) (Folstein et al., 1975), The
consortium to establish a registry for Alzheimer’s disease (CERAD) test battery (J. C.
Morris et al., 1989), and the Montreal Cognitive Assessment (MoCA) (Nasreddine et
al., 2005) are cognitive tests commonly used in clinical practice. MMSE is a brief test
for cognitive screening; however, is imprecise for detecting early cognitive decline.
MoCA was created as an alternative screening method for MMSE, with a greater
sensitivity to detect MCI. (Nasreddine et al., 2005) CERAD is a more comprehensive
test including measures of cognitive functions where AD-related impairments initially
occur. The Finnish version of CERAD (including verbal fluency; item naming;
MMSE; word-list learning, recall and recognition; constructional praxis and recall; and
clock drawing) is recommended as a screening tool for memory disorders among
elderly patients in basic health care. (Hanninen et al., 1999)

2.3.2 Mild cognitive impairment

Mild cognitive impairment (MCI) describes the heterogeneous group of people with
impaired cognitive function that is not severe enough to cause significantly impaired
daily function. MCI occurs between a continuum with normal cognition at one end
and dementia at the other. However, not everyone with MCI will ever develop
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dementia — some may even recover. AD or any other disease affecting cognitive
functioning can cause MCI. MCI’s prevalence increases with age. Individuals with
MCI are at high risk of developing dementia. Cumulative dementia incidence for
MClI individuals older than 65 years, followed for two years, has been reported to be
15%. (Petersen et al., 2018)

The first diagnostic criteria of MCI focused on amnestic cognitive impairment,
considered the prodromal stage of AD. (Petersen et al., 1997, 1999) Later, it became
clear that underlying causes other than AD can lead to MCI, and a broader
classification was needed. The International Working Group on MCI revised the
MCI criteria in 2004. These modified criteria characterized MCI as a broader
condition with multiple clinical profiles due to different etiologies. The general
criteria for MCI are as follows: 1) considering cognitive measures, a person is
abnormal and not demented, 2) a person’s functional activities are mainly preserved,
and 3) evidence of cognitive decline exists, measured by self and/or an informant
report in conjunction with deficits on an objective cognitive evaluation and/or
evidence of decline over time on an objective cognitive evaluation. (Winblad et al.,
2004) The diagnostic criteria of MCI due to AD will be discussed in chapter 2.3.6.

2.3.3 Dementia

Dementia is a heterogeneous syndrome characterized by a significant decline in
cognition severe enough to interfere with independent daily functioning. The loss of
independence is the primary feature differentiating dementia from MCI. A group of
diseases can cause dementia: AD is the most common disease causing dementia,
accounting for 50-70% of cases. (Sacuiu, 2016; Winblad et al., 2016) Vascular
dementia (vascular cognitive impairment) is the second most common dementia
form, causing around 15% of cases. Vascular cognitive impairment can be classified
into many subtypes depending on the pathological changes. (O’Brien & Thomas,
2015) Some other common neurodegenerative diseases causing dementia are Lewy
body disease, dementia related to Parkinson’s disease, and frontotemporal lobar
degeneration. With ageing, the presence of various brain pathologies increases. It
has been stated that among individuals over 80, mixed dementia (with vascular and
AD pathology) is the norm, not the exception. (O’Brien & Thomas, 2015).

AD is characterized by a slow but progressive loss of cognitive function. AD
typically begins with a decline in episodic memory, but behavioural, visuospatial, or
language symptoms can be the main symptoms in less common variants of AD. The
most common form of AD is the late-onset sporadic AD (from 65 years of age),
accounting for about 95% of all cases. (Winblad et al., 2016) A substantial part of
the early-onset AD cases (onset before age 65) are familial, caused by mutations in
the amyloid precursor protein (APP), presenilin 1 (PSEN1), or presenilin 2 (PSEN2)
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genes. (Bettens et al., 2013) Clinical stages of AD range from cognitively normal to
MCI and dementia (Figure 4). Thus, dementia is considered the result of a long-time
presence of AD pathology. (Scheltens et al., 2021)
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Figure 4. Hypothetical model of the continuum of AD. Modified from Sperling et al., 2011.

2.3.4 Basics of Alzheimer’s disease pathology

The exact causes and pathogenesis of AD are not yet fully understood. However, AD
is a multifactorial disorder where genetic and environmental factors and their
interaction over the lifespan are thought to contribute to the disease’s pathological
processes and clinical manifestation. (Winblad et al., 2016) AD’s pathological
process is slow; AD pathology can be detected up to over 20 years before the onset
of symptoms. (Jack et al., 2010; Jansen et al., 2015; J. C. Morris, 2005)

Brain atrophy (medial temporal lobe and cortical atrophy) is characteristic of
AD. There is also a progressive loss of synaptic connections between neurons and a
loss of neurons. Neuropathological hallmarks of AD are the accumulation of
extracellular plaques consisting of AP and intraneuronal neurofibrillary tangles
consisting of hyperphosphorylated tau. (Castellani et al., 2010; Hyman et al.,
2012) In a recent post-mortem study on an elderly sample, most of the late-onset AD
subjects did not have pure AD pathology. Instead, they had also DNA-binding
protein 43 (TDP-43) (associated with frontotemporal lobe degeneration and
amyotrophic lateral sclerosis [ALS]), a-synuclein (characteristic of Lewy body
dementia and dementia related to Parkinson’s disease) depositions, and hippocampal
sclerosis and microvascular changes. (James et al., 2016)
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2.3.5 Biomarkers in Alzheimer’s disease continuum

The latest diagnostic criteria for AD have included using biomarkers in diagnosing
AD. (Dubois et al., 2007, 2014; Jack et al., 2011, 2018; McKhann et al., 2011) Fluid
biomarkers currently used in clinical practice, and the criteria emphasizing using
biomarkers are reviewed briefly in the following sections. However, imaging
biomarkers (temporomesial atrophy on MRI, posterior cingulate and temporoparietal
hypometabolism on FDG-PET, and cortical Ap accumulation on amyloid-PET) will
be discussed in chapter 2.6.

A biomarker is “a characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention”. (Atkinson et al., 2001) Biomarkers of AD
are measurable indicators of specific AD-related pathology along the disease
continuum. Biomarkers provide an opportunity to detect AD at the predementia
stage. Early diagnosis is vital in clinical practice and in research. (Hane et al., 2017;
Jack et al., 2010) Biomarkers are useful also in the differential diagnostics of
illnesses causing dementia.

During the past three decades, three fluid biomarkers of AD measured from the
cerebrospinal fluid (CSF) have been identified and evaluated in numerous studies.
These core CSF biomarkers are the 42-aminoacid form of AB (AB42), total tau (T-
tau), and phosphorylated tau (P-tau). Decreased levels of AB42 (reflecting cortical
AP deposition) and increased T-tau (reflecting neurodegeneration) and P-tau
(reflecting cortical tangle formation) have been shown to associate strongly with
MCI due to AD and AD dementia. Also, a decreased AB42 level seems to predict
AD dementia in the disease’s preclinical stage. (Blennow & Zetterberg, 2018; Olsson
et al., 2016) Each core biomarker differentiates AD patients from healthy controls
with a sensitivity and specificity of around 80-90%. (Blennow et al., 2010) Besides
AP42, there are several other AP species in the human CSF, such as AB40. AB40
alone does not identify AD but the ratio AB42/Ap40 detects AD better than AB42
alone. CSF AP42 and the AP42/AP40 ratio are the AD (CSF) biomarkers that
become positive earliest during the AD continuum. (Blennow & Zetterberg, 2018)

2.3.6 Biomarker-based criteria for MCIl and AD

In 2007, The International Working Group (IWG) revised The National Institute
of Neurological and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) criteria for AD
since modern imaging techniques and CSF AD-biomarker analyses had been
developed. The IWG aimed to include the prodromal stages of AD and integrate
biomarkers as supportive features in the criteria. The criteria were further updated
in 2014. (Dubois et al., 2007, 2014) The US National Institute on Aging and
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Alzheimer’s Association (NIA-AA) workgroup defined updated diagnostic and
research criteria for the AD continuum in 2011. The goal was to ensure that the
revised criteria could be used in general healthcare lacking access to
neuropsychological testing, advanced imaging, and CSF sampling, as well as in
research with access to these measures. According to the workgroup, AD can be
divided into three periods: preclinical AD; the earliest symptomatic stage i.e.,
MCI; and AD dementia. The core clinical criteria for MCI due to AD and AD
dementia are intended to guide diagnosis in the clinical setting, whereas the criteria
for preclinical AD are designed for research. (Albert et al., 2011; Jack et al., 2011;
McKhann et al., 2011; Sperling et al., 2011)

The NIA-AA core clinical criteria for MCI include 1) concern about a change in
cognition compared to the person’s previous level, 2) impairment in one or more
cognitive domains, 3) preservation of independence in functional abilities, and 4) the
cognitive changes are sufficiently mild so that there is no significant impairment in
social or occupational functioning. Also, other conditions that could account for the
decline in cognition should be excluded. In the proposed research criteria, a positive
biomarker of AP deposition and/or a positive biomarker reflecting neuronal injury
are used to estimate the likelihood of MCI due to AD. (Albert et al., 2011)

If the clinical criteria for probable AD dementia are met, biomarker evidence
may increase the certainty of AD’s pathophysiological process, although using AD
biomarkers for diagnostic purposes is not advocated routinely. However, using
biomarkers to enhance the certainty of the AD patholophysiological process may be
useful in investigational studies, clinical trials, and as optional clinical tools if they
are available and when considered appropriate. (McKhann et al., 2011)

The NIA-AA research criteria for preclinical AD include three stages: Stage 1 is
asymptomatic with cerebral AB; stage 2 is asymptomatic with cerebral AP and
evidence of synaptic dysfunction, early neurodegeneration, or both (elevated CSF
tau or P-tau, hypometabolism in an AD-like pattern on FDG-PET, or medial
temporal lobe and/or cortical atrophy in a specific anatomic distribution on MRI);
stage 3 contains cerebral A, evidence of neurodegeneration, and subtle cognitive or
behavioral decline. The workgroup emphasizes that also preclinical AD represents a
continuum, and not all with preclinical AD will ever progress beyond the stage of
AP accumulation. (Sperling et al., 2011) In 2018, the NIA-AA guidelines were
updated for observational and interventional research use. These criteria focus on the
diagnosis of AD with biomarkers. In the AT(N) classification system, biomarkers
are categorized into three groups: AP deposition (A), pathologic tau (T), and
neurodegeneration (N). (Jack et al., 2018)
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24 Disturbances of glucose metabolism and the
risk for cognitive decline

Several extensive studies have shown that diabetes is an independent risk factor for
cognitive decline. According to previous meta-analyses evaluating longitudinal
studies, individuals with diabetes have a higher risk for MCI, AD, vascular dementia,
and any dementia than those without diabetes. (Cheng et al., 2012; Zhang et al.,
2017). However, the cognitive impairment related to type 2 diabetes most probably
begins to develop at the prediabetic stages and evolves slowly thereafter. (Biessels
et al., 2014) The following chapters will focus on previous studies evaluating the
association between prediabetes or conditions related to prediabetes and cognitive
decline or cerebral alterations.

241 Evidence from epidemiological studies

According to previous longitudinal studies, prediabetes (defined by HbA1c) might
be a risk factor for cognitive decline. The Atherosclerosis Risk in Communities
Neurocognitive Study (n=13,351), the English Longitudinal Study of Aging
(n=5189), and The Swedish National Study on Aging and Care-Kungsholmen
(n=2746) all found that not only diabetes but prediabetes (defined by HbAlc levels)
as well was associated with accelerated cognitive decline. (Marseglia et al., 2019;
Rawlings et al., 2014; Zheng et al., 2018)

Several of the cross-sectional studies assessing glucose tolerance test results
and cognitive function, summarized in Table 2, have suggested an association
between a higher 2-hour glucose level in the OGTT and poorer cognitive
performance. For example, in a Swedish population-based study (n=2994), 2-hour
glucose as well as fasting glucose were associated with a worse MMSE total score
among people with and without diabetes. (Dybjer et al., 2018) Another study (n=411)
showed a negative association between fasting and 2-hour OGTT glucose and
episodic memory in women but not in men. (Rolandsson et al., 2008)

The previous longitudinal studies that examined the association between OGTT
results and the risk for cognitive decline are summarized in Table 3, with conflicting
results. (Kanaya et al., 2004; Kumari & Marmot, 2005; Lamport et al., 2009;
Ronnemaa et al., 2009; Tuligenga et al., 2014; Vanhanen et al., 1998). Some studies
have found that IGT (defined by OGTT 2-hour values) or a higher 2-hour glucose
concentration (as a continuous variable without a cut-off point) in the OGTT
increases the risk of cognitive decline. (Kanaya et al., 2004; Ronnemaa et al., 2009;
Vanhanen et al., 1998) Conversely, others have not found an association between
IGT (defined by OGTT 2-hour values) and cognitive decline. (Kumari & Marmot,
2005; Tuligenga et al., 2014)
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Insulin resistance as a risk factor for cognitive decline has received increasing
interest in recent years because it is one of the common molecular denominators in
prediabetes, type 2 diabetes, and AD. (de Felice & Ferreira, 2014; Tabak et al., 2012)
Further, obesity and MetS — associated with prediabetes and insulin resistance — have
been linked to cognitive decline, AD, and all-cause dementia. (Schrijvers et al., 2010;
Whitmer et al., 2008; Yaffe et al., 2004) Thus, insulin resistance is a potential factor
linking type 2 diabetes and the increased risk for cognitive decline. Epidemiological
studies, some of which will be reviewed in the next paragraph, have suggested an
association between insulin resistance and declined cognitive function.

Several cross-sectional studies have found an association between insulin
resistance or hyperinsulinemia, and poorer cognitive performance or AD. (Ekblad
et al., 2015; Kuusisto et al., 1993, 1997; Laws et al., 2017; Tan et al., 2011) In a
study of 744 nondiabetic individuals, Kuusisto et al. showed that those with
hyperinsulinemia and hypertension had worse cognitive performance than those with
normal insulin levels and hypertension. (Kuusisto et al., 1993) A few years later, the
same study group reported that hyperinsulinemia was associated with AD in a cross-
sectional study (n=980). (Kuusisto et al., 1997)

Similarly, in a longitudinal study of 683 persons aged 65 years and older (follow-
up of 5.4 years), hyperinsulinemia was associated with a decline in memory-related
cognitive scores and also with a higher risk for AD. (Luchsinger et al., 2004)
Interestingly, a study of elderly men (n=2568) with a follow-up of over five years
showed that both low and high levels of insulin were associated with an increased
risk of dementia in a U-shaped functional form (the association between insulin and
cognitive function was uninvestigated). (Peila et al., 2004) However, a recent study
of a female population followed for over 34 years (n=1212) found that individuals
with low but not with high fasting insulin values had an increased risk of dementia.
(Mehlig et al., 2018)

Some longitudinal studies have assessed insulin resistance measured with
HOMA-IR as a risk factor for cognitive decline or dementia. For example, the
Atherosclerosis Risk in Communities (ARIC) study (n=7148) found that higher
fasting insulin and HOMA-IR were associated with greater cognitive decline in
delayed word recall and word fluency over six years. (Young et al., 2006) Similarly,
Ekblad et al. showed in a population-based study (n=3695) that HOMA-IR was
associated with poorer verbal fluency and a greater decline in verbal fluency after 11
years. (Ekblad et al., 2017) A recent study found an association between insulin
resistance and cognitive decline (n=1299) but not with AD CSF biomarkers (n=212)
in a sample of middle-aged and older adults without dementia at baseline. (Ennis et
al., 2021) Hughes et al. showed that change in HOMA-IR was associated with lower
cognitive function among APOEe4-negative individuals but not among APOEge4-
carriers (n=4392, follow-up ten years). (Hughes et al., 2017) In the Rotterdam study

30



Review of the Literature

(n=3139), higher HOMA-IR was associated with a higher risk of AD within three
years of baseline, but the risk did not increase thereafter. (Schrijvers et al., 2010)

The discrepancies across the studies are presumably explained by the
heterogeneity of the study populations (age, sex, different exclusion criteria), the use
of different measures of cognitive functioning and insulin resistance, and the
heterogeneity in the confounding factors included in the analyses.

Changes in insulin secretion during an OGTT have also been linked to cognitive
decline and dementia. A study that examined 1125 elderly Swedish men with a
follow-up of 12 years showed that a lower early insulin response (EIR) to oral
glucose load was associated with an increased risk for AD. (Ronnemaa et al., 2009)
The same study group also showed that impaired insulin secretion at midlife,
assessed with the intravenous glucose tolerance test (IVGTT), was associated with
an increased risk for cognitive decline, AD, and any dementia after 32 years in a
sample of 1792 men. (Ronnemaa et al., 2008) Vanhanen et al. found that higher 2-
hour insulin levels in the OGTT were associated with lower MMSE scores among
participants with IGT but not among participants with normal glucose tolerance.
(Vanhanen et al., 1998) In contrast, a small cross-sectional study investigating 57
nondiabetic participants (aged 55-84) found no correlation between the insulin
values measured at 00, 60, and 120 minutes or HOMA-IR and the cognitive test
results. (Messier et al., 2003)

24.2 Evidence from neuroimaging and neuropathological
studies

Insulin resistance seems to be associated with brain glucose metabolism, brain
atrophy, and potentially with brain vascular and AP pathology already in the
prediabetic stages. (Dearborn et al., 2015; Ekblad et al., 2018; Lee et al., 2016;
Matsuzaki et al., 2010; Tan et al., 2011; Willette, Johnson, et al., 2015) Baker et al.
demonstrated that HOMA-IR was associated with lower glucose metabolism in brain
regions susceptible to AD in cognitively healthy elderly adults with prediabetes or
newly diagnosed type 2 diabetes (n=23, mean age 74 years). (Baker et al., 2011)
Accordingly, Willette et al. showed similar results with a larger study sample
(n=150). (Willette, Bendlin, et al., 2015)

The longitudinal Framingham Offspring study (n=2439) demonstrated that
insulin resistance was associated with a lower total brain volume. (Tan et al., 2011)
Aligning with the Framingham Offspring study, Willette et al. showed in a cohort of
asymptomatic, late middle-aged individuals that higher HOMA-IR predicted a lower
brain volume in regions that are affected early in AD. (Willette et al., 2013)

According to the Atherosclerosis Risk in Communities study (n=934), MetS and
insulin resistance were associated with incident lacunar infarcts but not with white
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matter hyperintensity (WMH) progression. (Dearborn et al., 2015) MetS has been
linked to cerebrovascular changes also in other studies. (H. M. Kwon et al., 2006;
Portet et al., 2012; Viscogliosi et al., 2015)

A few previous PET studies have shown an association between insulin
resistance and A} accumulation (Ekblad et al., 2018; Willette, Johnson, et al., 2015),
while others (Laws et al., 2017; Pekkala et al., 2020; Thambisetty et al., 2013) have
not. In a recent longitudinal study, insulin resistance did not predict change in AD
biomarkers (CSF markers or AP chronicity measure with AB-PET). (Ennis et al.,
2021) Presumably, the discrepancy is explained by differences in the study designs
(cross-sectional or longitudinal) and the variation in the ages of the study
populations.

A neuropathological study showed that higher 2-hour glucose in the OGTT,
fasting insulin, and HOMA-IR ten years antemortem were all associated with an
increased risk for AP accumulation postmortem. (Matsuzaki et al., 2010) However,
another study found no significant association among HOMA-IR values, lifetime
glucose intolerance (evaluated by OGTT), or diabetes and brain AP detected by PET
imaging or post-mortem AD pathology. (Thambisetty et al., 2013)

24.3 Possible pathological mechanisms

Multiple etiologies presumably determine cognitive decline in diabetes. (Biessels et
al., 2014; Srikanth et al., 2020) Hyperglycemia might influence brain function
negatively via several mechanisms such as glucose neurotoxicity, vascular
mechanisms, and accumulation of advanced glycation end products. (Kellar & Craft,
2020) Insulin resistance, inflammation, and mitochondrial dysfunction are common
features in type 2 diabetes and AD. (de Felice & Ferreira, 2014; Pugazhenthi et al.,
2017) Here, the possible insulin-related mechanisms linking disturbances of glucose
metabolism and cognitive decline will be discussed. The topic has recently been
reviewed comprehensively by Ribe and Lovestone, Kellar and Craft, and Biessels et
al. (Biessels et al.,, 2020; Kellar & Craft, 2020; Ribe & Lovestone, 2016)
Inflammation will also be discussed briefly.

Insulin was first identified in the rat brain in the late 70s. (Havrankova et al.,
1978) Since then, increasing evidence has emerged about insulin and insulin-
related signaling in the brain. Insulin, secreted by the pancreas, is transported into
the brain through the blood-brain barrier via a receptor-mediated transport process
in a saturable manner. (Banks et al., 2012) Insulin receptors are ubiquitously
expressed in the brain and densely expressed for example in the hippocampus and
prefrontal cortex. (Arnold et al., 2018; Kullmann et al., 2020) Cerebral insulin action
is associated with multiple behavioral and metabolic consequences; disturbances of
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brain insulin signalling seem linked to ageing, dementia, obesity, and type 2 diabetes.
(Kullmann et al., 2016)

Insulin influences the formation and maintenance of synapses. Insulin
regulates synaptic plasticity for example in the hippocampus — a crucial brain region
for memory function. Brain insulin resistance, in turn, is associated with impaired
synaptic integrity. (Arnold et al., 2018; Kellar & Craft, 2020) It has been proposed
that central insulin resistance might occur independently of glycemic control and
peripheral insulin resistance and that brain insulin resistance increases with ageing.
(Fadel & Reagan, 2016; Ribe & Lovestone, 2016) Insulin resistance occurs at a
cellular level in the brains of patients with AD compared to individuals with MCI or
normal cognition. In a previous study, higher cerebral insulin resistance post-mortem
was associated with poorer antemortem episodic and working memory test results,
independently of AD pathology and APOE genotype, suggesting that cerebral
insulin resistance, and insulin-related signalling in the brain, could directly influence
cognitive functioning. (Ribe & Lovestone, 2016; Talbot et al., 2012)

Intranasal insulin administration, in which insulin bypasses the blood—brain
barrier along the olfactory nerve channels and the trigeminal perivascular channels,
has been investigated as a potential treatment for cognitive disorders, and small trials
have provided some initial promising results. (Kellar & Craft, 2020). For instance,
in a study investigating patients with early AD or amnestic MCI, those receiving
intranasal insulin had better cognitive test results in word-list delayed recall and
attention after three weeks of treatment than the placebo group. (Reger et al., 2008)
However, further studies with larger study samples and longer follow-up times are
needed to assess the benefit of intranasal insulin for cognitive function.

Acute peripheral hyperinsulinemia increases brain and CSF insulin levels and
seems to positively influence cognitive function. Chronic peripheral
hyperinsulinemia, however, downregulates blood-brain barrier insulin receptors
possibly leading to reduced transport of insulin into the brain and resulting in
reduced insulin signaling and impairment of neuronal function and synaptogenesis.
Thus, chronic hyperinsulinemia is considered detrimental to cognitive function.
However, whether the impaired brain insulin action is a consequence of the reduced
insulin transport across the blood-brain barrier or due to cerebral insulin resistance
— or both — is unclear. (Heni et al., 2014; Ribe & Lovestone, 2016; Schwartz et al.,
1990)

Peripheral insulin resistance is linked to endothelial dysfunction (Freeman &
Pennings, 2022); with other cardiovascular risk factors (e.g. hypertension), insulin
resistance increases the risk for cerebrovascular disease and subsequent cognitive
dysfunction (vascular cognitive impairment). (Winblad et al., 2016) Insulin
influences cerebral perfusion. At normal concentrations, insulin acts as a vasodilator,
but during hyperinsulinemia, it is a vasoconstrictor. Thus, insulin resistance
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promotes vasoconstriction, leading to elevated blood pressure and decreased cerebral
perfusion. (Kellar & Craft, 2020)

Another potential link between insulin and cognitive decline is amylin i.e. islet
amyloid polypeptide (IAPP), secreted by the pancreatic B-cells along with insulin.
In hyperinsulinemia, amylin levels also increase. Amylin can cross the blood—brain
barrier, and amylin plaques have been found postmortem in the brains of AD
patients. (Enoki et al., 1992; Jackson et al., 2013)

Insulin might also influence the clearance of AP (and thus the accumulation of
ApP) and the phosphorylation of tau — the hallmarks of AD pathology. Some animal
studies with mice have suggested that dysregulation of insulin signaling in the brain
would promote tau hyperphosphorylation and synaptic dysfunction. (Arnold et al.,
2014; Kothari et al., 2017; Liu et al., 2015) In a preclinical study, insulin increased
APP secretion by a glucose-independent mechanism. (Solano et al., 2000)
Furthermore, insulin, amylin, and A are all substrates for a common degrading
enzyme in the brain: the insulin degrading enzyme (IDE). (Cholerton et al., 2013;
Qiu & Folstein, 2006) In an animal study with mice, IDE deficiency resulted in an
over 50% decrease in AP degradation. (Farris et al., 2003) IDE is downregulated in
mice with insulin resistance, resulting in A accumulation in the brain. (Mullins et
al., 2017)

Brain insulin resistance has also been linked to disturbances in peripheral
metabolism.  Functional =~ MRI, electroencephalography  (EEG), and
magnetoencephalography (MEG) studies have shown that peripheral insulin
resistance is associated with a reduced response to intranasal insulin among people
with insulin resistance -related disorders such as obesity and type 2 diabetes. (Heni
et al., 2015) It has been proposed that the hypothalamus is the brain region
controlling the whole-body energy homeostasis. Boosting brain insulin action could
possibly modulate peripheral metabolism by increasing insulin sensitivity and by
suppressing hepatic glucose production. (Kullmann et al., 2020)

Inflammation

Chronic low-grade inflammation and the overproduction of proinflammatory
cytokines, such as tumor necrosis factor alpha and interleukin 6, typically
accompany obesity and obesity-related metabolic disorders such as insulin resistance
and type 2 diabetes. Whether inflammation is the cause or the consequence of these
states is still unclear. However, it has been proposed that inflammation could lead to
insulin resistance and disruption of energy homeostasis. An inflammatory program
is activated early in the adipose tissue expansion, and during chronic obesity, the
immune system is shifted to a proinflammatory phenotype. (Esser et al., 2014;
Hotamisligil, 2006; Saltiel & Olefsky, 2017)
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It has been hypothesized that also inflammation could be the link between
disturbances of glucose metabolism and cognitive decline. Chronic low-grade
inflammation is associated with cognitive decline and an increased risk of AD.
(Singh-Manoux et al., 2014; Tan et al., 2007; Tao et al., 2018; Walker et al., 2019;
Yaffe et al.,, 2004) Several epidemiological studies have also shown that using
nonsteroidal anti-inflammatory drugs (NSAIDs) could reduce the risk of AD,
however, most randomized controlled trials assessing NSAIDs for treating AD have
not shown the efficacy of NSAIDs. (Jaturapatporn et al., 2012; Vlad et al., 2008;
Wang et al., 2015) Further, systemic immune cells and secreted signaling proteins
seem to communicate with the brain, and they are suggested to associate with
neuroinflammation and neurodegeneration. (Czirr & Wyss-Coray, 2012) The
inflammatory mediators can cross the blood—brain barrier and they are suggested to
influence brain microglia and astrocytes resulting in neuroinflammation. (Ribe &
Lovestone, 2016) Neuroinflammation’s role in diseases causing cognitive decline
will be discussed in chapter 2.5.

244 Other risk and protective factors for cognitive decline
and Alzheimer’s disease

Known risk and protective factors for cognitive decline and dementia are represented
in Figure 5. Life-style-related metabolic and vascular risk factors in midlife
increase the risk for cognitive decline. (Kivipelto et al., 2005, 2006; Livingston et
al., 2020; Norton et al., 2014; Winblad et al., 2016) Midlife hypertension,
hypercholesterolemia, obesity, and smoking have been linked to increased risk for
cognitive decline or AD. (Kivipelto et al., 2005; Livingston et al., 2020; Whitmer et
al., 2008) However, in older age, higher weight is associated with decreased risk of
dementia. (Danat et al., 2019) Considering weight is known to decrease in later life
in those with or developing dementia, lower weight among the elderly might indicate
illness. (Singh-Manoux et al., 2018)

High education early in life is associated with a decreased risk of dementia.
(Meng & D’Arcy, 2012) Performing cognitively or mentally stimulating activities
and maintaining a rich social network have also been associated with a reduced risk
of dementia, whereas depression and hearing loss seem to increase the risk for
cognitive decline and dementia. (Diniz et al., 2013; Livingston et al., 2020; Slade et
al., 2020; Winblad et al., 2016)

It has been suggested that “cognitive reserve” and “brain reserve” explain the
differences between individuals’ susceptibility to pathological brain changes. (Stern,
2012) Cognitive reserve is thought to represent the ability to engage alternative brain
networks or cognitive strategies to manage the pathological changes. Brain reserve
refers to the brain’s capacity to withstand the pathological changes, possibly due to
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a greater synaptic density or a larger number of healthy neurons. Further,
psychosocial factors might also modify the association between neuropathology and
cognitive function. (Bennett et al., 2006, 2014)

Protective factors Risk factors
4 N\ 3 \ Vd \
Genetic factors, e.g. oii Llfes.tyle factors, e.g.
APOE €2 er age smoking, heavy alcohol
drinking, and unfavourable
diet
Ve . ™~ ( Genetic factors: \
[ Psychosocial factors, APOE &4 genotype and
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h'.gh wor!< complexity, genes ) loss, depression, traumatic
rich social network, N brain injury
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L activity / [ Vascular and metabolic
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Figure 5. Putative protective factors and risk factors for cognitive decline or late-onset dementia.
Modified from Winblad et al., 2016.

The apolipoprotein E (APOE) €4 allele is the most well-established genetic risk
factor for late-onset AD. (Bettens et al., 2013; Corder et al., 1993) Carrying one
APOE &4 allele increases the risk of developing AD by approximately 3.7 times
compared to the most common APOE ¢3/¢3 genotype, whereas carrying one or two
APOE &2 alleles reduces the risk of AD. Being homozygous for the APOE ¢4 allele
increases the risk up to 12 times. (Reiman et al., 2020; Serrano-Pozo et al., 2021)
APOE &4 carriers have cerebral AP load at an earlier age on average and faster Ap
accumulation than non-carriers. (Mishra et al., 2018) During the last decade,
technological development has enabled more comprehensive research on the
genetic background of diseases leading to dementia, especially with genome-wide
association studies and sequencing studies. Up to 50 genes/loci have been linked
to the increased risk of AD, even if some might be false-positive findings. TREM?2
is the most studied genetic risk factor of the microglia-dependent
pathophysiological process in AD. (Bellenguez et al., 2020; Sims et al., 2020)
Previously, TREM?2 had been associated with Nasu-Hakola disease. (Paloneva et
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al., 2002) However, recent studies have shown that rare variants of TREM?2
increase the risk for late-onset AD, with an odds ratio like that of the APOE ¢4
allele. (Jiang et al., 2013; Jonsson et al., 2013; Neumann & Daly, 2013) TREM?2
will be reviewed in the following chapter.

2.5 Neuroinflammation in cognitive disorders

Neuroinflammation, i.e. the reactivity of microglia and astrocytes, the immune cells
of the brain and elevated levels of inflammatory mediators, respectively, is suggested
to play a crucial role in the pathogenesis of AD and other neurodegenerative
diseases. (Calsolaro & Edison, 2016; Heneka et al., 2015; McGeer & McGeer, 2013;
van Eldik et al., 2016) Inflammatory markers such as cytokines and complement
factors have been found in the CSF and A plaques in patients with AD. (Aktas et
al., 2007)

However, the time-course and pathogenic relevance of neuroinflammation
across the AD continuum and other diseases causing dementia is not yet fully
understood. It has been suggested that neuroinflammation would be beneficial and
detrimental, depending on the stage of the disease pathogenesis. (Edison & Brooks,
2018) Neuroinflammation’s consequences depend on the molecular mediators the
brain cells produce. (Czirr & Wyss-Coray, 2012; D4 Mesquita et al., 2016) The
initial microglial activation is possibly protective, but the inflammatory process
might become unfavorable with disease progression. (Hamelin et al., 2016; van Eldik
et al., 2016) Individuals with defective microglial functioning might develop
cognitive impairment at an earlier stage of the pathological process of AD than those
with normal microglial function (Figure 6). (Leng & Edison, 2021)

Several AD risk genes, such as TREM? relate to microglial response pathways,
highlighting the potential role of neuroinflammation in the pathogenesis of AD.
The TREM?2 gene encodes triggering receptor expressed on myeloid cells 2
(TREM2). TREM2 is expressed on macrophages, dendritic cells, osteoclasts, and
microglia. (Jiang et al., 2013) In the CNS, TREM2 is selectively expressed by
microglia. In the normal brain, TREM2 is distributed at high levels in the white
matter, hippocampus, and neocortex but at low levels in the cerebellum — partly
consistent with the AP accumulation pattern. (Guerreiro et al., 2013) TREM2 has
been suggested to suppress the proinflammatory response of microglial cells and
may participate in regulating phagocytosis of Ap and damaged neurons. Thus, the
loss of function of TREM2 might result in inflammation and AP accumulation.
(Jiang et al., 2013) However, the mechanisms underlying the link between
neuroinflammation and cognitive disorders and between TREM2 and AD must be
elucidated in the future.
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Figure 6. Hypothetical model of the microglial reactivity in relation to AD pathology and symptoms.
Modified from Leng & Edison, 2021.

2.5.1 Microglia and astrocytes

Reactive microglia and astrocytes are the main inflammatory mediators in the CNS.
Microglia are ubiquitously found in the brain and are the resident phagocytes of the
CNS. Microglia also contribute to protecting and remodelling synapses. (Heneka et
al., 2015) Astrocytes, the most abundant cell type in the brain, were long regarded
as passive neuronal support cells only. However, they are now known to have an
active role in maintaining physiological homeostasis. (Oksanen et al., 2019)

Traditionally, the activation of microglia and astrocytes have been categorized
as neurotoxic (pro-inflammatory) or neuroprotective, depending on their activation
status. M1-phenotype of microglia and Al-phenotype of astrocytes have been
considered neurotoxic, while M2-phenotype of microglia and A2-phenotype of
astrocytes have been considered neuroprotective. However, recent data have
revealed that microglia and astrocytes have multiple reactive phenotypes, and the
phenotypic distribution can change along the continuum of neurodegenerative
diseases. Thus, the balance between pro-inflammatory and neuroprotective
microglia and astrocytes might be crucial in the progression of neurodegenerative
diseases. (Heneka et al., 2015; H. S. Kwon & Koh, 2020)
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Microglia and astrocytes seem to interact with AP, and dysfunctions in the
metabolism of microglia and astrocytes might lead to the deposition of Ap. It has
also been suggested that the pro-inflammatory microglia would increase the
phosphorylation of tau. (Cai et al., 2014; H. S. Kwon & Koh, 2020)

Microglial reactivity related to cognitive disorders can be evaluated in vivo using
fluid biomarkers, reviewed in the next chapter, or by PET imaging, discussed in
chapter 2.6.6.

252 Fluid biomarkers of neuroinflammation

Many studies have investigated levels of pro- and anti-inflammatory cytokines in the
CSF of MCI and AD dementia patients, but the results have conflicted. (Brosseron
et al., 2014) Presumably, different stages of the disease at the time of CSF sampling
can explain the conflicts. (Heneka et al., 2015)

YKL-40 — chitinase 3-like protein 1 (CHI3L1) — is a glycoprotein expressed by
reactive astrocytes and microglia in the CNS. (Canto6 et al., 2015) Because it can be
measured from the CSF, it might be a biomarker to detect neuroinflammation in AD.
(Muszynski et al., 2017) The soluble variant of TREM2 (sTREM?2) can be measured
in the CSF, thus this variant may serve as a marker of microglial activity. (Suarez-
Calvet et al., 2016) Previous studies have suggested that CSF sTREM?2 and YKL-40
levels are already increased at AD’s early stages. (Janelidze et al., 2018; Nordengen
et al., 2019; Sudrez-Calvet et al., 2016) According to a previous meta-analysis, CSF
sTREM2 and YKL-40 levels are higher in MCI and AD patients than in healthy
controls. (Shen et al., 2019) Another meta-analysis showed that CSF YKL-40 is
associated with AD, but the relationship seems to be notably weaker than that of
AD’s core biomarkers (Ap42, T-tau, P-tau). (Olsson et al., 2016)

2.6 Neuroimaging of early changes related to
cognitive disorders

Neuroimaging is increasingly used to help diagnose diseases causing cognitive
decline. Magnetic resonance imaging (MRI) and computed tomography (CT) are
used for brain structural imaging in patients with cognitive complaints. PET imaging
enables quantitative measuring and functional imaging of biological processes and
metabolism in a living subject. In clinical practice, PET imaging with
fluorodeoxyglucose (FDG) is used in the (differential) diagnostics of memory
disorders, but AP imaging can also be performed. In research, imaging of
neuroinflammation and tau is possible. The following chapters will review the use
of MRI in individuals with cognitive decline, AP scanning, and imaging of
neuroinflammation. Additionally, FDG-PET and tau imaging are discussed briefly.
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2.6.1 Brain MRI

MRI is the preferred brain structural imaging for patients with cognitive decline.
(Scheltens et al., 2002; Vanninen et al., 2011) Evaluating the degree of the brain
changes that are characteristic of diseases leading to dementia is more reliable with
MRI than CT. However, especially among older patients or those with already severe
cognitive decline, CT suffice. (Vanninen et al., 2011; Wattjes et al., 2009)

The sequences in the brain MRI of patients with cognitive complaints include T2
axial and fluid-attenuated inversion recovery (FLAIR) (with which vascular and other
focal changes are seen) as well as T1-weighted 3D-imaging to evaluate global atrophy
and medial temporal lobe atrophy. Susceptibility weighted imaging (SWI) or hemosiderin
sensitive T2* may be included if previous haemorrhage, other vascular insults, or amyloid
angiopathy are suspected. Diffusion sequence is used to evaluate recent ischemic lesions.
If a tumour is suspected, a contrast agent is used. (Vanninen et al., 2011)

Traditionally, brain cortical atrophy and the localization of atrophy are
evaluated visually. Hippocampus atrophy can be evaluated by the classification
composed by Scheltens et al. (Scheltens et al., 1992) WMHs are typically graded
with the Fazekas classification. (Fazekas et al., 1987) Recently, automatic image
quantification tools, which can quantify brain volumes and vascular changes, have
been developed. (J. Koikkalainen et al., 2016)

In AD, the typical findings on MRI are hippocampus atrophy, shrinkage of the
entorhinal cortex, and global central and cortical atrophy, whereas brain changes in
the white matter do not differ from those seen in healthy ageing. (Masdeu, 2020;
Vanninen et al., 2011) Several previous studies have indicated that atrophy in the
medial temporal lobe is present already in the preclinical stage of AD, but subtle
changes are challenging to detect with the human eye. (Leandrou et al., 2018)

Confluent T2 WMHs, lacunar infarcts, cortical-subcortical infarcts, and possibly
central atrophy can be seen in vascular cognitive impairment. Patients with cerebral
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) often have white matter changes at the pre-symptomatic phase. In
frontotemporal dementia, symmetrical and bilateral frontal lobe and temporal lobe
atrophy are often detected on MRI. Atrophy in hippocampi is minor compared to the
atrophy seen in AD. In Lewy body disease, no specific findings on MRI exist, but
patients show global cortical atrophy without significant white matter changes.
Medial temporal lobe atrophy is less prominent than in AD. In dementia related to
Parkinson’s disease, there are no specific MRI findings either. Hippocampi are
typically preserved, but if hippocampus atrophy is seen, coincident dementia related
to Parkinson’s disease and AD is possible. (Masdeu, 2020; Vanninen et al., 2011)

MRI is also vital in excluding possibly treatable conditions such as tumors,
subdural haemorrhage, and normal pressure hydrocephalus (NPH). Enlarged lateral
and third ventricles out of proportion to the cortical sulci characterize NPH.
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However, radiologically distinguishing central atrophy from NPH might be difficult.
(Masdeu, 2020; Vanninen et al., 2011)

26.2 Basics of PET imaging

PET imaging is a method with various clinical and research applications. It utilizes
tracers labelled with positron-emitting radioactive isotopes (most commonly *F, 'C,
150, or ®Ga). PET is a very sensitive imaging method enabling three-dimensional
mapping of radioactive tracers (radioligands) without causing any relevant
physiological or pharmacological effects. It provides molecular-level information of
processes or metabolic changes (e.g. due to cancer) even before any changes are visible
in structural imaging. PET-tracers bind to specific molecules (receptors) in target
organs or mimic a compound the body normally uses. A tracer is most often
administered intravenously, after which it accumulates into the target tissues. The
tracer’s emitted radiation is then detected with a PET camera. The PET data is typically
combined with CT or MRI to acquire an accurate image of body structures. In the
clinic, PET imaging has become more common during the past two decades. It is used
in oncology, as well as in cardiology and in diagnosing dementia, epilepsy, and
infectious and inflammatory diseases. In neuroimaging, PET imaging is performed,
depending on the tracer used, to assess cerebral blood flow and metabolism,
accumulation of certain proteins such as AP, or the function of neurotransmitters.
(Janatuinen & Kemppainen, 2020; Kokkonen et al., 2020; Lameka et al., 2016)

The radioactive isotopes are manufactured in cyclotrons, often close to the PET-
imaging sites, due to the short half-lives of most of the positron-emitting
radioisotopes (half time for '8F is 109 min; for ''C, 20 min; for '*O, 2 min; and for
%Ga, 68 min). Radiotracers labelled with '*F can be produced at offsite locations and
transported to the PET imaging site because the half-life of '°F is long enough. PET
scanning typically starts 10-60 minutes after tracer injection, depending on the
radiotracer. (Janatuinen & Kemppainen, 2020)

In the positron emission decay process of the unstable radioactive nuclei, a
positron (a positively charged antiparticle of the electron) and a neutrino (a
chargeless and almost massless particle) are emitted. The emitted positron rapidly
unites with a nearby electron, resulting in the annihilation event, in which two
photons (y-rays), each with an energy of 511 keV, are emitted. The photons travel in
opposite directions. PET-scanners can detect both photons as they hit detectors
opposite to each other (almost) simultaneously, within the coincidence time window.
The line of response is the line connecting two opposed detectors, along which the
coincidence events occur. The detectors record this information, and the raw data is
formed, after which image reconstruction and several corrections (such as for for
attenuation, scatter, and random coincidence) are performed. (Lameka et al., 2016)
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Figure 7. A schematic illustration of a PET scanner and the annihilation event. The gamma-ray
detectors opposite each other detect the emitted photons. Modified from van der Veldt
etal., 2013.

Determining a fully quantitative measure of a tracer concentration requires dynamic
PET scanning and arterial blood sampling. A tracer’s distribution volume (Vr) is a
quantitative outcome measure, defined as the ratio of the radioligand concentration in
tissue to that in plasma. Calculating VT requires arterial blood sampling. Standard
uptake value (SUV) is the most common semi-quantitative method for measuring tracer
uptake — easily calculated as the ratio of the activity concentration in the tissue and the
injected activity divided by body weight. It does not require blood sampling. However,
SUV is prone to biases because of biological and technical factors. (Brendle et al., 2015;
Oikonen, n.d.) SUV ratio is the ratio of a tissue SUV to the SUV of a reference region
(such as the cerebellum in PiB-PET imaging). (Oikonen, n.d.)

2.6.3 FDG-PET

Glucose is the main metabolic substrate in the brain, and thus, a PET-tracer ['*F]-
fluorodeoxyglucose (['*F]JFDG) — a glucose analog — can assess metabolism in the
brain. Cells with higher metabolic activity uptake more FDG than cells with lower
metabolic activity. Diseases leading to dementia manifest a loss of neurons and
decreased synaptic connections. FDG-PET can show distinct patterns of cortical
hypometabolism in the damaged brain areas. In the clinic, FDG-PET is useful in the
differential diagnostics of different dementia-causing diseases. (Dave et al., 2020;
Ricci et al., 2020)
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Reduced glucose utilization and deficient energy metabolism already occur in
individuals with MCI. (Minoshima et al, 1997; Mistur et al.,, 2009).
Hypometabolism in FDG-PET is typically seen in the posterior cingulate cortex in
the early stages of AD. At a more advanced stage, hypometabolism is also seen in
the precuneus and the parietal and posterior temporal lobes. Frontal hypometabolism
may be seen in moderate to severe stages of AD. Bilateral, asymmetric
hypometabolism in the frontal and anterior temporal lobes is characteristic of
frontotemporal lobar degeneration. In dementia with Lewy bodies, hypometabolism
is found in the occipital cortex (and also in parietal and posterior temporal lobes).
(Dave et al., 2020; Lameka et al., 2016)

264 Amyloid imaging with PET

AP plaques are in the cortical grey matter in patients with AD, most abundantly in the
frontal cortex; cingulate gyrus; precuneus; and lateral parietal and temporal regions.
Also, 50-70% of patients who have dementia with Lewy bodies have AP deposition,
which is generally lower and more variable than in patients with AD. In contrast, A
accumulation is not found in frontotemporal lobar degeneration or pure vascular
dementia. (Braak & Braak, 1997; Rowe et al., 2010; Rowe & Villemagne, 2011)

PET imaging has made assessing the accumulation of AP in vivo possible, and
several AB-tracers have been developed. The most common PET tracers used in the
diagnostics or differential diagnostics of AD are in Table 4. The first AP tracer was the
HC-labeled  Pittsburgh ~ compound-B, [MCIPiB,  (N-methyl-[''C]2-(4'-
methylaminophenyl)-6-hydroxybenzothiazole), which can cross the blood-brain
barrier and binds to AP with a high affinity. Neuropathological studies have shown that
in vivo PiB uptake correlates well with post-mortem brain AP plaques. (Seo etal., 2016)

The '8F-labeled tracers were developed because of the longer half-time of '¥F
than that of ''C, enabling the wider utilization of amyloid-PET. The '*F-labeled
tracers (see Table 4) have high sensitivity and specificity. (Ricci et al., 2020) They
have higher non-specific binding to white matter than [''C]PiB, and in AD patients,
PET imaging with '®F-labeled tracers shows loss of the grey matter—white matter
demarcation. (Rowe & Villemagne, 2011)

According to the Society of Nuclear Medicine and Molecular Imaging
(SNMMI), AP PET imaging is considered appropriate if the patient has persistent or
progressive unexplained MCI; the core clinical criteria for possible AD are satisfied,
but an unclear clinical presentation exists (an atypical clinical course or etiologically
mixed presentation) or the patient has progressive dementia at an untypically young
age (usually <65 years). (Minoshima et al., 2016)

In clinical practice, AR PET scans are interpreted visually as “amyloid negative”
or “amyloid positive”. Only a nonspecific tracer uptake is seen in the amyloid-
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negative scans and little or no binding in the grey matter. (Minoshima et al., 2016)
Most [''C]PiB studies have quantified tracer binding using the cerebellar grey matter
as a reference region, i.e. calculated the ratio of cortical binding to that of the
cerebellum. The cerebellum is a suitable reference region because AP plaques in the
cerebellum are usually far less dense than in other cortical areas. This ratio is
typically described as an SUV ratio. The SUV ratio cut-off values that have been
used for amyloid positivity of PiB PET have typically varied between 1.3 and 1.6.
(Rowe & Villemagne, 2011)

Previous PET studies have shown that AP is found not only in patients with AD
but in individuals with normal cognitive function as well. (Jansen et al., 2015;
Roberts et al., 2018) The prevalence of cerebral AP is known to increase with age.
Also, the APOE ¢4 genotype increases the risk for AP accumulation. According to a
previous meta-analysis, among individuals with normal cognition, 10% of those
aged 50 and 44% of those aged 90 were amyloid-positive (determined by PET or
CSF studies). APOE ¢4 carriers had a two to three times higher prevalence of AP
load than those without the APOE &4 allele. (Jansen et al., 2015)

Although AP accumulation is common among asymptomatic individuals,
amyloid-positive individuals have an increased risk of developing cognitive
complaints. According to the population-based Mayo Clinic Study of Aging in
Olmsted County, Minnesota, (n=1671), the risks for MCI and AD dementia were
more than two-fold for amyloid-positive participants (determined by PiB-PET)
compared to amyloid negative-participants. (Roberts et al., 2018)

Table 4. The most common PET tracers used in the diagnostics or differential diagnostics of
Alzheimer’s disease.

Tracer Imaging target Purpose

"C-PIB amyloid AD vs no AD
18F-Flutemetamol amyloid AD vs no AD
'8F-Florbetapir amyloid AD vs no AD
'8F-Florbetaben amyloid AD vs no AD

BF-FDG glucose metabolism Dementia diagnostics and

AD differential diagnostics

26.5 Tau imaging with PET

Besides accumulation of AP, AD is biologically characterized by intraneuronal
neurofibrillary tangles consisting of tau protein. Neurofibrillary tangles first
accumulate in the transentorhinal cortex, spread to the hippocampus, and finally to
the neocortex. (Braak & Braak, 1997) Clinicopathological studies have shown that
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the severity of cognitive impairment is associated with the amount of neocortical
neurofibrillary tangles in AD patients. (Nelson et al., 2012) Recently, tracers for tau-
PET imaging have been developed, enabling the evaluation of tau burden in vivo.
The major limitation of the present tracers is the off-target binding, and new (second-
generation) ligands are being developed. (Jack et al., 2018; Scheltens et al., 2021)
Compared to amyloid-PET, tau-PET seems more strongly associated with cognitive
performance and disease severity and might predict cognitive decline better.
(Aschenbrenner et al., 2018; Brier et al., 2016, Pontecorvo et al., 2017)

The most widely studied tau tracer is [ 18F]flortaucipir, approved for clinical use
by the US Food and Drug Administration in 2020. (Mattay et al., 2020) Tau-PET
with flortaucipir seems able to discriminate AD dementia from other
neurodegenerative diseases but the differentiation of MCI due to AD from other
neurodegenerative disorders appears moderate. (Ossenkoppele et al., 2018)
According to a previous study evaluating 217 participants including cognitively
normal individuals, individuals with MCI, and patients with clinically defined
possible or probable AD, high neocortical flortaucipir binding was associated with
AP positivity (evaluated by florbetapir), and flortaucipir binding in the neocortex
was significantly higher with more advanced clinical stages of AD continuum among
AP positive participants. (Pontecorvo et al., 2017)

2.6.6 Measuring neuroinflammation with PET

PET is a possible way of measuring the current inflammatory state in the living
human brain. (Edison & Brooks, 2018; Lagarde et al., 2018; Schain & Kreisl, 2017)
The main target of the PET studies is the translocator protein (TSPQO), an 18 kDa
protein structure (formerly known as the peripheral benzodiazepine receptor [PBR]),
because it is thought to be overexpressed by reactive microglia during
neuroinflammation. Previous TSPO PET studies have shown that TSPO-tracer
uptake is altered in individuals with neurodegenerative, neuroinflammatory, and also
psychiatric diseases compared to healthy controls. (Nutma et al., 2021)

TSPO, present on the outer mitochondrial membrane, is assumed to have
numerous cellular functions that are essential to human health, including steroid
hormone synthesis, cholesterol transport into mitochondria, and mitochondrial
respiration. (Denora & Natile, 2017; Nutma et al., 2021) TSPO is minimally
expressed in the normal brain. However, it is upregulated in neurodegenerative and
neuroinflammatory diseases. In AD, overexpression of TSPO is seen within or
surrounding AP depositions. (Cosenza-Nashat et al., 2009)

Traditionally, TSPO has been considered a marker of microglial activity.
However, TSPO is also present in other brain cell types. In a recent
neuropathological study, TSPO was expressed not only in microglia but especially
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in astrocytes, endothelial cells, and vascular smooth muscle cells as well. Moreover,
the cortical burden of TSPO did not correlate with the burden of reactive microglia
or astrocytes, AP accumulation, or neurofibrillary tangles. (Gui et al., 2020)

The first PET tracer for TSPO imaging was [''C]-(R)-PK11195. Limitations of
this radioligand (limited brain entry, poor signal-to-noise ratio, plasma protein
binding) have led to “second-generation” TSPO traces with lower non-specific
binding (with higher signal-to-noise ratio) developing. These second-generation
TSPO ligands seem to have better specific TSPO binding than [''C]-(R)-PK11195.
(Fujita et al., 2017) A study investigating monkey brains showed that specific TSPO
binding was higher with [''C]JPBR28 than ['!C]-PK11195. (Kreisl et al., 2010)
However, no head-to-head studies comparing [''C]PBR28 and [!'C]-(R)-PK11195
PET in humans exist; thus, no convincing evidence is available that proves that one
tracer would be more sensitive than another. (Edison & Brooks, 2018)

One challenge concerning most new tracers is the large interindividual
variability in the binding affinity of the new tracers due to the rs6971 polymorphism
of the TSPO binding site, resulting in the differential affinity of radioligands to
TSPO. (Owen et al., 2012). Depending on the TSPO binding site, individuals are
high-, low-, or mixed-affinity binders. In Europe, approximately 50% of the
population are homozygous for the high-affinity binding site, 10% homozygous for
the low-affinity binding site, and about 40% heterozygotes for the high- and low-
affinity binding sites. (Kreisl, Jenko, et al., 2013)

Finding the most appropriate PET quantification method for different TSPO
tracers has also been challenging. There is no optimal reference region for TSPO
imaging since TSPO is expressed throughout the brain and blood vessels, and no
brain region is devoid of specific TSPO binding sites. (Lagarde et al., 2018; Lyoo et
al., 2015) Further, the function and behaviour of TSPO in normal and pathological
states are not yet fully understood; thus, interpreting the TSPO PET results may be
challenging. (Wimberley et al., 2021)

TSPO tracers used in previous PET studies to evaluate neuroinflammation in the
AD continuum are listed in Table 5. Most of the earlier studies were performed with
[''C]-(R)-PK 11195, reaping conflicting results, as recently reviewed by Lagarde et
al. (Lagarde et al., 2018) A recent meta-analysis including 28 PET studies (n=755)
suggested that individuals with AD dementia have a higher TSPO tracer uptake,
especially within frontotemporal regions than healthy controls. Individuals with MCI
had modestly higher TSPO levels than controls. (Bradburn et al., 2019). PET
imaging studies with newer tracers ([''C]PBR28, ['"*F]DPA-714, and [''C]DPA713)
seem to have more consistent findings concerning tracer uptake in patients with AD
than studies with [''C]-(R)-PK11195. (Chauveau et al., 2021) However, there is
variability in these results too.
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Of the second-generation TSPO tracers ['!C]PBR28 is the most used to study
AD dementia and its early stages. Kreisl et al. showed that ['!C]PBR28 uptake in
cortical brain regions is higher among AD patients but not those with MCI compared
to controls. (Kreisl, Lyoo, et al., 2013) The largest and most recent of the [''C]PBR28
studies (n=130) by Pascoal et al. reported that [''C]JPBR28 binding was
progressively higher from the cognitively unimpaired young to the cognitively
unimpaired aged, as well as individuals with MCI and those with AD dementia. They
also suggested that microglial activation would correlate with tau (measured with
PET) hierarchically with each other following the Braak-like stage and that AB
would potentiate the effects of microglial activation on tau spreading. (Pascoal et al.,
2021) Fan et al. showed higher [!!C]PBR28 binding in amyloid-positive MCI
subjects than healthy controls. (Fan et al., 2018) Similarly, Hamelin et a/. found an
increase in TSPO binding measured with ['®F]-DPA-714 in individuals with AD,
especially at the prodromal stage, compared to controls. (Hamelin et al., 2016) In
contrast, Dani et al. could not find group differences in [''C]PBR28 binding between
individuals with AD or MCI and healthy controls. (Dani et al., 2018)

Table 5. TSPO tracers that have been used to assess MCI- or AD-related neuroinflammation in
previous PET studies.

First-generation TSPO tracers Second-generation TSPO tracers
['"CIPK11195 ['"CIDAA1106
[""CI(R)-PK11195 ["'C]Vinpocetine

[''C]PBR28
['®FIFEDAA1106
['®FIDPA-714
['®F]FEPPA
['®FIFEMPA
['"CIDPA713

AP and neurofibrillary tangles have been suggested to serve as inflammatory
stimuli to microglia. (Aktas et al., 2007). Studies that have evaluated the association
between AP accumulation and neuroinflammation with PET are summarized in
Table 6. Most, but not all, show an association between AP binding and TSPO
binding. For example, Hamelin et al. found a correlation between [''C]PIB and
['*F]DPA-714, and Dani et al. with ['®F]flutemetamol and ['!C]PBR28 binding. The
association of the latter was stronger among individuals with MCI than AD patients.
(Dani et al., 2018; Hamelin et al., 2016) The previous studies have been performed
with different radioligands and study designs. Also, the quantification methods of
the PET images have varied. These methodological issues might explain some of the
variations in the results.
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Aims

To evaluate whether midlife insulin resistance predicts cognitive performance
and cerebrovascular lesions 15 years later and whether brain amyloid
accumulation or cerebrovascular lesions are associated with cognitive
functioning.

To examine if early amyloid accumulation is associated with
neuroinflammation and if metabolic risk factors (higher body mass index,
insulin resistance, and systemic low-grade inflammation) are linked to
neuroinflammation in elderly individuals without dementia. Additionally, to
evaluate if CSF markers of neuroinflammation are associated with
neuroinflammation measured with PET.

To evaluate if glucose or insulin values measured at different time points of
an oral glucose tolerance test and early insulin response to oral glucose load
can predict cognitive decline ten years later in the Finnish population aged
45-74.



4 Materials and Methods

Studies I and II were based on a sample of 60 (Study I) or 54 (Study II) volunteers
who all had attended the Finnish Health 2000 survey. Studies III and IV were based
on a subpopulation of the Health 2000 Survey, and its follow-up, the Health 2011
Study. The Ethics Committee of the hospital district of Helsinki and Uusimaa
approved the Health 2000 and Health 2011 surveys; the Ethics Committee of the
Hospital District of Southwest Finland approved Studies I and II. Written informed
consent was obtained from all participants before they attended the studies.

4.1 The Health 2000 and 2011 surveys

Figure 8 describes the basic design of the Health 2000 and 2011 surveys. The
protocols and the methods of the surveys were described in detail in the reports of
the studies. (Aromaa & Koskinen, 2004; Heistaro, Sami, 2008; Lundqvist & Maki-
Opas, 2016) Here, the studies will be summarized.

The Finnish National Institute for Health and Welfare conducted the Health 2000
survey to study Finland’s major public health problems and evaluate the population’s
functional capacity. A random, nationally representative sample of the Finnish
population was examined from 2000 to 2001. Altogether, 8028 individuals aged 30
years or over and living in mainland Finland were randomly selected with a stratified
two-stage cluster sampling design. Altogether, 16 health care districts were sampled
as clusters from each of the five university hospital regions (Helsinki, Turku,
Tampere, Oulu, Kuopio) — 80 healthcare districts in total. The data was collected by
1) home-visit interviews and by 2) health examinations a few weeks after the
interviews. If a participant could not participate in the health examination proper at
a study site, 3) a less extensive health examination was performed at home. Those
who dropped out of these stages of the study were contacted by phone and then by
letter to receive basic information about their health. (Aromaa & Koskinen, 2004;
Heistaro, Sami, 2008) (Figure 8).

Of the 8028, 87% (n=6986) were interviewed, 79% (n=6354) attended the health
examination proper, and 5% (n=416) were examined at home. Hence, 84% (n=6770)
of the invited participated in the health examination proper or the examination at
home. The mean duration of the health interview at home was 90 minutes. The
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participants also received a questionnaire to fill in and to bring to the health
examination. The mean duration of the health examination was three hours and 15
minutes. The examination included symptom interview, clinical examination,
measurements such as BMI and blood pressure, blood samples, oral examination,
and functional capacity tests. (Aromaa & Koskinen, 2004)

A subsample of the leading Health 2000 study population was invited for more
in-depth examinations from 2001 to 2002 to examine cardiovascular diseases and
diabetes more thoroughly. From those who had participated in the health
examination in 2000-2001, those aged 45-74 and who lived near one of the five
university hospital cities in Finland (or near Joensuu) were invited to the
supplemental investigation of the circulatory system (n=1867). Of the invited, 82%
(n=1526) participated in the in-depth examinations. The participants were
interviewed and examined, and fasting blood samples were drawn. Thereafter,
OGTT was performed except for those with insulin-treated diabetes. Also, a carotid
doppler ultrasound examination was performed. (Heistaro, Sami, 2008).

The Health 2011 follow-up survey was carried out from 2011 to 2012. The
invitation to participate was sent to all individuals who had been invited to the
original Health 2000 Survey and were still living, lived in Finland, and had not
refused to participate. Comprehensive health examinations with questionnaires and
interviews were performed. If one was unable or unwilling to attend the full health
examination, she/he was invited to participate in a concise health examination at
home and, if such was impossible, participate in a phone interview. (Lundqvist &
Miki-Opas, 2016).
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The Health 2000 survey carried out in 2000-2001
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Figure 8. The study designs of the Health 2000 and Health 2011 surveys, based on (Aromaa &
Koskinen, 2004; Heistaro, Sami, 2008; Lundqvist & Maki-Opas, 2016).

4.2 Participants

421 Studies | and Il

From those who had attended the health examination proper of the Health 2000
survey (n=6354), 60 volunteers were recruited to participate in a neuroimaging study
(Studies I and II) at the Turku PET Centre from 2014 to 2016. The study aimed to
investigate the associations among midlife insulin resistance, inflammation, and late-
life brain AP accumulation, neuroinflammation, cerebrovascular lesions, and
cognitive functioning. The sample was designed to consist of 30 individuals with
and 30 without insulin resistance in the Health 2000 study. Insulin resistance was
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determined using HOMA-IR, and both groups were designed to contain 15 APOFE¢4
carriers.

The following criteria were used for recruitment: 1) birth year 1934-1949 (age
at the time of neuroimaging being 65—80); 2) living site in the Hospital District of
Southwest Finland or the Hospital District of Helsinki and Uusimaa; and 3) HOMA-
IR (>2.17 for those with insulin resistance, i.e. the highest tertile of the Health 2000
study population) or (<1.25 for those with normal insulin sensitivity, i.e. the lowest
tertile of the Health 2000 study population). Exclusion criteria were a fasting time of
fewer than four hours in the Health 2000 study, insulin or unknown diabetes
medication, missing HOMA-IR values, diagnosis of type 2 diabetes in 2000, and
missing APOE genotyping or €2/e4 genotype. The National Institute of Health and
Welfare sent a recruitment letter to 360 individuals, of which 98 were interested in
attending the study. These prospective attendees were contacted by mail and
interviewed by telephone. Further exclusion criteria were a history of a major stroke,
previous dementia diagnosis, any other major neurological disorder, as well as a
diagnosis of type 2 diabetes after the year 2000 for the insulin-sensitive group, and
a contraindication for a PET or MRI scan. Information on an individual’s insulin
sensitivity/resistance in the Health 2000 survey and APOE genotype was obtained
from the National Institution of Health and Welfare to finish with balanced study
groups. By ending up with 15 insulin resistant individuals who were also APOFE¢4
carriers, recruitment regarding this group was broadened to cover all of Finland, after
which 15 volunteers, who met the criteria, were found.

The participants were genotyped for the rs6971 polymorphism of the TSPO gene
before [''C]PBR28 imaging to exclude low-affinity binders for PBR28. Among the
60 participants were five low-affinity binders excluded from the [!!C]PBR28
imaging. Also, one individual was excluded for being unable to finish the
['"C]PBR28 scanning. Thus, the study population II consisted of 54 individuals.
The flow chart of the study populations is in Figure 9.

4272 Studies lll and IV

Studies III and IV were based on the Health 2000 survey and its in-depth studies,
as well as the Health 2011 survey. Those who had attended all three studies were
included in studies III and IV. Individuals who did not undergo an OGTT in the in-
depth examinations due to insulin usage or some other reason, were excluded. Also,
individuals with missing cognitive test results at baseline, i.e. in the Health 2000
survey or at follow-up, i.e. in the Health 2011 survey, were excluded. The study
populations III and IV comprised 961 individuals (Figure 9).
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Figure 9. Flow chart of the study populations.
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4.3 Laboratory examination and covariates

In the Health 2000 survey, participants were asked not to eat for at least four hours
before the examination (Studies I and II). The duration of the fasting time before
blood sampling was recorded. In the in-depth examinations of the Health 2000 study,
fasting blood samples were drawn after an overnight fast of 10—12 hours (Studies
III and IV). During the neuroimaging study in 2014-2016, blood samples were
drawn after an overnight fast (minimum of ten hours) (Study II).

In the Health 2000 survey APOE genotyping was accomplished on participants
who had given their written consent for DNA sampling. The genotyping was
performed using the MassARRAY System (Sequenom, San Diego, CA, USA) with
a modified protocol. (Janis et al., 2004) Individuals with one or two €4 alleles were
considered APOEe4-carriers. (Studies 1, II, III, and IV) HDL cholesterol values
were analyzed by an HDL-C Plus test (Roche Diagnostics, Mannheim, Germany),
triglycerides by a GPO PAP test (Olympus SystemReagent), glucose values by a
hexokinase test (Olympus SystemReagent), and serum insulin by a microparticle
enzyme immunoassay (Abbott Laboratories Dainabot, Tokyo, Japan) (Studies I and
II). HbAlc (Study IV) was analyzed with an immunoturbidimetric method
(Hemoglobin Alc assay, Abbott Laboratories), and high sensitivity C-reactive
protein (hs-CRP) (Study IT) was determined using an automated analyzer (Optima,
Thermo Electron Oy, Vantaa, Finland) and an ultrasensitive immunoturbidimetric
test (Ultrasensitive CRP, Orion Diagnostica, Espoo, Finland). (Heistaro, Sami, 2008)

In the in-depth examinations, serum total cholesterol and triglycerides were
analyzed by the spectrophotometric enzymatic method and HDL by a direct method.
Plasma glucose concentrations were determined by the glucose dehydrogenase
method (Diagnostica Merck, Darmstadt, Germany) in an automated clinical
chemistry analyzer (Thermo Clinical Labsystems, Konelab, Vantaa, Finland), and
plasma insulin concentrations were measured with an RIA kit (Phadeseph insulin
RIA; Pharmacia, Uppsala, Sweden). After the fasting samples had been drawn, an
OGTT was performed: participants were given 300 ml of a glucose solution
containing 75 g of glucose and water, and blood samples were drawn at 30 and 120
minutes after the glucose ingestion. (Studies III and IV)

During the neuroimaging study, hs-CRP (Study II) was determined by
immunonephelometry with a BN ProSpec System (Siemens Healthcare GmbH,
Marburg, Germany). Insulin was determined by ECLIA (electrochemiluminescence
immunoassay) with a Cobas €602 immunochemistry analyzer (Roche Diagnostics
GmbH, Mannheim, Germany) and glucose by enzymatic photometry with a Cobas
¢702 chemistry analyzer (Roche Diagnostics GmbH). (Studies I and II) The
laboratory of Turku University Hospital (Tykslab) analyzed these blood samples.
The participants’ TSPO genotypes were analyzed in London, UK (Imperial
Molecular Pathology Laboratory, Hammersmith Hospital). DNA was extracted from
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peripheral blood by the Qiagen QIAamp DNA blood mini kit, and TSPO genotyping
was accomplished with a TagMan Allelic Discrimination assay. CSF samples were
obtained from 11 individuals (who gave permission and did not have any
contraindication for sampling). Approximately 10 ml of CSF was drawn, centrifuged
within 30 minutes, and stored at -70°C. The samples were analyzed at the University
of Gothenburg. CSF YKL-40 was measured using a YKL-40 ELISA kit (R&D
Systems, Minneapolis, MN, USA). CSF AB40 and AP42 concentrations were
determined with electrochemiluminescence technology and the MS6000 Human
Abeta 3-Plex Ultra-Sensitive Kit (Meso Scale Discovery, Rockville, MD). CSF T-
tau and P-tau were determined using commercially available INNOTEST sandwich
ELISAs (Fujirebio Europe, Ghent, Belgium). CSF sTREM2 concentration was
measured using an in-house ELISA. (Gisslén et al., 2019) (Study II)

In the Health 2000 survey, blood pressure was measured twice in the sitting
position from the right arm using a standard mercury manometer (Mercuro 300;
Speidel & Keller, Jungingen Germany) (Study I); however, in the in-depth
examinations, blood pressure was measured three times with the oscillometric
OMRON M4 blood pressure measuring device (Omron Matsusaka Co, Japan,
OMRON Healthcare Europe B.V., Hoofddorp, The Netherlands) (Studies III and
IV). The mean of the measurements was used in the analyses. BMI was determined
in all studies (Health 2000 survey, its in-depth examinations, neuroimaging study,
Health 2011 survey) (Studies I, 1L, III, and IV). Information on participant’s level
(classified as primary school, middle school/comprehensive school, high school,
college/university) and duration of education, as well as medication and smoking
status (defined as current smoking/no smoking), were obtained by interviews and
questionnaires from the Health 2000 survey (Studies I, III, and IV). Depressive
symptoms were evaluated with the Beck Depression Inventory (BDI). (Studies 111
and IV). (Heistaro, Sami, 2008)

HOMA-IR was calculated using the equation ‘(fasting insulin [pU/ml] times fasting
glucose [mmol/l]) divided by 22.5° (Studies L, II, and IV). EIR to oral glucose load
(Study IV) was defined as the ratio of the 30-min increment in insulin concentration
(30-min insulin minus fasting insulin) to the 30-min increment in glucose concentration
(30-min glucose minus fasting glucose). Hypertension was defined as systolic blood
pressure >140 or diastolic >90 mmHg, or use of antihypertensive medication (Studies
I, III, and IV), and hypercholesterolemia (Studies III and IV) as serum total
cholesterol >6.5, or use of cholesterol-lowering treatment.

4.4 Cognitive tests

In the Health 2000 and 2011 surveys participants were tested for verbal fluency and
encoding and retaining verbal material by selected tasks from the Finnish version
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(Héanninen et al., 1999) of the CERAD test battery. (J. C. Morris et al., 1989) In the
categorical verbal fluency test, a participant was asked to list as many animals as
possible within a minute. In the word-list learning test, a participant was shown ten
words. The participant was first asked to read them aloud, memorize them, and then
recall as many of the words as possible in 90 seconds. In the Health 2000 survey, if
a participant could recall all ten words in the first round, the result was 30 points (the
range in the test score was 0-30 points). Otherwise, this procedure was repeated
twice. In the Health 2011, all three rounds were accomplished in any case. In the
word-list delayed recall test, a participant was asked to recall the ten words after a 5-
minute delay. (Heistaro, Sami, 2008; Lundqvist & Méki-Opas, 2016) The change in
the cognitive test scores from baseline to follow-up was calculated as “cognitive test
score in the Health 2011 survey minus cognitive test score in the Health 2000
survey”. (Studies III and IV)

A thorough neuropsychological test battery was performed to the participants of
the neuroimaging study by trained psychology students. The test battery included
parts from the Finnish version of the Wechsler Memory Scale (WMS-R) and the
Wechsler Adult Intelligence Scale (WAIS-R), Boston Naming Test (BNT), Trail
Making Tests A and B (TMT-A and TMT-B), S-fluency, categorical fluency, and
Stroop. Domain-specific Z-scores were calculated for executive functions,
processing speed, language, and episodic memory. An experienced
neuropsychologist was consulted on which tests to include in each domain. The
executive function domain consisted of TMT-A and TMT-B (TMT-B minus TMT-
A), Stroop (inhibition minus naming), digit span backwards, and S-fluency. The
processing speed domain included TMT-A and digit symbol tests. The episodic
memory domain consisted of WMS-R delayed logic memory and delayed verbal
recall. The language domain included categorical fluency (animals), Boston naming
test, and WAIS-R similarities. A Z-score for each test was first calculated by
standardizing the raw test score to the study population’s mean and standard
deviation to combine the results from different cognitive tests (with different score
ranges) into domain-specific scores. The domain-specific Z-scores were then
determined by calculating the mean of the Z-scores of the tests included in the
domain. (Study I)

4.5 Neuroimaging (Studies | and II)

Brain MRI and PET imaging with [''C]PiB (Studies I and II) and [''C]PBR28
(Study IT) were carried out from 2014 to 2016 (the neuroimaging study). MRI
imaging was performed using a 3T PET-MRI scanner (Philips Ingenuity TF PET-
MR device, Philips Healthcare, the Netherlands) with sequences 3DT1, T2W, and
fluid-attenuated inversion recovery (FLAIR). In Study I, cerebrovascular changes
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were quantified from FLAIR images using an automatic image quantification tool.
(J. Koikkalainen et al., 2016) Three measures used were the: 1) total volume of
WMHs (normalized for age, sex, and total brain volume); 2) a computational
counterpart for the Fazekas grading computed from the deep WMH volume using a
regression-based model (J. R. Koikkalainen et al., 2019); and 3) total vascular burden
measure (calculated as the weighted combination of deep WMH volume, the volume
of cortical and lacunar infarcts). (J. Koikkalainen et al., 2016).

The dynamic 90-minute [''C]PiB PET (Studies I and II) and 70-minute
[''C]PBR28 PET (Study II) scans were performed using a brain-dedicated high-
resolution PET scanner, the ECAT HRRT (Siemens Medical Solutions, Knoxville,
TN, USA). A thermoplastic mask (shaped individually) minimized head movement.
The imaging procedure of the [''C]PiB PET scanning has been described in detail.
(Ekblad et al., 2018) [''C]PiB was manufactured at the imaging site as described.
(Snellman et al., 2017) [''C]PiB (mean dose 489 MBgq, SD 42) was injected
intravenously before the scanning. Voxel-by-voxel [''C]PiB SUVs were calculated
using imaging data from 60 to 90 minutes after the tracer administration. Automated
region of interest (ROI) generation was conducted using FreeSurfer software
(version 5.3.0, http://freesurfer.net/) and individual T1 weighted MRI data as input.
Six ROIs were formulated: parietal cortex, prefrontal cortex, anterior cingulum,
posterior cingulum, precuneus, lateral temporal cortex, and cerebellar cortex.
SUVRs were calculated by using the cerebellar cortex as a reference region. A
composite cortical PiB score was calculated as the average PiB SUVR of all six
ROIs. Based on previous studies on cognitively healthy elderly populations, the
[''C]PiB PET scan was considered AP positive when the [''C]PiB composite SUVR
score was >1.5. (Jack et al., 2008; Rowe et al., 2010)

Before the [''C]PBR28 scanning (Study II) an anesthesiologist performed
arterial catheterization for those without any contraindication (n=44). [''C]PBR28
was injected as a rapid intravenous bolus (mean dose 496 MBq, SD 19). Arterial
blood samples to measure radioactivity and metabolites were taken. Detailed
information about the manufacture of the [''C]PBR28, PET data acquisition,
reconstruction, arterial blood sampling, and radiometabolite analysis have been
described. (Tuisku et al., 2019) Automated ROI generation was conducted for
[''C]PBR28 data as it was for [!!C]PiB data (described above). SUVRs were
calculated using imaging data from 30 to 70 min, and the cerebellum as a pseudo-
reference region. Vr was calculated for those with arterial blood sampling (n=44) for
additional analyses using Logan analysis in 30—70-minute interval. Distribution
volume ratios (DVR) were calculated by dividing the Vr of the target ROI by that of
the cerebellar cortex. A composite cortical ['!C]PBR28 score was calculated as a
volume-weighted average [''C]JPBR28 SUVR over all six ROIs.
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4.6 Statistical analyses

The normality of distribution for all variables was assessed visually before the
analyses (Studies I-1V). Except for Study III, if the distribution was skewed to the
right, a logarithmic transformation was used (provided the normal distribution was
achieved with the transformation). Differences between groups (insulin-sensitive/-
resistant [Study I]; amyloid-negative/-positive [Study II]; study population of the
neuroimaging study/the Health 2000 study population [Study II]; study population
III and I'V/those aged 4574 in the Health 2000 study who were not included in
studies III and IV; participants with IFG/IGT [Study I'V]) were assessed with a two-
sample t-test or Wilcoxon Rank-Sum test for continuous variables and with
Pearson’s Chi-squared test or Cochran-Armitage Trend test (Study I) for categorical
variables. In Study IV, p-values for differences in the descriptive data among the
three glucose metabolism groups were assessed with Oneway Anova or a Chi
Squared test. Multiple comparison p-values were calculated using Tukey’s HSD or
Bonferroni corrections. The associations between explanatory variables and the
outcome variables were evaluated with simple linear regression; the adjusted
analyses were performed with multivariable models (Studies I, II, IIL, and IV).
Normality assumptions for the analyses were verified from the residuals. In Study
I1, nonparametric Spearman’s correlation was also used (the association between the
CSF proteins and PET results) because the parameters were not normally distributed.

In Study I, a maximum of three outliers per cognitive test were excluded before
the z-score transformation to achieve normal distribution (three outliers in TMT B
minus A; two outliers in TMT-A; two outliers in Boston naming test; and two
outliers in WAIS-R similarities). A skewness from —1 to 1 was accepted for the
distribution of the raw test scores. Additional analyses were performed to ensure that
excluding the outliers did not change the results (Z-scores were calculated with the
outliers included; the group comparisons were performed with outliers included
using a nonparametric Wilcoxon Rank-Sum test). Effect sizes for the group
comparisons (insulin-sensitive/-resistant) concerning cognitive performance and
cerebrovascular changes on MRI were calculated using Cohen’s d.

In Study I, previously reported protective/risk factors for cognitive impairment
and cerebrovascular lesions were included as covariates in the adjusted models
comparing the cognitive performance and presentation of cerebrovascular lesions
between insulin-sensitive and insulin-resistant individuals. Model 1 was adjusted for
education, Model 2 was adjusted more for hypertension and smoking, and Model 3
was further adjusted for BMI, triglycerides, and HDL cholesterol. Age, sex, or APOE
e4 genotype were not added in the adjusted models of group comparisons because
the groups were balanced regarding age, sex, and APOE ¢4 genotype. In the analyses
evaluating the associations between cerebrovascular lesions or AP and the
neurocognitive test scores, age, sex, education, and APOE e4 genotype were included
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in the models. In Study II, the analyses evaluating the association between
explanatory variables ([''C]PiB SUVRs/BMI/HOMA-IR/hs-CRP) and the outcome
variables [''C]PBR28 SUVR composite score, [''C]PBR28 SUVRs of the six
cortical ROIs, and [''C]PBR28 DVRs of the same ROIs were adjusted for age, sex,
and TSPO genotype because, according to previous studies, they may affect
[''C]PBR28 binding. (Owen et al., 2012; Tuisku et al., 2019)

The number of participants in the neuroimaging studies was planned according
to power calculations of the primary neuroimaging study (published previously),
where AP accumulation ([''C]PiB -PET) was the primary outcome. (Ekblad et al.,
2018) The power calculations were based on test-retest analyses of [!!C]PiB -PET
scans (Aalto et al., 2009), indicating that for a 90% power to obtain a statistically
significant difference among the groups, five persons per group would be sufficient
to detect a 15% difference in the frontal cortex [!!C]PiB binding.

In Studies III and IV, previously reported protective / risk factors for cognitive
decline were included in the models. First, the analyses were adjusted for age, sex,
and education duration. Then the analyses were adjusted further for APOE ¢4
genotype, type 2 diabetes, hypertension, hypercholesterolemia, BMI, BDI score, and
smoking. The analyses concerning the change in cognitive tests after 11 years were
adjusted further for baseline cognitive test scores.

Two-sided statistical significance was set at p < 0.05. The statistical analyses
were performed with SAS JMP Pro 14 (SAS Institute, Cary; NC, USA). Voxel-by-
voxel associations in Studies I and II were assessed with Statistical Parametric
Mapping (SPM12; Wellcome Trust Centre for Neuroimaging, London, UK).
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5.1 Baseline characteristics (Studies I-1V)

Characteristics of the study populations of Studies I-IV at baseline (the Health 2000
survey) are summarized in Table 7. The study participants were on average 55 years
old at baseline and 56% were women.

The participants of Studies I and II represented the original Health 2000 study
population (n=6062) well. They did not differ from the Health 2000 study population
concerning smoking, BMI, HbAlc, fasting glucose, systolic blood pressure, total
cholesterol, LDL cholesterol, HDL cholesterol, or triglycerides values (all p-values
calculated for the Study I population =0.07). Due to the recruitment protocol,
participants in Studies I and II were older (p<0.0001) and more frequently APOF &4
carriers (p=0.002) than participants in the Health 2000 survey. (Data not shown.)

Individuals in Studies III and IV were younger (mean age at baseline 55.6 vs
57.8 years, p<0.0001), more educated (education in years: mean 11.6 vs. 10.0,
p<0.0001), more frequently women (55.8% vs 51.4%, p=0.02), and less frequently
smokers (9.0% vs. 24.1%, p<0.0001) than those 45—74-year-old individuals of the
Health 2000 study who were not included in Studies III and IV. The individuals who
did not participate in the follow-up examinations in 2011 were older (mean age at
baseline 59.0 vs 55.6 years, p<0.0001), less educated (education in years, mean 10.3
vs 11.6, <0.0001), and more frequently smokers (29.7% vs 9.0%, p<0.0001) than
those included in studies III and I'V. (Data not shown.)
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Table 7. Baseline characteristics of the study populations I-1V.
Study | n=60 Study Il n=54 Studies Ill and

IV n=961
Baseline measurements
age, mean (SD) 55.4 (3.3) 55.3 (3.2) 55.6 (7.4)
women, n/% 33/55 31/57 536/56
BMI (kg/m?), mean (SD) 27.5 (4.0) 27.3 (4.4) 27.0 (4.4)
fasting glucose (mmol/l), median (Q1, 5.4 (5, 5.5) 5.4 (5.0, 5.5) 5.6 (5.2,6.0)
Q3)
fasting insulin (mU/l), median (Qf1, 5.0 (4.0, 11.0) 6.5 (4.0, 11.3) 7.5 (5.5, 10.5)
Q3)
HOMA-IR, median (Q1, Q3) 1.71 (0.89, 1.71 (0.90, 1.85 (1.31, 2.79)

2.88) 2.77)

HbA1c (%), mean (SD) 5.2 (0.3) 5.6 (0.3) 5.7
hypertension, n/% 31/52 27/50 518/54
total cholesterol (mmol/l), mean (SD) 6.2 (1.0) 6.1 (0.9) 5.6 (0.9)
HDL cholesterol (mmol/l), mean (SD) 14 (0.4) 1.4 (0.4) 1.6 (0.4)
triglycerides (mmol/l), mean (SD) 1.5(0.8) 1.5(0.8) 1.3(0.7)
current smoking, n/% 9/15 3/6 86/9
years of education, mean (SD) 12.0 (4.1) 12.0/4.0) 11.6 (3.8)
APOE ¢4 genotype 30 (50) 27/50 304/33
BDI score 74 (7.4) 7.2 (6.0) 5
cognitive measures at baseline
verbal fluency, mean (SD) 26 (6) 26 (6) 25(7)
word-list learning, mean (SD) 21 (3) 21 (3) 21 (4)
word-list delayed recall, mean (SD) 7(2) 7(2) 7(2)

The baseline measurements are otherwise from the main Health 2000 survey, but in Studies IIl and
1V, the glucose, insulin, HOMA-IR, cholesterol, and BMI values are from the in-depth studies (from
2001 to 2002). BMI = body mass index, HOMA-IR = Homeostatic Model Assessment of Insulin
Resistance, HbA1c = glycated hemoglobin, HDL = high-density lipoprotein, APOE €4 =
apolipoprotein E €4 genotype, BDI = Beck Depression Inventory.

5.2 Insulin resistance, cognitive performance, and

neuroimaging changes (Study [)

Descriptive data of the neuroimaging study (from 2014 to 2016) according to insulin
sensitivity/resistance at baseline (in 2000) are shown in Table 8.
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Table 8. The study population characteristics at follow-up (2014-2016), according to insulin
sensitivity/resistance based on HOMA-IR values at baseline (in 2000).

Insulin-sensitive, Insulin-resistant, p
n=30 n=30
age, mean (SD) 711 (3.7) 70.8 (2.8) 0.72
HOMA-IR, median (Q1, Q3) 1.73 (0.98, 2.45) 3.31 (2.11, 5.60) <0.0001
total volume of WMHs, median 3.7 (1.1,5.6) 29 (1.5, 8.4) 0.88
(Q1, Q3)
Fazekas score, n/% 0.78
0 9/30 15/50
1 16/53 6/20
2 3/10 7/23
3 217 217
total vascular burden measure, 2.9 (0.6, 20.9) 4.3 (0.5, 21.3) 0.78
median (Q1, Q3)
AB negative 20/67 12/40 0.04
AB positive 10/33 18/60 0.04

HOMA-IR = Homeostatic Model Assessment of Insulin Resistance, WMH = white matter
hyperintensity, AB = beta-amyloid.

Insulin-sensitive: HOMA-IR in the lowest tertile of the Health 2000 study population (HOMA-
IR<1.25); insulin-resistant: HOMA-IR in the highest tertile of the Health 2000 study population
(HOMA-IR>2.17). Fazekas scores have been obtained by rounding the computed Fazekas score
to the nearest whole number. PiB PET scan was considered AB negative when the PiB composite
score was <1.5 and AP positive when the PiB composite score was >1.5. P-values for the
differences between the IR groups were assessed with Student’s t-test for continuous variables and
with Pearson’s Chi-Squared test for categorical variables except for the Fazekas score that was
assessed with a Cochran—Armitage Trend Test. A logarithmic transformation is used for HOMA-IR,
normalized total WMH volume, and the normalized total vascular burden measure to achieve
normal distribution. Modified from Table 1 in Study I.

5.2.1 Group comparisons

Participants with insulin resistance in 2000 performed worse in executive functions
and processing speed than participants with normal insulin sensitivity in 2000 (p-
values after adjustments for the education level, hypertension, and smoking in 2000:
for executive functions: p=0.04; for processing speed: p= 0.03). The differences
between the groups were insignificant in episodic memory and language function.
(Table 9 and Figure 1 in Study I) Using a nonparametric test and including the
outliers in the (unadjusted) analyses, the difference between the groups was also
significant in language function (p=0.02). (Data not shown).
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Table 9. Domain-specific cognitive performance in 2014-2015, according to insulin
sensitivity/resistance based on HOMA-IR values in 2000.

Z-score, mean Insulin- Insulin- P- P- P- P-
(SD) sensitive resistant value?® value® value® value®
Executive functions = 0.30 (0.68)  -0.26 (0.68) 0.004 0.02 0.04 0.32
Processing speed 0.35(0.65) @ -0.32(0.82) @ 0.001 0.007 0.03 0.03
Episodic memory 0.12 (1.0) -0.13 (0.77) 0.28 0.99 0.98 0.53
Language 0.24 (0.77) | -0.10 (0.65) @ 0.09 0.30 0.18 0.93

Insulin-sensitive: HOMA-IR in the lowest tertile of the Health 2000 study population (HOMA-
IR<1.25); insulin-resistant: HOMA-IR in the highest tertile of the Health 2000 study population
(HOMA-IR>2.17). P-values for the differences between the insulin sensitive / resistant groups were
assessed with student’s t-test. 2Unadjusted, Padjusted for the level of education, “further adjusted
for hypertension and smoking in 2000, “further adjusted for BMI, HDL-cholesterol, and triglycerides.
Modified from Table 2 in Study I.

No differences between the insulin-sensitive and -resistant groups were found in
computer-based cerebrovascular lesions determined from MRI images: in computed
Fazekas scores (unadjusted p=0.72), in normalized total WMH volume (unadjusted
p=0.88), or normalized total vascular burden (unadjusted p=0.78) (Table 8). For
more detailed results, see Table 2 in Study I.

522 Associations

A higher PiB composite score was associated with slower processing speed (after
adjustments for age, education level, sex, and APOE &4 genotype: slope -1.15, 95%
CI-1.64 t0 -0.67, p<0.001). No associations were found between the PiB composite
score and executive functions, episodic memory, or language function (all p-values
20.16). (Figure 10). In voxel-wise SPM analyses, a higher PiB SUVR was associated
with slower processing speed in the frontal regions and parietal cortex (Study I,
Figure 2). No association was found between cerebrovascular changes and cognitive
Z-scores (executive functions, processing speed, episodic memory, and language
function) (Study I, Table 3).

65



Sini Toppala

. slope-1.10 . slope -0.19
2 . (95% Cl -1.51 to -0.70) 18 . (95% Cl -0.75 to 0.36)
wl - L . 2 ol vt - . .
o L
g 0,5 B s . s
@ c te . )
Su S \*.‘T'\
oo o, e o " .
L 2 05 StLe
(%] -
(%] i =}
8 ’ 8 1,0
o - >
QL_ ’ L s

p<0.001 ° . p=0.49

-2,0
1,0 1,5 2,0 25 1,0 1,5 2,0 2,5

[11C]PiB SUVR composite score [*1C]PiB SUVR composite score
sl + .+ o+, -slope-0.52 N . slope -0.39

(95% C1-1.05t0 0.01) “. e (95% C1-0.91to0 0.13)

Episodic memory
Language

p=0.16

1,0 1.5 2,0 2.5

* p=0.20
1,0 14 2,0 2,5

[11C]PiB SUVR composite score [11C]PiB SUVR composite score

Figure 10. The (unadjusted) association between [''C]PiB composite score and the cognitive Z-
scores.

5.3 Beta-amyloid and neuroinflammation (Study II)

Characteristics of the study population at follow-up are in Table 10. Altogether, 54
individuals, of which 25 were mixed affinity binders and 29 were high-affinity
binders for TSPO, were included in Study II. Arterial data, i.e. arterial blood samples
measuring radioactivity and metabolites during imaging, were obtained from 44 and
CSF sampling from 11 individuals. Of the participants, 25 (46%) were considered
amyloid positive ([''C]PiB composite SUVR score >1.5). No differences were found
between amyloid-negative and -positive participants in age, sex, BMI, fasting
glucose, hs-CRP, or total cholesterol (all p-values =>0.59). Amyloid-positive
participants were more often APOE e4 carriers (p<0.0001). (Data not shown). One
individual (amyloid-positive, mixed affinity binder) had exceptionally high
[''C]PBR28 SUVR values in all ROIs ([!!C]PBR28 SUVR composite score 1.40).
The same individual’s BMI (38.8 kg/m2) and HOMA-IR value (21.4) were notably
high among the study population. This outlier was excluded from all analyses.
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Table 10. The study population characteristics of Study Il at follow-up.

All participants
N=54

Results

Participants with
CSF data N=11

age, mean (SD) 70.0 (3.20) 68.1 (2.2)
women, n (%) 31 (57.4) 6 (54.5)
APOE €4 genotype, n (%) 27 (50.0) 5 (45.5)

BMI (kg/m?), mean (SD) 26.6 (4.0) 26.1 (3.5)
HbA1c (mmol/mol), median (Q1, Q3)) 34 (33, 38) 34 (33, 34)
fasting glucose (mmol/l), median (Q1, Q3) 5.6 (6.3,6.0) 5.6 (5.3,5.9)
fasting insulin (mU/I), median (Q1, Q3) 9.5 (6.8, 14) 9(4,12)
HOMA-IR, median (Q1, Q3) 2.36 (1.52, 3.48) 2.32(0.98, 3.15)
hs-CRP, median (Q1, Q3) 1.1 (0.6, 2.5) 0.8 (0.6, 2.6)
serum total cholesterol, mean (SD) 5.1 (0.96) 5.7 (0.73)
CERAD total score, median (Q1, Q3) 89 (83, 94) 94 (85, 95)

[''C]PiB SUVR composite score, median (Q1,
Q3)

1.43 (1.30, 1.82)

1.37 (1.30, 1.58)

Amyloid-positive, n (%) 25 (46) 3(27.3)
TSPO binding genotype MAB, n (%) 25 (46.3) 5 (45.5)
TSPO binding genotype HAB, n (%) 29 (53.7) 6 (54.5)

[""CIPBR28 SUVR composite score, median
(Q1,Q3)

1.07 (1.04, 1.12)

1.05 (1.02, 1.12)

arterial data available, n (%) 44 (81.5) 10 (90.9)

CSF data

AB40 (pg/ml), median (Q1, Q3) N/A 7798 (5627-8355)

AB42 (pg/ml), median (Q1, Q3) N/A 633.4 (475.5—
1048.2)

Tau (pg/ml), median (Q1, Q3) N/A 233.0 (202.3-323.3)

phosphorylated Tau (pg/ml), median (Q1, Q3) N/A 40.8 (33.6-53.8)

YKL-40 (ng/ml), median (Q1, Q3) N/A 133 (111-155)

STREM2 (pg/ml), median (Q1, Q3) N/A 3647 (3370-4502)

CSF = cerebrospinal fluid, APOE €4 = apolipoprotein E €4, HbA1c = glycated hemoglobin, HOMA-
IR = Homeostatic Model Assessment of Insulin Resistance, hs-CRP = high sensitivity C-reactive
protein, CERAD = Consortium to Establish a Registry for Alzheimer's Disease, SUVR =
standardized uptake value ratio, TSPO = translocator protein 18 kDa, MAB = mixed affinity binder,
HAB = high-affinity binder, AR = beta-amyloid, YKL-40 = chitinase 3-like protein 1, STREM2 =
soluble triggering receptor expressed on myeloid cells 2, Q1, Q3 = interquartile range. [''C]-PIB-
PET scan was considered amyloid-positive when [''C]-PIB SUVR composite score was >1.5.
Composite [''C]-PBR28 and [''C]-PIB SUVR scores were calculated as the average SUVR over all
six ROls.
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53.1  ['"C]PiB and [''C]PBR28

There were no associations between [''C]PiB and [''C]PBR28 SUVR composite
scores (slope 0.02, p=0.30) or [''C]PiB SUVRs and ['""C]PBR28 SUVRSs in any of
the ROIs (all p>0.21) among the whole study population (amyloid-negative and -
positive individuals). To evaluate if the association between [''C]PiB and
['""C]PBR28 SUVR composite scores would be modulated by amyloid status (based
on [!'C]PiB PET scans), the interaction ‘[!!C]PiB composite score x amyloid
positivity’ for predicting [''C]JPBR28 SUVR composite score was analyzed. The
TSPO genotype was included in the model. The threshold for amyloid positivity was
set at PiB composite score SUVR >1.5. The interaction for ‘[''C]PiB composite
score X amyloid positivity’ was significant (p = 0.02); thus, the analyses were
stratified according to amyloid status.

In the stratified analyses according to amyloid positivity (an individual was
considered amyloid-negative when [''C]PiB composite score was <1.5 and -positive
when [''C]PiB composite score was >1.5), a higher [''C]PiB SUVR composite score
was associated with a higher ['!C]JPBR28 SUVR composite score among amyloid-
negative participants, i.e. among those who had only small amounts of amyloid
accumulation (slope 0.26, p=0.008). No association was found between [''C]PiB and
[''C]PBR28 SUVR composite scores among amyloid-positive participants (slope
—0.004, p=0.88). (Figure 11)

In the voxel-level analysis, [''C]PiB uptake was associated with [''C]PBR28
uptake among amyloid-negative participants, especially in the parietal cortex, and
also in the frontal cortex, precuneus, and the posterior cingulum, reflecting cortical
regions of early A} accumulation in AD (Figure 1 in Study II). A positive association
was found in the false discovery rate (FDR) corrected voxel-level analysis in the
entire study population. However, the association was explained by the amyloid-
negative subgroup, as no association existed between [''C]PiB and [''C]PBR28
binding among the amyloid-positive participants.
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Figure 11. Association between [''C]PiB and [''C]PBR28 SUVR composite scores in the amyloid-
negative ([''C]-PIB SUVR composite score <1.5) and amyloid-positive ([''C]-PIB SUVR
composite score >1.5) participants. High-affinity binders are marked with red and mixed-
affinity binders with blue dots. Age-, sex-, and translocator protein genotype -adjusted
slopes (with 95% confidence intervals) for the association between [''C]PiB and
['""CIPBR28 SUVR composite scores were assessed with multivariable linear models,
Modified from Figure 1B in Study II.

5.3.2 CSF markers and PET imaging

Characteristics of the subpopulation with CSF sampling (n=11) are in Table 10.
Proteins related to AD and inflammation were measured from the CSF samples to
support the results from the PET scans. All participants who gave permission for
CSF sampling had CSF T-tau and P-tau levels within the normal range. Only three
of the participants who underwent CSF sampling were classified as amyloid positive
according to the PiB PET imaging (the cut-off for amyloid positivity was set at > 1.5
PiB SUVR composite score). Associations between CSF biomarkers of
inflammation and TSPO-PET and between CSF biomarkers of AP pathology and
amyloid-PET were analyzed. The results are shown in Figure 12. Higher levels of
inflammatory biomarkers measured from the CSF (sTREM2 and YKL-40)
correlated with higher TSPO ligand binding in PET imaging ([''C]PBR28 SUVR
composite score). CSF biomarkers of AP pathology (lower AP42 and lower
APB42/AB40 ratio) correlated with higher PiB binding in PET ([''C]PiB SUVR
composite score), a PET biomarker of amyloid pathology. (Figure 12)
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Figure 12. Spearman’s correlation between CSF biomarkers of neuroinflammation and [''C]PBR28
SUVR composite score and between CSF biomarkers of amyloid accumulation and
["C]PiB SUVR composite score (n = 11). In the figures on top, high-affinity binders are
marked with red and mixed affinity binders with blue dots. Modified from Figure 2 in
Study II.

5.3.3 Metabolic risk factors and [''C]PBR28

The association between metabolic risk factors measured at baseline 15 years before
the PET scans and during the PET scans and [!!C]PBR28 SUVR were analyzed. A
higher BMI at baseline was associated with a higher [''C]PBR28 SUVR in the
parietal cortex (uncorrected p=0.002) and precuneus (uncorrected p=0.03), but only
the former survived Bonferroni correction (Bonferroni-corrected p=0.01). A positive
association was found between BMI during PET scans and [''C]PBR28 SUVR
composite score (p=0.006). A higher BMI was associated with a higher [''C]PBR28
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SUVR in the parietal cortex (Bonferroni corrected p<0.0006) and the precuneus
(Bonferroni-corrected p=0.002). No significant association was found in other ROIs
(all uncorrected p>0.10).

Neither baseline HOMA-IR nor hs-CRP was associated with ['!C]PBR28
SUVRs in any of the ROIs (all uncorrected p=>0.07). HOMA-IR and hs-CRP at the
time of PET scans were unassociated with [''C]PBR28 composite score (HOMA-IR
p=0.21, hs-CRP p=0.29). However, a higher HOMA-IR and hs-CRP during PET
scans were associated with a higher [''C]JPBR28 SUVR in the parietal cortex
(HOMA-IR: uncorrected p=0.0009, Bonferroni-corrected p=0.005; hs-CRP:
uncorrected p=0.01). A higher HOMA-IR was associated with a higher [''C]PBR28
SUVR also in the precuneus (uncorrected p=0.04).

Additional analyses were performed with [''C]PBR28 DVRs (based on the
arterial data) instead of SUVRs (n=44). The results were almost like the results
SUVRs obtained. A positive association was found between BMI during PET scans
and ['"C]PBR28 DVR composite score (Bonferroni-corrected p=0.03). A higher
BMI during PET scans was associated with a higher [''C]JPBR28 DVR in the parietal
cortex (Bonferroni-corrected p < 0.0006) and in the precuneus (Bonferroni-corrected
p=0.049). A positive association was also found between hs-CRP during PET scans
and [''C]PBR28 DVR in the parietal cortex (Bonferroni-corrected p=0.03).

5.4 OGTT and cognitive performance (Studies Il
and V)

Altogether, 961 individuals were included in the analyses. For descriptive purposes
only, the participants were categorized into three groups (normal glucose
metabolism, [FG or IGT, and diabetes) according to WHO criteria for IFG, IGT, and
diabetes (Table 1 in Study IV).

Compared to participants with normal glucose metabolism, those with type 2
diabetes or IFG/IGT were older (DM2: p=0.004, IFG/IGT: p=0.006), had higher
systolic blood pressure (DM2: p<0.0001; IFG/IGT p<0.0001), and higher BMI
(DM2: p<0.0001; IFG/IGT: p<0.0001). Participants with diabetes had also less
education than those with normal glucose metabolism (p=0.006). Compared to
individuals with IFG/IGT, those with type 2 diabetes had higher systolic blood
pressure (p=0.01) and BMI (p=0.02). (For more detailed characteristics, see Table 1
in Study IV.)

The results of the OGTT at baseline and the cognitive test scores at baseline and
follow-up are in Table 11; the results according to the glucose metabolism groups
are in Table 1 in Study IV. Participants with IFG did not differ from participants
with IGT in fasting or 30-min insulin levels (p=0.90), EIR (p=0.59), HOMA-IR
(p=0.19), or HbAlc (p=0.92) at baseline. (Data not shown.)
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Table 11. The OGTT results at baseline and the cognitive test scores at baseline and follow-up.

N=961
Baseline
fasting glucose (mmol/l), median (Q1, Q3) 5.6 (56.2,6.0)
30-min glucose (mmol/l) in OGGT, median (Q1, Q3) 8.6 (7.6,9.7)
2h glucose (mmol/l) in OGTT, median (Q1, Q3) 6.3(5.1,7.7)
fasting insulin (mU/l), median (Q1, Q3) 7.5 (5.5, 10.5)
30-min insulin (mU/1) in OGTT, median (Q1, Q3) 40.3 (28.3, 58.4)
2h insulin (mU/1) in OGTT, median (Q1, Q3) 35.9 (23.0, 58.1)
early insulin response (mU/mmol), median (Q1, Q3) 11.4 (7.5, 18.7)
HOMA-IR, median (Q1, Q3) 1.8 (1.3, 2.8)
verbal fluency, mean (SD) 25.6 (6.8)
word-list learning, mean (SD) 21.6 (3.7)
word-list delayed recall, mean (SD) 7.3 (1.6)
Follow-up
verbal fluency, mean (SD) 23.8 (7.1)
word-list learning, mean (SD) 20.5 (4.4)
word-list delayed recall, mean (SD) 6.9 (2.1)

OGTT = oral glucose tolerance test, HOMA-IR = Homeostatic Model Assessment of Insulin
Resistance

5.4.1 2-hour glucose

The associations between the 2-hour glucose values of the OGTT at baseline (the in-
depth examinations in 2001-2002) and the cognitive test results at follow-up (the
Health 2011 survey) are in Table 12; the change in cognitive scores from 2000 to
2011 are in Table 13. Higher 2-hour glucose at baseline was associated with a worse
score in the word-list delayed recall test after ten years (fully adjusted model slope -
0.08; 95% CI1-0.14 to -0.02; p=0.01) and a steeper decline from 2000-2001 to 2011
(fully adjusted model slope -0.07; 95% CI -0.13 to -0.02; p=0.007). Additional
analyses were performed by adding fasting glucose into the fully adjusted model,
after which associations remained significant.

Higher 2-hour glucose was also associated with worse performance (slope -
0.14, 95% CI -0.23 to -0.06, p=0.0005) and steeper decline (slope -0.10, 95% CI -
0.17 to -0.03, p=0.006) in the word-list learning test, but only in the model adjusted
for age, sex, and education. No association was found between 2-hour glucose and
verbal fluency (age, sex, and education adjusted slope -0.11, 95% CI -0.26 to 0.03,
p=0.11).
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Table 12. The associations between the 2-hour glucose values of the OGTT at baseline (in 2001-
2002) and the cognitive test results at follow-up (in 2011).

verbal fluency in word-list learning in word-list delayed
2011 2011 recall in 2011

2-hour glucose”, -0.30 -0.29 -0.14
slope (95% ClI) (-0.45 to -0.15)*** (-0.38 to -0.19)*** (-0.18 to -0.10)***
R2aqj 0.01 0.04 0.04
2-hour glucose®, -0.11 -0.14 -0.08
slope (95% ClI) (-0.26 to 0.03) (-0.23 to -0.06)*** (-0.12 to -0.04)***
RZaq; 0.16 0.29 0.22
2-hour glucose®, 0.02 -0.07 -0.08
slope (95% ClI) (-0.19t0 0.23) (-0.19 to 0.05) (-0.14 to -0.02)*
RZaq; 0.16 0.29 0.22

A= unadjusted. B= model adjusted for age, sex, and education. ®= model further adjusted for
APOEe4 genotype, type 2 diabetes, hypertension, hypercholesterolemia, BMI, Beck Depression
Inventory score, and smoking. R%q = adjusted coefficient of determination of the multivariable
model. *p < 0.05, **p < 0.01, ***p < 0.001. Modified from Table 1 in Study .

Table 13. The association between 2-hour glucose values at baseline (in 2001-2002) and the
change in cognitive test scores from 2000 to 2011.

change in verbal change in word-list change in word-list
fluency 2000-2011 learning 2000-2011 delayed recall 2000-
2011
2-hour glucose?, -0.05 -0.11 -0.08
slope (95% Cl) (-0.18 to 0.08) (-0.19 to -0.03)** (-0.12 to -0.04)***
R2,4j 0.00 0.01 0.02
2-hour glucose®, -0.05 -0.10 -0.07
slope (95% Cl) (-0.17 t0 0.07) (-0.17 to -0.03)** (-0.11 to -0.04)**
R2,4j 0.23 0.21 0.20
2-hour glucose®, 0.03 -0.05 -0.07
slope (95% Cl) (-0.14 to 0.20) (-0.16 to 0.05) (-0.13 to -0.02)**
R2aqj 0.25 0.22 0.21

The change in the cognitive test scores at follow-up was calculated by the following equation:
“cognitive test score at follow-up (the year 2011) minus cognitive test score at baseline (the year
2000)". A negative change indicates a decline in cognitive performance. A= unadjusted. 8= model
adjusted for age, sex, education, and baseline cognitive test scores. = model further adjusted for
APOE¢4 genotype, type 2 diabetes, hypertension, hypercholesterolemia, BMI, Beck Depression
Inventory score, and smoking. R%,q = adjusted coefficient of determination of the multivariable
model. *p < 0.05, **p < 0.01, ***p < 0.001. Modified from Table 1 in Study .

The possible modulating effects of type 2 diabetes, APOE ¢4 genotype, age, and
sex on the association between 2-hour glucose and the cognitive test scores as well
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as the association between 2-hour glucose and the change in the cognitive test scores
(from 2000 to 2001) were studied by testing for interactions in the model adjusted
for age, sex, and education. Only the interaction “2-hour glucose x age” was
significant for predicting the change in word-list learning (p=0.04); thus, the analysis
was stratified according to age group (<54 years [the median age| and >54 years).
No other significant interactions were found (all p-values >0.06). In the stratified
analysis, the association between 2-hour glucose and the change in word-list learning
was significant among participants aged 54 and older but not among participants
under 54 years (for age group >54 years: slope -0.15, 95% CI -0.24 to -0.05, p=0.003;
for age group <54 years: slope -0.03, 95% CI -0.14 to 0.08, p=0.55).

542 Insulin and insulin-derived measures

The association between EIR and HOMA-IR at baseline and the cognitive test scores
at follow-up are in Table 14. All the associations between insulin and insulin-derived
measures from the OGTT at baseline (fasting insulin, 30-minute insulin, 2-hour
insulin, EIR, and HOMA-IR) and cognitive test results at follow-up are demonstrated
in Study IV, Table 2.

Higher insulin value measured 30 minutes after the glucose load was associated
with weaker performance in verbal fluency in 2011 (fully adjusted model slope -
1.06, 95% CI -1.94 to -0.17, p=0.02). Lower EIR was associated with worse
performance in the word-list delayed recall test at follow-up (fully adjusted slope
0.21, 95% CI 0.02 to 0.40, p=0.03) (Table 14). After including HOMA-IR in the
analyses, the association remained borderline significant (p=0.056). (Data not
shown.) In the analyses adjusted only for age, sex, and education, higher fasting
insulin and HOMA-IR were associated with weaker performance in verbal fluency
(for fasting insulin: slope -1.41, 95% CI -2.29 to -0.53, p=0.002; for HOMA-IR:
slope -1.25, 95% CI -2.00 to -0.50, p=0.001). The baseline 2-hour insulin was
unassociated with any of the cognitive tests after follow-up.

The possible modulating effects of age, sex, APOFEe4 genotype, and type 2
diabetes on the associations between OGTT insulin values, EIR, and HOMA-IR and
the cognitive test scores at follow-up were analyzed by testing for interactions (in
the model adjusted for age, sex, and education). The interaction “2-hour insulin x
APOEe4” was significant for predicting word-list recall in 2011 (p=0.01); thus, the
analysis was stratified by APOE genotype. No other significant interactions were
found (all p-values > 0.06).

In the analyses stratified by APOEe4 genotype (age, sex, education, type 2
diabetes, hypertension, hypercholesterolemia, BMI, BDI score, and smoking
adjusted), no association was found between 2-hour insulin and verbal fluency in
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2011 among APOEe4 negative or positive participants (p-values >0.34). (Data not
shown.)

Table 14. The association between baseline early insulin response and HOMA-IR (in 2001-2002)
and the cognitive test scores at follow-up (in 2011).

verbal fluency in 2011 word-list learning in word-list delayed recall
2011 in 2011

slope (95% ClI) 2 slope (95% Cl) 2 slope (95% Cl) 2
Age, sex, and education adjusted

EIR -0.36 0.16 0.01 0.28 0.24* 0.22
(-0.94 t0 0.22) (-0.32 to 0.35) (0.07 to 0.40)

HOMA- -1.25% 0.17 -0.49* 0.29 -0.09 0.21

IR (-2.00 to -0.50) (-0.93 to -0.05) (-0.30 to 0.13)

Further adjusted for APOEs4 genotype, type 2 diabetes, hypertension,
hypercholesterolemia, BMI, Beck Depression Inventory score, and smoking

EIR -0.51 0.17 0.15 0.30 0.21* 0.23
(-1.17 t0 0.15) (-0.54 to 0.23) (0.02 to 0.40)

HOMA- -0.89 0.17 0.36 0.30 0.17 0.23

IR (-1.98 to 0.21) (-0.28 to 0.99) (-0.15 to 0.49)

EIR = early insulin response, HOMA-IR = Homeostatic Model Assessment of Insulin Resistance. A
logarithmic transformation is used for EIR and HOMA-IR. r?,q; = adjusted coefficient of determination
of the multivariable model. *p < 0.05, **p < 0.01, ***p < 0.001. Modified from Table 2 in Study IV.

The association between EIR and HOMA-IR and the change in the cognitive
tests are in Table 15. All the associations between insulin and insulin-derived
measures from the OGTT at baseline (fasting insulin, 30-minute insulin, 2-hour
insulin, EIR, and HOMA-IR) and the change in cognitive test scores during the
follow-up are in Study IV, Table 3. Lower EIR in 2001-2002 predicted a greater
decline in the word-list delayed recall test from baseline to follow-up (fully adjusted
model slope 0.19, 95% CI 0.02 to 0.36, p=0.03). In the less adjusted analyses (age,
sex, and education adjusted), higher fasting insulin and HOMA-IR predicted a
steeper decline in verbal fluency (for fasting insulin: slope -0.76, 95% CI -1.48 to -
0.03, p=0.04; for HOMA-IR: slope -0.67, 95% CI -1.29 to -0.04, p=0.04).
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Table 15. The association between early insulin response and HOMA-IR at baseline (in 2001—
2002) and the change in cognitive test scores from baseline to follow-up (2011).

change in verbal change in word-list change in word-list
fluency 2011-2000 learning 2011-2000 delayed recall 2011-
2000

slope (95% Cl) 2o slope (95% Cl) 2o slope (95% Cl) 2o
Age, sex, education, and baseline cognitive test scores adjusted

EIR -0.20 0.23 -0.04 0.20 0.21* 0.19
(-0.68 to 0.27) (-0.34 to 0.25) (0.06 to 0.35)

HOMA-IR -0.67* 0.23 -0.37 0.20 0.005 0.19
(-1.29 t0 -0.04) (-0.76 t0 0.02) (-0.22 t0 0.23)

Further adjusted for APOEs4 genotype, type 2 diabetes, hypertension,
hypercholesterolemia, BMI, Beck depression inventory score, and smoking

EIR -0.28 0.25 -0.19 0.23 0.19* 0.21
(-0.82 t0 0.27) (-0.54 t0 0.15) (0.016 to 0.36)

HOMA-IR -0.54 0.25 0.31 0.22 0.13 0.20
(-1.45 to 0.36) (-0.25 to 0.88) (-0.16 to 0.42)

EIR = early insulin response, HOMA-IR = Homeostatic Model Assessment of Insulin Resistance. A
logarithmic transformation is used for EIR and HOMA-IR. r?,q = adjusted coefficient of determination
of the multivariable model. *p < 0.05, **p < 0.01, ***p < 0.001. Modified from Table 3 in Study IV.
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6.1 PET studies (Studies | and Il)

6.1.1 Midlife insulin resistance as a predictor of cognitive
performance and brain vascular changes

The main result of Study [ was that individuals considered insulin-resistant at midlife
performed poorer in cognitive tests measuring executive function and processing
speed 15 years later than those considered insulin-sensitive at midlife. Contrary to
the original hypothesis, midlife insulin resistance did not predict vascular brain
changes after a follow-up of 15 years. Cerebrovascular changes were unassociated
with cognitive performance. Instead, a higher brain AP load was associated with
slower processing speed in the unadjusted analyses and the analyses adjusted for age,
sex, education level, and APOE &4 genotype.

Finding an association between insulin resistance and poorer cognitive function
(executive function and processing speed) aligns with previous extensive
epidemiological studies. A few large cross-sectional studies have investigated the
association between insulin resistance and cognitive function evaluated with a
neuropsychological test battery, showing an association between increased insulin
resistance and poorer cognitive performance. (Kuusisto et al., 1993; Laws et al.,
2017; Maria Teixeira et al., 2020; Sanz et al., 2013; Schuur et al., 2010; Tan et al.,
2011) Moreover, most have reported an inverse association between insulin
resistance and measures of executive functions. (Laws et al., 2017; Schuur et al.,
2010; Tan et al., 2011) Fewer studies have evaluated the association between insulin
resistance and processing speed. Sanz et al. found an inverse association between
insulin resistance and one of the study’s two tests evaluating processing speed
(n=1172, aged 35-64). (Sanz et al., 2013) In contrast, another smaller study (n=119,
mean age 73 years) found no association between HOMA-IR and processing speed.
Instead, they showed an association between higher insulin resistance and weaker
performance in working memory and cognitive control — components of executive
function. (Frazier et al., 2015)

Also, several longitudinal studies have revealed an association between insulin
resistance and cognitive decline (Ekblad et al., 2017; Ennis et al., 2021; Hughes et
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al., 2017; Neergaard et al., 2017; Young et al., 2006), but longitudinal studies with
comprehensive neuropsychological testing are scarce. A study of 489 participants
with coronary heart disease (mean age 58 years, follow-up 20 years) found that
insulin resistance was associated with poorer overall cognitive performance,
memory, and executive function (evaluated using computerized cognitive
assessment) among participants without diabetes. (Lutski et al., 2017) A recent 7-
year-follow-up on a subsample of the Finnish population-based Cardiovascular Risk
Factors, Aging, and Dementia (CAIDE) study (n=269, aged 65-79 years) found no
associations between insulin resistance and cognitive functioning measured with a
comprehensive battery of neuropsychological tests among the whole study
population. Interestingly, however, after excluding incident dementia cases (n=19),
higher HOMA-IR at baseline was related to worse performance in global cognition
and psychomotor speed. (Hooshmand et al., 2019)

Unexpectedly, Study I found no association between midlife insulin resistance
and late-life cerebrovascular changes. However, this result is supported by a previous
longitudinal study (n=934) evaluating the risk of atherosclerosis among individuals
aged 45 to 64 according to which HOMA-IR did not predict lacunar infarcts nor
WMH progression over ten years. (Dearborn et al., 2015) A previous cross-sectional
study (n=2326, mean age 56) of healthy adults suggested a positive correlation
between insulin resistance and silent lacunar infarcts but not WMHs. (Lee et al.,
2016) In contrast, in a previous population-based study of a relatively young study
population (n=1597, mean age 40), insulin resistance was associated with WMHs
cross-sectionally but only after adjustments for BMI and hypertension. (Weinstein
et al., 2015) The relationship between insulin resistance and brain vascular changes
remains inconclusive, although several studies have shown an association between
MetS and cerebrovascular changes. (H. M. Kwon et al., 2006; Portet et al., 2012;
Viscogliosi et al., 2015)

According to previous studies, the presence of cerebrovascular lesions is
associated with weaker neurocognitive performance. WMHs, in particular, have
been linked to an increased risk of future cognitive decline, especially in executive
functions and processing speed. (Baune et al., 2009; Carey et al., 2008; Debette &
Markus, 2010; Provenzano et al., 2013; Ylikoski et al., 1993) However, in Study I,
no association between cerebrovascular lesions and cognitive performance was
found even if individuals with insulin resistance performed poorer, specifically in
the tests of executive functions and processing speed. Few participants in Study I
had significant WMHs; only four were classified as Fazekas 3, scoring well in the
neuropsychological tests. These somewhat atypical individuals probably affected the
results. Nevertheless, previous studies support Study I’s findings. A study of elderly
individuals (n=80, aged 67-91 years) found that MetS was associated with lower
performance in executive functions, but the association was not mediated by WMH
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severity. (Viscogliosi et al., 2015) Interestingly, another study that investigated
patients with hypertension (n=67, mean age 75) with AB-PET, MRI, and
neuropsychological testing revealed similar results to Study 1. A but not
cerebrovascular changes were associated with poorer cognitive performance. (Smith
et al., 2018)

Study I found an association between a higher AP load and slower processing
speed in the frontal regions and parietal cortex. According to neuropathological and
PET studies, these are the brain regions of early AP accumulation. (Braak & Braak,
1997; Villemagne et al., 2017) AP accumulation in frontal regions could influence
processing speed since processing speed is subserved by the prefrontal cortex.
(Motes et al., 2011) However, episodic memory is typically the first domain that
impairs in AD.

In large neuropathological studies, individuals with diabetes have shown
increased cerebrovascular but not AD pathology. (Abner et al., 2016; Dos Santos
Matioli et al., 2017) Cerebral macrovascular (e.g. atherosclerosis and infarction),
microvascular (e.g. lacunar infarcts, WMHSs, microbleeds), and neurodegenerative
pathologies might cause additive brain damage and contribute to cognitive decline.
Thus, cerebrovascular disease seems to play a role in determining the clinical
expression of AD. (Attems & Jellinger, 2014; ladecola & Gorelick, 2003) Brain
hypoxia caused by cerebral atherosclerosis might increase the cleavage of AP from
the APP. Further, cerebrovascular disease might impair AP clearance due to
hypoperfusion in the brain resulting in increased cerebral A accumulation. A, in
turn, could promote atherogenesis via vascular oxidative stress and endothelial
dysfunction resulting in further vascular damage. (Gupta & ladecola, 2015)

Vascular and metabolic diseases and brain vascular changes have been suggested
to be “second hits” leading to the clinical manifestation of AD in the presence of AD
neuropathology. The neuropathological Nun Study (n=102 women; 61 met the
neuropathologic criteria for AD), for example, suggested that cerebrovascular
disease promotes clinical symptoms of AD. Patients with AD pathology but without
cerebrovascular disease tolerated more AD lesions in their brains before clinical
symptoms emerged. (Snowdon et al., 1997) The theory about cerebrovascular and
degenerative pathologies causing additive brain damage is also supported by studies
showing that mixed dementia pathology (vascular and AD) accounts for a substantial
number of dementia cases among elderly people. (Schneider et al., 2007; Toledo et
al., 2013) However, neuropathological studies have also revealed that AD pathology
and cerebrovascular changes can be found in the brains of persons without dementia.
(Bennett et al., 2012; Crystal et al., 1988; Hyman et al., 2012; Price et al., 2009)

In Study I, participants with insulin resistance at baseline had more cerebral Af
than insulin-sensitive individuals, but the groups did not differ in brain vascular
changes. Furthermore, AP accumulation, but not cerebrovascular changes, was
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associated with slower processing speed performance. Thus, Study I indicates that
the increased risk for cognitive decline related to insulin resistance might be
mediated by something other than merely vascular pathways, possibly AP
accumulation. However, further research with larger study populations is needed.

6.1.2 Amyloid accumulation and neuroinflammation

The main finding of Study II was that neuroinflammation is associated with the early
stages of AP accumulation in elderly individuals without dementia. Also, higher
BMI, HOMA-IR, and hs-CRP were positively associated with neuroinflammation in
brain regions where AP accumulation is first detected in AD. The results were
supported by the finding that CSF sTREM2 and YKL-40 concentrations, regarded
as markers of neuroinflammation, were positively associated with signs of
neuroinflammation evaluated with PET (the [''C]PBR28 SUVR composite score).

Previous TSPO-PET studies in elderly individuals without AD dementia but at
risk for AD, are scarce. Several PET studies have investigated TSPO binding in
patients with MCI or AD compared to healthy controls. (Bradburn et al., 2019). To
date, no other studies than Study II have evaluated the association between midlife
and late-life metabolic risk factors and late-life neuroinflammation and AP
accumulation in individuals at risk for AD.

The exact role of neuroinflammation in the pathogenesis of AD (and other
diseases causing dementia) is not yet fully understood. Still, neuroinflammation is
presumably beneficial and detrimental, depending on the stage of the AD continuum.
(Edison & Brooks, 2018) The initial microglial reactivity has been suggested to be
protective, but neuroinflammation would become unfavourable as the disease
progresses. (Hamelin et al., 2016; van Eldik et al., 2016). This theory is supported
by a PET study with [''C]PBR28, showing that there could be two microglial
reactivity peaks in the pathogenesis of AD: an early protective peak and a later pro-
inflammatory peak. (Fan et al., 2017) Accordingly, Hamelin et al. demonstrated that
TSPO binding was higher in those whose condition declined slowly than in those
whose fell fast, with no difference in AP load, suggesting that microglial activation
could have a protective role. (Hamelin et al., 2016) However, in a longitudinal study,
the same study group found that the subsequent increase in TSPO binding among
AD patients was associated with disease worsening. (Hamelin et al., 2018)

Some previous PET studies have shown an association between AP and
neuroinflammation (Table 6). In Study II, a positive association between Af
accumulation and [''C]PBR28 was found among amyloid-negative but not amyloid-
positive participants, suggesting that neuroinflammation is associated with early
stages of AP deposition. The finding is supported by previous TSPO-PET studies
indicating that neuroinflammation occurs at the early stages of AD pathogenesis.
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(Calsolaro & Edison, 2016; Edison & Brooks, 2018) Dani et al. found a positive
association between AP accumulation (measured with ['8F]flutemetamol) and
[''C]PBR28 binding; interestingly, the association was stronger among individuals
with MCI than patients with AD. (Dani et al., 2018) Hamelin et al. showed an
increase of ['®)F]DPA-714 binding in AD patients, especially in those at the
prodromal stage, compared to healthy controls. They also found higher TSPO
binding among amyloid-positive controls than amyloid-negative controls. (Hamelin
et al., 2016) Contrary to this finding, no group difference in TSPO binding between
amyloid-negative and -positive participants was discovered in Study II. However,
the control groups of Hamelin et al. were smaller (amyloid-positive [n=6] and -
negative [n=20]) than the Study II population. Also, the quantification was
performed without arterial blood samples. (Hamelin et al., 2016)

In Study II, metabolic risk factors (higher BMI, insulin resistance, and hs-CRP)
were associated positively with [!!C]PBR28 in brain regions where A accumulation
is first detected in AD. Epidemiological studies have showed that chronic low-grade
inflammation (Pugazhenthi et al., 2017; Roberts et al., 2009; Singh-Manoux et al.,
2014; Walker et al., 2019; Yaffe et al., 2003), obesity (Kivipelto et al., 2005) and
insulin resistance (Ekblad et al., 2017; Kuusisto et al., 1997; Schrijvers et al., 2010;
Whitmer et al., 2008) are associated with an increased risk for cognitive decline or
AD. Study II indicates the link between metabolic risk factors and cognitive decline
or AD could be mediated — at least partly — through neuroinflammation. However,
in Study II, no longitudinal association was found between midlife insulin resistance
or low-grade inflammation and neuroinflammation 15 years later, although midlife
vascular and metabolic risk factors seem crucial in the development of later cognitive
decline (Winblad et al., 2016) and midlife insulin resistance and obesity predict
future AP accumulation. (Ekblad et al., 2018; Gottesman et al., 2017) The lack of
longitudinal association might be explained by the dynamic nature of
neuroinflammation, whereas cerebral AP accumulation is gradual, beginning to
accumulate decades before the clinical symptoms of AD.

Few studies have analyzed the association between CSF markers of
neuroinflammation and TSPO-PET imaging. A previous study evaluating
neuroinflammation in treated HIV-positive individuals found no associations
between CSF chemokines and [''C]PBR28 binding. (Vera et al., 2016) In the Study
IT subsample (n=11), CSF sTREM2 and YKL-40 concentrations were positively
associated with [''C]PBR28 SUVR composite score. After Study II, the result was
supported by Pascoal et al. with a larger sample size (n=75), finding. a correlation
between higher [!!C]PBR28 SUVR and CSF sTREM2. (Pascoal et al., 2021)
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6.1.3 Methodological considerations

No previous studies, to the best of my knowledge, have evaluated the effects of
midlife insulin resistance on the ageing brain after a 15-year follow-up with a
combination of MRI imaging, comprehensive neuropsychological testing, and AP
imaging (Study I), or with a combination of AP imaging, TSPO-PET imaging, and
analyzing CSF proteins related to AD and inflammation (Study II).

The size of Study I’s population would have been modest to investigate merely
the association between insulin resistance and cognitive function or insulin
resistance and cerebrovascular changes. However, the possibility to combine
different imaging modalities with comprehensive neuropsychological testing makes
the study population of 60 valuable. Anyhow, potential group differences (between
the insulin-sensitive /-resistant individuals) in the cerebrovascular lesions may have
been undetected because of a small and relatively healthy study population. Another
limitation is the lack of data from imaging modalities that may detect more subtle
forms of cerebrovascular changes (such as diffusion tensor imaging). Furthermore,
microbleeds were unconsidered in the normalized total vascular burden measure,
which can be seen as a limitation. Individuals with a previous diagnosis of major
stroke were excluded at recruitment, which might have affected the results
concerning group differences. However, the study aimed to evaluate the association
between midlife insulin resistance and late-life cognitive functioning and brain
imaging changes in individuals without dementia; major stroke can be considered a
confounding factor possibly affecting cognitive performance.

In Study I, neuropsychological testing was performed only at follow-up, which
can be considered a limitation. However, performing such time-consuming cognitive
testing would be challenging in large epidemiological studies. In Study I, outliers of
the raw cognitive test were excluded to achieve normal distribution before
formulating the Z-scores. All the outliers excluded were individuals with baseline
insulin resistance and had worse test scores than the average study population. Thus,
excluding the outliers possibly attenuated the differences in cognitive function
between the insulin-sensitive/-resistant groups. However, additional analyses with
outliers were performed, and the results remained similar.

At baseline, the fasting time before blood sampling varied, which could have
affected the HOMA-IR values. Nonetheless, the groups (insulin-sensitive/-resistant)
did not differ regarding fasting time (p=0.24). There was a significant difference in
the HOMA-IR values between the groups (insulin-sensitive/-resistant) at follow-up
indicating the groups differed in insulin sensitivity throughout the follow-up.
Estimates of insulin resistance other than HOMA-IR could have been more accurate.
However, the euglycemic -hyperinsulinemic clamp, for example, is unsuitable for
large epidemiological studies due to its laboriousness. Another limitation is that the
association between waist circumference, which can be regarded as a useful
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screening tool for MetS (K.G.M.M. Alberti et al., 2009), and cognitive performance
or neuroimaging changes were unevaluated in these studies.

Quantifying TSPO-PET is challenging (Study II). There is vast interindividual
variability in the binding affinity of [''C]JPBR28 because of the rs6971
polymorphism. (Owen et al., 2012) Furthermore, no proper reference region exists
in the brain for [''C]PBR28 imaging since TSPO is expressed ubiquitously in the
brain and blood vessels. (Lagarde et al., 2018; Lyoo et al., 2015) Traditionally,
arterial blood sampling is needed to quantify [''C]PBR28 PET uptake. In Study II,
arterial blood sampling was not possible for every participant which can be seen as
a limitation. In Study II, the SUVR method was used (n=54) with the cerebellum as
a pseudo-reference region, a method validated by Lyoo et al in [''C]PBR28-PET
imaging of AD patients. (Lyoo et al., 2015) The method is based on the findings that
the cerebellar cortex usually lacks AD-related pathological changes, including
inflammation. (Braak & Braak, 1991; Mattiace et al., 1990; Wood, 2003) According
to Lyoo et al the SUVR method may be even more sensitive than the traditional
method. (Lyoo et al., 2015) In Study II, additional analyses were performed with the
DVR method using the arterial data (n=44). The results were similar regardless of
the method, strengthening the results.

Also, interpreting TSPO-PET results may be demanding since tracer binding can
be influenced not only by microglia but other cell types as well. (Gui et al., 2020)
Furthermore, TSPO-PET imaging cannot differentiate between the different
phenotypes of microglia.

The strengths of studies I and II were the combination of different imaging
modalities, a study population of elderly individuals without dementia, and the long
follow-up time (15 years) regarding the metabolic risk factors. Another benefit of
Study I was that cognitive function was assessed with comprehensive
neuropsychological testing. Advantages of Study II were also the arterial blood
sampling during [''C]JPBR28 PET scanning from most of the study participants and
using CSF results to support the results from the PET imaging, even though CSF
samples were obtained from 11 participants only.

6.2 Epidemiological studies (Studies Ill and 1V)

6.2.1 OGTT as a predictor of cognitive performance

The main results of Studies III and IV were that higher 2-hour glucose and a lower
EIR in the OGTT predicted a decline in episodic memory after 10 years. Higher 2-
hour glucose (reflecting impaired glucose tolerance) and a lower EIR (an indicator
of beta-cell function) were associated with poorer performance in word-list delayed
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recall at follow-up and a greater decline from the baseline. Also, higher 30-min
insulin in the OGTT predicted weaker performance in verbal fluency at follow-up.

These results align with previous studies showing an association between higher
2-hour glucose (or IGT) or a lower EIR and poorer cognitive performance
(summarized in Tables 2 and 3). Most of the studies have been cross-sectional and
only a few have measured glucose and insulin values at multiple time points during
OGTT. Furthermore, most of the studies have categorized participants into groups
of normal glucose tolerance, IFG, IGT, or diabetes; they have not evaluated the
association between 2-hour glucose as a continuous variable and cognitive decline.

Several cross-sectional studies have suggested an association between higher
OGTT 2-hour glucose and poorer cognitive performance. (Dybjer et al., 2018;
Lamport et al., 2009; Rolandsson et al., 2008; Vanhanen et al., 1997) However, the
large longitudinal studies investigating the association between OGTT and cognitive
decline have conflicts (Table 3). (Kanaya et al., 2004; Kumari & Marmot, 2005;
Lamport et al., 2009; Ronnemaa et al., 2009; Vanhanen et al., 1998) Study III’s
results agree with Vanhanen et al., who showed that persistent IGT increased the risk
of cognitive decline after a follow-up of 3.5 years (n=586, mean age 73). (Vanhanen
et al., 1998) Another longitudinal study (n=999, age 42—89, follow-up four years)
found that IGT was associated with poorer verbal fluency but only when the cut-off
point for cognitive decline was broadened (when the 25 percentile cut-off point was
used). (Kanaya et al., 2004) In a study of elderly Swedish men (n=1125, follow-up
12 years) a 2-hour glucose value in the OGTT was associated with an increased risk
for cognitive decline and dementia. (Ronnemaa et al., 2009) Contrary to these and
Study III’s results, in the Whitehall II cohort study (n=5635), participants with
midlife prediabetes — classified by fasting and 2-hour glucose values — had similar
rates of cognitive decline after ten years of follow-up compared to those with
normoglycemia. (Tuligenga et al., 2014) Similarly, Kumari & Marmot (n= 5647,
mean age of 56 at follow-up) found no association between IGT and cognitive
decline in a younger study population (the Whitehall II cohort) than Study III.
Instead, they showed an association between diabetes and an increased risk of
cognitive decline (Kumari & Marmot, 2005).

The association between lower EIR and cognitive decline is supported by
Ronnemaa et al. (n=1125 men, follow-up 12 years), who found that a lower EIR was
associated with an increased risk of AD. (Ronnemaa et al., 2009) Accordingly, the
same study group showed that impaired insulin secretion at midlife, assessed with
the IVGTT, was associated with an increased risk for cognitive decline, AD, and any
dementia (n=1792 men, follow-up 32 years). (Ronnemaa et al., 2008)

An celevated 2-hour glucose level in the OGTT reflects postprandial
hyperglycemia. However, this level does not distinguish between the underlying
pathophysiologic disturbances: insulin resistance or impaired pancreatic P-cell
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function. EIR can be regarded as indicative of [-cell function, while
hyperinsulinemia is closely related to insulin resistance. In Study IV, a higher insulin
value at 30 minutes predicted weaker performance in verbal fluency, and lower EIR
predicted weaker performance in episodic memory after ten years. In the less-
adjusted analyses (age, sex, and education) fasting insulin and HOMA-IR predicted
poorer performance and a steeper decline in verbal fluency. Thus, impaired early
insulin secretion, insulin resistance, and hyperinsulinemia all seem associated with
cognitive decline. The different disease mechanisms underlying type 2 diabetes and
the preceding stages might contribute to the different associations between insulin
sensitivity and secretion and different endpoints.

EIR and 2-hour glucose were associated with the CERAD word-list delayed
recall test — a relatively crude test of episodic memory. A decline in episodic memory
is an early symptom of AD. Findings from Studies IIl and IV strengthen the previous
studies suggesting an association between midlife metabolic risk factors and late-life
cognitive decline (Winblad et al., 2016) since the mean age of the study population
IIT and IV was 56 years at baseline. The exact mechanisms behind the relationship
between midlife metabolic risk factors and late-life cognitive decline and dementia
are unclear. However, the pathological process of AD is slow, and AP is estimated
to accumulate years before clinical symptoms appear. (Jack et al., 2010) A previous
neuropathological study showed that higher fasting insulin, HOMA-IR, and 2-hour
glucose in OGTT measured on average 12.5 years before death, were associated with
an increased A load. (Matsuzaki et al., 2010) Conversely, another study found no
association among HOMA-IR, diabetes, or IGT and neither cerebral AP load
detected by PET imaging nor postmortem AD pathology. (Thambisetty et al., 2013)

6.2.2 Methodological considerations

Most of the previous longitudinal studies on the association between OGTT and
cognitive decline were performed with a study population much smaller than Study
population Il and IV, the follow-up time has been shorter, or the sample has included
only one sex. The novelty and the main strengths of Studies III and [V were the large
study sample (n=961) including both sexes, the inclusion of middle-aged individuals
(mean age 56 years at baseline), long follow-up time (ten years), the handling of the
variables of the OGTT as continuous variables, and the possibility to adjust the
analyses for known risk factors of cognitive decline, including APOFEe4 genotype. A
further benefit was that cognitive function was evaluated both at baseline and follow-
up, and the time between the cognitive tests in 20002001 and 2011-2012 was
almost constant among the study participants (the mean time between the tests was
11.02 years, SD 0.13, 95% CI 11.01-11.03). A limitation is that comprehensive
neuropsychological test batteries were unused, which would have been more
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sensitive to detect subtle cognitive decline than categorical verbal fluency, word-list
learning, and word-list delayed recall tests. However, comprehensive
neuropsychological testing is time-consuming and often cannot be performed in
extensive health examination surveys. Another limitation is that the word-list
learning test was performed slightly differently in 2000 and in 2011, which, in
theory, could have affected the results. Nevertheless, only one individual in the study
population learned all the ten words in the first round; thus, no effect was detected.

A limitation is that OGTT was performed at baseline only. Further, insulin and
glucose were measured at only two time-points (30 min and 120 min) after the
glucose load; thus, the area under the curve, for example, could not been calculated.
Conversely, measuring glucose and insulin not only at 120 minutes but at 30 can be
regarded as advantageous. Brain imaging could have given more information about
the pathophysiological mechanisms behind the association between OGTT and
cognitive decline. However, brain imaging was not performed in this extensive
health examination survey. In Study IV, multiple tests on the associations among
different measurements of OGTT and three cognitive tests were performed without
corrections for multiple comparisons, which could result in false positive
associations. However, the analyses were based on a solid theoretical background.

Because of the observational study design, causality cannot be interpreted from
the results. Furthermore, the predictive value of 2-hour glucose, 30-min insulin, or
EIR alone for explaining cognitive test scores at follow up is fairly modest compared
to the variation explained by age, sex, and education level. However, on a population
level, detecting an association between modifiable midlife risk factors and cognitive
decline is important as it could help plan and target interventions to prevent cognitive
decline later in life.

6.3 Clinical relevance and future considerations

Cognitive decline and diseases leading to dementia are presumably caused by the
interplay between genetic factors and biological processes. Results of this thesis
further support the evidence indicating that midlife metabolic and vascular risk
factors are associated with future cognitive decline. (Winblad et al., 2016) Several
studies show that a substantial number of dementia-causing diseases could be
delayed or potentially prevented by managing the modifiable risk factors of cognitive
decline. (Ngandu et al., 2015; Norton et al., 2014) According to the Finnish Geriatric
Intervention Study to Prevent Cognitive Impairment and Disability (FINGER), a
two-year multidomain intervention (including diet, exercise, cognitive training,
vascular risk monitoring) seemed to maintain or even improve cognitive functioning
among people aged 60—77 with increased risk for cognitive decline. (Ngandu et al.,
2015)
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Prediabetes and insulin resistance have been suggested as particularly critical
phases in the pathogenesis of dementia. Further, the influence of insulin resistance
on cognitive decline could be mediated by the direct and indirect effects of insulin
signalling on vascular tone and neuronal health. (Hughes & Craft, 2016; Provenzano
et al., 2013) In this thesis, higher levels of insulin resistance, higher 2-hour glucose
and a lower EIR in the OGTT — indicators of a prediabetic state or impaired insulin
secretion — were all associated with an increased risk for cognitive decline. The
results further suggest that the association could be mediated by increased risk for
AP accumulation and neuroinflammation. The findings highlight the importance of
targeting interventions, including health advice and lifestyle guidance, to people at
risk cognitive decline to postpone or even prevent cognitive impairment. Measuring
insulin sensitivity with HOMA-IR or other methods is uncommon in the clinical
setting, limiting the use of measures of insulin resistance to predict cognitive decline.
In contrast, OGTT is readily available and widely used to diagnose IGT and diabetes.
Thus, OGTT might help detect individuals at increased risk for cognitive decline,
even in the prediabetic stage.

Diabetes medications such as metformin, GLP-1 receptor agonists, dipeptidyl
peptidase-4 (DPP-4) inhibitors, as well as intranasal insulin, have been investigated
as potential drugs for AD. (Kellar & Craft, 2020) A small randomized controlled
study suggested that liraglutide might hinder cognitive decline in patients with
diabetes. (Vadini et al., 2020). A recent study showed that among patients with
diabetes and AD-related cognitive impairment, those treated with DPP-4 inhibitors
had a lower global AP burden than those without DPP-4 inhibitors. (Jeong et al.,
2021) Also, patients with DPP-4 inhibitors showed slower cognitive decline
longitudinally. (Jeong et al., 2021) Considering the observed association between
insulin resistance and cognitive decline, treatments improving insulin sensitivity
might be beneficial in postponing cognitive decline in the future.

However, larger longitudinal studies combining assessments of metabolic risk
factors (including OGTT), comprehensive neuropsychological testing, CSF-
sampling, and brain imaging with different modalities (including AB- and tau-PET
and imaging of neuroinflammation), are needed to understand the complex
relationship among metabolic risk factors, cognitive decline, neuroinflammation,
and AD pathology. Future studies evaluating the association between glucose
effectiveness and the risk for cognitive decline could be of interest. Further studies
are also needed to solve the time course and relevance of neuroinflammation in the
pathogenesis of diseases leading to dementia, which could provide new targets to
develop novel therapies. Also, interventions and therapies targeted at insulin
resistance, IGT, and impaired insulin secretion might be useful to prevent cognitive
decline in the future.
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Conclusions

The main findings of this thesis can be summarized as follows:

1.

88

Midlife insulin resistance predicted poorer cognitive performance in tests of
executive functions and processing speed but not episodic memory or
language function after 15 years. Midlife insulin resistance was unassociated
with cerebrovascular lesions at follow-up. Brain amyloid accumulation, but
not cerebrovascular lesions, was associated with slower processing speed.

Early stages of amyloid accumulation were associated with
neuroinflammation measured with ['!C]PBR28 PET in elderly individuals
without dementia. Amyloid accumulation, measured with [''C]PiB PET, was
associated with [''C]PBR28 uptake among those who had only small amounts
of ["'C]PiB binding and thus considered amyloid-negative but not among
amyloid-positive participants. Higher BMI and higher levels of insulin
resistance and systemic low-grade inflammation were associated with higher
levels of neuroinflammation in brain regions where amyloid accumulation is
first detected in AD. Higher CSF soluble TREM2 and YKL-40 concentrations,
two previously established markers of neuroinflammation, were associated
with a higher [''C]PBR28 composite score.

In a subpopulation (aged 45-74) of a Finnish population-based health
examination survey, a higher 2-hour glucose value in the OGTT and a lower
early insulin response to glucose load predicted worse performance and
greater decline in the word-list delayed recall test — a test of episodic memory
— after ten years. Higher 30-minute insulin in the OGTT predicted weaker
performance in the verbal fluency test ten years later but not a decline from
the baseline.
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