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ABSTRACT - English

Alzheimer’s disease (AD) and vascular dementia (aEe currently considered the most common dementia
forms. They are usually approached separately, mndh research is focused on identifying means to
differentiate one from the other. However, evidedms accumulated during the past years that ttere i
considerable overlap between AD and VaD in termsliofcal symptoms, neuropathology and risk factairsd
that vascular factors are important not only foDMaut also for AD.

The aim of the present project is to investigatertiations between late-life cognition, demeniiB, VaD and
cholesterol metabolism in a more integrative way, dnmbining an epidemiological with a clinic-based
approach, and by addressing both peripheral anieh lolelesterol homeostasis. The epidemiologicat pr
based on data on serum total cholesterol from @peciive 21-year follow-up cohort study in a Fifnis
population (Cardiovascular Risk Factors, Aging &meddence of Dementia, CAIDE) and a retrospectiQey8ar
follow-up cohort study in a multiethnic USA poputat (Kaiser Permanente of Northern California).nici
based studies were conducted at Karolinska Untyelgispital, Huddinge, Sweden, and focus on CSFerar
of cholesterol homeostasis (total cholesterol, & 27-hydroxycholesterol, apolipoprotein E) anel tblations
between serum markers of cholesterol homeostasital (tcholesterol, LDL, HDL, 24- and 27-
hydroxycholesterol, lathosterol, and lanosterol)l &main volumes (white matter, gray matter, CSK| total
intracranial volume; parenchymal, white matter,ygmatter and CSF fractions) in patients with sutbyec
cognitive impairment (SCI), mild cognitive impairmtgMCI) and AD.

The results of the project confirm the existence oélation between cholesterol and AD as well aBWigh
serum total cholesterol at midlife consistently egeel as a risk factor for late-life dementia or rutige
impairment or poorer performance in cognitive testewever, the significance of serum cholesteroblder
ages turned out to be less straightforward. Inepidlogical studies, late-life cholesterol did agpear to be
related to cognition. Cholesterol levels decreasegr time in most individuals, and especially imgh who
developed dementia or cognitive impairment. A daseein cholesterol from midlife to late-life wagrsficantly
associated with increased risk of having a moreaineg late-life cognitive status, even after adigsfor a wide
range of confounders. This association was notifgignt in statin users. In clinical studies, pati& with AD
had lower serum levels of the cholesterol precgrsathosterol and lanosterol, and of 27-hydroxyestdrol
compared to patients with MCI or SCI, suggestiveagbossible disturbance in cholesterol homeostagis
decreased cholesterol synthesis. Also, lower tatad LDL-cholesterol were significantly relatedlégver brain
volumes/higher CSF volumes in patients with AD, bat with MCI or SCI. On the contrary, in personghw
SCI (but not AD or MCI) there was an inverse asstion between lathosterol, lanosterol and braiuwas
(lower levels of cholesterol precursors relatedligher brain volumes/lower CSF volumes). Theseepagtseem
to indicate a central nervous system (CNS) - indweféect of disease on extracerebral cholestensidustasis.

A window into brain cholesterol metabolism was pded by CSF analyses. The relations found betwden 2
hydroxycholesterol (240HC) and apolipoprotein Eof@plevels in patients with AD and MCI (but not ¢ats)
indicate a role for the 240OHC-apoE system in trgulaion and control of neurodegeneration, sugggdtiat
the 240HC-mediated secretion of apoE creates arcapacity for transport of steroids from the CNSlem
conditions of neurodegeneration (when dying neuroaells lead to increased levels of free choled}dyat not
under normal conditions. Patients with AD had tighbst 240HC levels in CSF and the lowest 240HEI&ev
in serum. Moreover, serum 240HC was related to gnayter measurements. Thus, 240HC levels in serum
could function as a marker of the number of metabthy active neurons, while 240HC in CSF may iaste
reflect neuronal damage and rate of neuronal loss.

These results point out the importance of shiftimg focus from the extreme category of dementia kde-life
“event” to a life-long view of pathological processnfluencing cognition. Cholesterol is among tinadifiable
risk factors that can be targeted by preventivatetjies already at midlife. However, serum chotestevels
may be influenced by the very disease(s) it couteb to; at older ages, circulating cholesterol nmesgead
become a reflection of ongoing pathological proessa the brain. Further studies are needed tcsfigate the
usefulness of markers of brain cholesterol metaboln diagnosing the cause(s) of cognitive impairhaand in
monitoring disease progression.

National Library of Medicine Classification: WT 15QU 95

Medical Subject Headings:Alzheimer Disease/prewedtontrol; Alzheimer Disease/epidemiology; Demanti
Vascular/epidemiology; Age Factors; Brain; CholesiteHomeostasis; Hydroxycholesterols; Risk Facgtors
Biological Markers; Apolipoprotein E; Lanosterolef@brospinal Fluid; Longitudinal Studies



TIIVISTELMA - Suomi

Alzheimerin tautia (AT) ja verisuoniperaistd denieat(VD) pidetdan nykyaan yleisimpina dementia rounat.
Niitd usein lahestytaan erillisind sairauksina jgn tutkimusty6téd kohdistetaan niiden erottamisgssistaan.
Viime vuosien tutkimukset ovat kuitenkin tuottaneensaasti nayttoa siita, ettd AT:lla ja VD:ll& aimsaasti
paallekkaisyytta taudinkuvan, neuropatologian (gmorakenteellisten muutosten) ja riskitekijoidesalta, ja
etta verisuoniperaiset tekijat ovat tarkeita VDOséksi myds AT:ssa.

Taman tutkimuksen tavoitteena on tutkia mydhemm@m rnuistitoimintojen, dementian, AT:n, VD:n ja
kolesteroliaineenvaihdunnan yhteyksia kokonaisiggtia tavalla yhdistamalla epidemiologisen ja rien
lahestymistavan ja arvioimalla seka aareisverenkieettéa aivojen kolesteroliaineenvaihduntaa. Tatkisen
epidemiologinen osuus pohjautuu suomalaisen CAlDEmuksen (Kardiovaskulaariset riskitekijat,
ikddntyminen ja terveys —tutkimus) 21 vuoden péuoisseuranta-aineiston Kkolesterolimittauksiin ja
yhdysvaltalaiseen retrospektiiviseen monietniseertkirhuskohorttin  (Kaise Permanente of Norhtern
California). Kliiniset tutkimukset suoritettiin Kaliinisessa yliopistollisessa sairaalassa (Huddifgetsi) ja ne
keskittyivat muistiongelmia potevien, lievastd ntiismintojen hairiosta (subjektiivinen kognitiivém
heikentyminen (SCI), lieva kognitiivinen heikentymen (MCI)) ja AT:sta karsivien potilaiden aivo-
selkdydinnesteesta mitattujen kolesteroliaineertmhan merkkiaineiden (kokonaiskolesteroli, LDL, HR24-

ja 27-hydroxykolesteroli, lathosteroli, lanosteyoja aivojen tilavuusmittojen (valkean ja harmaanean
tilavuudet, aivo-selkdydinnesteen tilavuus) sutgeidrviointiin.

Tutkimuksen tulokset vahvistavat kolesterolin ja :ATsekd VD:n vaélista yhteyttd. Kohonnut veren
kolesterolipitoisuus keski-idssé on yhdenmukaisestittautunut riskitekijaksi myohemman ian demedigj
kognitiiviselle heikentymiselle ja heikommalle siwtumiselle kognitiivisissa testeissa. Vanhuusideren
kolesterolipitoisuuden merkitys ei kuitenkaan olén nselvd. Epidemiologisissa tutkimuksissa vanh@msi
kolesterolipitoisuus ei ole osoittautunut olevateyllessa kognitioon. Kolesterolipitoisuudet laske&n myota
valtaosalla ihmisistd ja etenkin niilla, joille k&ky dementia tai muu kognitiivinen heikentyminen.
Kolesterolipitoisuuden lasku keski-ian jalkeen oferkitsevasti yhteydessé mythemman ian kognitiérise
tasoon.

Kolesterolipitoisuuden lasku keski- ja vanhuusiglissa oli merkitsevasti yhteydessé kohonneesesiirri
heikentyneelle kognitiiviselle tasolle vanhuusidssifioinkin kun otettiin huomioon useita sekoitt@avekijoita.
Tama yhteys ei ollut merkitseva niilla, jotka kawdt statiineja (kolesterolia alentavia ladkkeit&Jiinisissa
tutkimuksissa AT:a sairastavilla potilailla oli ralgmmat kolesterolin esiasteiden lathosterolinajaosterolin
seka myds 27-hydroxykolesterolin pitoisuudet véaedsa MCI:ta tai SCI:ta sairastaviin potilaisiiikd saattaa
viitata mahdolliseen kolesteroliaineenvaihdunnainidin, johon liittyy heikentynyt kolesterolin tuot Liséksi,
AT sairastavilla matalammat kokonais- ja LDL-kobgstipitoisuudet olivat yhteydessd pienempiin
aivotilavuuksiin/suurempaan aivo-selkaydinnestetileeen. Toisaalta SCI sairastavilla potilailla (rauei AT

tai MCI sairastavilla) oli kdanteinen yhteys lattawslin, lanosterolin ja aivotilavuuksien valillinatalammat
kolesterolin esiasteiden pitoisuudet olivat yhtesg#e suurempiin aivotilavuuksiin ja pienempiin aivo-
selkaydinnestetilavuuksiin). Nama tulokset viittaggairaudesta johtuvaan keskushermoston kykyyaswida
muutoksia aivojen ulkopuolisessa kolesteroliain@@imunnassa. Aivoselkdydinnesteen tutkimukset aatoi
tietoa aivojen kolesteroliaineenvaihdunnasta. Yiey joita havaittin AT ja MCI sairastavien (mutt
kontrollien) 24-hydroxykolesterolin ja apolipoprote E:n (apoE) tasoissa viittaavat siihen, ettdDPHC-apoE
jarjestelmalla on rooli neurodegeneraation saatély§ama saattaa viitata siihen, ettd 240HC:n taéiléd
apoE:n  eritys johtaa  kohonneeseen kykyyn kuljettasteroideja  pois  keskushermostosta
neurodegeneraatiotilanteessa (kun aivosolujen kumlphtaa kohonneisiin vapaan kolesterolin pitoksiin),
mutta ei normaalitilassa. AT sairastavilla potl&ibli korkeimmat 240HC-pitoisuudet aivo-selkaydisteessa
mutta alhaisemmat 240HC-pitoisuudet seerumissaru8we 240HC-pitoisuudet olivat yhteydessd harmaan
aineen tilavuuksiin. Taten seerumin 240OHC-pitoitudaattavat toimia aineenvaihdunnallisesti aldiivi
aivosolujen merkkiaineena, kun taas aivoselkayditeen 240HC-pitoisuus saattaa heijastaa neuronien
vaurioitumista ja tuhoa.

Nama tulokset korostavat tarkeyttd muuttaa demenlmkittelua myo6haisidn aarimmaisesta tapahtumasta
elinikdiseen kognitioon vaikuttavien patologisterogessien jatkumoon. Kolesteroli on yksi muokatttavi
riskitekijdistd ja siihen voidaan puuttua ennaltg@bevin keinoin jo keski-idssa. Toisaalta, on fid@lé
mielessa, ettd seerumin kolesterolipitoisuuksiiattsa vaikuttaa itse sairaus, jonka syntyyn kofesteon
myo6tavaikuttamassa ja myohemmalla ialla veren lefeliarvo saattaa kuvastaa aivojen jo kdynniss¥ial
patologisia prosesseja. Lisatutkimuksia tarvitagvigdmaan kuinka aivojen kolesteroliaineenvaihtam
merkkiaineet voivat edistda kognitiivisen heikeniyam diagnosointia ja taudin etenemisen seurantaa.



SAMMANFATTNING - Svenska

Alzheimer sjukdom (AD) och vaskular demens (VaDypérvanligaste demenstyperna. Oftast betraktas &D o
VaD som helt skilda forskningsomraden och mangalistufokuserar pa hur man kan skilja mellan dessa
demenstyper. Det finns dock forskningsresultat $pder pa att AD och VaD kan ha gemensamma symtom,
neuropatologiska forandringar och riskfaktorer, sathvaskuléra faktorer &r viktiga for bade AD dhD.

Syftet med detta projekt ar att analysera forhdkem mellan kognition hos &aldre, demens, AD, VaD och
kolesterol p& ett integrativt satt, genom att kameba ett epidemiologiskt och kliniskt synsatt, sg@hom att
undersoka kolesterolmetabolism i bade hjarnan oehfgpin. Den epidemiologiska delen fokuserar pa
totalkolesterol i blodet, med data frdn en prospektefolkningsbaserad studie i Finland (Cardiovdac Risk
Factors, Aging and Dementia, CAIDE) med 21 ars dlpphgstid, samt data fran en retrospektiv stuglieen
multietnisk amerikansk befolkning (Kaiser Permaeenit Northern California) med 30 ars uppféljningstDe
kliniska studierna genomfoérdes pa Karolinska Ursitetssjukhuset, Huddinge, Stockholm, och fokusedar
kolesterolmarkdrer (totalkolesterol, 24- and 27+oygkolesterol, apolipoprotein E) i ryggméargsvarsK&SF)
samt pa forhallanden mellan kolesterolmarkérer odbt (totalkolesterol, LDL, HDL, 24- and 27-
hydroxykolesterol, lathosterol, lanosterol) ochrhj@lymer (vit substans, grd substans, CSF volynmgl
intrakraniell volym; parenkym, vit substans och guibstans fraktioner) hos patienter med subjelkognitiva
problem (SCI), lindrig kognitiv svikt (MCI) och AD.

Resultaten bekraftar sambandet mellan kolestetobdde AD och VaD. Hog kolesterol i medelaldermifssod
som en riskfaktor for demens eller kognitiv sviktlia studier. Betydelsen av kolesterolnivan sendivet blev
dock langt ifrdn entydig. | de epidemiologiska $twda var kolesterol tillsynes inte relaterad kitignition.
Kolesterolnivaerna minskade efter medelaldern kifitsos de personer som senare fick demens etignikiv
svikt. En s&dan minskning var relaterad till 6kék fér demens eller kognitiv svikt, aven efter atan tog
hénsyn till flera andra faktorer. Detta sambandinge signifikant hos personer som behandlades stether. |
kliniska studier hade patienter med AD lagre nivaeikolesterolprekursorerna lathosterol och lamoktsamt
av 27-hydroxykolesterol i jamforelse med patiemteed MCI eller SCI, vilket tyder pa en méjlig stangii
kolesterolhomeostasen (med minskad kolesterolsyritégre total- och LDL-kolesterol var relateradklégre
hjarnvolymer hos patienter med AD, men inte med 8IBr MCI. Tvartom fanns det ett omvant samband
mellan lathosterol, lanosterol och hjarnvolymegf& kolesterolprekursorer relaterade till hgrermjalymer)
hos patienter med SCI (men inte AD eller MCI). Ressonster tyder pa att sjukdomsrelaterade foragarin
centrala nervsystemet mojligen kan paverka kolektgreriferin.

CSF analyser skapade ett “fénster” mot kolestengirnan. Sambanden mellan 24-hydroxykolesteroD{2@)
och apolipoprotein E (apoE) hos patienter med AD BKCI (men inte kontrollgruppen) visar att 240HGa&p
systemet ar inblandat i regleringen och kontrobenneurodegeneration. Detta antyder ocksa att d@HL-
relaterade produktionen av apoE skapar en okadckepdor kolesteroltransport fran centrala nertsyset
under neurodegenerationsprocessen (nar doendennkaater till 6kad kolesterolnivd), men inte i etirmalt
tillstdnd. Patienter med AD hade de hdgsta 240H@erna i CSF och de lagsta i blodet. Dessutom 4&HC
i blodet relaterad till grd substansmatningar. 2@0iHblodet kan saledes fungera som en markor aaletnt
aktiva neuron, medan 240HC i CSF istéllet kan spagluronala skador och neuronforlustens hastighet.

Dessa resultat betonar att det ar viktigt att Hgleus fran demens (ett extremt tillstdnd) som esleimd
“handelse” hos aldre, till ett livslangt perspektii olika patologiska processer som paverkar kimgnit
Kolesterol ar en av de modifierbara riskfaktoresam forebyggande strategier kan riktas mot redan i
medelaldern. Kolesterolnividerna kan dock paverkasjiva sjukdomarna som de bidrar till; hos alpeesoner
kan kolesterol i blodet istallet spegla pagaendmlpgiska processer i hjarnan. Fler studier behfdvsatt
undersdka hur markorer av hjarnkolesterol kan ag@&riér att identifiera orsakerna till kognitiv kvoch for

att dvervaka sjukdomsforloppet.






"If we knew what it was we were doing, it would betcalled research, would it?"
- Albert Einstein -
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ABBREVIATIONS

240HC
270HC
AD
APOE
ApoE
APP
AP
BBB
BMI

BP
CAIDE
CSF
DSM
GM
HDL
HR
ICD

LDL

MCI

MMSE

NFT
NINCDS-ADRDA

NINDS-AIREN

NP

OR

P-Tau

RCT

SClI

TC

T-Tau

VaD
WHO-CINDI

WHO-MONICA

WML

24-hydroxycholesterol

27-hydroxycholesterol

Alzheimer’s disease

Apolipoprotein E (gene)

Apoipoprotein E (protein)

Amyloid precursor protein

B-amyloid

Blood-brain barrier

Body mass index

Blood pressure

Cardiovascular risk factors, Aging and IncidenE®Ementia study
Cerebrospinal fluid

Diagnostic and Statistical Manual of Mental Dibens
Gray matter

High density lipoproteins

Hazard ratio

International Statistical Classification of Disea and Related Health
Problems

Low-density lipoproteins

Mild cognitive impairment

Mini Mental State Examination
Neurofibrillary tangles
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1. INTRODUCTION

The present set of studies focuses on late-lifeition, dementia, Alzheimer’s disease (AD),
and vascular dementia (VaD), providing some insigtd their relationship with cholesterol.
In current clinical research, workers are not etgxt¢o inquire upon the boundaries of their
objects of study, which are given in “operatiorm@dfinitions (such as DSM or ICD). To
briefly iterate the conventional, AD is a progre@ssneurodegenerative disease and the main
cause of dementia (Qiu 2007, Ferri 2005), closelodved by its diagnostic competitor,
vascular dementia (VaD) (Qiu 2007, Fratiglioni 20Dhese diagnoses are established in a
two-step procedure, identification of dementia (reh@ decline from a previous level of
functioning, with significant social or occupatidnmpairment is an essential feature) and
identification of cause (neurodegenerative or viaskuYet, seen in the broader context of an
association between modifiable vascular risk factord AD, and between neurodegenerative
and vascular pathophysiological processes in thanbrthe very association between
cholesterol, cognition, AD and VaD raises importgaestions about basic issues such as
"AD’, "VaD’, “"dementia’, "neurodegeneration”, dmarmal cholesterol levels’.

Since the relation of lipids with vascular patholoand the relation of protein aggregation
with neurodegeneration have long been regardedeparae matters of investigation,
disturbances in cholesterol metabolism are a mecent addition to the AD equation. This
addition has caused a significant degree of coetsyy concentrated on two main points: (1)
on a molecular level, the weight of the cholesteaitribution to a protein-dominated (and
amyloid-dominated) AD pathophysiology, and (2) oclinical level, the relationship between
the categories of "vascular’ and "neurodegenerativdiagnostic criteria for AD and VaD.
Moreover, the emergence of cholesterol as a mddifialement involved in AD or VaD is
one of the factors emphasizing the limitationshef two-step diagnostic approach, which can
only identify the problem in its extreme form, dertia, when intervention may be too late.
The focus on the extreme category of dementia, dighegard to subtler manifestations of
diseases, has also produced a debate on whetHesteol should be considered a risk factor
or a risk marker for disease, and much conflictiega on the meaning of "abnormal
cholesterol levels’.

Apart from the problems inherent to current densgergiated research, cholesterol itself
presents many unsolved difficulties. The human bamhytains two main pools of cholesterol,
cerebral and extracerebral, which are very diffefesm one another. Moreover, cholesterol

is distributed in diverse compartments within thesmls. Cholesterol research has been
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governed by the link with atherosclerosis for desadeading to considerable knowledge
about the extracerebral pool and its componentdewhost details about brain cholesterol
metabolism and the cerebral-extracerebral chol@stegeractions are still unknown.

The present project investigates cognition, deragrAD, VaD and cholesterol in a more
integrative way, by combining an epidemiologicalttwia clinic-based approach, and by
addressing both peripheral and brain cholestenmduostasis. Since the results raise questions
about the very definitions of the objects of inguiand since little attention is usually paid to
how various concepts, categories or classificatemgrge or to what impact such processes
have on subsequent directions in research ancalipractice, the Introduction provides a

minimum of historical deconstruction.
1.1. History matters

Two metaphors are usually associated with nosoldgyclinician as cataloguing species in
an exotic garden (“naturalist’'view); and the ciemcas a sculptor carving shapes out of
formless matter, i.e. creating “clinical forms’r€ationist” view). Each approach has its own
problems, as the garden approach must explain dyaturalist happens to be there in the
first place, while the creationist view demands warderstanding of the sculptor’s “inner
vision” (Berrios 1990a). Clinicians tend to be morerested in clinical cartography than in
challenging the alleged immutability of disease r(i®s 1990a). A useful example is a
guestion asked about AD (McMenemey 1970), whiclsiptxr (more or less covertly) to the
present day: "How far are we justified in departirgm the criteria originally laid down by
the person who first described the malady?’. Thewan is difficult to find, since the
“original” AD cases have limited resemblance tséhdefined by current criteria, and it is not
possible to pinpoint the exact moment when AD wviras fdiscovered”. One solution has been
to assume that Alois Alzheimer got his discoverstipy wrong, i.e. he considered it a pre-
senile rarity, and did not exactly mind about adselerotic changes in Auguste D’s brain.
However, there has been a shift towards the craati@pproach, illustrated by a counter-
guestion (Berrios 1990a): “Should we worry aboiwdeatiing the boundaries of any disease?".
In this view, the “final description” of a disease symptom results from the interaction
between biological signals (originating in an aféet brain site) and the layers of
psychosocial codes involved in the process of deseas symptom formation (Berrios 1996).
It is thus important to examine scientific mattens their own historical context. Yet

anachronistic reading is not easy to avoid, sinché late 19 century and early Zbcentury
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even crucial concepts such as dementia, neuromofif@il or plaque were not fully

crystallized and had different meanings for différpersons.
1.1.1. Dementia

The history of the word "dementia” must not be uoeafl with that of the concepts or
behaviours involved. By the T%entury, two main definitions of dementia wereogized
(legal and clinical), both having psychosocial img@tence as their central concept. The
clinical definition was by no means focused on c¢ogm, but included also delusions and
hallucinations. Irreversibility and old age weret mbaracteristics of the condition (when it
occurred in elderly it was called “senile dementsates of psychological dilapidation in
young people could be called “"dementia praecoxérr({@ 1996; Kraepelin 1896, 1910).
Dementia was considered a terminal state to atk sair mental, neurological and physical
conditions. This concept was gradually fragmentednd the 18 century. In the beginning
of the 2¢" century, senile and arteriosclerotic dementias teadained as main dementia
groups after the pruning down of several clinicitess (for example by redefinition as
independent conditions, i.e. Korsakoff's syndrommyxoedema; hidden under a different
name, i.e. dementia praecox as schizophrenia;oheept of “pseudodementia” was created to
deal with cases of "dementia” that recovered) (B21996).

Among the main factors that contributed to thesengles were:

1) The development of the anatomo-clinical model

The anatomo-clinical model, according to which sigmd symptoms were “signals” emitted
by biological lesions in the body, was introduceding early 18' century (Berrios 1994).
The view that dementia was both a clinical and oeathological category was already
established in 1822, but it was unclear what typkesions were involved, and whether they
affected the same areas of the brain (Berrios 1)9%enile dementia in subjects without
previous mental illness became an important rebetngic as it somewhat simplified the
problem of determining the cause of brain lesi@rain changes were initially described in
terms of gross anatomy (colour, consistency, wegt), but inadequate brain preservation,
fixation and staining techniques hindered conchsidy the beginning of the 'ﬁo:entury

more than 100 techniques had become available, altut 15 for visualising neurofibrils
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(Berrios 1990a). Researchers had to agree not @mlghapes or colours, but also on the
meaning of what they saw, which was not at allrctkaing Alois Alzheimer’s time.

The cell theory (cells as the fundamental unitfef formed through scission of pre-existing
cells) had already been accepted and cells weresakn as the basic elements of pathological
processes (Virchow 1858). The nervous system, foemng fancied...an unusually simple
whole, from the unity of which resulted the unifytioe body in general” (Virchow 1858), was
“split” into several components, and the preseriagon-nervous elements was recognized.
Virchow, for example, described neuro-glia, whi@thought of as connective cells, a “glue’
holding nervous elements together (Virchow, 18B&tween 1880 and the First World War,
two views competed for supremacy: the neuron théoeyrons as independent units, never
touching or touching only sporadically), and thécrdar theory (brain cells as forming a
syncitium, a network). In 1906 (the year of Alzhems famous report), Cajal and Golgi
received the Nobel Prize “in recognition of theoriwon the structure of the nervous system’
and the neuronist-reticulist debate is obvioush#irtNobel Lectures. Alzheimer’s position is
however unclear, although Nissl, his lifelong fdemvas a reticulist (Berrios 1990a).

2) The "temporalisation” of mental disorders ane ¥iew that senility was an exaggerated
and/or pathological form of ageing

The view that certain diseases seem to be relat@articular stages of life is very old, but
until the 19" century there was no linear, evolutionary or terafised model of life. The
concept of linear time was introduced in biologylyoduring late 18 century, and the
creation of the ‘late-onset mental disease’-contepk place during the 19century,
facilitated by evolution theory, degeneration thyefnitially a mixture of moral, theological
and biological reasoning, appalling for today’s dexa (Hoff 2008)), developmental
psychology, as well as by historicism (history Bs only fundamental frame within which
humans and their creations can be understood)i(Ber999).

Before "temporalisation”, the concept of mentaleils was monolithic (more or less fixed
form whose elements — symptoms — were consideredifgpfor the disease in question,
instead of remaining the same irrespective of ibeade in which they appeared), atemporal
(becoming ill changed one’s essence, disease weataather than a state), and with a
symbolic relation to the body (i.e. placing melasiéh in the heart). There could thus be no
full recovery (in today’s sense) — only lucid ints, no “acute” or “chronic” diseases;

importantly, cross-sectional diagnostic assessavastconsidered enough.
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After “temporalisation”, mental illness became atesta process happening in time and
necessitating information on course and outcomes Tbncept of “period of life” was
redefined ontogenetically, anatomically and physiatally; the relation of certain diseases to

biological stages of life was now the result of@fie pathological changes (Berrios 1996).

3) The reaffirmation of the intellectual (cognitfj\fenctions

The choice of cognitive impairment as the hallmafkdementia (cognitive paradigm) was
guided by both clinical and ideological factors. Asstitutionalized patients were often
cognitively incompetent, and cognition was constdeas the defining feature of the human
species, dementia became first and foremost paghabthe “intellect” (Berrios 1990b).
During the 18 century, measurements were gradually introducedpsgchology and
medicine. The second half of the century markeddgnning of programmatic experimental
research on higher mental processes. Since memasy thhe cognitive function whose
measurement was best developed (Ebbinghaus 18&®hom deficits became the central
feature of dementia (and still are today). The dbgnparadigm had become established by
the First World War, and as a consequence otheptyns (i.e. hallucinations, delusions,
mood and behavioural disorders) were left out axplagned as epiphenomena, as unrelated
to the central mechanisms of dementia (Berrios 199éter the 1980s, the cognitive
paradigm began to broaden, and the importance gipim@ non-cognitive symptoms,

particularly in evaluating early and advanced detiaestages, is more emphasized today.
1.1.2. Alzheimer’s disease

After 1863, the neuropathological features of ‘lsemiementia” became cortical atrophy,
enlarged ventricles and tissue “softening” (asicetiaas vascular in nature) (Berrios 1990a).
Belijahow (1889) described nerve cell death in leedémentia; Blocq and Marinesco (1892)
reported “amas ronds” (round heaps) in the braamadiderly epileptic patient, considered the
first mention of plaques as neuropathological $tmas; Redlich (1898) reported “miliare

Sklerose” (military sclerosis) in senile dementidierring to it as “plaques” (the first use of the
term) (Goedert, 2008). A paper by Fischer from 1p@¥ided the first description of what is

now known as neuritic plaques. Damage of neurddilin patients with senile dementia was
shown as early as 1904, and in June 1906, five msdme¢fore Alzheimer’s report, Fuller had

specifically remarked on the presence of neurdfdrrbundles in senile dementia (Berrios

1990a).
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From Alzheimer’s famous report in November 190&)€lJeine eigenartige Erkrankung der
Hirnrinde’, “eigenartige” has been translated theeicharacteristic” or “peculiar” (Alzheimer
1907). Analysis of the context and semantics of€eartig” during that period of time
suggests that Alzheimer is most likely to have mépaculiar, odd” (Berrios 1990a). Since
the brain changes and clinical syndrome that herdesi were not new, what attracted his
attention as an experienced clinician and pathstagay have been the unfamiliarity of their
association in a younger patient. Alzheimer acyualsisted on the fact that he did not think it
was a new disease, but an atypical form of semfaahtia (Alzheimer 1911, Perusini 1911).
By 1910 about eight cases had been published,ugthat least two of them seem to have
been reported twice (Berrios 1990a). Neverthelesshe 8" edition of his Textbook of
Psychiatry (1910) Kraepelin decided to baptizéizheimer’s disease’.

1.1.3. "Alzheimer’s other dementias; vascular dgiag

The work of Alzheimer has been more or less reduodtie “discovery of his disease’, and
this inaccuracy often forms the basis for leaving wascular dementias. Alzheimer has
actually written more on arteriosclerotic brain mbas than on “Alzheimer’s disease” (the
articles from 1895, 1897, 1898, 1902, and 1913)¢hi2006).

When Lobstein described the histopathology of ex$eferiosis in 1833, little did he imagine
that gradual strangulation of blood supply to thailb was to become the favourite
mechanism of ageing and senile dementia (Berri@§)LBy the 1840s, a number of vascular
lesions, including lacunar infarcts, etat cribled anterstitial atrophy of the brain had already
been described (Libon 2006, Roman 2002). A partAtdheimer’'s work focused on
distinguishing between dementia paralytica (nowhsig) and arteriosclerotic dementia, an
important problem at that time. Already in 1898 Wdimer discussed "dementia praesenilis’
as well (it is however unclear what cases his dason is based on), and in the same paper
guestioned the view of senile dementia as causeatthyiosclerosis, discussing the possible
contribution of vascular and neuronal causes t@bserved brain changes: “In our discussion
of dementia senilis, we had to admit to some daslib whether or not the arteriosclerosis of
the brain vessels may be considered the only calusenile brain degeneration, or whether
perhaps primary atrophic alterations of the neredischad to be taken into account.
(Alzheimer 1898). The 1898 paper includes manyresfees to the work of Binswanger and
has been credited by some translators with coinBigswanger’'s disease’. Alzheimer’s

views on brain arteriosclerosis are also evidenhig11902 paper "Mental disturbances of
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arteriosclerotic origins”, where he presents his @and Binswanger’'s work and emphasizes
the heterogeneity of vascular brain pathologywéssels may be affected by arteriosclerosis in
different locations, and the resulting clinical ddions bear so little resemblance to each
other that it is difficult to give a summary of tlsymptoms of cerebral arteriosclerosis.”
(Alzheimer 1902). He describes several types aéfiasclerotic brain atrophy” (later vascular
dementias): "nervous’ arteriosclerosis (with verjdnsymptoms of ‘mental and physical
fatigue, memory impairment, headache, attacks oftiggd); “severe progressive
arteriosclerotic brain degeneration” (with markédical fluctuations and frequent “attacks”);
‘Binswanger’s encephalitis subcorticalis chronic¢gerivascular sclerosis’; and “dementia
post apoplexiam”™ (‘not caused by stroke as such byutarteriosclerotic areas in the
hemispheres”). He also argued the case for thertemm® of studying vascular brain disease:
"I hope to have proved that arteriosclerotic betnophy is a disorder which can definitely be
distinguished from other brain diseases.”

Despite these (and other) reports, arteriosclenesigained the main cause of senility long
into the 28' century. As late as 1941, Cajal gave his book ‘Woeld seen at eighty’ the
subtitle “Impressions of an arteriopath® (Impresseg de un arteriosclerotico). The

neurodegenerative-vascular dichotomy of todayts tnlater 28 century creation.
1.1.4. 28 century classifications

There are currently several (similar but not idead)i classifications and diagnostic criteria for
dementia, AD and VaD (i.e. DSM, ICD, NINCDS—ADRDAINDS-AIREN). A brief
outline of their conceptual evolution (with DSM agample) can shed some light on how
present problems occurred. A major shift happerstgdvéen DSM Il and Ill, from mental
illnesses conceptualized as broad, etiologicallfindd entities that were continuous with
normality, to symptom-based, categorical diseaskyés 2005).

In between the time of Alzheimer and Kraepelin, @nel 1970s there is the little analysed
period that conceptualized dementia in psychodyoasims. Already in 1933 an autopsy
study had reported a surprisingly loose correlatimtween clinical dementia and brain
pathology (Ballenger 2006). Gradually, psychosotators started to be emphasized over
brain pathology in dementia aetiology (lack of etation accounted for by differing ability
among individuals to compensate for organic legiohBe publication of DSM | (1952) and
DSM I (1968) reflected these changes (Grob 19B1PSM I, the category of chronic brain

disorders included (among other conditions): chedmiain syndrome (CBS) with cerebral
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arteriosclerosis, CBS with circulatory disturbaratber than cerebral arteriosclerosis, CBS
with senile brain disease, CBS with other distudesnof growth, metabolism and nutrition
(Alzheimer’s disease is listed as a presenile d&sowith “characteristic” brain pathology),
CBS with disease of unknown or uncertain cause {i[Hgton and Pick diseases among
others). CBS was a basic syndrome consisting ofimment in orientation, memory, all
intellectual functions, judgement, and lability asldallowness of affect; it could be mild,
moderate or severe, depending on the severityaoh besions (but the severity of the overall
psychosocial impairment depended more on persgnafitl social factors). DSM | also
repeatedly emphasized the difficulty of clinical ffelientiation between CBS with
arteriosclerosis, and with senile or presenile rbrdisease ("both underlying pathological
changes may be present simultaneously”). DSM BgBan the mental disorders section of
ICD 8) showed a similar conceptual ground, evel€lS was renamed as organic brain
syndrome.

In DSM 111 (1980), the continuum of functionalityas made invisible by limiting the focus to
the extreme syndrome of dementia, where "the eabdphature is a loss of intellectual
abilities of sufficient severity to interfere withocial or occupational functioning”. The
concept of senile dementia was separated fromi@stderosis and united with Alzheimer’s
disease (following the 1960s studies of Blessedpnilimson and Roth): “Primary
Degenerative Dementia of the Alzheimer type is i@est common Dementia” (DSM |lI).
Criticisms of “arteriosclerotic dementia” or chrbrain ischemia as an explanation for
mental decline contributed to the development @& toncept of "multi-infarct dementia”
(MID) (Hachinski 1974), but in DSM Il vascular demtia and MID became identical and
the heterogeneity of cerebrovascular disease wsisNreover, vascular disease was listed
as ‘much less common than Primary Degenerative DemeThese general lines are still
present in DSM-IV-TR (2000) and ICD 10 (1993), aliigh ICD 10 lists “subcortical vascular
dementia’, “'mixed cortical and subcortical vascdimentia” and “other vascular dementia”
together with MID. A vicious circle has thus beerated: the definition of dementia is based
on memory and relies heavily on AD, AD diagnosis ha exclude VaD, but in order to
diagnose VaD memory impairment must be present.

Evidence has been accumulating during recent yimaisthere is a considerable overlap
between AD and VaD in terms of clinical symptomsuropathology and risk factors, and
that neurodegenerative and vascular pathophysgabgrocesses interact (Wahlund 2009). A
return to the continuum approach to diagnosticedst is currently being advocated

(Hachinski 2008). However, DSM Il produced a thagh and irreversible change in mental
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health. For the first time, because it was basettlear-cut” categories, a classification could
serve as common language not only for cliniciangt, &lso for researchers and payers
providing financial reimbursement (i.e. insuranoenpanies, managed health care operations,
governments), as well as for organizations finagcasearch (i.e. pharmaceutical companies,
governments) (Mayes 2005). One important factortrdmuting to the maintenance of the
categorical approach to disease classificatiorhésrequirement that medication be shown
effective for specific diseases before receivingrapal for patient treatment. The solution to
these problems remains to be determined. A newvofsetiteria for AD has recently been
proposed (Dubois 2007), as well as harmonizatidgera for vascular cognitive impairment
(which is intended to replace VaD) (Hachinski 2006)

1.1.5. Old age cognition

The various domains of cognitive functioning areditetical constructs rather than directly
measurable physical entities. Systematic attemptdefine such domains, as well as the
search for ways to quantify them, started in th® &&ntury. Psychology was establishing
itself as a science and one of the earliest suesesas the study of childhood psychology
through intelligence testing of school children. tBg 1920s and 1930s, this area of expertise
was expanding to include persons at the other éhfe ¢Hirshbein 2002). Because the same
methods and assumptions from the work with childeeme used for elderly, a symmetrical
picture of human development resulted, with a gsourve of child development and a
declining one of old age. The methods have imprasigdificantly to the present day (i.e.
interpreting test scores according to age and eéiducadeveloping tests that were more
appropriate for elderly), and the cognitive symmditetween childhood and old age has been
nuanced, but the view that old age means cognilidatine still persists (Ory 2003, Craik and
Bialystok 2006, Grady 2008). Chronological age igomd predictor of cognitive abilities,
language or sensorimotor coordination at youngesagut it loses its precision at older ages.
A second index of time (correlated with chronolai@age) becomes more important as
people grow older, namely the subjective sense eofiaining time until death. Goals,
preferences, and cognitive processes seem to clsystgEmatically as time horizons change,
and across many dimensions older and younger pdmblave remarkably similarly when
time horizons are equated (Carstensen 2006).
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1.2. Present matters: cholesterol, AD and VaD

The idea of a relation between cholesterol and Y&abot new (i.e. Mumenthaler 1975). The
role of lowering plasma cholesterol levels in prglpkis and therapy probably began to be
discussed once cholesterol was linked to athenasite However, as the AD/VaD dichotomy
was establishing itself, plasma lipids were iniyidhought to be useful in differentiating AD
from VaD (especially MID) (i.e. Muckle 1985, Erkumtti 1988).

The main studies suggesting a link between AD andlesterol were published in the
beginning of the 1990s. The APGE allele of the cholesterol transporter apolipogirote
(apoE) was reported as a major risk factor for Arder 1993, Poirier 1993), and abundant
senile plaques were described in the brains ofdenented patients with coronary artery
disease (Sparks 1990). Since then, many commoiamigkprotective factors for both AD and

VaD have been reported in various studies (Taldlg 1.

Table 1.1. Main proposed risk and protective factos common for stroke and dementia.

Non-modifiable risk Modifiable factors
factors Risk factors Protective factors
Advanced age Cerebrovascular disease/Stroke High education
Genetic factors Cardiovascular diseases Physical activity
(e.g. APOE:4) Hypertension Active lifestyle
Family history Hypercholesterolemia Alcohol consumption
Obesity Antioxidants
Diabetes Fish oils
Smoking Antihypertensives
Homocysteine Statins
Psychosocial stress/Depression

1.2.1. Genetic connections: APOE

The APOE-AD association has been confirmed in st\wtudies worldwide, in both sporadic
and late-onset familial AD cases. To date, the AR®HRllele is the only genetic risk factor
for AD of established general significance. AP@Eis a susceptibility gene, being neither
necessary nor sufficient for AD development. Tisi& 0f AD increases, and the age of onset
decreases with the numberedfalleles, in a dose-dependent manner.

ApoE has a central role in lipid metabolism, and ¢4 allele is associated with increased
plasma total and LDL cholesterol levels, atherosslis, and coronary heart disease.
However, the mechanisms relating different apoEorsas to AD pathophysiology are not
completely understood. Within the brain apoE hasmyméunctions, being involved in
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cholesterol and phospholipid redistribution duridgvelopment, regeneration after brain
injury, and synaptic plasticity; deposition andacknce off-amyloid (AB); inflammatory
processes; aggregation of tau; neurotransmisseurpnal survival and sprouting (Hooijmans
2008). Some of these functions do not seem to wavoholesterol.

The APOEze4 allele seems to be a risk factor for stroke amdD\as well (Schmidt 2002),
although conflicting results have been reportedsame studies (Tonk 2007, Kim 2008).
Problems with outcome definitions due to the hajeneity of both stroke and VaD are a
likely cause of differences in results.

Recent epidemiological studies suggest that AR®@Earriers may be more vulnerable to
environmental factors (e.g. physical inactivitytusated fat intake, alcohol drinking, diabetes,
high BP, low Bl2/folate) and could thus benefit mofrom lifestyle changes and
pharmacological interventions (Anttila 2004, Rog2{@05, Laitinen 2006, Kivipelto 2008).

1.2.2. Epidemiological connections

The main longitudinal population-based studies $tigating the association between
cholesterol and dementia/cognition are summariredable 1.2 (midlife cholesterol) and
Table 1.3 (late-life cholesterol). Of the long-terfollow-up studies on plasma total
cholesterol at midlife, the Finnish Cohort of thev&n Countries Study, the Cardiovascular
Risk Factors, Aging and Incidence of Dementia (CBJC5tudy (Finland) and the Kaiser
Permanente Medical Care Program of Northern CalidofUSA) reported high cholesterol as
a risk factor for subsequent dementia, AD or MQI. the Honolulu-Asia Aging Study
(HAAS), clustered cardiovascular risk factors (udihg cholesterol) were associated with
increased risk of dementia, VaD or AD with cerelassular disease (but not AD). No
significant associations were reported in the Istaehemic Heart Disease Study. Differences
between populations and between outcome definitinonthese studies could explain the
differences in results. Importantly, midlife toolesterol has also been linked to AD-type
brain changes in autopsy studies (Launer 2001, dtapp003).

The Framingham study has over 40 years of follonand cholesterol measurements from
several occasions starting at midlife. However,ahproach taken in the analyses (averaging
total cholesterol levels over 30 years) does nlawakonclusions on the relation between
midlife cholesterol and subsequent dementia/cognftinctioning.

The association between cholesterol and demengiaitbon later in life and closer to

dementia onset is less clear, as different stuthes led to conflicting results (Table 1.3).



Table 1.2. High midlife total cholesterol as riskdctor for subsequent dementia/cognitive impairment

Study ‘ Population and follow-up time ‘ Dementia | AD ‘ V& ‘ AD with CVD MCI/Cognition
Finnish Cohort of the Seven Countries Study
N=444 men (47 dementia, 27 AD)
Notkola et al. 1998 Baseline age: 40-59 years Yes
Follow-up: 15-25 years
Honolulu-Asia Aging Study
2533:334\/2? :§§5A1Dd\?vw§ rgl\r;lDi)SZ Yes (clustered CV risk Yes (clustered CV risk Yes (clustered CV risk
Kalmijn et al. 2000 Me:';m baseli’ne age: 53 vears factors) No factors) factors)
) ge. o3y No (cholesterol alone No (cholesterol alone)] No (cholesterol alone)
Mean follow-up: 25 years
CAIDE Study
N=1449 (57 dementia, 48 AD)
Kivipelto et al. 2001a | Mean baseline age: 50 years Yes

Mean follow-up: 21 years

Kivipelto et al. 2001b

N=1352 (82 MCI)
Mean baseline age: 50 years
Mean follow-up: 21 years

Yes (MCI risk)

Israeli Ischemic Heart

Disease Study

N=1892 men (309 dementia)

Beeri et al. 2004 Baseline age: 44.5 years No
Follow-up: 36 years

Kaiser Permanente Medical Care Program of NorthernCalifornia
N=8845 (721 dementia)

Whitmer et al. 2005 | Baseline age: 40-44 years Yes

Mean follow-up: 27 years

Framingham Study — midlife TC data available, but aerage TC levels over time used in analyses

Tan et al. 2003

N=1026 (77 AD)
TC averaged over 30 years
Follow-up: 10 years

No

Elias et al 2005

N=1894 (no dementia)
TC averaged over 16-18 years
Follow-up: 4-6 years

Lower TC associated
with poorer cognitive
test performance

A



Table 1.3. Late-life total cholesterol in relationto subsequent dementia/cognitive impairment

Study Population and follow-up time Dementia AD VaD Cognition
Yoshitake et al, 1995 N=828 (103 dementia, 42AD, 50VaD)
No No
(Japan) Mean age 73.6 years, follow-up 7 years
Hyman et al, 1996 N=1899 Higher TC protective againsit
(USA) Age 65+, follow-up 4-7 years cognitive impairment
Kalmijn et al, 1996 N=353 men No
(Netherlands) Mean age 74.6 years, follow-up 3 years
Kuusisto et al, 1997 N=980 (46 AD) Lower TC risk
(Finland) Age range 66-75 years, follow-35 years factor
Wada et al, 1997 N=93 Higher TC protective againsit
(Japan) Mean age 79.4 years, follow-up 3 years cognitive decline
Romas et al, 1999 N=987 (126 AD) Lower TC risk
(USA) Mean age 73 years, follow-5 years factor
Slooter et al, 2000 N=6435 (395 dementia) No No No
(Netherlands) Mean age 69.5 years, follow-&8 years
Karlamangla et al, 2004 N=267 No
(USA) Mean age 74 years, follow-up 4.5 years
Reitz et al, 2004 N=1168 (119 AD, 54 VaD) Higher TC No
(USA) Mean age 78.4 years, follow-up 4.8 years protective
Solfrizzi et al, 2004 N=2963 (139 MCI) Higher TC protective againsit
(Italy) Mean age 71.8 years, follow-up 3.5 years MCI
Li et al, 2005 N=2141 (152 AD) No No
(USA) Mean age 74.9 years, follow-&6 years
Mielke et al, 2005 N=382 (19 AD, 23 VaD) Higher TC
(Sweden) Age 70 years, follow-up 18 years protective
Reitz et al, 2005 N=1147 No association with changes
(USA) Mean age 76.3 years, follow-up 7 years in cognitive functions
Vanhanen et al, 2006 N=959 (45 AD) Higher TC
(Finland) Mean age 73 years, follow-up 3.5 years protective

Reitz et al, 2008
(USA)

N=854 (324 MCI)
Mean age 76 years, follow-up: about 5 yeq

rs

No (MCI)

€e
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Interestingly, shorter-term follow-up studies oflet individuals report either no association,
or results that are opposite to those of long-teshow-up studies with midlife as a start
point. These contradictions likely indicate thag ttoncept of an adverse lipid profile does not
remain constant with age. Several cross-sectiondllangitudinal studies have shown that
total cholesterol levels tend to increase with aggoung- or middle-aged adults, but later
decrease as individuals get older (Abbott 1997)s Tdattern can be partly explained by
physiological ageing, unintentional or voluntaryaoges in lifestyle (i.e. cardiovascular
prevention programs meant to lower cholesteroll&wa selective mortality. However, there
is another explanation that must be consideredhorter-term follow-up studies of older
populations. The relationship between cholestandl lzealth status seems to be bidirectional,
as lower cholesterol levels are frequently obsemeabsociation with clinical and subclinical
diseases (Ferrara 1997), and a decrease in choldsieels, although beneficial for other age
groups, may reflect early or occult disease oraagal decline in the overall health of older
persons. Chronic diseases with a long preclinibalsp (such as AD or even cerebrovascular
disease) pose inherent difficulties in risk faatbentification. Since disease onset cannot be
pinpointed, chances are that true risk relatiorsh{iipctors increasing the probability of
getting the disease) and reverse causality (thextsffof the disease itself on various factors)
get confused. At late-life, any apparently normapylation will be a mixture of individuals
without the disease and individuals who have theeabe, although clinically silent and
undiagnosed. Therefore, midlife is more suitabla atart point when looking for risk factors,
since the disease is not so likely to already lesent.

It is thus important to investigate not only chééesl at specific time points, but also the
pattern of change in cholesterol levels from mallito late-life in relation to

cognition/dementia.

1.2.3. Cholesterol homeostasis behind the blooohtyarier

Epidemiological studies have focused mainly on utating total cholesterol levels, but
plasma cholesterol only represents the tip of tdederg. As the blood-brain barrier (BBB)
separates the brain from the circulation, brainlesterol homeostasis is tightly regulated
locally and is mostly independent from the perigh@jorkhem and Meaney 2004). The
human brain is the most cholesterol-rich organpactng for only 2% of the total body
mass, but containing 25% of the total cholestenokthe body. The major pool of brain

cholesterol (about 70-80%) is in myelin. Anotheop@ represented by neurons and glial



35

cells. Since about 90% of brain cells are glialsgeleurons contribute to only a small fraction
of the total brain cholesterol (Vance 2005). Mosliudar cholesterol is found in the plasma
membrane, particularly in lipid rafts. These memieranicrodomains, critical for normal
functioning of the brain, are found in both neuransl glial cells and their distribution within
the cell membrane depends upon the cell type (Ko&D8). Cholesterol is also part of the
membranes of intracellular organelles performingcsgdized tasks.

Cellular cholesterol homeostasis is maintainedhgyltalance of synthesis, transport, storage
and degradation, with important differences in tinain compared to the rest of the body.
Synthesis in the developing CNS is relatively hight declines to a very low level in the
adult due to efficient recycling. Brain cholestetwds thus an extremely long half-life,
estimated to at least 5 years (Bjorkhem and Me&@&¢), which is remarkable as the brain
has a high metabolic rate (9-fold greater thanaerage metabolic rate of the individual).
Oligodendrocytes have a clear role in myelin foiorat but the roles of neurons and
astrocytes in cholesterol synthesis are poorly istded (Pfrieger 2003, Korade 2008).
Neurons, specializing in generation of electricativity, may reduce or even abandon
cholesterol production after birth, outsourcingoitastrocytes (since synthesis is too energy-
consuming) (Pfrieger 2003). However, only specifipes of neurons seem to depend on
external cholesterol. Brain cholesterol homeostiasmot uniform, but the cholesterol content
and expression level of specific enzymes show gtregional variation (Pfrieger 2003). For
example, hippocampal and cortical neurons showermdifft intrinsic concentrations of
cholesterol (Korade 2008).

The main cholesterol transporter in the brain isEgpcompared to the periphery where apoB
and apoAl are predominant (Blain and Poirier 2084ain apoE is synthesized primarily by
glial cells (especially astrocytes) (Vance 20058trécytes secrete cholesterol bound to apoE
in the form of HDL-like particles, which are int@iized by neurons (Bjorkhem and Meaney
2004). Other proteins involved in transporting @stérol in lipoproteins in the circulation are
also present in the CNS (for example apoAl, D gnskevyeral members of the LDL receptor
family, and membrane transporters of the ABC famifyance 2005). Their relative
importance for the transport and recycling of chtdeol within CNS is still unknown, and

there likely is considerable redundancy in thestesys.
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1.2.4. Brain-periphery interactions: 24- and 27 +oygcholesterol

Oxysterols are mono-oxygenate derivatives of chetek(or cholesterol precursors) that are
important as intermediates and end products in est@lol excretion pathways. The
introduction of a hydroxyl group in the cholestenoblecule makes it more polar, drastically
reduces its half-life and directs it to excretiant@ oxidation to water-soluble bile acids. The
physical properties of oxysterols allow them to gpdpophilic membranes and to be
redistributed in the body at a much faster rate ttfzolesterol (Lange 1995). Oxysterols are
typically found in conjunction with cholesterol @most all biological locations, but at
significantly lower concentrations (10-100 thousdold less). They may be formed by
spontaneous or enzyme-mediated processes and dem@ tunevenly distributed across

different tissues.

24-hydroxycholesterol (240HC) is formed almost agalely in the brain, where it is present
in greater amounts than in any other organ. Itradpced by cholesterol 24-hydroxylase
(CYP46), an enzyme present in certain types ofareu(Bjorkhem 2006). Analysis of RNA
isolated from different regions of the human bramlicated that the cholesterol 24-
hydroxylase mRNA is broadly distributed, with sontmathigher levels in zones rich in gray
matter (i.e. putamen, cerebral cortex, caudateengclamygdala) and lower levels in regions
rich in white matter (i.e. corpus callosum) (Le@005). There is a daily flux of about 6-7 mg
of 240HC from the brain into the circulation, ame tmajority of this efflux occurs as direct
transport across the BBB (Lutjohann 1996, Xie 20@3)vas estimated that about 1% of the
240HC produced in the brain is transported to traukation through the CSF.

Despite efficient recycling, a small excess of elstérol needs to be exported from the brain
into the circulation to maintain steady state. Tsueh mechanisms are currently known, the
most important of which involves conversion of asterol to 240HC (Bjérkhem 2006).
There is also some excretion of apoE-bound chotedstea the CSF. The precise sites and
mechanisms of cholesterol elimination remain tods¢ablished (Bjorkhem and Meaney
2004). 240HC is also involved in the cholesterafficking between astrocytes and neurons,
as it can act as a signalling molecule inducingEapwdiated cholesterol efflux from
astrocytes, and it has a direct effect on apoEstrgstion, protein synthesis and secretion
(Vaya 2007).
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27-hydroxycholesterol (270HC) is formed from chtdesl in most extrahepatic organs by
sterol 27-hydroxylase, a cytochrome P450 speciestdéd in the inner membrane of
mitochondria. Production of 270HC represents anomgmt mechanism for the daily
elimination of cholesterol by the body. There isoah flux of 270HC from the circulation
into the brain (Heverin 2005, Leoni 2005).

1.2.5. Cholesterol, neurodegenerative and vaspalfiology: some mechanisms

1.2.5.1. Interactions between AD-type and vasquédinology

That the two types of pathologies can interact \#ioch other was clearly shown by findings
from the Nun Study (Snowdon 1997). Elderly nunsid@¢aarry a heavy load of typical AD
changes without having cognitive impairment as l@sgthey did not have, in addition,
cerebrovascular lesions (CVLs). CVLs have thus gbeential to tip the balance so that
persons with AD pathology express a dementia syndrd-or the same degree of dementia
severity, AD patients with CVLs can present a lowerden of degenerative lesions than
“pure” AD cases. Also, in many individuals a conalion of minor AD-type and vascular
pathologies may cause dementia, when these mirtbiolpgies would not have done so
individually, which indicates their synergistic eft. A high proportion of individuals
fulfilling the neuropathological criteria for AD sd have significant CVLs lesions, just like
VaD cases diagnosed by current criteria can hamsiderable AD pathology at autopsy.

Cerebrovascular structure is profoundly altereddih AD patients show atherosclerosis in
both intracranial and extracranial vessels (Hofma®97, Roher 2003). Moreover,
atherosclerosis has been associated with increfiegdency of neuritic plagues (Honig
2005). One possible mechanism is through cerelralrats which influence3-amyloid
processing, although additional mechanisms may.exis

Persons with AD can have cerebral amyloid angigp&@AA), which has been associated
with microbleeds. In addition, the number of ceatbmicrovessels is reduced, endothelial
cells are flattened, smooth muscle cells are medlifand there is basement membrane
pathology, withB-amyloid deposits in the microvascular wall (Giraiand ladecola, 2006).
Also, CAA is not uncommon in VaD, where it is r@dtto cortical microinfarcts (Haglund
2006). APOEe4 allele is associated with increased vasculfrd&position (Kumar-Singh
2008). While CAA related to capillaries and smabeterioles (a type more closely linked
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with AD) is related to APOE4, larger vessel CAA seems to be associated witDRAE2
(Kumar-Singh 2008).

Cerebrovascular dysfunction is also present inguexrsvith AD. Resting cerebral blood flow
(CBF) is reduced and the increase in CBF produgeathvation is attenuated, afieamyloid
seems to be one of the factors involved in CBF etyslation. Most of the deleterious effects
of B-amyloid were initially attributed to the form depi@d in plaques, but more recent data
indicate that solublg-amyloid oligomers may actually be the culpfitamyloid has long
been known to have neurotoxic and proinflammateoperties. However, a growing body of
evidence indicates that it also has profound effeatblood vessels, causing vasoconstriction
and attenuating acetylcholine-induced vasodilatatieurons, glia and vascular cells act as
an integrated unit which maintains the homeostakibe brain’s microenvironment, arfd
amyloid-induced dysfunction of this unit can resuit vascular dysregulation. In turn,
ischemia may upregulate APP afdéhmyloid cleavage. Vascular dysfunction can affect
amyloid trafficking across the BBB, reducing théeraf f-amyloid clearance from the brain
(Girouard and ladecola, 2006). These two processggorce each other, and vascular
dysregulation becomes more pronounced as the diggagresses. This connection between
ischaemia and B\ is a possible explanation for the fact that codo@nce of ischaemic
lesions and AD pathology aggravates dementia. mhares to be established whether
neurofibrillary tangles also contribute to vascullysregulation and, if so, the mechanism
through which they exert their effect.

Resting CBF reductions observed in AD may not bficsent to produce acute ischaemic
injury. However, cerebral protein synthesis (whistcrucial for learning, memory, and for
normal cognitive functioning), is susceptible tawetions in CBF (Girouard and ladecola,
2006). Also, owing to an altered cerebrovasculaoragulation, reduced arterial pressure (for
example in various cardiovascular conditions) migegult in reductions in CBF severe
enough to cause ischaemic cell injury. Recurrectiemia in susceptible territories such as

deep white matter could explain the frequent o@noe of WML in patients with AD.

Cholinergic mechanisms also play a role in the naichn of regional blood flow in the
brain. The cholinergic system and CBF appear tdirked in a reciprocal manner: CBF
changes may affect central cholinergic neurons, anknpaired cholinergic function is

necessary to regulate regional CBF. Cholinergiéccdefhave been shown in both AD and
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VaD, and the choline acetyltransferase (ChAT) agtideficit is more pronounced in patients
diagnosed with mixed dementia (AD and VaD) (Romaa alaria, 2006).

It is also interesting that solublg-amyloid and tau proteins have been identified by
immunocytochemical methods in patients with VaD, erev when conventional
histopathological analysis did not reveal classikialpathology (Kalaria 2002). It can be thus
hypothesized that thg-amyloid-driven neurodegenerative process may pnaaite in some
cases, while in others ischemia may be the mainoganic process. However, the more the
disease progresses and the pathological changesadhtand accumulate, the harder it
becomes to disentangle the degenerative and vasoui@onents and to identify the “true

cause’.

1.2.5.2. The roles of cholesterol

The most obvious connection between increased plasmlesterol and dementia is through
vascular mechanisms. Cholesterol is involved irems$clerosis, and several cardio- and
cerebrovascular conditions have been reported deed@se the risk of both AD and VaD
(Jefferson and Benjamin 2009). Increased plasnaé ¢bblesterol (especially at midlife) has
also been linked to AD-type pathology in autopsydsts (Launer 2001, Pappolla 2003). In
addition, several population-based imaging studigisg MRI have documented a positive
correlation between the number of cortical infatsl WML with plasma cholesterol levels
(Breteler 1994, Murray 2005, Amarenco 2006).

Cholesterol-rich diets in rabbits or mice were as#ed with increased cerebral accumulation
of B-amyloid (Sparks 1994, Refolo 2000, Shie 2002) udhyperphosphorylation (Rahman
2005). Interestingly, in an APP/PS1 mouse modé&@ipathology, the effects of cholesterol-
rich diet on vascular parameters (i.e. relativeelbeal blood volume) were observed before
effects on A load were noted (Hooijmans 2009).

Less data is available on LDL and HDL. Higher LDlasvfound to increase the risk of VaD
or dementia with stroke (Moroney 1999, Reitz 20@&)d was also associated with WML
(Amarenco 2006). A dose-response relation betweasn@m HDL and number of neuritic
plaques (NP) and neurofibrillary tangles (NFT) bagn reported (Launer 2001), while low
HDL levels were associated with lower hippocampmdlimnes in some (Wolf 2004) but not all
(den Heijer 2005) studies. HDL is particularly irgsting, since only HDL-like lipoproteins
are found in the CSF (Michikawa 2006) and CSF HB\lels correlate with plasma HDL

levels (there is no such correlation between ttalesterol and LDL in plasma and CSF).
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Findings on brain cholesterol levels seem to depmndhe particular pool in question. An
increase in brain cholesterol levels (Hartmann 2083 well as decreased cholesterol in the
white matter of AD patients (Michikawa 2006), hdeen reported. The temporal cortex from
AD patients showed loss of lipid rafts, while higpmpi showed reduced cholesterol content
in the rafts (Korade 2008). Changes in the asymomeansbilayer distribution of cholesterol
in neuronal plasma membranes have been suggesteor@smportant in A production than
the total or bulk cholesterol (Wood 2002).

The relationship between cholesterol arfiisgems to be bidirectional. Cholesterol is a major
component of lipid rafts, which are involved in nutating cellular structures and cellular
function, including APP processing. It has beendtlgpsized that APP is located in two
different compartments in the membrane, and that-aroyloidogenica-cleavage occurs
outside the lipid rafts, while APP within raftspsocesses bf- andy-secretases, leading to
the formation of & (Hartmann 2007). Very little is known about a pbimgical function of
AP besides its pathological AD-related aspects, lertetis evidence that APP processing, and
especially A, influence lipid metabolism. fAcan inhibit cholesterol synthesis by inhibiting
3-hydroxy-3-methylglutaryl-coenzyme A reductase (@NLCoA), although it is not clear how
this regulation is mediated (Grimm 2007). A negatifeed-back cycle can thus be
hypothesized: when increased cholesterol incre@ggsproduction, A acts to inhibit
cholesterol synthesis. The difficulty consists ietedmining where and how this balance
becomes disrupted. There is evidence that increaisel@sterol could be a determinant for
switching APP processing towards the amyloidoggrathway (Xiong 2008), and some
studies have shown that soluble oligomers @f ifapair cholesterol synthesis and finally
reduce cholesterol levels in neurons (Michikawa 80®esides their involvement inpA
production, lipid rafts seem to be involved ifs Aggregation and toxicity, but may also be
involved in A3 clearance (Cordy 2006).

The extracellular accumulation offAn AD is well-known (with cholesterol and apoE co-
localized in the core of amyloid plaques) (HooijrmaB008), but the importance of
intraneuronal A accumulation was recognized more recently. Exlitdlae Ap contributes to
the intracellular pool of B, although the mechanisms off Aiptake by neurons are poorly
understood. A model has been proposed in whichAfeand A3 bound to apoE and other
ligands enter the neurons by different mechanidrhe. complex R-apokE is internalized by
LDL receptor related protein and related receptatsle uptake of A not related to apoE is

raft-mediated and requires cholesterol (Saavedd&@)20 he proportion of each pool oBAs
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determined by A levels in the extracellular space and by the ieificy of A3 binding to
apoE (which is isoform-dependent). At very higp kvels, the model predicts that the pool
of free A3 becomes more significant than the pool @ta#poE (Saavedra 2007).

To complicate the matter further, it has been ssiggethat the ratio between free and total
cellular cholesterol is important in APP process(Bgprkhem and Meaney 2004), but the
exact role of free and esterified cholesterol islear. One study showed that an increase in
cholesterol esters can regulate the generation {f akhd acyl-coenzyme A cholesterol
acyltransferase (ACAT) inhibitors can downregul&feproduction (Puglielli 2003).

Apart from plasma membrane cholesterol, mitoch@hdrnolesterol is beginning to receive
attention in relation to dementia. Mitochondria at@olesterol-poor organelles, including
about 0.5-3% of the content found in other cellul@@mbranes. However, mitochondrial
cholesterol fulfills vital physiological functior{(§&arcia-Ruiz 2009), and its accumulation may
be important in pathophysiological processes leathrdementia.

A connection between cholesterol and tauopathyuggested by Niemann-Pick disease
models, where there is cholesterol accumulatioh dévelopment of NFT that are essentially
identical to those observed in AD. It has been rggplothat the state of tau phosphorylation is
modulated not so much by total cellular cholest&eéls as by cholesterol levels in specific
compartments such as lipid rafts, with reduced edtelol promoting phosphorylation
(Michikawa 2006).

Moreover, the failure of fine tuning of brain chsterol homeostasis seems to affect several
chemical neurotransmitters, receptor and transpaystems, including the cholinergic

system (Koudinov 2005).

1.2.5.3. 24- and 27-hydroxycholesterol

Plasma 240HC levels seem to be increased in thg stages of AD, possibly reflecting
ongoing demyelinization, but they are reduced waaded AD, probably as a consequence of
the loss of neurons containing CYP46 (Bjorkhem 200@&creased plasma levels of 240HC
and 270HC have been reported in patients with ADvab compared to non-demented
controls (Kdlsch 2004). Plasma 240HC has also tiakad to hippocampal size in middle-
aged normal individuals (Koschack 2007).

Increased 270HC levels were found in CSF in patienth advanced AD, who are believed
to have BBB disturbances (Bjorkhem 2006). Autopsylies in AD patients have shown that

the levels of 240HC were decreased in most braasarwhile the levels of 270HC were
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increased (Heverin 2004); also, altered patternsxpfession of CYP46 and CYP27A1 (the
enzyme involved in 270HC synthesis) were obserBedgjdanovic 2001, Brown 2004).

It has been shown that 240HC is an efficient irtbibof the formation of f peptides under
in vitro conditions, while 270HC has a much lower capatityinhibit the reactions. A
stimulatory effect of 240HC on-secretase activity was observiedvitro; this effect was
antagonized by 270HC (Bjorkhem 2009). It is thussgilde that 270HC ‘translates’
peripheral high total cholesterol into changehmbrain (Mateos 2009, Bjérkhem 2009).

1.2.6. Effects of statins on cholestefamyloid and brain vascular lesions

Statins are HMG-CoA reductase inhibitors, interfgrivith cholesterol synthesis at its rate-
limiting step, and reducing the production of bokiolesterol and its isoprenoid intermediates.
In addition, statins have several cholesterol-imtelent (pleiotropic) effects: reduction of

endothelial dysfunction, atherosclerotic plaquéisitation, antiinflammatoy and antioxidant

effects, effects on coagulation, immunomodulatiand reduced cell proliferation (Alegret

and Silvestre 2006).

1.2.6.1. On plasma and brain cholesterol

In plasma, statin treatment decreases LDL and rigiytly increase HDL. APOE2 carriers
show greater reductions in LDL and AP®# carriers are the least responsive, but the latter
may have a greater reduction in cardiovascularamués (Nieminen 2008). The effects of
statins on the human brain are however more dlfficustudy. Depending on their solubility
in lipid solvents or water, statins can be morepipilic or hydrophilic, and this characteristic
influences their crossing of the BBB. Also, the BBy be affected in dementia, which may
influence drug levels in the brain. It is currentlyclear whether statins need to enter the brain
and act directly on disease processes or whethmra indirect action on the brain should be
desirable.

Results from in vitro and in vivo animal studiee aot easy to translate into a human context,
especially as the statin dosages in such studeesuswally much higher than therapeutic
dosages in patients. Data on the effects of statingrain cholesterol in mice, rats or guinea
pigs are conflicting, indicating either a decre@sekert 2001, Refolo 2001, Petanceska 2002,
Johnson-Anuna 2005, Burns 2006) or no change ah tbiblesterol levels (Fassbender 2001,
Lutjohann 2004, Thelen 2006, Cibickova 2009). Thetadies investigated statins with

different degrees of lipophilicity, but it is diffult to identify a pattern: lovastatin decreased
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brain cholesterol in mice in two studies (Ecker®20Burns 2006) but no effect was reported
by another study (Johnson-Anuna 2005); pravasta#ia effective in one study (Johnson-
Anuna 2005) and had no effect in other two (Lutjgh&004, Thelen 2006); simvastatin did
not influence total cholesterol (Fassbender 20Qdjohann 2004, Burns 2006, Thelen 2006,
Cibickova 2009), with one exception (Johnson-An®@5); and atorvastatin decreased
(Petanceska 2002) or did not affect brain cholektervels (Burns 2006, Cibickova 2009).

Moreover, lovastatin and simvastatin (but not pstatn) were reported to lower levels of
unesterified cholesterol in synaptic plasma menmd (&P M), and slightly enhance cholesterol
ester levels, although total SPM cholesterol levetsained unaffected (Kirsch 2003). Several
studies have reported that, despite a lack of eff@ctotal cholesterol levels, statins can
decrease brain cholesterol synthesis (Fassbendgt, AQutjohann 2004, Thelen 2006,

Cibickova 2009) and may or may not influence 240&@ HMGCo-A reductase levels

(Lutjohann 2004, Thelen 2006, Cibickova 2009).

Because statins block cholesterol synthesis, dismupf lipid raft integrity by these drugs has
been investigated, again with conflicting resultsvitro studies of neuronal structures and
immune cells reported a disruption in lipid raftegrity after treatment, but other studies
show that statins do not alter intracellular chided levels or raft integrity (Zipp 2007).

The transbilayer distribution of cholesterol is msyetrical, with the cytofacial leaflet of the

membrane including the highest amount of cholekt&tatins have been reported to modify
cholesterol transbilayer distribution, but the gattis not yet clear: in one study, the more
hydrophilic pravastatin only affected the exofadie&flet (decreasing cholesterol levels),
lovastatin reduced cholesterol in both leaflets] amvastatin-induced cholesterol depletion
occurred predominantly in the cytofacial leafleir8¢h 2003); in another study, simvastatin,
lovastatin and atorvastatin caused cholesterolranstocate from the cytofacial to the

exofacial leaflet (Burns 2006).

1.2.6.2. Orfj-amyloid

Several studies have reported that statin treatdosvers A3 production (Buxbaum 2001,
Fassbender 2001, Refolo 2001, Petanceska 2002s B0O6), but conflicting results exist as
well (Park 2003, Cibickova 2009B-secretase is affected by statins (Parsons 200W. T
effect on A could be cholesterol-dependent, and in additi@tirstinhibition of protein
isoprenylation can result in decreasefl gecretion (Ostrowski 2007). It has been suggested
that two pools of B exist and appear to function independently of eattter, with the

intracellular pool regulated by isoprenoids and #exreted pool regulated by cellular
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cholesterol levels (Reid 2007). Statins also reddipenediated microglial neurotoxicity in
vitro independently of cholesterol lowering, thrbugoprenoid depletion (Cordle 2005).
Other pleiotropic effects may be important as well.

Several clinical studies have investigated the ctdfeof statins on B production and
cholesterol metabolism in various populations, fradult healthy controls to patients with
hypercholesterolemia or AD (HO6glund and Blennow 20@Vhile in vitro studies interpret
reduced A levels in cell media as reduce@ Aroduction, studies in humans measufeir
blood and CSF, where reduced levels are considenedthological finding. It is not clear
whether statin treatment should be expected to tieddwered or increasedpAor how the
changes should be interpreted. With two exceptiomost clinical studies reported no effect of
statins on A levels in blood or CSF (Hoglund and Blennow 200H9wever, it seems that

statin treatment can reduce cholesterol synthegtsei CNS.

1.2.6.3. On vascular brain lesions

The potential role of statins in dementia of vaacwrigin has been less explored so far. Such
actions of statins may be partly independent af ttt®lesterol-lowering effect. For example,
a recent study investigated the effect of atorwastand pitavastatin on a rat model of
vascular dementia (Koladiya 2008). Both atorvastaéind pitavastatin attenuated L-
Methionine induced endothelial dysfunction assedahemory deficits. Statins also reversed
L-Methionine induced rise in brain oxidative stregssgl serum cholesterol (Koladiya 2008).
Acute neurovascular unit protection by simvastatitransient cerebral ischemia in rats has
also been reported (Nagaraja 2006).

In a study on patients with cerebral small vess&ake, pravastatin was found to improve
acetazolamide-induced cerebral vasoreactivity; @ffiect was more pronounced in patients
with prominent impairment of cerebral vasomotordiimon (Sterzer 2001). Statins have also
been shown to reduce the risk of ischaemic strdkediies 1998, White 2000, Heart
Protection Study 2002).

1.2.7. Statins and prevention of dementia/cognitiveairment

The main longitudinal studies related to statinsotirer lipid-lowering agents (LLAs) and
prevention of dementia/cognitive impairment are swarnzed in Tables 1.4, 1.5 and 1.6. An
initial wave of mostly cross-sectional studies tesiiin a very positive attitude towards the

role of statins in dementia prevention (Rockwoo@&0 The current attitude continues to be
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positive, but it is nevertheless more nuanced aftany studies that are heterogeneous in
design, populations, outcomes, and drug exposwakei@ion. It is obvious that the established
effects of statins on cardiovascular outcomes raisgor ethical questions regarding
population-based trials in dementia prevention. @a@ come thus mainly from studies with
other types of designs (such as case-control apeuiive cohort). Dementia and AD are the
main outcome in 13 such studies, of which 8 ardtipesand 5 indicate a lack of effect. VaD
was considered as separate outcome only in thueéest and one study indicated a positive
effect (Table 1.4). Other outcomes (such as cagmitivere considered in 9 additional studies,

the majority of which indicate positive effectsstatins (Table 1.5).

Currently available literature offers several intpot lessons with respect to planning and
interpreting studies on statins and dementia ptemen For example, the conventional
retrospective case-control study has a particulzergial to give the appearance of a
protective effect, because the relevant case exegariod is usually truncated at an arbitrary
‘reference” time prior to symptom onset or timedagnosis, giving controls a greater
probability of exposure (Li 2004). This problem wsadved in nested case-control studies by
limiting the exposure period for controls at a refece time period similar to cases. Also,
exposure to statins is not randomized outsideddirtrials, but is determined by a wide range
of health-related factors. Case-control studiesnawee likely to suffer from prescription bias
than prospective cohort studies. Several issuaserkto indication bias have been discussed
by currently available papers, such as the “healtbgr effect”, which can occur when
physicians are more likely to prescribe a new daougatients who are better educated, more
health-conscious and with better access to heafth ©n the other hand, physicians may less
readily prescribe statins to persons with dememntiaognitive impairment, due to concerns
about adherence, complications or priorities inltheeare resource allocation. It has been
shown that dementia status is a predictor of uriieation of other medicines for the
prevention of vascular disease (Moroney 1999).cattion bias has been managed in several
ways in the studies on LLAs, by allowing for a lagriod before the dementia diagnosis, by
using a propensity score as a measure of a perbkeliiood of being prescribed LLAs, or
by focusing on the risk of a precursor syndrome [(MiCcognitive impairment, no dementia -
CIND) instead of dementia risk. The optimal lengththe lag period before dementia
diagnosis is however difficult to establish, as timset of dementia or cognitive impairment

and the onset of the underlying disease(s) are kardt impossible to establish.



Table 1.4. Summary of studies on lipid-lowering ages (LLAS) in dementia/AD prevention

Study Design and population Outcomes Treatment evaluation Results
(publication
year)
Jick et al. Nested case-control (GP patients) Dementia Research database Statins: protective effect (current use
(2000) UK-based General Practice Research Database Past/current use (at least 1 independent of hyperlipidemia
284 cases, 1080 controls prescription 180 days before index Other LLAs: no effect
Age>50 (85.6% 70-89 years old) date)
Follow-up: mean 5.5 years
Rockwood et al.| Case-control (community and institutions) Dementia Self-reported Protective effect of statins and pthe
(2002) Canadian Study of Health and Aging (CSHA) AD LLAs in subjects younger than 80
492 cases (326 AD), 823 controls years
Age>65 years
Follow-up: up to 5 years
Zamrini et al. | Nested case-control (patients) AD VAMC prescription files Statins: protective effect (past use),
(2004) Veteran Affairs Medical Center (VAMC), US Past/current use (prescription filled especially among subjects with
309 cases, 3088 controls 6 months before index date) cardio/cerebrovascular conditions
Mean age 73 years; males only; multiethnic Duration of use
Follow-up: up to 4 years
Reitz et al. Cohort (community) AD Self-reported No effect
(2004) Medicare recipients, Manhattan, US VaD
1168 subjects (119 AD, 54 VaD)
Mean age 78 years; multiethnic
Follow-up: mean 4.8 years
Li et al. (2004) | Cohort (community) Dementia Pharmacy database (duration, No effect of either statins or other
Adult Changes in Thought Study (Seattle, US) AD cumulative& average daily dose); | LLAS
2356 subjects (312 dementia, 168 AD) use defined as2 consecutive fills | Protective effect of statins if
Mean age 75 years; multiethnic in 6 months inappropriately analyzed as case-
Follow-up: up to 8 years control study
Zandi et al. Cohort (community and institutions) Dementia Direct visual inspection of No effect of either statins or other
(2005) Cache County Study, Utah, US AD containers; physician and nursing| LLAs
3308 subjects, 185 dementia (104 AD) home records
Mean age: about 73-75 yeal Duration of use
Follow-up: 3 years
Rea et al. (2005) Cohort (community) Dementia Self-reported No effect for either statins (irrespectiy
Cardiovascular Health Study, US AD Past/current use of lipophilicity) or other LLAs
2798 subjects (480 dementia, 245 AD, 62 VaD, 151VaD

[}
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mixed); mean age 75 years; multiethnic
Follow-up: 5 years

Mixed

ct

[

Li et al. (2006) | Cohort (community) AD Pharmacy database Protective effect of statins more
Adult Changes in Thought Study (Seattle, US) Use: at least 3 prescriptions befordikely before the age of 80 years
2356 subjects (380 dementia, 204 AD) dementia onset
Age: >65 years
Follow-up: up to 8 years
Wolozin et al. | Retrospective linkage, Decision Support System | Dementia DSS database Strong protective effect for
(2007) (DSS) database, US Veterans Affairs medical system Use: repeat prescription refills simvastatin, modest protective effe
1290071 patients: 841963 statins; 394739 during 7 months (gaps no longer | for atorvastatin
cardiovascular and 53369 warfarin comparator than 6 weeks)
Age: >65 years
Follow-up: 2 years
Arvanitakis et | Cohort AD Direct visual inspection of Statins: no effect on AD/cognition,
al. (2008) Religious Order Study, US Cognition containers irrespective of lipophilicity; users of
929 subjects, 191 AD; autopsy data: 262 subjects| Neuropathology more lipophilic statins less likely to
Mean age 75 years have amyloid; no relation to tangle
Follow-up: up to 12 years or amyloid load
Smeeth et al. | Cohort (GP patients) Dementia THIN database Protective effect of statins agains
(2008) The Health Improvement Network (THIN), UK AD dementia in general, AD and non-
129288 statin users&matched sample of 600241 nden-AD AD dementias
users; 5172 dementia (725 AD)
Age>40 years
Median follow-up: 4.4 years
Haag et al. Cohort (community) AD Pharmacy databases (units Protective effect of statins,
(2008) The Rotterdam Study, Netherlands delivered, prescribed daily no. of | independent of lipophilicity
6992 subjects (582 AD) units, date of delivery, drug
Mean age 69 years dosage, duration of prescription)
Follow-up: mean 9 years
Sparks et al. | Elective statin use in a RCT cohort AD LLA use recorded at each Elective statin use associated with
(2008) Alzheimer’s Disease Anti-inflammatory Prevention scheduled RCT visit reduced AD risk

Trial (ADAPT)
2233 subjects (25 incident AD)
Mean age: 74 years

Follow-up: up to 4 years

A%



Table 1.5. Summary of studies on lipid-lowering ages (LLAs) and other AD-related outcomes

Study (publication Design and population Outcomes Treatment evaluation Results
year)
Yaffe et al. (2002) Observational study of 1038tpmenopausal women| Cognition Self-reported Positive effects of statins
enrolled in the Heart and Estrogen/progestin
Replacement Study
Mean age 71 years
Duration: 4 years
Bernick et al. (2005)| Cohort (community) Cognition Self-reported Statin use associated with slight
Cardiovascular Health Study, US MRI (WM, atrophy | Untreated/intermittent use reduction in rate of cognitive
3334 subjects measures) /continuous use> years decline (not related to baseline
Mean age: 73-75 years; multiethnic continuous use) lipid levels)
Follow-up: average 7 years
Parale et al. (2006) Before and after comparisadyswith controls Cognition Atorvastatin 10 mg/day vs Positive effects
97 subjects (49 atorvastatin, 48 placebo) placebo
Age>40 years
Duration: 6 months
Li et al. (2007) Cohort (community) Neuropathology Pharmacy database (estimatedStatin use related to reduced NHR
Adult Changes in Thought Study (Seattle, US) duration, cumulative& average| burden. Typical AD pathology
110 subjects daily dose); use: at least 3 (Braak>IV, CERAD >moderate)
Mean age 74 years; mainly Caucasian prescriptions less common in statin users.
Follow-up: about 7 years
Rockwood et al. | Case-control (community) CIND Self-reported Statins: protective effect in
(2007) Canadian Study of Health and Aging (CSHA) subjects younger than 80 years.
347 cases, 693 controls No effect for other LLAs.
Age:>65 years
Follow-up: 5 years
Szwast et al. (2007)] Cohort (community) Cognition Self-reported Baseline statin use associated
Indianapolis Ibadan Dementia Project Dementia Baseline use/use over time with less cognitive decline

1146 subjects, 32 dementia
Mean age 77 years; African-American
Follow-up: 3 years

Less clear effect for use over tin

Reitz et al. (2008)

Cohort (community)
Medicare recipients (northern Manhattan)
854 subjects (324 MCI)
Mean age 76 years; multiethnic
Follow-up: about 5 years

MCI

Self-reported

No effect of statins

T

1%



Cramer et al. (2008)

Cohort (community) Dementia/CIND
Sacramento Area Latino Study on Aging (SALSA)
1674 subjects, 130 dementia/CIND

Mean age 70 years; Mexican Americans

Direct inspection of containe

rs Potitee effect of statins

Follow-up: 5 years

Table 1.6. RCTs with statins for prevention of dematia/cognitive impairment

Study (publication Population Outcomes Treatment Results
year)
Muldoon et al. (2000) RCT (hypercholesterolemic adults) Cognition Lovastatin 20 mg vs placebo Lack of imgnment between

209 subjects baseline and post-treatment
Mean age: 46 years assessments
Duration: 6 months

HPS Collaborative | RCT (subjects with substantial 5-year risk of death | Cognition Simvastatin 40 mg vs placeb¢  No effect

Group (2002) from coronary heart disease) Dementia

Heart Protection Study (HPS)

20536 subjects (62 incident dementia)
Age: 40-80 years

Duration: mean 5 years

(tertiary outcomes)

Shepherd et al.
(2002)

RCT, Pravastatin in elderly individuals at risk of
vascular disease (PROSPER)

5804 subjects, mean age 75 years

Duration: mean 3.2 years

Cognition
(tertiary outcome)

Pravastatin 40 mg vs placebg

No effect

Muldoon et al. (2004) RCT (hypercholesterolemic adults) Cognition Simvastatin 10mg or 40mg vsLack of improvement between
283 subjects placebo baseline and post-treatment
Mean age 54 years assessments
Duration: 6 months

Carlsson et al. (2008) RCT, 57 middle-aged asymptomatic children of AD | Cognition Simvastatin 40 mg vs placebo  Positive@ff on cognition

patients
Duration: 4 months

6v
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Another issue is the reliability of drug exposuvaleation. Interview data can be affected by
recall bias, while pharmacy or other systematiablases are more reliable. Self-reported use
can lead to exposure misclassification if only liaseuse is considered, since persons starting
therapy during follow-up are classified as non-ssdn this respect, the frequency of
ascertainment of statin use is important. Someietudere able to make a more detailed
evaluation of LLAs exposure and included information current versus past use, or
continuous versus intermittent use, although tHeidens of these categories, as well as the
results, vary from study to study. It is also diffit to determine whether “current use’
functions more as a marker of good health and “psst (treatment discontinuation) as a
marker of poor health, than merely as drug expogpamameters. Duration of LLAsS use,
dosage or even change of drug type during treatmerd considered as well in some studies,
but power issues (small number of exposed persam$ persons who developed
dementia/AD) limited extensive analyses of suclorimiation in relation to the outcome(s)
and in different groups of subjects. No clear pattef LLAs use has emerged as particularly
beneficial.

Exposure evaluation can become more difficult duechanges in drug availability. One
example comes from UK, where in June 2004 staasume available for sale in pharmacies
without prescription (Smeeth 2008). The UK studyarted nevertheless a beneficial effect of
statins in dementia prevention even after restigcthe analyses to the interval before 2004.
However, even when exposure evaluation is relighke jnterval between drug exposure and
disease onset in dementia studies remains a prolidammentia (and especially, but not
exclusively, AD) has a preclinical phase in whible underlying disease(s) begin to manifest
themselves as cognitive impairment, and the duraifahis phase, as well as the exact onset
of the disease(s), cannot be pinpointed with ctirdgsgnostic methods and criteria. Many
studies include older populations (with individualeo may have clinically silent AD at the
start of the study), and have rather short follgwtimes (<6 years). The Adult Changes in
Thought Study, with up to 8 years follow-up and l4d.Axposure evaluation from pharmacy
database, reported initially no significant effedtstatins or other LLAs in dementia/AD
prevention (Li 2004), but later analyses indicatieat a protective effect of statins would be
more likely before the age of 80 years (Li 2006)e Tautopsy of 110 subjects from the same
study suggested that statin use may be relate@doced NFT burden; also, typical AD
pathology (Braak>lV, CERAD >moderate) seemed to be less common in statin (sers

2007). The Rotterdam study, with a mean follow-d@oyears and drug information also
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from pharmacy database, reported a protectivetedfextatins in AD prevention (Haag 2009).
Results from the Religious Orders Study (followuypto 12 years) did not show any effect of
statins on AD or cognition, and no relation of isiatto tangles or amyloid load (Arvanitakis
2008).

It is currently unclear when LLAs treatment shoblel started and what duration it should
have in order to observe an effect on dementialemze. It is also unclear whether there is a
difference between types of LLAs, i.e. more lipdighiversus more hydrophilic statins.
Currently available data do not indicate differeffects in dementia prevention (Rea 2005,
Arvanitakis 2008, Haag 2009), although users ofariophilic statins were reported in one
study to be less likely to have amyloid (Arvanis&aR008). Another study indicated a strong
protective effect for simvastatin, and modest prite effect for atorvastatin (Wolozin 2007).
The major strength of this study is the statistjpaver provided by a very large number of
subjects (over one million) and a well-structureatathase, but indication bias cannot be
excluded since the majority of subjects receivadvastatin. Regarding LLAs other than
statins, current data do not indicate any effectadmentia prevention (Tables 1.4, 1.5).
Statins are approved for use in patients with Higgdemic disorders. However, such patients
typically have several other conditions such as beties, hypertension, and
cardio/cerebrovascular diseases, which are alswrkno increase the risk of dementia/AD.
Different efforts to minimize confounding were made all studies. Interestingly, some
results seem to indicate that statins may be mifeete in preventing dementia in persons

with cardio/cerebrovascular conditions (Zamrini 200

The RCTs of statins in prevention of cognitive dezlor dementia are summarized in Table
1.6. The largest are HPS and PROSPER, which repnaeffects (HPS Collaborative Group
2002, Shepherd 2002). However, the add-on desigth (@ognition/dementia as tertiary
outcomes in studies focused on prevention of caedicular events) and the possible lack of
power (too few dementia cases) question thesetseddPS included only a telephone
interview of cognitive status (TICS) at the endlué study, and PROSPER had only a Mini-
Mental State Examination (MMSE) at the last clihiggsit, without any information on
baseline cognitive performance. Two smaller andtehdRCTs (Muldoon 2000, Muldoon
2004) generated a debate about the safety of staitment by reporting “'minor decrements
in cognitive functioning”. However, these represdnhot an absolute decline in cognitive

performance, but lack of improvement between baselind post-treatment assessments
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(Muldoon 2004), observed over 6 months in a pomnatof generally healthy
hypercholesterolemic middle-aged adults. The Nationpid Association Statin Safety
Assessment Task Force has concluded that stasitmtesat is safe with respect to cognition
(McKenney 2006). Another small RCT has recentlyorggd positive effects of statins on

cognition in middle-aged asymptomatic children & patients (Carlsson 2008).

1.2.8. Statins in patients with dementia

Only AD has so far been considered as an outconkCiiis with statins. Four RCTs have
investigated the effects of statin treatment irspes who already have AD. The first study
involved a 26-week treatment with 80 mg simvastaérsus placebo in 44 patients with mild
and moderate AD (MMSE 12 to 26). Slower progressibrcognitive decline as measured
with MMSE (but not ADAS-Cog) was reported (Simor¥2). Some beneficial effects were
also reported for atorvastatin (80 mg versus placdah the Alzheimer’s Cholesterol-
Lowering Treatment (ADCLT) study, a 1-year RCT @f atients with mild to moderate AD
(MMSE 12-28) (Sparks 2005). Secondary assessmeictied that the ADCLT subjects who
had the greatest benefit from atorvastatin therapggrms of their 6-month ADAS-cog score
were those with higher cholesterol levels at taatry, those with the APQE allele, and
those less affected by AD at trial entry (ie, whilgher entry MMSE scores) (Sparks 2006).
Interestingly, a pilot ADCLT substudy showed a ngn#gicant reduction in total
hippocampal volume with atorvastatin therapy, driv®y a highly significant reduction in
right hippocampal volume (Sparks 2008a). A simfiading was reported from the beta-
amyloid immunization (AN1792) treatment trial in ADFox 2005), where active
immunization was associated with significant clalibenefit, reduced f\load, and reduced
hippocampal volume. The authors suggested that vaimof AB and/or other protein
constituents from the tissue might have causedua “$hift" out of the tissue, resulting in
shrinkage. An alternative explanation was proposedhe ADCLT substudy, based on
findings of reduced brain tissue density in AD eats compared with age-matched normal
controls: neuronal loss in the hippocampus maydoerapanied by increased fluid balance
(reduced density) in an attempt to retain the nevivolume at the expense of function;
accordingly, as the hippocampus shrinks, it appgresca more normal density for the
remaining neuronal complement, and cognitive fuumctmproves (Sparks 2008a).
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The Atorvastatin/Donepezil in Alzheimer's Diseaséud$ (LEADe) is an 80-week
multicenter RCT of atorvastatin 80 mg versus placiebpatients with mild to moderate AD
(MMSE 13-25) receiving background therapy of dorzdp®0 mg daily (Jones 2008). 641
subjects (mean age 74 years) were enrolled. Maaglele results are expected, but it seems
that there was a lack of significance of the pesisignal of benefit on the ADAS-cog in the
treatment of AD with atorvastatin (Sparks 2009hds also been reported that, in analyses of
the data from the LEADe study when considering anlgividuals evaluated for APOE
genotype, atorvastatin produced a significant beref the ADAS-cog compared with
placebo (Sparks 2008b). This suggests that a sabswtividuals with AD benefit from statin
therapy, but the magnitude of the difference predum the subset of study subjects was
insufficient to make the positive signal signifitamthe entire LEADe cohort (Sparks 2009).
Cholesterol Lowering Agent to Slow Progression d ACLASP) study is another large
multicenter RCT, investigating the effects of 18atits simvastatin treatment (20mg/day for
6 weeks then 40mg/day) versus placebo. 406 subjetiismild to moderate AD (mean age
74 years, mean MMSE 20) were randomized and ddtadeults are expected, although
preliminary results seem to indicate a benefit-redwgffect of simvastatin in AD treatment
(Sano 2008, Sparks 2009).

Interestingly, some recent observational studies haported a slower cognitive decline in
memory clinic patients with AD treated with LLAs @dse 2005); lower risk of deterioration
with statin use in AD patients from the communiBll¢l 2007); delay of cognitive decline
with statin use in subjects with AD from the DemanProgression Study of the Cache
County Study on Memory, Health and Aging (Rosenb28§8); and reduced risk of
hospitalization with dementia among statin usersrgdal 2008). However, a post-hoc
analysis conducted on data pooled from three RGTgatantamine in patients with AD

showed no significant effects of statin treatm&kinpblad 2007).
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2. AIMS OF THE PROJECT

The general aim of the project was to investighgerelation between cholesterol metabolism

and late-life cognition, using a combination ofdgniological and clinic-based approaches.

The epidemiological approach implies certain limitas of the extent to which a person’s
health status can be paraclinically investigateoweler, it offers the essential opportunity to
formulate a population-based frame for adequatehrpreting results from the evaluation of
the highly selected group of patients who are Uguaferred to specialized memory clinics.
The extensive evaluation of each patient’'s statusai clinical setting facilitates the

investigation of cholesterol metabolism both in gegiphery and the brain, their relationship,

and the association they have with cognition.

The specific aims of the present set of studiegwer

1) To analyse changes in serum total cholestenat imidlife to late-life and their association

with late-life cognition, with focus on dementia/ADa Finnish population (Study I).

2) To investigate the relationship between serutal twholesterol, lipid-lowering drugs and

cognitive functions in non-demented elderly frofaianish population (Study II).

3) To evaluate midlife serum total cholesterol assk factor for both Alzheimer’'s disease
(AD) and vascular dementia (VaD) in a multiethni§ population (Study IIl).

4) To assess the relations between cholesterdbdelgevels of apoE, oxysterols) and AD-

related markers (tau,p&2) in the CSF of memory clinic patients (Study.IV)

5) To study plasma markers of brain and periphenalesterol homeostasis in relation to

brain volumes in memory clinic patients (Study V).



55

3. SUBJECTS AND METHODS

3.1. Epidemiological approach

The epidemiological approach combines a prospedting-term cohort study in a Finnish
population (Cardiovascular Risk Factors, Aging &amentia, CAIDE) with a retrospective
long-term cohort study in a multiethnic US popuwati (Kaiser Permanente). Baseline
evaluations are at midlife in both cases. Studiasd Il (based on CAIDE data) are designed
to take into account the whole continuum of late-lcognitive functioning; regarding
dementia syndromes, CAIDE focuses however mainhjlaheimer-type dementia. Study Il
(based on Kaiser Permanente data) considers omhemt& syndromes, including both

Alzheimer and vascular dementia types.

3.1.1. CAIDE

The origins of the Cardiovascular Risk Factors,mygand Incidence of Dementia (CAIDE)
study can be traced back to the Seven CountriedySind 1960s international mortality
statistics showing particularly high cholesterovdls in Finland and the highest rate of
cardiovascular mortality in Finnish men (Keys 19B0ska 1995). The North Karelia Project
(one of the first community-based cardiovasculaedse prevention projects in the world)
was started in 1972 with the aim of shifting thekriactor profile of the entire North Karelian
population through community-based interventions{2u1995). Positive results determined
an extension of the prevention program to the odsEinland, and prevention strategies
became a part of national public health policy. Téeels of cardiovascular risk factors
(including cholesterol) are systematically monitbrm Finland since 1972, through the
National FinRisk Study involving surveys carriedt avery 5 years using independent,
random and representative population samples frofareht parts of Finland (Vartiainen

2000). The study protocol is standardized accordingnternational recommendations (the
1982-1992 cohorts were part of the WHO MONICA antll@/CINDI projects) and has been

described in detail elsewhere (Vartiainen 2000).

Participants in the CAIDE study were derived frdme 11972, 1977, 1982 and 1987 cohorts.
Participation rates in these baseline surveys vaegk, ranging from 83% to 93% (Puska
1995). A random sample of 2000 persons (still adivéhe end of 1997, aged 65-79 years and
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living in the region of Kuopio and Joensuu townsyrevinvited for a first re-examination
carried out in 1998. Altogether 1449 persons (723.p&tticipated; 900 (62.1%) were women,
and 549 (37.9%) were men. The mean age (SD) wds(6@) years at the baseline (midlife)
examination and 71.3 (4.0) years at the 1998 reagxation. The mean duration of follow-up
was 20.9 years. The study was approved by the &bads committee (University of Kuopio
and Kuopio University Hospital), and written infoeoh consent was obtained from all
participants.

3.1.1.1. Midlife (baseline) examination

The surveys of 1982 and 1987 followed the WHO MOANI@otocols, and the methods used
in 1972 and 1977 were comparab®HO MONICA Project Principal Investigators, 1998n
brief, the baseline survey comprised a self-adrteresl questionnaire on sociodemographic
characteristics, health-related behaviours and cakdiistory, including cerebrovascular and
cardiovascular events and conditions diagnosedgiwaician. Venous blood specimens were
taken to determine serum total cholesterol levélsrum total cholesterol level was
determined in 1972 and 1977 from frozen serum sasnipy using the Liebermann—Burchard
method; in 1982 and 1987, total cholesterol lemefréesh serum samples was measured by
using an enzymatic method (CHOD-PAP Monotest, Bogler, Mannheim, Germany). The
enzymatic assay Yyielded values that were 2.4% lottan those measured by the
Liebermann—Burchard method; thus, we correctedvéiees for total cholesterol level from
the 1972 and 1977 surveys accordingly. All cholesteevels were determined at the same
central laboratory, and the laboratory data weaaddrdized against those of national and

international reference laboratories.

3.1.1.2. Late-life examination (1998)

Survey methods in 1998 were identical to thoseia@ph the previous surveys. Information

on each subject's medical status was updated amdhigtory of cardio/cerebrovascular

events/conditions (i.e. myocardial infarction, k&oor diabetes mellitus) (yes/no) was

inquired, as well as cholesterol-lowering drugsgeséstatins began to be used in Finland in
mid-1990s, so the number of persons receiving twasistill small in 1998.
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Blood leukocyte samples were analyzed to deterrAR®E genotype. To extract DNA, a
standard phenol-chloroform technique was used; APgeBotypes were analyzed by
polymerase chain reaction and Hhal digestion, asrded previouslyTsukamoto 1998

Late-life examination — cognitive functioning

Cognitive functioning was investigated in three gds

1) Screening phasall participants were evaluated using the folloywognitive tests:

* Mini Mental State Examination (MMSE) as a measurglobal cognition (Folstein
1975)

« Immediate word recall tests for episodic memory l{dhyg 1997, Heun 1998); the
mean number of correct words was calculated frameethlifferent lists of 10 words
each

» Category fluency test for semantic memoBorkowski 1967; the score was the
number of correct animal names generated in 60nsksco

 Purdue Peg Board test and letter-digit substitutiest for psychomotor speed
(Wechsler 1944, Tiffin 1968 the sum of normalized scores in these tests was
calculated

e Stroop test for executive functioning (Stroop 193be difference was calculated
between time used for naming the colour of theus&d to write the name of another
colour, and time used for naming colours of dots

* Prospective memory task (Einstein 1997)

* Subjective memory ratin@@énnett-Levy 198))

2) Clinical phasecandidates were subjects with 24 points or lessMMISE. Participants

underwent a thorough cardiovascular and neurolbgigamination by a physician and a
detailed neuropsychological evaluation by a newrcpaslogist. A review board consisting of
the study physician, the study neuropsychologigt ansenior neurologist ascertained the
preliminary diagnoses based on all available infdrom. Subjects judged to have possible

dementia were invited to attend phase 3 of the exation.

3) Differential diagnostic phasmcluded brain magnetic resonance imaging (MRIpod

tests, chest radiograph, electrocardiogram, aneboespinal fluid (CSF) analysis. All data
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accumulated from the screening and clinical phasae carefully re-assessed by the review

board before the final diagnosis was established.

Late-life examination — MCI and dementia diagnoses

Dementia diagnosis was based on DSM-IV criteriaJ arobable and possible AD were
diagnosed according to NINCDS-ADRDA criteria (McKima 1984). Patients with AD
displayed generalised and/or medial temporal Idabmphy, and none had significant vascular
pathology on MRI. Isolated, minor lacunae or moteerahite matter changes were not
considered as exclusion criteria for AD. AD patgestored four or less on the Hachinski
Ischemia Scale (Hachinski 1975). VaD diagnosis bhased on the NINDS-AIREN criteria
(Roman 1993). Consensus criteria were used to dsegnother dementia types:
frontotemporal (Neary 1998), dementia with Lewy iesd(McKeith 1996), and alcohol-
related dementia (Oslin 1998). Dementia diagnosesidn-participants were derived from
patient records of the local hospitals and primhealth care centres. No records were

available for 24 of the 551 non-participants.

Participants were classified as having mild cogaitimpairment (MCI) using a modified
version of the Mayo Clinic AD Research Criteriat@?sen 1999). These included: 1) memory
complaint by patient, family or physician; 2) nodnativities of daily living; 3) normal
global cognitive function as judged by physiciapp8jective impairment of memory or other
areas of cognitive functioning as evidenced byesorl.5 SD below age-appropriate mean;
5) Clinical Dementia Rating (CDR) score of 0.5a8sence of dementia.

3.1.1.3. Statistical analyses - Studies | and Il

Study | — cholesterol changes and cognition (diags)

Analyses included subjects with all levels of caigei functioning (control, MCI, dementia).
As cognition is a continuum, too sharp distincticmetween the control, MCI, and dementia
categories were avoided in this study. The thregmitive outcomes were thus considered to
have an ordinal nature (irrespective of definiti?ddCl is a higher degree of cognitive

impairment compared with control, and dementia iBgher degree of cognitive impairment
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compared with MCI), and ordinal logistic regressiowere used for investigating the

cholesterol-cognition relationship (results presdrds odds ratios (ORs) with 95% CIs).

Changes in serum total cholesterol levels from ieidio late-life were divided into five
categories: the increase group was separated fnendécrease group, and the latter was
divided into four groups so that each of the fiveups would have a relatively similar size.
Because no exact guidelines are available in teeature, we used 0.5, 1, and 2 mmol/L as
cutoffs for a clear and simple categorization. Tgilwing five categories were thus created:

* increase (307 subjects)

* decrease 0 to 0.5 mmol/L (217 subjects) — refergnoep

* decrease 0.5 to 1 mmol/L (224 subjects)

» decrease 1 to 2 mmol/L (342 subjects)

* decrease >2 mmol/L (231 subjects)

Midlife serum total cholesterol values were classlifas high%6.4 mmol/L) or normal (<6.4
mmol/L). This cutoff was chosen according to pregisecommendations (Pyorala 1994). A
lower cutoff was not used because cholesterol $eirelthis population were high~§.4
mmol/L in 58% of the subjects). Changes in bodysnadex (BMI) from midlife to late life
were categorized into increase (69.4% of the std)j@nd decrease (30.4% of the subjects).
History of cardiovascular/cerebrovascular condgiovas considered positive if the subjects

had been diagnosed with myocardial infarction ook& or diabetes.

Statistical analyses were done using Stata 9.1S®R&S software for Windows, version 13.0.
y2 tests were used to compare APO#& allele frequency and history of
cardiovascular/cerebrovascular conditions betweemtrals, subjects with MCI, and
dementia. All ordinal regression analyses wererotletl for age at baseline, follow-up time,
sex, education, midlife cholesterol, and BMI changend additionally for the presence of at
least one APOE4 allele and history of cardiovascular/cerebroviscaonditions. Ordinal
logistic regression was also utilized to explore plossibility of an interaction between APOE
and cholesterol changes in relation to late-lifgretion. A similar analysis was performed for

sex and cholesterol changes. The level of sigm@ieavas p<0.05 in all analyses.
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Study Il — cholesterol changes and cognitive tesfigpmance in persons without dementia

This study focused on CAIDE participants who did have dementia in 1998. The outcome
was the subjects” performance in several cognitleenains: global cognition, episodic
memory, category fluency, executive functioning gmslchomotor speed (as defined in
3.1.1.2.1). Test scores were used as dependerdblemiin multiple linear regressions
(distributions were normalized by logarithmic triorsnations) and results were shown as

relative differences in test performances, andlpesa

Categorization of cholesterol changes was basgaenous analyses (Study I):

* increase (325 subjects)

» decrease 0-0.5 mmol/L (classified as little or harge; 234 subjects) — reference

group

» decrease > 0.5 mmol/L (823 subjects)
Midlife cholesterol levels were categorized accogdio the ATP IIl guidelines (NCEP,
2002): 1) <200 mg/dL (5.18 mmol/L); 2) 200-239 nig(&.18—6.19 mmol/L); and 3)240
mg/dL (6.2 mmol/L). They were classified as lowteimediate (reference group) and high
respectively (instead of ATP Il terminology), besa at the time of the midlife evaluation

cholesterol levels were particularly high in EastEmland (Keys, 1980).

Statistical analyses were performed using StataMultiple linear regressions were adjusted
for age, follow-up time, sex, education, presentatoleast one APOE4 allele, late-life
history of myocardial infarction/stroke/diabetestellife depressive symptoms (Beck scale,
Beck 1961) and lipid-lowering drugs. BMI, BP or algas in BMI and BP (increase/decrease)
were also considered. Interaction terms were emténe all models for exploring the
possibility of an interaction between APOE and ekt#rol in relation to cognition. A similar
analysis was done for sex and cholesterol. Thel le/significance wag < 0.05 in all

analyses.

3.1.2. Kaiser Permanente

Kaiser Permanente is an integrated managed caadipagion, based in Oakland, California.

It is one of the oldest and largest health maimeaaorganizations in the United States
(founded in 1945; operates in nine states and Wgsin DC as of 2006). The Division of
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Research (DOR), established in 1961, piloted a ewengpased medical record system which
resulted in the accumulation of a large volume eflinal data that can be used for research
purposes.

Kaiser Permanente of Northern California coversertban one fourth of the population in
the geographic areas served. Members are reprégentd the sociodemographics of the
local population (Krieger 1992). Member retentignhigh, particularly for persons aged 40
and above. A recent analysis found a terminatita (iacluding deaths) of 21% at four years
of follow-up for persons 40 years of age and ughwiuch lower rates for persons who had

been members for at least two years.

3.1.2.1. Midlife (baseline) examination - the Mpliasic Health Checkup

A health examination, called the Multiphasic Hedltheckup (MHC), is the primary source
of data for studies of health measurements ancerdift disease outcomes, including
dementia. Study Il is a retrospective cohort studymembers of the Kaiser Permanente
Medical Care Program of Northern California whotjgrated in voluntary periodic MHCs

in San Francisco and Oakland, CA, between 196418i@8 when they were 40-45 years old.
If members attended more than one MHC during thiierval, data from the first visit were

considered. The present cohort includes 9844 peradio were still members of the health

plan in 1994 when computerized outpatient diagnoseementia became available.

At the MHC, participants were interviewed and imf@tion on demographics, lifestyle, and
medical history was collected including questionsneedical conditions and medication use
(Collen 1978). Systolic and diastolic blood pressuwveight, and height were measured
according to standard procedures (Collen and Da®89) and body mass index was
calculated (kg/ff). Blood was drawn for total serum cholesterol #&kls were measured
with an Auto-analyzer (Technicon Co., White PlaitdyY) from 1964 to 1968, with an
Autochemist (AGA Corp, Stockholm, Sweden) from 19@0 1972, and with an Auto-
Analyzer (model SMA-12, Technicon, CO) in 1973 (€nl 1978, Iribarren 2000). The
participants were considered to have hypertensitirey had one of the following: self-report
of physician diagnosed hypertension, use of ang@hgnsive medication, systolic blood
pressure>140 mm Hg, or diastolic blood pressar@ mm Hg. Diabetes was defined by self
report of physician diagnosed diabetes, use oflimsu oral hypoglycemic agents, a fasting

glucose (last food eaten &8 hours) of>140 mg/dl, or a non-fasting (last food eatencéh
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hours) glucose o200 mg/dl. If the participants had no mention ofself report of
hypertension or diabetes, no mention of medicatitaken for these diseases, and no
laboratory or hematologic evidence of these disgasaas assumed that the participants did
not have these risk factors at midlife. Stroke wearded from hospital discharge diagnoses
(ICD-9 codes for ischaemic stroke, 433-438, henagit stroke, 430-432) from 1985
through the end of the study, June 2007. The MiH@yswas approved by the Internal
Review Board of Kaiser Permanente.

3.1.2.2. Late-life evaluation - ascertainment ahdatia diagnoses

Dementia diagnoses were ascertained through etéctnoedical records from a database that
contains diagnoses from all outpatient encountetsagser Permanente medical centers and
clinics. The form is completed by the treating iclian. Diagnoses considered in this study
included AD (ICD 9 CM code 331.0) and VaD (ICD 9 Césde 290.4) from visits to
Neurology. Diagnoses were ascertained from Jant@84 to June 2007 when the MHC
participants would have been 61 to 88 years of Bgetality information was available on
our cohort through the end of 2005 using the Califo Automated Mortality Linkage
System, which has a sensitivity of 0.97 comparedht National Death Index (Arellano
1984). From January 1, 2005, to December 31, 26@#tality information was available
using a weighted linkage system incorporating megdby social security number, name, date
of birth, and home address to Social Security Dé&xbta. From January 1, 2007, to June

2007, mortality information was not yet available.

3.1.2.3. Statistical analyses - Study llI

Cholesterol levels were grouped into three categpaccording to the 2002 Adult Treatment
Panel (ATP) Il guidelines:

* Desirable: <200 mg/dl (<5.2 mmol/l) - referenceecptry

» Borderline: 200-239 mg/dl (5.2-6.2 mmol/l)

* High:>240 mg/dl £6.2 mmol/l)

For a more detailed evaluation of the relation leefmvcholesterol and AD, analyses were also

done using four cholesterol categories (quartiles):
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. Q1: <198 mg/dl (<5.1 mmol/l) - reference category
. Q2: 198-220 mg/dl (5.1-5.7 mmol/l)

. Q3: 221-248 mg/dl (5.7-6.4 mmol/l)

. Q4: 249-500 mg/dl (6.4-12.9 mmol/l)

All analyses were done using SAS version 8.0 (SAsSitute, Cary, NC)y2 tests and F tests
were used to determine if demographic and clinotedracteristics at the time of the MHC

were significantly different by presence of AD oaD.

Cox proportional hazards-age as time scale were tosanvestigate the relationship between
midlife cholesterol and AD or VaD. Participants eeensored according to age at dementia
diagnosis, age at date of death, age at date obkEKgiser membership, or age at end of
follow-up, June 1, 2007. Models were adjusted fge das time scale), sex, education
(categorized as high school, trade school, collége years, college 3-4 years and
postgraduate, with grade school as reference)/eticec group (self-reported, it was entered
in analyses as black, Asian, or other, with Cawarasis reference group), midlife BMI
(continuous variable), diabetes and hypertensioas/(y). For AD, the model was
additionally controlled for late-life stroke (yes)n To determine whether the association
between midlife cholesterol and risk of AD or VaRried by sex or race/ethnic group, we
entered interaction terms to the fully adjusted el®dThe level of significance was< 0.05

in all analyses.

3.2. Clinic-based approach

3.2.1. Karolinska University Hospital Memory Clinicgeneral characteristics

Clinic-based studies (Study IV and V) were conddicethe Division of Geriatric Medicine,

Karolinska University Hospital, Huddinge, SwedemeTdivision examines/treats about 600
patients/year in the outpatient memory clinic amdw 400 patients/year in the inpatient
ward. The division has total responsibility for lgaonset dementias (<65 years) in the area,
and national responsibility for familial cases/gegnanalyses (i.e. the Swedish mutation and

the Arctic mutation were detected here).
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Routine evaluations of patients consist of medea@mination, blood tests (including APOE
genotype, cholesterol, vitamin B12 and folate, hoystein etc.) and CSF analyses (including
T-Tau, P-Tau, and p42), detailed neuropsychological evaluation, EEGJ aeuroimaging
(MRI/CT, SPECT). Dementia and AD are diagnosed wting to DSM-IV and NINCDS-
ADRDA (McKhann 1984) criteria. CSF biomarkers arsoataken into account when
establishing the diagnosis (Andersson 2007). Gaitéor identifying MCI are: (1) not
demented; (2) has self and/or informant report ofnttive decline and impairment on
objective cognitive tasks; (3) has preserved baddt/minimal impairment in complex
instrumental functions (Winblad 2004). Persons witbgnitive complaints but without
impairment on objective cognitive tasks are clasdifas having subjective cognitive
impairment (SCI).

Patients at the Karolinska University Hospital MeynGQlinic are younger and present with
milder cognitive symptoms compared to more tradalo geriatric psychiatry clinics
(Andersson 2007). They also have a wider rangeiagndses and aetiologies of cognitive
impairment, such as depression, anxiety, post-teicmsyndromes, whiplash sequelae,
normal pressure hydrocephalus, obstructive sleepoesy or hyper/hypothyroidism. In
addition, an important proportion of the patientsow normal cognitive functioning on
neuropsychological testing. In 2005, 435 of thepatients at the Memory Clinic were
referred to extensive dementia investigation (18desy 247 females; mean age+SD was
63.0£10.5 years; mean MMSE score was 27.0+3.0). dik&ibution of the diagnoses is
shown in Figure 3.1. The majority of patients (768ig) not have dementia but SCI or MCI.
Only 15% of the diagnoses were represented by AD28f by VaD.

Diagnoses 2005
SCI (38%)

'/ B MCI (38%)
i OAD (15%)

\ VaD (2%)
b BFTD (2%)

Other (5%)

Figure 3.1. Distribution of clinical diagnoses in 205
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3.2.2. Patients and methods

Studies IV and V take into account various degrdesognitive impairment, with a focus on
Alzheimer disease. Patients were referred to thendg clinic beginning with 2002 from
primary care centres for investigation of suspectlimentia. They were all living
independently in the community (they were not irecheof formal care or aid from the
community). The local Ethics committee at KaroliaskJniversity Hospital Huddinge
approved both studies. All patients (or nearesitirads) and controls gave their informed
consent to participate in the study, which was cetetl according to the provisions of the

Helsinki Declaration.
3.2.2.1. Study IV — CSF markers of cholesterol teliam

Study IV is a small pilot study including 20 MCltmts and 17 AD patients with available
CSF samples. The control group (43 persons) caadsisht patients referred to the Neurology
Clinic at Karolinska University Hospital for headi@cof uncertain cause. They underwent a
comprehensive clinical and laboratory evaluationrute out any signs of organic CNS

disease.

CSF was collected for diagnostic purpose by lungharcture in polypropylene tubes, gently
mixed to avoid gradient effects and centrifuge@@0>g for 10 min. Aliquots were stored at
-80°C until biochemical analysis. Tau was determinethgisa sandwich enzyme-linked
immunosorbent assay (ELISA) constructed to meaSae (both normal Tau and P-Tau)
(Blennow 1995). P-Tau (P-Thrl81) was determinedngisa sandwich ELISA, with
monoclonal antibody (MAb) HT7 (recognizing all fosnof Tau) used as capturing antibody
and biotinylated MAb AT270 (specific to PThrl81 Rt used as a detection antibody
(Vanmechelen 2000). M2 was determined using a specific sandwich ELIBAdfeasen
1999). All kits were purchased by Innogenetics NBhent, Belgium. ApoE levels in CSF
were assayed by a slight modification of a comnaénchmunoassay method for ApoE in
plasma BNProSpec Dade Behring system (Apolipopnoiekit insert — Dade Behring July
1998 edition). In the CSF apoE assay, undiluted G&fples were analyzed, in contrast
plasma assays where dilutions 1:20 were used. ®ikaa was linear up to 8 mg/L and the

within run precision calculated to be 2.8% exprdsa® variation coefficient of a control pool
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analysed 20 consecutive times. CSF levels of cteslels 240HC and 270HC were
determined by isotope dilution-mass spectrometgo(ii 2006).

Analysis of variance, analysis of covariance, ariddént’s t-test were used for group
comparisons, while Pearson correlation coefficias used for correlations. The level of

significance was set @<0.05.

3.2.2.2. Study V - plasma markers of peripherallznath cholesterol metabolism

Study V is partly based on study IV, including 9ipnts (33 with SCI, 36 with MCI and 27
with AD) who had available plasma and CSF samptes MRI images (all obtained during
the diagnostic workup). Patients with psychiatrisodders (i.e. major depression, alcohol
abuse) or other conditions (i.e. brain tumors, rarpressure hydrocephalus) were not
considered for this study. Patients with SCI weseduas control group in the analyses.
Plasma levels of 240HC, 270HC, lanosterol and kttrol were assayed by isotope dilution-
mass spectrometry (Leoni 2004). Total cholestdrBll -cholesterol and HDL cholesterol
were measured by routine standard enzymatic aséagular Analytics; Roche Diagnostics,

Mannheim, Germany).

MRI measurements (T1 weighted images, 1.5 T) wemedusing custom-made software
BMAP/Volstat for volumetric brain analysis (deveémp in the imaging laboratory at
Karolinska Institutet), running on a HERMES (Hermkkedical Solutions, Stockholm,
Sweden) platform. BMAP performs brain extractioithwinclusion of cortical CSF in the
segmented volumes. The Volstat segmentation progsarbased on a fuzzy ¢ means
clustering (FCM) algorithm (Brandtberg 1999, Sucglil999, Hoppner 2000) enhanced by
use of the distribution of signal intensity spexifd each tissue type. In the Volstat FCM used
for this study, the intra-cranial volume was segtaénnto 3 clusters (gray matter, white
matter and CSF) assigning a partial cluster vapercentage) for all clusters in all voxels.
Fuzzy volumes were used in the analyses: gray m@tel), white matter (WM), and CSF
volumes, total intracranial volume (TIV); GM fraati, WM fraction, CSF fraction and

parenchymal fraction were also calculated.

Statistical analyses were performed with SPSS soéivior Windows, version 16.0 (SPSS
Inc., Chicago, IL).x2 tests and t-tests were used for comparisons ketvgeoups. As

oxysterols are transported in the circulation kg same lipoproteins as cholesterol, and since
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changes in the levels of these transport proteimg affect the results, we have calculated the
ratios between the oxysterols and cholesterol. rEkions between the 240HC/cholesterol
ratio (R_240HC), 270HC/cholesterol ratio (R_270HCholesterol, LDL-C, HDL-C,
lanosterol/cholesterol ratio (R_lanosterol), lateosl/cholesterol ratio (R_lathosterol) and
brain volumes were investigated in linear regressicalyses. GM volume, WM volume, CSF
volume, TIV, GM fraction, WM fraction, CSF fractioand parenchymal fraction were
entered as dependent variables (they were norrdatgibuted). Analyses were done for all
patients and also stratified according to group I(S@CI and AD). All analyses were
controlled for the presence of at least one ARDERIlele and statin treatment (which are
known to influence cholesterol homeostasis) andstmio-demographic variables that were
significantly associated with brain volumes in teigdy population (age, sex).
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4. RESULTS

4.1. Epidemiological studies

4.1.1. Characteristics of the populations

The general characteristics of the CAIDE and Kalmmanente populations are presented in
Table 4.1. Follow-up time was about 21 years in @Rland 30 years in Kaiser Permanente.
Sex distribution was similar for both populatioriRace/ethnic group composition was
different, with CAIDE being homogeneous and KalBermanente more heterogeneous (26%
subjects self-identified as non-white). As expegctadlife cholesterol levels were higher in
the Finnish population. The APQR frequency in Finland is among the highest invloeld
(Ewbank 2004). Information on APOE genotype was awtilable from the Kaiser

Permanente population.

Table 4.1. General characteristics of the CAIDE andKaiser Permanente populations.

CAIDE population Kaiser Permanente
(N=1449) population (N=9844)
*Age at baseline (years) 50.4 (5.9) 42.4 (1.7)
*Age at late-life (years) 71.3 (4.0) 79.1 (4.5)
Sex @) 62.1 % 63.9 %
Education: *8.6 (3.4) years 45% college level and
above
Race/ethnic group:
Asian - 6.3 %
Blacki --—--- 15.6 %
White 100% 73.9 %
Other - 4.2 %
* Midlife cholesterol (mmol/l) 6.7 (1.2) 5.8 (1.1)
APOE &4 354% | -
Dementia 61/1449 (4.2 %) 8.2% (Whitmer 2005
Alzheimer dementia 48/1449 (3.3 %) 469/9944 (4.7 %)
Vascular dementia 8/1449 (0.6%) 127/9944 (1.3%)

Values are numbers and percentages (%) unlessigkespecified.
* Values are means (SD). Education levels are irettly comparable due to differences between tinéaRd
and US educational systems.



69

Of the 1449 CAIDE participants, 61 were diagnoseith vdementia (48 AD, 13 other
dementias), 82 had MCI and the remaining 1306 perdormed the control group. The
percentages of individuals with dementia and ADb(&ad.1) were in agreement with data
from the Finnish population in general and for ¢ineen age range at the first CAIDE follow-
up (65-80 years) (Koskinen 2006).

In the Kaiser Permanente population (9844 persd$) individuals had been diagnosed with
AD and 127 with VaD (Table 4.1). The percentagesndividuals with dementia, AD and
VaD were as expected considering data from the qfilation and the age range of Kaiser
Permanente members at the time of cognitive statasrtainment (61-88 years) (Plassman
2007). Also, the Kaiser Permanente population ohesuAfrican Americans, a group known to
have a higher prevalence and incidence of dementia.

Within each population, persons with dementia veggeificantly older compared to controls,
had lower education levels and higher midlife chtdeol levels. A history of
cardio/cerebrovascular conditions or events warfrequent among persons with dementia.
In the CAIDE population, the percentage of APE&Ecarriers was higher in the dementia or
MCI groups in comparison with controls. Detailedc#ptions of the subjects are provided in
the Appendix (Study I, pages 752-754; Study I1,&807; Study Ill, page 77).

For CAIDE, general information was available on spamticipants. Age at midlife and sex
distribution was similar for participants and ncerripants; non-participants had fewer
years of formal education, higher cholesterol lsyvéligher systolic and diastolic blood
pressure, and higher BMI compared with participaDeta from patient records indicated that
10.2% of non-participants had been diagnosed watiheahtia (see Appendix, Study I, page
754).

4.1.2. Midlife serum total cholesterol and late-ldognition

The relation between midlife serum total choledtaral late-life cognition (indicated either
by dementia/AD/VaD diagnosis or by degree of cagaiimpairment) is shown in Table 4.2.
In both populations, higher cholesterol levels atlifie represented a risk factor for cognitive
impairment or dementia (both AD and VaD) laterifa.|
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Table 4.2. High midlife cholesterol as a risk factofor cognitive impairment/dementia.

Midlife cholesterol

Population Outcome (mmolll) Risk
CAIDE Higher degree of <6.4 -reference-
cognitive impairment
R (95%Cl) )
© (control-MCI-dementia) >6.4 1.8(1.1-3.0)
<5.2 -reference-
AD * 5.2-6.2 1.2 (0.97-1.6)
Kaiser Permanente 26.2 1.6 (1.2-2.0)
HR (95%Cl) <5.1 -reference-
AD * 5.1-5.6 1.3 (0.96-1.6)
5.7-6.4 1.3 (1.0-1.7)
6.4-12.9 1.6 (1.2-2.1)
<5.2 -reference-
Kaiser Permanente vaD *
HR (95%ClI) a 5.2-6.2 1.5 (1.0-2.2)
>6.2 1.3 (0.8-1.9)

* Cholesterol categorized according to ATP IlI gelides; values are shown in mmol/I.

** Cholesterol categorized into quartiles.

Sl conversion factor: To convert cholesterol fromal/l to mg/dl, divide by 0.0259; to convert
cholesterol from mg/dl to mmol/l, multiply by 0.025

In CAIDE, there was a 80% increased risk of higegree of cognitive impairment for
cholesterol levels above 6.4 mmol/l. High choledtéevels as defined by the 2002 Adult
Treatment Panel (ATP) Il guidelines240 mg/dl, or>6.2 mmol/l) represented a significant
risk factor for AD as well, besides the well-knowonnection to cardiovascular disease risk.
The results from the Kaiser Permanente populatmintpd to an even lower threshold, as
additional analyses with cholesterol levels categor into quartiles indicated that midlife
cholesterol values above 220 mg/dl (5.7 mmol/lyease the risk of developing AD three
decades later. Testing of interaction terms by/edlric group and sex showed that effects

were not statistically different for men and wonwerby race/ethnic group.

The association between midlife cholesterol andhitivg test performance in late-life in non-
demented persons (CAIDE) is shown in Table 4.3hHtigdlife cholesterol (here >6.2
mmol/l) was associated with poorer performancepsoglic memory and category fluency

tests.
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Table 4.3. (CAIDE) Midlife serum total cholesterol(TC) and cognitive test performance
in late-life (non-demented persons)

COGNITIVE TESTS MIDLIFE TC
Domains Mean score Low Intermediate High
(range) (n=123) (n=365) (n=894)
Global cognition 26 (16-30) 1.00 1.00 0.99
Episodic memory 5(0.3-9.3) 0.97 1.00 (pgggz)
Category fluency 19 (0-55) 0.94 100 9%
(p=0.02)
Executive function 36 (-41 - 257 0.98 1.00 0.99
Psychomotor speed 0.1(-3-2.6) 1.04 1.00 0.99

Results are relative differences (with intermedia€e as a reference group); In cognitive tests, érglesults
mean better performance, except for executive foncivhere lower results indicate better perforngardodel
adjusted for age, sex, education, follow-up tim@oRB ¢4 allele, BMI, systolic blood pressure and late-lif
history of myocardial infarction/stroke/diabetesliihgs, depressive symptoms and lipid-lowering neagion.

4.1.3. Late-life serum total cholesterol and cagnit

Late-life cholesterol levels, investigated in bG&AIDE (Appendix, Study I, page 753; Study
II, page 1008) and a subsample of 6600 Kaiser RFenta subjects (unpublished data), were
not significantly different between the control atementia groups and no significant

association with late-life cognitive functioning svabserved.

4.1.4. Cholesterol changes after midlife and cagmiin late-life

In the CAIDE population, serum total cholesteroldis declined in most individuals during

the 21 years of follow-up (Figure 4.1.; Appendixud I, page 753).
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Figure 4.1. Cholesterol changes in the CAIDE popution.
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A moderate decrease in total cholesterol levelsfroidlife to late life (0.5-1 mmol/l) was
significantly associated with increased risk of ihngva more impaired late-life cognitive
status after adjusting for age, follow-up time, ,sgears of formal education, midlife
cholesterol, BMI changes, the presence of the AR@Eallele, history of myocardial

infarction/stroke/diabetes, and lipid-lowering treant (Figure 4.2).

O P N W b~ OO N 0 ©
L

Figure 4.2. Cholesterol changes after midlife and B (95% CI) for higher degree of cognitive
impairment (control-MCI-dementia)

ORs for a worse cognitive outcome were more thaeettimes higher for a 0.5-1 mmol/L
decrease and more than two times higher for a Irlth decrease in total cholesterol levels.
Using the classic approach (separating the thrgeittee outcome categories and calculating
ORs for MCI and dementia/AD unconnectedly) did ciwdnge the pattern of risk association
with cholesterol changes. However, this approadhiidesomewhat wider Cls and less reliable

estimates (Appendix, Study I, page 754).

There were no significant interactions between ARf@Eotype and cholesterol changes over
time or between sex and cholesterol changes owe tn relation to late-life cognitive
impairment (results not shown). An analysis of AP€Ecarriers and non-carriers separately
showed the same pattern of association betweeresteobl changes and late-life cognitive
status, but for a moderate decrease in choleg@f®lto 1 mmol/L), the OR (95% CI) for a
worse cognitive outcome was 5.3 (1.4 to 20.7) f®Oke4 carriers and 2.7 (0.9 to 7.7) for
APOE ¢4 non-carriers after adjusting for socio-demographariables, midlife cholesterol,

and history of myocardial infarction/stroke/dialsetEor men, the results were similar to those
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for all subjects together, and the association betwa moderate decrease in cholesterol (0.5-1
mmol/L) and the risk of a more impaired late-lifegaitive status remained significant
(p<0.05) after controlling for all above-mentioneariables. For women, both moderate and

greater decreases in TC were associated with amxdppately three times increased risk for
worse late-life cognitive outcome (p<0.1).

A similar pattern of association between cholesteftanges after midlife and late-life

dementia was also observed in a subsample of 66bB@cis from the Kaiser Permanente
population (unpublished data).

The relation between changes in cholesterol aftdlifiemand late-life performance in
cognitive tests (non-demented persons, CAIDE) eswhin Table 4.4. A decrease in
cholesterol levels was associated with poorer perdnce on episodic memory and
psychomotor speed tests.

Table 4.4. Cholesterol changes after midlife and gaitive test performance in late-life
(non-demented persons)

Increase No change /small Decrease
(n=325) decrease (n=234) (n=823)
Global cognition 0.98 1.00 0.99
N 0.95
Episodic memory 0.97 1.00 (p=0.02)
Category fluency 1.00 1.00 0.96
Executive function 1.00 1.00 1.00
0.94
Psychomotor speed 1.03 1.00 (p=0.03)

Results are relative differences (with no changelsecrease (0-0.5 mmol/L) as a reference grolp}ihe
cognitive tests, higher results mean better perdmor, except for executive function, where lowesults
indicate better performance. Model adjusted for, ag®, education, follow-up time, Apc# allele, midlife TC,

changes in BMI, changes in systolic blood pressmet late-life history of myocardial infarction/steddiabetes
mellitus, depressive symptoms and lipid-loweringdioation.

No significant interactions were found between AP§eBotype and cholesterol changes over
time or between sex and cholesterol changes aweriti relation to the degree of impairment
in late-life cognitive functioning (control-MCI-desntia) or to performance in cognitive tests
(non-demented persons) (Appendix, Study |, page.754
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4.1.5. Lipid-lowering drugs and late-life cognitionpersons without dementia

The relation between lipid-lowering treatment aatkdlife cognitive performance in non-
demented persons from the CAIDE population is shownTable 4.5. Lipid-lowering
treatment was related to better performance inepmsnemory and psychomotor speed tests.
Results were similar when only statins were consile(results not shown). Stratified
analyses according to lipid-lowering treatment sbhdwhat cholesterol levels decline was
related to poorer episodic memory and psychomgieed in persons without treatment (p =
0.021), but not in treated subjects (p = 0.266).

Table 4.5. Lipid-lowering drugs and late-life cognive test performance

Treatment (n=192) No treatment (n=1190)
Global cognition 1.00 1.00
Episodic memory 1.05 (p=0.02) 1.00
Category fluency 1.01 1.00
Executive function 1.00 1.00
Psychomotor speed 1.08 (p=0.01) 1.00

Results are relative differences between the teatel untreated group. In the cognitive tests, driglesults
mean better performance, except for executive foncivhere lower results indicate better perforngardodel
adjusted for age, sex, education, follow-up timppB 4 allele, midlife TC, changes in TC, changes in BMI
changes in systolic blood pressure and late-lifgohy of myocardial infarction/stroke/diabetes ritel and
depressive symptoms.

4.2. Clinical studies

4.2.1. Population characteristics

Demographic data for patients referred to the Memdmic at Karolinska University
Hospital, Huddinge in 2003 and 2005, and patiemtStudy IV and V are presented in Table
4.6. Participants in Study V covered the whole spet of cognitive complaints (from
subjective to mild objective impairment to Alzheintementia) and their characteristics were
thus closer to those of the Memory clinic patientgeneral. Participants in Study IV were
older, had fewer years of education and lower MMSB&res, since Study IV only included
patients with MCI and AD dementia from the Memolinic. Because Studies IV and V were
focused on AD, they included a higher percentageR®DE ¢4 carriers compared to the clinic

in general.
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Study IV also included a group of 43 controls (na@dage 50 years old; 28 females, and 15
males) from the Neurology clinic at the same hadpit

Table 4.6. Demographic data for patients referredd the Memory clinic at Karolinska
University Hospital, Huddinge in 2003 and 2005, an@atients in Study IV and V

2003 2005 Study IV Study V
N 293 435 37 96
Sex ) 55% 57% 47.4% 56.2%
Age (years) 62.3 (9.7) 63.0 (10.5) 65.7 (11.0) 62.1 (9.5)
MMSE 27.0 (3.1) 27.0 (3.0) 25.6 (4.5) 27.2 (3.1)
Education (years) 11.8 (4.0) Not available 10.7 (3.1) 12.5 (3.7)
APOE ¢4 44% 42% 46.7% 53.1%

Values are means (SD) unless percentage (%) iffispec

4.2.2. CSF markers of cholesterol metabolism —yshud

Patients with AD were older than patients with M&Ilcontrols. After controlling for age,
levels of apoE, 240HC and 270HC were significaftigher in the AD and MCI groups
compared to controls (p<0.001 for both), but ndedénces were observed for cholesterol.
Age was not significantly correlated with any oés$le variables (Appendix, Study IV, page
80).

The correlations between apoE levels and other@&ikers are shown in Table 4.7.

Table 4.7. Correlations between apoE and other CStarkers

ApoE Cholesterol | 240HC | 270HC| Qalb| CSFalbumin Tau PFrau Ap42
Controls 0.35 0.1 0.08 0.2 0.09
(0.04) (0.53) (0.55) | (0.2) (0.57)
MCl 0.42 0.75 0.17 0.07 0.16 0.31 0.31 0.54
(0.10) (<0.001) | (0.48) | (0.6) (0.50) (0.23) | (0.22) | (0.02)
AD 0.41 0.66 0.30 0.16 0.17 0.72 0.72 -0.07
(0.13) (0.004) | (0.28) | (0.53) (0.51) (0.001) | (0.002) | (0.80)

Results are Pearson correlation coefficients (pesl
--- Data not available.

ApoE was related to 240HC in patients with MCI gkid, but not in controls. However, a
significant correlation of apoE with cholesterolsmanly observed in controls. 270HC, Qalb
and CSFalbumin (indicators of blood-brain barrigegrity) were not related to apoE.

In patients with AD, apoE was correlated with bd#w and P-Tau levels (but no342),
while in patients with MCI the relation of apoE Wwitau proteins was not significant.
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4.2.3. Plasma markers of brain and peripheral shelel homeostasis — Study V

Patients presented to the Memory clinic quite earlhe course of their condition (mean age
about 62 years), when cognitive symptoms werersiill (mean MMSE score about 27). As
expected, persons with AD were older, had lowercatdlon and lower MMSE scores
compared to persons with MCI and SCI. The highestgntage of patients with at least one
APOE ¢4 allele was in the AD group and the lowest in 8@l group. There were no
significant sex differences between the three gso®p 240HC, R_270HC, R_lanosterol and
R_lathosterol were significantly lower in AD patisrcompared to MCI or SCI patients. The
AD group tended to have lower total cholesterol,LE® and brain volumes, although the
groups did not significantly differ with respecttmal cholesterol, LDL-C, HDL-C and MRI
measurements (Appendix, Study V, page 91).

240HC — brain cholesterol homeostasis

The relationships between 240HC and brain volumespeesented in Table 4.8. When the
whole population was considered, R_240HC was pedjtiassociated with GM fraction (i.e.

higher GM fraction related to higher R_240HC). malyses stratified according to group,
R_240HC was positively associated to GM volume, @Ml parenchymal fractions, and

negatively associated with CSF volume and fractoor,only in persons with SCI.

Table 4.8. 24-hydroxycholesterol and brain volumes.

SCI MCI AD

GM fraction (=0.3; p=0.03)

GM volume (p=0.5; p=0.03)

R_240HC GM fraction (f=0.9; p=0.002)

Parenchymal fraction (8=0.7; p=0.009) NS NS
CSF volume(p=-0.7; p=0.007)
CSF fraction (B=-0.7; p=0.009)

Results are standardizfetoefficients (p-values) from linear regressionthviirain volumes as dependent
variables. All analyses are controlled for age, e presence of at least one AR®ARllele and statin
treatment. Only statistically significant relatiosi® shown. NS — not significant.
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270HC, total cholesterol, LDL-C, lanosterol, latte®l—peripheral cholesterol homeostasis

Table 4.9 shows the patterns of relations betwdenesterol precursors, total cholesterol,
LDL-C, HDL, 270HC and brain volumes in each grodppatients. In the control group (but
not MCI or AD) levels of cholesterol precursors ei@egatively related to brain volumes and
positively related to CSF volumes (i.e. lower Rdsterol associated with higher WM
volume and fraction; lower R_lathosterol associatgth higher parenchymal and WM
fraction, and lower CSF volume and fraction). Inigrats with AD (but not MCI or SCI) total
cholesterol and LDL levels were positively relatedbrain volumes and negatively related to
CSF volumes (i.e. lower total cholesterol assodiat&h lower parenchymal fraction, WM
volume and fraction, and higher CSF volume andtifsa¢c lower LDL-C associated with
lower parenchymal fraction and higher CSF fractiddd significant relations were found
between R_270HC, HDL-C and MRI measurements.

Table 4.9. Patterns of relation between markers aéxtracerebral cholesterol homeostasis
and brain volumes.

SCI MCI AD
WMV (B=-0.4; p=0.024)
R_lanosterol| \\\ fraction (= -0.5: p=0.009) NS NS
Parenchymal fraction (p=-0.5; p=0.039)
R_lathosterol WM fraction (= -0.4; p=0.036) NS NS

CSFV (=0.4; p=0.046)
CSF fraction (f=0.5; p=0.039)

Parenchymal fraction (3=0.9;p<0.001)
WMV ($=0.6; p=0.016)

Ch;zt;'erol NS NS WM fraction (B=0.7: p=0.014)
CSFV (B=-0.7; p=0.037)
CSF fraction (B=-0.9;p<0.001)
Parenchymal fraction (3=0.9;p=0.028)
LDL-C NS NS CSF fraction (B=-0.9;p=0.028)
HDL-C NS NS NS
270HC NS NS NS

Results are standardizfetoefficients and p-values from linear regressiwith brain volumes (GM, WM, CSF
volume, TIV, parenchymal fraction, GM, WM and C3&dtions) as dependent variables. All analyses are
controlled for age, sex, the presence of at leastAPOE4 allele and statin treatment. Only statistically
significant relations are shown. NS — not significa
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5. DISCUSSION

The present project confirms the existence of @il between cholesterol and AD as well as
VaD. While the significance of high total cholesteat midlife as a risk factor for late-life

cognitive impairment, dementia, AD, VaD or poore@rfprmance in cognitive tests is quite
straightforward, the meanings of cholesterol lewallder ages become more difficult to
disentangle, as cholesterol itself may be influenlog the very disease(s) it has contributed
to. In addition, the results of the project indecat role for the 240HC - apoE system in the
regulation and control of neurodegeneration, as agefor plasma 240HC levels as a marker

of the number of metabolically active neurons iaygmatter.

5.1. Midlife serum total cholesterol and late-lifecognitive status

5.1.1. Cholesterol and dementia/cognitive impairmen

In the present set of studies, high midlife serotaltcholesterol consistently emerged as a
risk factor for late-life dementia/cognitive impaient in two different populations and with
different approaches.

These results confirm previous reports from the @Aland Kaiser Permanente populations
(Kivipelto 2001a, b; Whitmer 2005). Preceding asaly of the CAIDE data considered AD
(Kivipelo 2001a) or MCI (Kivipelto 2001b) as outcesh separately, categorized as
present/absent. In the current project (Study Mae dimensional approach was taken and
the cognitive continuum behind the categories afnfwl, "MCI" and "dementia” was
acknowledged by defining the outcome (in ordingkession analyses) as degree of cognitive
impairment (MCI as higher degree of cognitive inmpent compared to control, and
dementia as higher degree of cognitive impairmemgared to MCI). Moreover, in Study Il
the focus was switched from the clinically extreoaegory of dementia to performance in
cognitive tests in persons without dementia. Higtlife cholesterol (>6.4 mmol/l) remained
a risk factor for cognitive impairment/poorer perfance in cognitive tests even when

changes in cholesterol levels after midlife wekeetainto account.

In the Kaiser Pemanente population, elevated reidlifolesterol was previously shown to be
a risk factor for dementia, irrespective of typehikher 2005). In Study Ill, the follow-up

information is updated to 2007 and the focus isi$igally on AD and VaD as ascertained
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from electronic medical records (ICD 9 CM codes.B3dr AD and 290.4 for VaD). It is thus
a typical categorical approach, with AD and VaDpassent/absent and mutually exclusive.
The finding that elevated midlife cholesterol wass& factor for both AD and VaD becomes
particularly interesting in this context. As expatt high cholesterol levels as defined by the
2002 Adult Treatment Panel (ATP) Il guideline240 mg/dl, or>6.2 mmol/l) represented a
significant risk factor for AD, besides the welldwmn connection to cardiovascular disease
risk. Study Il points to an even lower threshad,additional analyses with cholesterol levels
categorized into quartiles indicated that midlifeolesterol values above 220 mg/dl (5.7
mmol/l) increase the risk of developing AD threeal#es later. Therefore, even moderately

elevated cholesterol in midlife was associated waithncreased risk of AD.

There are few population-based long-term followstydies with midlife as starting point that
have investigated cholesterol and late-life cogniiiTable 1.2). Data from the Finnish Cohort
of the Seven Countries Study also indicated afanidnigh midlife total cholesterol as a risk
factor for AD (Notkola 1998). In the Honolulu-Asiaging Study (HAAS), clustering of
cardiovascular metabolic risk factors (includintatacholesterol) at midlife increased the risk
of dementia in general (not AD), but no significaalation was found between cholesterol
and dementia of any type (Kalmijn 2000). Also, nigngicant association between
cholesterol and dementia was found in the Israsglhémic Heart Disease Study (IIHDS)
(Beeri 2004). The differences in findings betweémd®es could be due to differences in
population characteristics, since HAAS included alegse-American men, and IIHDS
included Israeli men from several geographic acfawigin (Europe, Middle East, Northern
Africa, and lIsraeli born), while the Finnish CAIDEopulation and the multiethnic Kaiser
Permanente US population included both women and. i®reover, 7453 of the 10059
subjects of the original IIHDS cohort died befdne follow-up; the deceased were reported to
have significantly higher levels of several car@diseular risk factors (Beeri 2004), which may
have resulted in an underestimation of the chalelstementia relation. Since dementia cases
were identified by telephone screening (Modifiedepbone Interview for Cognitive Status,
TICS-m) followed by a face to face interview with subjects with a TICS-m score of 27/50
or lower, cases of incipient dementia may have neesbundiagnosed, again underestimating
the role of cholesterol as a risk factor for dern@ntVhen interpreting results from different
populations, the socioeconomic context may alsimpertant. In the IIHDS population in the
beginning of the 1960s, higher cholesterol levetsearelated to higher socioeconomic status

(as a composite measure of education and occupdtBmidbourt 2007), perhaps reflecting
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(at least partly) better chances to live in a cadntd austerity (post-World War Il food
rationing ended in 1959 in Israel). In the CAIDEpptation in the 1970s and the beginning of
1980s (food rationing in Finland ended in mid-1950sgher cholesterol levels were related
to lower education (linear regression analysis rdled for age and sex; standardizgd
coefficient -0.159, p<0.001), partly reflecting as$ healthy lifestyle. Such differences
between populations and their environments in l@mgy epidemiological studies need to be
further investigated.

Although data on midlife cholesterol was available the Framingham study, the
methodology used to analyse it was different commgbarto the other long-term
epidemiological studies with midlife as baselinaun@ilative cholesterol values, averaged
over long periods of time during and after midlif&-30 years) were used in the Framingham
analyses, which may be the main reason why noigelatith dementia was found (Tan
2003).

5.1.2. Cholesterol and VaD

Most available studies have so far focused on daad@, leaving out VaD or mixed (AD
and VaD) dementias. In the Kaiser Permanente ptpunjaborderline cholesterol levels as
defined by the 2002 Adult Treatment Panel (ATP)gllidelines (200-239 mg/dl, or 5.2-6.2
mmol/l) significantly increased the risk of develyp VaD three decades later. High
cholesterol levels>240 mg/dl or>6.2 mmol/l) tended to increase VaD risk as well; the
association did not reach statistical significar@ee reason for this could be the small sample
size of VaD (127 persons in total, 39 with high lelsterol).

HAAS reported no significant association of chadest with either VaD or AD with
cerebrovascular disease, although there was angs&tase with clustering of cardiovascular
metabolic risk factors (including total cholestg@rat midlife (Kalmijn 2000). Differences in
populations may partly explain the different resullowever, the most important issue is that
“VaD’ represents a markedly heterogeneous grougpisofders (Hachinski 2006), and VaD
subtypes are very difficult to account for in eprdelogical studies. According to current
protocols, dementia must be diagnosed before dsggovaD, but dementia criteria are
heavily biased towards AD, and AD must exclude ulspathology. VaD is thus by default
less prevalent than AD. Moreover, diagnostic aateauch as ICD-9-CM (currently used in

USA) are mainly focused on multi-infarct demenkgaving out other VaD subtypes.



81

Despite its strong link with coronary artery disgaslevated serum cholesterol has a less
straightforward relation with stroke, since strakgbtypes are not accounted for in many
studies (Romero 2007). Moreover, persons with st not always get dementia, and VaD
may also be the result of small and clinically itilenfarcts (which seem to be even more
common than clinically manifest strokes) (Hachin2ki08). Risk factor profiles may be
slightly different for different types of lesionsmributing to VaD: atherosclerosis in larger
brain vessels is thought to be related primarilyolmod pressure and secondarily to blood
lipids; atherosclerosis in smaller vessels is tinbug be related to blood pressure alone and
not affected by blood lipids (He 2007). Since Thaider Permanente cohort included fewer
VaD cases, and since current diagnostic criterarert able to differentiate between VaD
subtypes, more refined conclusions on cholester@N\éaD are difficult to formulate.

5.2. Late-life total cholesterol and cognitive stafs

Late-life total cholesterol was not associated wi#mentia/cognitive impairment or with
performance in cognitive tests in the CAIDE popolat (Study I, Il). No significant
differences in total cholesterol levels were obsdrisetween the control, MCI and dementia
groups at follow-up (Study I). Similarly, the SGICI and AD groups in the clinical sample
(Study V) were not significantly different with g@sct to total cholesterol values in plasma.
These results are in line with reports from sevethker studies (Table 1.3). Interestingly,
shorter follow-up studies with older populations kaseline show either no association
between cholesterol and cognitive impairment/deragrdr opposite results compared to
long-term follow-up studies with midlife as baselithigher cholesterol as protective against

cognitive impairment/dementia).

Chronic diseases with a long preclinical phase paiserent difficulties in the identification
of their risk factors. Since disease onset canmopinpointed, chances are that true risk
relationships (factors increasing the probabilifygetting the disease) and reverse causality
(the effects of the disease itself on various fajtget confused. At late-life, any apparently
normal population will be a mixture of individualsthout the disease(s) and individuals who
have the disease(s), although clinically silent andiagnosed. Midlife is thus more suitable
as a start point when looking for risk factors,ceifAD or cerebrovascular pathology are less

likely to already be present.
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5.3. Serum cholesterol and cognition: bidirectionahssociation

5.3.1. Epidemiological data

In the CAIDE population, total cholesterol levelscdeased in most individuals during the 21
years of follow-up. A moderate decrease in chotestérom midlife to late-life was
significantly associated with the risk of havinghare impaired late-life cognitive status, even
after adjusting for a wide range of confoundersud$tl). Likewise, in persons without
dementia a decrease in cholesterol was relatedaoep late-life performance on episodic

memory and psychomotor speed tests (Study II).

Lower cholesterol levels have been observed incésson with clinical and subclinical
diseases (Jacobs 1992). Dementia/AD resembles rotey chronic diseases, in which
several factors, such as BMI or blood pressureredse before the clinical signs become
visible (Skoog 1996). Serum cholesterol may alsorelse as a result of the pathologic
processes leading to dementia (Kalmijn 2000, MieXk®5). Interestingly, data from the
HAAS study indicated that a decline in serum tatadlesterol after midlife may be associated
with early stages in the development of dementtaw&rt 2007). Whereas dementia-related
decline for BMI or blood pressure becomes deteetatlout 3—6 years before the clinical
expression of the disease, cholesterol starts rdeglimuch earlier, with little subsequent
acceleration prior to dementia onset (Stewart 200 results of the present project support
this hypothesis. After controlling for several pbss confounders, the decrease in cholesterol
was related both to poorer late-life cognition onrdemented persons (some of whom may
develop dementia later on), and to higher degremghitive impairment assessed as control-

MCIl-dementia.

These results provide a possible explanation ferapparent contradictions between long-
term follow-up studies with midlife as baseline asttbrter-term follow-up studies in older
populations. The pattern of cholesterol change bwynore relevant for late-life cognition
than cholesterol levels at given time points aftadlife. Averaging multiple cholesterol
measurements over a long period of time may mask ghttern and show decreasing
cholesterol as ‘low cholesterol’ related to poowsgnition (Elias 2005). Also, as the

significance of cholesterol may change over timmen(f risk factor to risk marker), grouping
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individuals with a very wide age range (from younogvery old adults) may make it more

difficult to show the cholesterol-cognition assdéicia (Teunissen 2003).

Several other factors may have contributed to #die in cholesterol between 1970s and
1990s in the CAIDE population. Greater decreaseshwmiesterol levels>¢ mmol/l) were
more likely due to other causes (e.g., cardiovasae@lated conditions or other diseases)
because the relationship with late-life cognitioaswnot significant in any of the models.
Also, because subjects whose cholesterol appargmtiigased over time had the lowest TC
levels at midlife and subjects whose cholesterotelesed more than 2 mmol/l had the highest
TC levels at midlife, the cholesterol changes iesthtwo groups may reflect the statistical
phenomenon of regression toward the mean. Fronlit@de the first follow-up, cholesterol
increased in 325 persons, but it is unclear whethervalues increased at first and then
decreased, although they remained higher comparédgeline. Adding a third time point
(the second CAIDE follow-up, now completed) wilfiree the analyses. Cholesterol-lowering
strategies (including statins since the mid-1999eje directed especially toward persons
with the highest cholesterol levels. However, abjscts (not just those with high cholesterol)
were followed over time in the CAIDE study, so reggion toward the mean cannot entirely

explain the results.

The decrease in cholesterol after midlife may bdlypaxplained by physiologic ageing

(Abbott 1997, Ferrara 1997). Unintentional or vaarg changes in lifestyle-related factors
(such as diet, physical activity, or smoking) magvén also contributed to this pattern.
Research on serum lipids in the cardiovascularades field has led to interventional
programs meant to lower cholesterol levels, and Nloeth Karelia Project has caused a
significant decrease of the average cardiovasausétr level (including serum cholesterol

concentrations) between 1970s and 1990s in theidhinpopulation (Vartiainen 2000).

Similar patterns of cholesterol level changes halg® been reported in other populations
(Kuulasmaa 2000, Lanti 2005).

Variations in cholesterol measurement methods al&aly to have influenced cholesterol
modifications over time in the CAIDE study becaaieneasurements were performed in the
same central laboratory and the appropriate cooreédr the difference between the baseline

and re-examination biochemical methods was made.
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5.3.2. Clinical data

The existence of a bidirectional relation betweénlesterol and AD is also supported by
clinical data (Study V). The patterns observedidoosterol, lathosterol, and total cholesterol
in relation to brain volumes in patients with ADngpared to MCI and SCI are consistent with
a central nervous system - induced depressingteffeneurodegeneration on extracerebral
cholesterol homeostasis.

Plasma R_lanosterol and R_lathosterol levels (atdig a lower rate of endogenous
cholesterol synthesis) were lower in persons with@mpared to persons with MCI or SCI.
Also, in patients with AD (but not MCI or SCI) low@lasma total cholesterol and LDL-C
were related to lower brain volumes/higher CSF n@s. In contrast, in the SCI group lower
levels of the cholesterol precursors lanosterol Etldosterol were related to higher brain
volumes/lower CSF volumes. Lower lanosterol antdsterol levels have been previously
associated with better cognitive performance intwadys of a cognitively normal ageing
population (Teunissen 2003). To which extent thigjextis with MCI in our study represent
pre-clinical stages of AD is not known, but ourulés suggest that patients with AD may
have a disturbance in cholesterol homeostasisapsnith decreased cholesterol synthesis.
The present and the previous (Leoni 2004) findiogkower R_270HC in the circulation of
AD patients are also in line with this contentiance substrate availability is an important
factor in the production of this oxysterol (Bjorkhe2006). The nature of the CNS-related
effect can only be speculated on at the momentlaagossibility cannot be excluded that it
is, at least partly, a consequence of the changétestyle-related factors (such as diet and
nutritional status) which can accompany dementgsebrAlso, the results of Study V need to

be validated with larger samples and longitudiresigns.

5.3.3. Possible mechanisms of association

The exact mechanisms behind the association ofestesbl with cognitive impairment/
dementia are still unclear, but several possibléhvays have been proposed. High
cholesterol levels can lead to cardiovascular patjies which increase the risk of cognitive
impairment (such as atherosclerosis, coronary yadégease, myocardial infarction, heart
failure, atrial fibrillation) (efferson and Benjamin 2009yan Vliet 2009). Cerebral
hypoperfusion is one possible pathophysiologicatimaism. For example, impaired cardiac

function in heart failure may lead to insufficieblood flow to the brain; patients with
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dementia have been shown to have a lower cerebvat flow. Cerebrovascular disease
could also explain the association, since atheeossis, cerebral infarctions, or white matter
lesions have been associated with an increasedndieanmisk (van Vliet 2009). Interestingly,
in the present project high midlife cholesterol a#med a risk factor for cognitive
impairment/dementia even after controlling for gaVe vascular factors and
cardio/cerebrovascular conditions.

In addition, vascular pathology has been assochtddexecutive dysfunction (Price 2006).
In the CAIDE population, total cholesterol was iaderelated to category fluency and
psychomotor speed, tests partly relying on exeeutimctions. However, cholesterol was also
related to episodic memory after taking into acdoumascular factors and
cardio/cerebrovascular conditions. The mechanismBind the cholesterol - cognition
association are thus partly independent of theutaspathway.

Vascular risk factors may directly induce AD newttwlogy, or lead to arteriosclerosis,
impaired brain blood flow and metabolism, and neatadysfunction. Vascular risk factors
may also induce small and large vessel cerebrolasalisease and infarcts. The
accumulation of various lesions can lead to anem®ed risk of development of clinically

manifest dementia, be it AD or VaD or a combinatémoth.

5.4. Lipid-lowering treatment and cholesterol deche after midlife

Lipid-lowering treatment (especially statins) wadated to better performance in episodic
memory and psychomotor speed tests in persons wtitdementia from the CAIDE
population. Moreover, the decline in cholesteralels was significantly related to poorer
performance in cognitive tests only in persons autttreatment (not in treated subjects).

That statins may be beneficial for cognition in ro@mented elderly is supported by several
studies (Table 1.5). One possible mechanism isrectdconsequence of serum lipid level
reduction. However, after adjusting for both migli¢holesterol and changes in cholesterol,
the results were still significant. Statins may #wobugh changes in both serum and brain
cholesterol. As an intact blood-brain barrier pregecholesterol influx from the circulation
into the brain, it is not yet known to what exténé effect of statins on serum cholesterol
influences brain cholesterol. Statins were intr@duam Finland in the mid-1990s, and not
many persons used them in 1998, making it diffitaltanalyze statins according to their
ability to cross the blood-brain barrier and dilgatfluence brain cholesterol. Lowering only

serum cholesterol or both serum and brain chol@steay not have the same impact on
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cognition. Besides their lipid-lowering effect, i@ have many other actions which may be

important for brain health (Alegret and SilvestG®8a).

5.5. LDL- and HDL-cholesterol

In the present project, information on LDL and HidMas available only in the clinic-based
population (late-life LDL and HDL, Study V). Sint&boratories gradually began to add LDL
andHDL to their testmenu only during the 1970s (Delahunty 1998), treessessments were
less accessible during the baseline examinatioapigdemiological studies.

As expected, late-life LDL and HDL levels were magnificantly different between patients
with SCI, MCI or AD. A recent meta-analysis hasoaleported no significant associations of
HDL or LDL with dementia, AD or VaD (Anstey 200&lowever, some studies have found
higher LDL to increase the risk of VaD or dementit¢h stroke (Moroney 1999, Reitz 2004),
and to relate to WML (Amarenco 2006).

In Study V, lower LDL levels were related to lowmasirenchymal fraction and higher CSF
fraction in patients with AD, but not with SCI or®l, supporting the hypothesis of a disease-
related effect on peripheral cholesterol metabolisee also 5.3.2).

No significant relationship was found between plashDL levels and brain volumes,
although low HDL levels have been associated witer hippocampal volumes in some
(Wolf 2004) but not all (den Heijer 2005) studies.

5.6. The role of the APOE4 allele

In the CAIDE population, high midlife cholesteraichthe APOE:4 allele were independent
risk factors for cognitive impairment or poorer foemance on cognitive tests. Also, the
association between cholesterol changes after fmidind late-life cognition remained
significant even after controlling for the presemtat least one APOE4 allele. A tendency
to interaction between APOE genotype and cholestéranges over time (and also between
sex and cholesterol changes over time) in relatiothe degree of impairment in late-life
cognition was observed in Study I, but becauseneflimited sample sizes in the stratified
analyses, it is not possible to draw firm conclasiabout potential differences between
APOE¢4 carriers and non-carriers (or between men andempm
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5.7. Apolipoprotein E in the CSF

In Study IV, CSF levels of apoE were significanttgreased in AD and MCI patients. Since
apoE was not correlated with albumin or Qalb (mexlad blood brain barrier functionality),

this increase cannot be explained by a dysfunafdhe blood—brain barrier. Also, there was
no correlation between apoE and 270HC (most 27QHCSF originates from extracerebral
sources (Leoni 2005)). Previous measurements ofE appo CSF from patients with

neurodegeneration have given contradictory resut$ increased (Lindh 1997, Fukuyama
2000, Moreira 2005), decreased (Blennow 1994,iRirt994, Landen 1996, Hesse 2000) or
unchanged levels have been reported (Lefranc 1986ne 1997). These different results
may be due to methodological differences as weltcaghe characteristics of the chosen

control population.

Apart from its role as cholesterol transporterha tirculation and within the brain, apoE is
involved in a constant transport of excess chalesteom the brain into the circulation via
the CSF (Pitas 1987). There is also a flux of 240i®n the brain into the CSF (Leoni
2005). Since apoE is the dominating lipoproteil€®F, it may play an important role in this
efflux. The highly significant correlation betwekvels of apoE and 240HC found in Study
IV in patients with AD and MCI is in line with initvo data indicating that 240HC has a
direct effect on apoE secretion from astrocyte scéPfrieger 2003). A similar strong
correlation was not observed in healthy controjfjestts. A possible explanation could be that
the coupling between 240HC and apoE secretion ist imaportant under conditions with
increased levels of 240HC in CSF. Levels of 240HCCEF increase under conditions of
neurodegeneration (Leoni 2005, Bjorkhem 2006), prebly reflecting populations of dying
neuronal cells (and consequently increased leviefsee cholesterol). Under these specific
conditions the 240HC-mediated increase in secragfoapoE may be more important than
under normal conditions. Although apoE is a cheleditransporting lipoprotein, no
significant correlation was found between apoE @malesterol in CSF from patients with AD

or MCI. However, a low but significant such corteda was observed in control subjects.

ApoE levels were also significantly related to TuTand P-Tau in patients with AD, and with
AP42 in patients with MCI. These results are consistéth a direct role of the 240HC-apoE

system in the regulation and control of neurodeg®im. The details of the mechanisms
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involved (as well as the diagnostic potential obBAplevels in CSF) need to be further

investigated.

5.8. 24-hydroxycholesterol

Brain cholesterol levels may be altered in neuredegative diseases, but changes in brain
cholesterol content during neurodegeneration cabeadirectly analysed. Since 240HC in
the circulation originates from the brain, 240HCasiwements can provide a window into
this otherwise analytically inaccessible compartinen

In the present project, CSF levels of 240HC wegmiicantly higher in patients with AD
and MCI than in controls (Study 1V), while plasmdCGHC was lowest in the AD group,
highest in the SCI group with intermediate levelshie MCI group (Study V). These findings
are in agreement with previous studies (Bjorkhe®620Ilt is known that less than 1% of the
total excretion of 240HC occurs via CSF. This mifiaiction appears to reflect neuronal
damage and rate of neuronal loss, rather than dte# humber of metabolically active
neuronal cells (which is reflected in plasma 240ldels). The changes in CSF are thus

more marked than those in the circulation (BjorkHz006).

5.8.1. 24-hydroxycholesterol in CSF

The correlation between 240HC and apoE in CSF témis with AD and MCI (but not
controls) (Study 1V) suggests that the 240HC-mediasecretion of apoE creates an
overcapacity for transport of steroids from CNS emdonditions of neurodegeneration but
not under normal conditions. Under in vitro coratits, cholesterol increases APP cleavage
via the amyloidogenic pathway, whereas 240HC has beported to have an opposite effect
(Brown 2004). If the neurodegenerative processlteguincreased levels of free cholesterol,
240HC may have a role both as a suppressor of ahegenesis and as a stimulator of apoE-
mediated removal of cholesterol.

The transcription of the CYP46A1 gene, coding fholesterol 24S-hydroxylase, has been
found to be resistant to most regulatory factossed, and availability of substrate cholesterol
may be the most important factor under normal domas (Bjorkhem 2006). Oxidative stress
is one of the few factors capable to up-regulate dbne at a transcriptional level. Since
oxidative stress occurs in CNS of patients with MDreira 2005), it is possible that this may

result in increased formation of 240HC and incrddkex of apoE from the astrocytes.
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5.8.2. 24-hydroxycholesterol in plasma

In the whole population, R_240HC was positivelyatet to GM fraction. Interestingly, when
each group was considered separately, the associaftiR_240HC with GM volume, GM
fraction and parenchymal fraction was significant dontrol subjects only. The positive
association between R_240HC and GM volume, GMifvadnd parenchymal fraction in the
SCI group adds further evidence that plasma 240e&fleats the number of metabolically
active neurons in the brain. A recent study hae hfked plasma 240HC to hippocampal
size in middle-aged normal individuals (KoschackZ0and another to the dimension of the
striatum nucleus and its degree of atrophy (Le®38). In case of neurodegeneration, such as
in AD, the observed reduced levels of 240HC depapdn a reduced activity of the
cholesterol 24-hydroxylase, the neuronal enzymeomsible for 240HC synthesis. The
expression of this enzyme is rather stable in neyrand the reduced number of active
neuronal cell present in the gray matter is therrared by a parallel reduction of plasma
240HC.

A possible explanation for the lack of significassociations with brain volumes in the MCI
or AD groups could be the abnormal expression efGNP46 enzyme in glial cells that was
shown in the brain of patients with AD (Bogdanof2i@01, Brown 2004), which occurs as a
compensatory mechanism in neuronal degeneratios. niby represent a limitation for the
use of 240HC as a biomarker in patients with ADe Hituation may be different in other
types of neurodegenerative diseases, however, apdesent it is unknow if there is an

abnormal expression of CYP46 also in other diseases

5.9. Methodological issues

The main strength of this project lies in its ineggre approach. Although each study design,
method and population has its own inherent problants limitations, combining them can
only reinforce the results.

5.9.1. Epidemiological approach

Studies | and Il have a prospective population-akesign (Finnish population), while study

lll has a retrospective, register-based design d&aPermanente of Northern California, a

non-profit, group-practice health integrated delveystem, with members representative of
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the sociodemographics of the local population). pregect combines thus data from a more

homogeneous population (CAIDE) with data from a&hageneous US population.

5.9.1.1. CAIDE

CAIDE is based on population-based random samgl@sdoviduals that were investigated
twice during the study. Participation rates werghhranging from 83 to 93% at baseline and
72% at follow-up. The prospective population-badedign and relatively high participation
rates increase the reliability of the findings. Tiedow-up time was long, on average 21
years, which created the opportunity to investigak factors that were present already at
midlife, and to study the true risk relationship,veell as the hypothesis of reverse causality.
No information was available on the participantjmtive status at baseline. However, at the
time of the midlife examination, subjects were 8%#4 years old, and it is unlikely that they
had dementia at that time. If there were persownsvsiy early signs of dementia already at
the baseline examination, they would have probatdy survived and participated in the
follow-up examination.

Prospective studies are known to be time-consummpexpensive to conduct, although they
allow the investigators better control over expesand outcome information, which is
collected directly from the participants and acaogdo protocols formulated specifically for
the study. CAIDE offers therefore the advantagdaih on APOE genotype, as well as on the
continuum of cognitive functioning (results of dégd cognitive tests). Not only dementia or

AD is investigated, but also MCI.

CAIDE included 1449 patrticipants, a sufficientlyda population to investigate the relations
between cholesterol and cognition/dementia. Howenesome of the stratified analyses (i.e.
APOE ¢4 carriers vs non-carriers) the sample sizes didalow any definite conclusions

about potential gene-environment interactions. Atbe number of persons with dementia
types other than AD was too small to consider sierhentia types (i.e. VaD) as outcomes in

the analyses.

Only participants with MMSE 24 in the screening phase entered the clinicasela the
follow-up examination. It would have been idealaif persons had participated in both
screening and clinical phases, but the three-ppas®col was probably high enough in

sensitivity and specificity to detect AD. Nearlylthaf all participants with MMSE below the
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cut-off point in the screening phase were consilex® cognitively normal in the clinical

phase, suggesting that the cut-off score was seifly sensitive for detecting AD in this

population. Using a higher cut-off would have résdlin the inclusion of a very large
proportion of the population in the clinical phase, the median MMSE was 26. While
MMSE may have been sensitive enough to capturefesaD, the use of MMSE may have
resulted in underdiagnosis of dementia types irctvimemory deficits are not the main initial
manifestation of disease. Persons diagnosed wittedga in the clinical phase underwent
brain imaging in the differential diagnostic pha&atopsy data were not available to confirm
the clinical diagnoses, but a previous neuropatiicid study conducted in the clinic in

Kuopio has shown that the accuracy of clinical ABgaosis is good (96% for probable AD
and 86% for possible AD) (Kosunen 1996).

The different criteria for VaD (including NINDS-AIRN) seem to have low sensitivity, but
higher specificity (Knopman 2001). It is known thatrrent VaD diagnostic criteria select
etiologically and clinically heterogeneous grougsk{njuntti 2000). The Hachinski Ischemic
Score (HIS) has been reported to have both higkitsety and specificity (Moroney 1997).
While lacking neuroimaging criteria, HIS has beaggested as more suitable for identifying
the majority of dementia patients with at least sararebrovascular pathology. HIS was used
in the CAIDE study to aid in VaD identification, bbiyaD was diagnosed using NINDS-
AIREN criteria. Thus, the real prevalence of VaDtle CAIDE population was probably

higher than the detected prevalence.

The identification of MCI was essentially based adinical judgement: the persons did not
fulfill the criteria for dementia, but had some gdbive and objective cognitive impairment.
Some cases of MCI and dementia may have been lestadthe MMSE cut-off score. The
CAIDE study was designed to detect dementia, arsdunclear how sensitive and specific the
screening procedure was in identifying those pexswith MCI. However, the prevalence of
MCI in CAIDE was similar to that of another popudsi-based study conducted in the same
region with a population of corresponding age, ®stjgg that the detection bias was minimal
(Hanninen 2002).

Cholesterol levels were measured as non-fastingesalNon-fasting measurements are often
used in epidemiological studies, mainly for praatipeasons and also because non-fasting

values are not significantly different from fastiteyels for an individual (Bachorik 1991).



92

Thus, any variation in cholesterol levels causedhiege conditions of measurement would be
equally distributed between all subjects and wowdd be expected to change the results. In
addition, a person usually spends most of the imaenon-fasting state.

Information about vascular events was obtained fseiiradministered questionnaires, which
may introduce some reporting bias. However, a piokyrmant (spouse, other relative) can
increase information reliability, since significamhedical events such as myocardial

infarctions or strokes are likely to be remembered.

Non-participation may have influenced the resiMs.information was available on baseline
non-participants with regard to risk factors or mige status. However, non-participation
rates at baseline were low, and the main reasons: wmddress information not up to date,
temporarily away from home, or unable to particgpavery few individuals refused to
participate (Puska 1995). The role of non-partitgraat follow-up could be evaluated to
some extent. High cholesterol levels at midlife associated with increased cardiovascular
risk and mortality, as well as with increased ri§kMCIl and dementia. Non-participants at
follow-up had higher cholesterol values at midldghigher prevalence of dementia and worse
health status later in life, so their cholesteeslels would be expected to markedly decrease
from midlife to late life. Thus, the results wouldther represent an underestimation of the
association between cholesterol and the risk ose@ognitive outcomes. The same is true
for selective survival, if we assume that amongdbad there were more persons with high
midlife cholesterol levels who would have been mbkely to have dementia/cognitive

impairment and a worse health status later in life.

5.9.1.2. Kaiser Permanente

The main advantage of retrospective cohort studidge quicker and less expensive access to
large amounts of information on various risk fastand outcomes. Study Ill is so far the
largest longitudinal study to investigate the lindtween midlife serum total cholesterol and
dementia. The number of persons with dementia adbthe consideration of both AD and
VaD as outcomes. The study is based on the Kaisand&hente electronic database, and
includes information from comprehensive health exations at midlife, a long follow-up
period, and a multiethnic representative samplédicg both men and women with equal

access to medical care. Also, because cholesta®hveasured in people aged 40 to 45 years,
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it is highly unlikely that subclinical dementia wpeesent at baseline; thus the temporality of
the associations is clear.

Several potential confounders were controlled fothe analyses. However, information on
APOE genotypes and on lipid-lowering treatments m@savailable for this study.

Since outcomes were obtained electronically fromrtcdiagnoses, AD and VaD definitions
are based on ICD 9 CM codes (as the ICD 9 CM sysseaurrently in use in the US for
registering morbidity data). It is thus possiblatth portion of the population may have had
undiagnosed dementia. It is also likely that som@ #&r VaD cases were missed in
participants who died prior to 1994, the onsethef ascertainment. However, this would tend
to bias the results toward an underestimation efdfiect of midlife cholesterol on AD or
VaD. In addition, having to rely entirely on ICD®M codes has restricted the choice of
outcomes to manifest dementias, to the detrimentilofer forms of cognitive impairment.
Neuropathological data regarding the diagnoses @fadd VaD in the Kaiser Permanente
cohort was not available. Diagnostic criteria useaurrent clinical practice are known to
have a bias towards AD due to the emphasis on memygrairment in dementia diagnosis.
As a result, some VaD cases may have been lakegdlékD. Also, current diagnostic criteria
define AD and VaD as entirely separated from onetleer, at the cost of mixed dementia
aetiologies. Although the cohort in Study Il does include persons with mixed dementia as
recognized by ICD 9 CM, the concomitant presencene@frodegenerative and vascular
pathologies in a portion of the sample cannot beuebed. Moreover, the term "VaD” covers
many types of dementia, but it was not possibléaanore detailed analyses within the VaD
group, partly because of the diagnostic criterighi(lw focus mainly on multi-infarct
dementia) and partly because of the VaD sample size

Due to the study design, AD or VaD status could/dd assessed in persons who were still
Kaiser Permanente members at the time of the aswernt. However, post hoc analyses
revealed no significant differences in any of thielife cardiovascular risk factors by health
plan membership status in 1994.

5.9.2. Clinic-based approach

Studies IV and V are case-control studies with sisectional analyses. The clinic-based
approach offers the advantage of very detaileduati@ins of participants, and the Memory
clinic at Karolinska University Hospital, Hudding8yweden was chosen for its standardized

comprehensive examination protocol which routinglgludes neuropsychological testing,
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brain imaging, and plasma and CSF measurements @8F A342, T-tau and P-tau levels
used in establishing dementia aetiology). The patpans in studies IV and V are thus highly
selected compared to studies I-1ll, since they i§ipally include individuals referred to a
hospital-based setting due to memory-related coscerhis is an important advantage for
studying AD, but it makes studying VaD difficults anost VaD cases are evaluated in

traditional Neurology clinics and only a small nuenlsan be found in memory clinics.

The selection of an appropriate control group ihaps the most difficult and critical issue in
a case-control study. Two different control growgere used in the clinical studies: patients
referred to the Neurology clinic (Study IV) andipats with SCI from the Memory clinic at
at Karolinska University Hospital (Study V). Patigrirom the same hospital as the controls,
and who have been admitted for conditions othen ti@ disease being studied, are often
used as control groups, since they are likely teehlaeen subjected to the same selection
factors that influenced the cases to come to acpéat hospital. The chief disadvantage of
hospital-based controls is that they have by d@bimi health-related problems and may
therefore be different from healthy individuals. whver, the comprehensive examination
protocols used at Karolinska University Hospitatlexied the presence of AD (as defined by
current criteria) in these patients.

Although in the smaller, pilot study on CSF markefreholesterol metabolism the Neurology
clinic served as source of controls (Study IV),soes with SCI from the Memory clinic were
chosen as control group for the larger study omsrpéa markers of cholesterol homeostasis
(Study V). If a clinic is known to be a referraintee for the treatment of a particular condition
(i.,e. AD), it becomes a good source of cases legetpatients may not be comparable with
individuals from other clinics in the same hospitébwever, all exclusion criteria used in the

identification of cases were also applied to cdatio both clinical studies.
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6. SUMMARY AND CONCLUSIONS

Physicians tend to confine Alzheimer and cerebrowas disease to geriatric age borders and
address symptoms as they occur. The results ofpifuect point out the importance of
addressing risk factors as early as midlife, betbeeunderlying disease(s) or the symptoms
appear. High midlife serum total cholesterol inse=athe risk of both AD and VaD, a finding
that adds to the existing body of evidence on aetegf overlap between the two dementia
types in terms of risk factors, symptoms and neattogogy.

Cholesterol-dementia and cholesterol-health relgktips are controversial, and the
benefit/risk ratio for cholesterol-lowering drugs old age is still discussed. The present
studies show that high serum total cholesterol atlifa is a risk factor for subsequent
development of cognitive impairment or dementiai &erum cholesterol levels may later
reflect ongoing pathologic processes in the braith may represent a risk marker for late-life
cognitive impairment or dementia. The significarafecirculating cholesterol likely differs
between younger and older adults mostly in thoslk mermal or low cholesterol, not in those
with high cholesterol. Elderly with low cholesteroly have had lifelong low levels, or may
have low cholesterol secondary to different diseader example AD). High cholesterol
carries risk even in old age, and results fromicdhtrials in vascular diseases support the
benefit of lipid-lowering treatment in elderly paits. Lipid risk profiles seem to change with
time, and the interpretation of low cholesteroldisvin old age must be done with respect to
the patients’ health and cognitive status. In t#dDE study, statin treatment seemed to be
beneficial for cognitive functioning even after itadx into account the decrease in serum

cholesterol after midlife.

The relation of lipids with vascular pathology atie relation of protein aggregation with
neurodegeneration have long been regarded as tepaaters of investigation. The results of
this project emphasize the involvement of brain lesierol metabolism in AD
pathophysiology, and suggest a potential role (@isd limitations) for cholesterol-related
markers in identifying the disease in a clinicatisg. However, much research is still needed
before the level of knowledge on brain cholestdiomeostasis can reach the level of

knowledge on circulating cholesterol metabolism.
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7. FUTURE DIRECTIONS

Current evidence supports the potential of chotektaeodifying strategies for dementia.
However, more data still needs to be gathered bdfts potential can be used in clinical
practice. Additional research on brain cholestengtabolism and on its interactions with
circulating cholesterol is particularly importamt. key point suggested by the RCTs with
statins in patients with AD is the optimal timin§ toeatment in order to achieve benefit. It
seems that mild to moderate AD is too late, a stageadvanced in the AD pathogenic
cascade. Early diagnosis of the disease, prefetadfiyre dementia becomes manifest, may
lead to a different response to treatment. Unfatiely, current diagnostic criteria are based
on a dichotomy between "“dementia” and "non-dememtighout taking into consideration
that cognitive impairment occurs across a continunot over a threshold. Revised research
criteria for AD have been recently proposed, inatlempt to move away from the current
two-step approach (first identification of dementthen identification of dementia type)
towards diagnosis of the underlying disease befieraentia onset. Such criteria need to be

tested and adjusted for use in day to day clirpcattice.

RCTs with statins in AD treatment had very strictadlment criteria, including only patients
with no other indication for statin treatment, dadving out persons with AD and increased
cardiovascular risk. The latter group of patientsymespond better to statin therapy. It is also
difficult to estimate treatment effects in AD paiti® who also have significant concurrent
cardio/cerebrovascular disease, since such pemm@nsisually excluded from RCTs. This
exclusion of an important group of patients is tlesult of the dichotomy between the
categories of "neurodegenerative” and “vasculatementia diagnosis. "Pure” AD and “pure”
VaD should be considered the opposite ends of eedgmaetiology continuum, where most
cases are ‘in between” and have combinations ofypP and vascular changes in different
degrees. More attention has to be directed towanthslarities and interactions between
various pathophysiological processes, instead teigiting to create disease classification

systems where the main purpose is only to accyrpigéonhole patients.

Cholesterol-modifying strategies may be most eiffectvhen used to prevent dementia/AD.
However, medication need not be the first choicstadtegy in all cases (especially if there
are no other indications for statin treatment)adidition, since AD is a multifactorial disease

and cholesterol is only one piece of the puzzletegrative strategies targeting
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hypercholesterolemia together with other vascurat kfestyle-related risk factors (such as
hypertension, diabetes, obesity, or physical indg)i may be more prone to succeed. Gene-
environment interactions may make genetically suifigie persons more likely to benefit
from such interventions, and this is an importaetaof further research. Tools for predicting
the risk of dementia, which can be useful for tingepreventive measures to those most at

risk, have already been developed (i.e. CAIDE Ddradrisk Score).
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