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Abstract Animal epidemiological and clinical studies
suggest that cholesterol is a risk factor for Alzheimer’s
disease (AD). Nevertheless, the relation of cholesterol to
mild cognitive impairment (MCI), influence of APOE
genotype and its changes in lifespan is controversial. We
investigated the potential impact of plasma total cholesterol
(TC) on development of MCI and AD in the interdisci-
plinary longitudinal study on adult development and aging,
a representative birth cohort (born 1930-1932), examined
in 1993/1994 (VT1), 1997/1998 (VT2), and 2005/2007
(VT3). Of 500 participants at baseline, 381 survived and
were examined at VT3. After exclusion of participants with
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lifetime prevalence of major psychiatric diseases or mild
cognitive disorder due to a medical condition, 222 partic-
ipants were included in the analysis. At VT3, 82 partici-
pants had MCI, 22 participants had AD, and 118 were in
good health. Participants with MCI and AD at VT3 evi-
denced higher TC levels at VT1 than those who were
healthy. Higher TC levels at baseline were associated with
an increased risk for cognitive disorders at VT3 (highest vs.
lowest quartile: OR 2.64, 95 % CI 1.12-6.23, p < 0.05).
Over the 14 year follow-up, TC levels declined in those
with MCI and AD, but remained stable in those who
remained healthy. These findings were not modified by
APOE genotype or use of cholesterol-lowering medica-
tions. Our findings demonstrate that higher TC levels are
observed long before the clinical manifestation of MCI and
AD in patients without psychiatric or somatic comorbidi-
ties and are independent of APOE genotype.

Keywords AACD - AD - APOE - Cholesterol -
ILSE - MCI

Introduction

Cholesterol is considered to be involved in the pathogen-
esis of mild cognitive impairment (MCI) and Alzheimer’s
disease (AD). In view of that, clinical studies have dem-
onstrated increased levels of cerebrospinal fluid
24-hydroxycholesterol in AD patients compared with
healthy controls [1]. Likewise, epidemiological studies
have established that higher total cholesterol (TC) in
midlife is a risk factor for the development of AD [2—4]
(for a review see [5, 6]), and that cholesterol-lowering
agents, such as statins, may have a protective function [7,
8]. Interestingly, there is evidence that TC values decrease
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more rapidly in subjects experiencing subsequent cognitive
decline or dementia compared with individuals who remain
healthy. Declining cholesterol levels appear to accompany
aging specifically in AD and are probably a manifestation
of underlying dementia-related neuropathology [9, 10].

Experiments on cell cultures provide a feasible expla-
nation for this association, indicating that the accumulation
of cholesterol in neurons results in an accelerated cleavage
of amyloid precursor proteins into amyloidogenic compo-
nents [1]. This may lead to the formation of amyloid pla-
ques in susceptible brain regions with consecutive neuronal
degeneration. Thus, experiments on hypercholesterolemic
rabbits [2] find an association with blood cholesterol and
enhanced amyloid deposition in the brain. Additionally,
cholesterol deposits in amyloid plaques may promote the
stability thereof.

Most of the prospective studies reporting on cholesterol
and cognitive impairment or dementia [2—4] have involved
northern European populations, which are generally char-
acterized by a high prevalence of the APOEe4 allele. This
is of particular importance, since the presence of the
APOE¢4 allele confers an increased risk of AD. The APOE
protein is involved in AR metabolism, and the affinity of
APOE for A is increased in the presence of lipids [11].
Animal studies demonstrate that a high cholesterol diet
affects not only TC plasma levels but also modulates
APOE expression, and APP and AB secretion [12].

In the present study, we investigated the role of TC levels
in the development of MCI and AD, as well as the potential
impact of APOE genotype. Specifically, a German popu-
lation-based sample born between 1930 and 1932 drawn
from the interdisciplinary longitudinal study on adult
development and aging (ILSE) was considered in the course
of three examination waves—extending over 14 years.

Materials and methods
Participants

The ILSE is a prospective study of adult development in
Germany based on two birth cohorts born in 1930-1932
and 1950-1952 [13, 14]. At baseline, in 1993—-1995, par-
ticipants were randomly selected and recruited from the
community registers in the urban regions of Leipzig
(Saxony) and Heidelberg/Mannheim (Palatine), for which
inclusion is mandatory for citizens aged 16 years and older
in Germany. This recruitment procedure yielded a repre-
sentative sample of the communities included [15]. Par-
ticipants were subsequently recontacted over a 14 year
period, in 1997-2000 and 2005-2008.

This study includes only those participants born
1930-1932 and who completed the 2005-2008
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examination (n = 381). A description of this sample is as
follows (see Fig. 1). At baseline, in 1993-1995 (VT1), 500
participants were examined. In the second examination
(VT2) in 1997-1999, 449 persons were re-examined; and
in 2005-2008 (VT3), 381 [76.2 % of the baseline sample,
average age 74.3 (SD = 1.2) years] persons were exam-
ined. Of the 119 non-participants at VT3, 64 (53.8 %) had
died, seven (5.9 %) no longer lived in the region, 39
(32.8 %) were ineligible, and nine (7.5 %) did not wish to
participate.

Since MCI and AD were the primary outcomes of
interest, additional exclusion criteria were applied at VT3,
such that those who met criteria for other mental disorders
such as vascular dementia, major depression, anxiety dis-
orders, or mild cognitive disorder (MCI due to a medical
condition as defined by ICD-10) were excluded. Thus, only
those participants surviving from VT3—developing MCI
or AD or remaining cognitively healthy—were included.

Given study exclusion criteria, the final sample at VT3
included 109 participants with MCI, 26 with AD, and 157
cognitively healthy individuals, without any psychiatric
disorder. Of these, 70 participants refused APOE geno-
typing (39 without any psychiatric disorder, 27 with MCI
and four with AD), leaving a final sample of 222 partici-
pants. Amount of missing data did not differ between
diagnostic groups [%*(2) = 1.16, p = 0.56].

The study was approved by the Ethical Committee of
the University of Heidelberg. After a complete description
of the study to the participants, written informed consent
was obtained.

Psychiatric diagnoses at VT3

Psychiatric disorders were diagnosed using the German
version of the Structured Clinical Interview for the DSM-
III-R [16]. MCI was diagnosed according to the aging-
associated cognitive decline criteria (AACD, International
Psychogeriatric Association working Party, [17]) including
(1) subjective impairment: A report by the individual or an
informant that cognitive function has declined and (2)
objective impairment: difficulties in any of the following
cognitive domains, as indicated by neuropsychological test
performance of at least one standard deviation below nor-
mal age and educational levels: memory and learning,
attention and concentration, abstract thinking (problem
solving, abstraction), language, and visuospatial function-
ing. Moreover, MCI patients were classified as amnestic or
non-amnestic types, depending on the affected cognitive
domain. AD and vascular dementia were diagnosed using
the NINCDS—-ADRDA and the NINDS—AIREN criteria,
respectively [18, 19]. Additional methodological details
have been described elsewhere [13, 14]. Particular care was
taken to exclude participants with mild cognitive disorder
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Fig. 1 Study design. MCI mild
cognitive impairment, MCD
mild cognitive disorder due to
medical condition, VaD
vascular dementia

70 refused APOE
genotyping

487
VT1
n= 500
24 deceased
27 other reasons
\ 4
VT2
n= 449
40 deceased
28 other reasons
\ 4
VT3
n= 381
83 excluded due to VaD,
MCD or mayor
] psychiatric diseases

Cognitive healthy
n=118

lw)

MCI

n= 88 n=22

(ICD-10), and major psychiatric disorders such as depres-
sion or substance abuse, since symptoms of these condi-
tions overlap with dementia and other cognitive disorders.
Clinical diagnoses were established by consensus of two
psychiatrists (P.T., P.S.) under supervision of a specialist
(J.S.) in geriatric psychiatry.

Laboratory measures

TC was analyzed with Advia® 2400 Chemistry System from
Siemens Healthcare Diagnostics. Genomic DNA was
extracted from whole blood using the High Pure PCR Tem-
plate Preparation Kit (Roche Diagnostics, Mannheim, Ger-
many) following the manufacturer’s instructions. APOE
genotype was assessed using the LightCycler technology [20].

Survey measures

Participants were carefully screened for physical and
mental health via questionnaires, extensive personal inter-
views, as well as medical and neuropsychological exam-
inations at all visits (VT1, VT2, and VT3). The cognitive

assessment included the mini-mental state examination
(MMSE [21]), subtests of the Niirnberger—Alters—Inventar
(NAD [22] and the Leistungspriifsystem [23], both of
which are well-established and commonly used test bat-
teries in Germany (for more details see [14]):

1. Memory and learning: immediate word list recall and
delayed word list recognition (NAI)

2. Attention and concentration: Aufmerksamkeits—Belas-
tungs-Test (d2 test [24].

3. Abstract thinking: similarities subtest (Hamburg—
Wochsler-Intelligneztest fiir Erwachsene) [25].

4. Language-subtest of verbal
(Leistungspriifungssystem).

5. Visuospatioal functioning: subtest of visual imagina-
tion (Leistungspriifungssystem).

fluency

Statistics

Diagnostic groups were compared using analyses of vari-
ance with repeated measures for time. Post hoc Tukey’s
tests and y” tests were used where appropriate. To address
potential effects of the APOE genotype, groups were
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additionally dichotomized according to the presence or
absence of at least one e4 allele.

In order to assess the risk of MCI and AD associated
with plasma TC, participants were divided into TC quar-
tiles and odds ratios (OR) were calculated. Logistic
regression analyses were performed to determine statistical
significance at 95 % confidence intervals. In order to adjust
for important potentially confounding variables, education,
APOE genotype, socio-economic status, and gender were
included into the logistic regression model.

SAS software (version 9.01; SAS Institute, Cary, NC,
USA) was used for all statistical analyses.

Results

Demographic and clinical characteristics of the diagnostic
groups are summarized in Table 1.

Diagnostic groups (AD, MCI, healthy controls) did not
differ on the basis of sex, statin use, and APOEe4 allele.
Moreover, no significant differences between diagnostic
groups emerged with respect to body mass index (BMI) for
VT1 (F = 1,182; n.s.), VT2 (F = 1,786; n.s.), and VT3
(F = 1,226; n.s.), smoking behavior for VT1 (x2 = 1.090,
df =2, ns.), VT2 (3* = 0.276, df = 2, n.s.), and VT3
(x> = 0.224, df = 2, n.s.), hypertension at VT1 (Fisher’s
exact test: n.s.), VT2 (Fisher’s exact test: n.s.) or diabetes
mellitus for VT1 (Xz = 0.289, n.s.) and VT2 (Fisher’s
exact test: n.s.). AD cases were slightly older than the
cognitively healthy. Length of formal school education was
shorter in those with AD or MCI (F = 13.23, p < 0.0001).

Mean MMSE scores differed between groups (F = 100.10,
p < 0.0001) with the MCI group ranking in between par-
ticipants with AD and the cognitively healthy. 19.5 % of
MCI cases were classified as amnestic (scoring >1SD
below average on NAI word list), 65.9 % were classified as
non-amnestic.

TC levels at baseline differed between diagnostic groups
with MCI and AD patients having higher TC levels than
controls (F = 3.179, p = 0.044). Post hoc analysis
revealed a significant difference between MCI and healthy
controls (p = 0.046). Average TC levels declined during
follow-up in MCI and AD, but were almost stable in par-
ticipants who remained cognitively healthy at VT3. These
findings were confirmed by a repeated measures ANOVA
that yielded a main effect of time (F = 15.51, df = 2/438,
p < 0.0001) and an interaction effect of diagnosis by time
(F = 3.88, df = 4/438, p < 0.005), while diagnosis alone
was not informative (F = 0.90, df = 2/219, p = 0.4, n.s.).

Diagnostic groups were also dichotomized according to
presence of an APOEe4 allele (Table 2; also see Fig. 2).
TC levels were significantly higher among those with any
e4 allele (p < 0.05). A repeated measures ANOVA with
time as within-subject factor revealed significant main
effects for APOE and time, as well as a significant time by
diagnosis interaction (F = 14.39, df = 1/216, p < 0.005;
F = 13.68, df = 2/432, p < 0.001; and F = 5.40, df = 4/
432, p < 0.005, respectively). No other main or interaction
effect emerged (diagnosis: F = 0.77, df = 2/216; diagno-
sis x APOE: F = 0.50, df=2/216; time x APOE:
F = 2.06, df = 2/432; time x diagnosis x APOE:
F = 2.34, df = 4/432).

Table 1 Clinical characteristics of ILSE participants with AD, MCI, or cognitively healthy

AD (A) MCI (B) Cognitively healthy Xz’ Tukey, ANOVA
n=22 n =382 ©C)n=118
Age (years) 748 £ 1.0 743 + 1.1 740 £ 1.0 A>C** B =C, A
% Female (n) 40.9 (9) 47.6 (39) 47.5 (56) n.s.
% Statin use (n) 31.8 (7) 29.3 (24) 22.0 (26) n.s.
% APOEg4 (n) 27.3 (6) 22.0 (18) 23.7 (28) n.s.
Education (years), mean + SD 112+ 1.8 12.1 £ 2.2 13.7 £ 3.0 A, B < C**x*
MMSE, mean + SD 242 + 2.1 28.1 + 14 289 + 1.2 A < B < C#**
Total cholesterol (mg/dl)
VTI1, mean £+ SD 246.1 + 40.7 247.0 £ 43.8 233.0 £ 38.0 B> C*
VT2, mean + SD 242.8 + 37.4 242.9 + 37.5 232.6 £ 36.2 n.s.
VT3, mean + SD 2195 £47.1 221.3 +42.8 228.4 + 38.9 n.s.
BMI
VT1, mean £+ SD 27.31 £ 2.99 26.71 £ 3.25 26.32 + 3.82 n.s.
VT2, mean £+ SD 28.58 £ 3.13 27.55 + 3.84 27.30 £ 4.02 n.s.
VT3, mean £+ SD 28.40 £ 4.42 2722 £ 342 27.76 £ 4.61 n.s.

MCI mild cognitive impairment, AD Alzheimer’s disease, VT visit time, MMSE mini-mental state examination, BMI body mass index

w5 p < 0.0001; * p < 0.05
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Table 2 Mean total cholesterol by APOEe4 status and diagnosis at VT3
AD MCI Cognitive healthy
APOE4¢e+ APOEeg4— APOEg4+ APOEg4— APOEg4+ APOEeg4—
n==6 n=16 n=18 n =64 n =28 n =90
Total cholesterol (mg/dl), mean + SD
VT1 281.0 £ 42.0 2329 £ 339 267.5 £ 57.9 241.1 £ 37.6 247.3 £+ 46.8 228.6 £+ 34.0
VT2 249.8 £ 403 240.1 £ 37.3 259.1 £+ 42.6 238.4 £+ 34.9 241.5 £ 35.1 229.8 £+ 36.4
VT3 247.8 £ 54.2 208.9 £ 41.0 221.9 £+ 44.5 221.2 +£42.6 247.7 £+ 40.7 222.4 £ 36.6
Repeated measures ANOVA
Main effects
Diagnosis (df = 2) F=0.77
APOE (df = 1) F = 14.39%*
Time (df = 2) F = 13.68***
Interactions
Diagnosis x APOE (df = 2) F =0.50
Time x diagnosis (df = 4) F = 5.40%*
Time x APOE (df = 2) F =2.06
Time x diagnosis x APOE (df = 4) F=234
The ILSE study
MCI mild cognitive impairment, AD Alzheimer’s disease, VT visit time
** p < 0.005; *** p < 0.0001
Fig. 2 Longitudinal course of 290 -
total cholesterol means by
diagnosis and APOE genotype. 280 +
VT visit time, CH cognitive 270 -
healthy, MCI mild cognitive
impairment, AD Alzehimer’s 260 - == CH+
disease, + participants with CH-
APOEg4 allele, — participants 250 -
without APOEz4 allele. VTI " *= MCl+
(1993-1995) mean age = 62.4 1 == MCI-
(SD = 2.4), VT2 (1995-1998) 230 4 AD+
mean age = 66.7 (SD = 1.1), AD-
VT3 (2005-2008) mean 220 -
age =743 (SD = 1.2
g ¢ ) 210
200 T )

VT1 (1993)

A logistic regression revealed an increased risk of
developing a cognitive disorder for the higher quartile of
TC levels in comparison with the lower (OR 2.64, 95 % CI
1.12-6.23, p < 0.05) and second lower quartile (OR 3.15,
CI 1.29-7.70, p < 0.05). TC levels at VT2 and VT3 were
not associated with cognitive disorders.

Discussion
In our study, TC levels at age 60 were associated with a

diagnosis of MCI or AD 14 years later. Moreover, in the
course of 14 years, a distinct trajectory in TC levels among

VT2 (1998) VT3 (2005)

those who develop MCI or AD in comparison with subjects
that remain healthy was observed, such that TC remained
stable in the cognitively healthy, whereas decline was
observed among those developing MCI or AD. Interest-
ingly, these associations were independent of potential
modulators of the cholesterol-dementia relationship, such
as APOE genotype and statin use, as well as other poten-
tially confounding variables, including cardiovascular risk
factors (e.g., smoking, hypertension, BMI, and diabetes).
Our findings confirm a previous report by Solomon et al.
[4] suggesting a bidirectional relationship between TC
levels and MCI/AD diagnosis such that high TC levels in
midlife is a risk factor for subsequent dementia, while an

@ Springer



490

Eur Arch Psychiatry Clin Neurosci (2014) 264:485-492

observed decrease of TC levels after midlife may reflect
ongoing disease processes. Thus, our results support find-
ings [10] describing a more pronounced decline in TC
among those who develop AD at least 15 years before a
clinical diagnosis [26].

Study methodologies differ in this field, which may
influence observations, as well as interpretation thereof.
Some [2, 3, 27, 28]—but not all [26, 29]—studies show a
relationship between higher TC values and subsequent
development of MCI or dementia. Most studies relating TC
to dementia are cross sectional or have included partici-
pants across a broad age range. This limits conclusions
related to temporality of the association, since TC levels do
not only change with age, but also with secular effects
(e.g., birth cohort) [30]. It is well documented that TC
levels increase with age, rising to a plateau before the age
of 70 and subsequently decrease in older age (for an
example in the German population see [31]). Since our
study cohort is comprised of persons from the general
German population born between 1930 and 1932, we have,
by design, adjusted for age.

In addition, differences in diagnostic criteria exist. In a
Finnish study [4], for example, only individuals scoring 24
or below on the MMSE were referred for subsequent
diagnostic evaluation with respect to MCI or AD. This
screening algorithm may have led to a selection of indi-
viduals who were in more advanced stages of MCI or
dementia but excluded most cases of preclinical dementia.
In our study, every participant underwent thorough neu-
ropsychological testing, as did participants in the Gothen-
burg birth cohort studies [26, 32]. This made it possible to
identify subjects in early stages of MCI who often score
above 24 on the MMSE. In addition, we improved diag-
nostic accuracy via personal medical assessment of each
participant focusing on medical and neuropsychiatric
morbidities. Thus, given our inclusion- and exclusion cri-
teria, our baseline sample was cognitively healthy. We
were therefore able to chart the trajectory of TC levels in
relation to MCI/AD overtime. In addition, participants with
mild cognitive disorder due to a general medical condition
(i.e., cardiovascular disease or severe metabolic disorder)
or any psychiatric comorbidity (e.g., history of major
depression or alcohol abuse) were excluded to assess the
relationship of TC among participants with a specific MCI
syndrome, and at risk for developing an AD type of
dementia. This was accomplished in concordance with the
Consensus of the International Psychogeriatric Association
[17] which emphasizes that the differential diagnosis
between MCI, dementia, and ICD-10 “mild cognitive
disorder” should be considered the most important.

The prevalence of the APOEe4 allele was higher in
those with AD versus those developing MCI or remaining
cognitively healthy. That this difference did not reach
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statistical significance may be due to lack of power, to the
low prevalence of AD in this age group and the relatively
low APOE¢e4 prevalence. The Finnish population, however,
has a higher APOEe4 allele prevalence, as well as higher
average TC levels and lower MMSE scores [33]. These
characteristics may well account for the strong TC-
dementia observations in Finnish studies. Solomon et al.
[4] found APOEe4 prevalence of 35 % in those without
dementia or MCI, but over 50 % in those with dementia.
Other European and American community-based studies
yielded APOEe4 prevalences that are comparable with
those observed in ILSE among cognitively healthy elderly:
11.2 % in a French study [34] and 12.6 % in white
Americans [35]. These population differences emphasize
potential difficulties in extrapolating results from one
population to another even within Europe, and underscores
the importance of conducting epidemiological studies in
individual European countries in relationship to vascular
factors in dementia etiology.

Selection effects have to be discussed as a potential
confounding factor, since we solely focused on survivors
from the ILSE. In Mielke et al. [32] the differences in TC
levels reached significance only in the survivor analysis,
and no significant differences appeared between the groups
in the whole sample analysis. Nevertheless, our follow-up
quote of 76 % of initial subjects in the 14 years with a strict
and complete clinical examination of all study subjects in
all visits expands the clinical significance of our findings.

To our knowledge, this is the first study describing the
longitudinal relationship of APOE and TC in relation to
clinically diagnosed MCI and AD. Considered together,
APOE genotype and TC levels may be independent risk
factors [2] for AD at the population level. One epidemio-
logical study [36] found high TC levels to be a risk factor
only among non-APOEeg4 carriers, however, this study
dichotomized their sample according to TC levels without
reporting whether APOEe4 carriers had elevated TC levels
in comparison with non-carriers [37-39]. Gender and statin
use have to be considered as potential confounding factors.
However, diagnostic groups showed only marginal, non-
significant differences with respect to these variables; in
addition, the proportion of subjects who received statins
were rather low and did not exceed 33 %. Studies
describing a protective effect of statins in cognitive disor-
ders (AD and MCI) are misunderstanding, with some
showing a protective effect [7, 40] and other showing no
clear relation [41, 42]. Since most of them focused on
dementia and very few in MCI as an outcome, more pro-
spective studies are needed to address this topic.

In conclusion, higher TC levels at age 60 are associated
with the development of MCI and AD at age 75 years
(highest vs. lowest quartile: OR 2.64, 95 % CI 1.12-6.23,
p < 0.05). While TC levels decline and stabilize during
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this period, these effects are not accounted for by APOE
genotype, birth cohort, statin treatment, or other cardio-
vascular risk factors. These findings support the hypothesis
that preventive measures targeted on TC in relationship to
cognition may have benefit before the seventh decade of
life.
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