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Abstract
Apolipoprotein E (APOE) is the major genetic risk factor for
late-onset Alzheimer’s disease (AD) and has also been impli-
cated in cardiovascular disease, cognitive decline and cogni-
tive changes in healthy ageing. The aim of this paper is to
systematically review and critically assess the association be-
tween the APOE genotype and structural/functional cere-
bral changes as evidenced by brain imaging studies. A sec-
ond aim is to determine whether these observed associa-
tions between APOE and the brain reflect changes which are
consistent with the progression of AD neurodegenerative
changes described in Braak stages. A search of Pubmed,
Psycinfo, and Web of Science databases identified 64 articles
available for qualitative review, The review found that pres-
ence of the APOE g4 allele is associated with (1) hippocampal,
amygdalar and entorhinal cortex atrophy, (2) increased brain
atrophy, (3) increased white matter hyperintensity volumes
and (4) altered cerebral blood flow and glucose metabolism
patterns. Itis possible that there are critical age ranges when
these effects are evident and that the APOE &2 genotype
might present a risk. We conclude that structural brain
change is associated with the APOE genotype and that it is
more salient in younger ageing individuals.

Copyright & 2007 S, Karger AG, Basel

Apolipoprotein E (APOE) is the main known genetic
risk factor for late-onset Alzheimer’s disease (AD), and,
since the discovery of this association, substantial re-
search has been conducted to confirm and explain its in-
volvement in the disease. Despite these efforts, the role of
APOE in the development of AD remains unclear, and its
contribution remains controversial.

APOE is a glycoprotein involved in the transport of
cholesterol and other lipids through cell membranes. In
the brain, APOE is mainly produced by glial cells and is
thought to be involved in cell growth and neuronal re-
generation. There are 3 common APOE gene alleles: €2,
€3 and e4. Their frequencies differ between populations,
but the €3 allele is the most common (78%), followed by
the e4 allele (15%), and the &2 allele (7%). Individuals
with at least 1 APOE &4 allele have been found to be more
likely to develop AD and to do so at an earlier age [1}. This
effect is not well understood, but it appears that the APOE
£4 allele is less efficient at inducing cholesterol transport
which may impact on the regeneration of neural cellsand
influence synaptic plasticity [2], It appears that the effect
of APOE £4 might be dose dependent and affect more se-
verely those individuals homozygous for this allele {3].
There is also some evidence of an association between
APOE and multiple sclerosis [4], and the severity of cog-
nitive deficits following traumatic brain injury {5].

The APOE genotype does not exclusively impact the
central nervous system but has also been found to be a
risk factor for cardiovascular disease. As such APOE
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might indirectly influence cerebral function through an
effect on the cardiovascular system. The £4 allele has
been shown to be associated with higher levels of low-
density cholesterol, increased levels of atherosclerosis
and increased death rates due to cardiovascular disease,
while the £2 allele appears to be protective against cardio-
vascular effects, although findings have been inconsis-
tent [6).

The cognitive effects associated with the APOE &4
genotype are widespread in AD and dementia and in-
clude deficits in learning, memory, attention and global
cognition, as well as an increased, dose-dependent rate of
decline [3]. Non-demented APOE &4 carriers have also
been shown to perform worse on a large number of neu-
ropsychological tests including episodic memory, visual
and spatial attention, visuospatial ability, and verbal flu-
ency and naming (7]. A recent study in younger healthy
individuals (8] did not find such associations. However,
since most studies have investigated older populations, it
is not clear whether these findings indicate an APOE ef-
fect in healthy individuals or the preliminary stages of
AD. Inacritical review of the available findings, Savitz et
al. [7} conclude that the latter is more likely. They argue
that the APOE genotype does not have an independent
effect in cognitively healthy individuals, Rather, APOE
contributes to slow neurodegenerative processes that lead
to dementia evidenced in the decline in cognitive perfor-
mance and brain changes occurring up to two decades
prior to the diagnosis of AD [9]. This view is supported
by post-mortem studies investigating the histopathologi-
cal progression of AD. Using Braak stages (10, 11] Ohm
et al. [12] assessed the brain of 814 individuals post-mor-
tem and found that neurofibrillary tangles, a hallmark of
AD, were present from the third decade of life onwards
in healthy individuals. This study also suggested that AD
follows a slow progression starting in early adulthood
rather than a sudden onset in old age. In another post-
mortem study of 80 brains, Ohm et al. [13] showed that
the average Braak stage was higher in APOE €4 carriers
than non-carriers. APOE &4 carriers were more repre-
sented by a factor of 3 in the 2 highest Braak stages.

Based on Braak stages {11] it would be expected that
brain changes detectable in neuroimaging studies (atro-
phy due to neuronal death associated with high level of
neurofibrilary tangles and amyloid plaque) would be first
apparent in the entorhinal cortex, hippocampus and in-
sular cortex (stages I-IV) in younger ageing cohorts, pro-
gressing fan-like in frontal, superolateral and occipital
directions (stage V), and with severe changes in most ar-
eas of the neocortex (stage VI) in older cohorts.

Neuroimaging and APOE

The aim of the present paper is to systematically re-
view neuroimaging findings investigating an association
between the APOE genotype and structural and meta-
bolic brain changes. Although a substantial number of
neuroimaging studies investigating the effect of the
APOE genotype on brain structure and function have
been conducted, there has been little formal synthesis of
the findings. The following hypotheses wete examined:
First, relative to non-carriers, cerebral changes in those
with the APOE &4 genotype will be detectable in com-
paratively younger and non-symptomatic individuals.
These changes might include regional and global atrophy,
ventricular and sulcal atrophy, increased white matter le-
sion load, and decreased resting blood flow and metab-
olism. Second, APOE-associated cerebral changes in
younger cohorts may be expected to be spatially localised
to the parahippocampal region becoming more diffuse in
older cohorts and particularly those suffering from de-
mentia. Finally, we examined evidence for APOE e4 dose
effects expecting greater atrophy in individuals homozy-
gous for APOE e4.

Method

Literature Search
A search of the literature was conducted (April 2007) using the
databases Pubmed, Psycinfo and Web of Science to identify stud-
ies reporting on the association between APOE and brain struc-

identified.
Key words used inthe Pubmed search were: for APOE, ‘APOE’,
‘apolipoprotein’; for brain, ‘brain with {MeSH terms), ‘head

‘cerebra

{without MeSH term:
‘amygdala’, ‘ventr
‘prefrontal cortex’) for brain
ume™, ‘cavity’, “atrophy’, ‘asymmetry ite matter hyperinten-
sities” (WMHs), “cerebral blood flow’, ‘regio blood
flow’, ‘cerebral perfusion’, ‘glucose metabolism’; for measurement
type, ‘magnetic resonance imaging’ (MRI), ‘positron emission to-
mography’ (PET), ‘single-photon en
‘voxel-based morphometry’. MeSH (medical subject headings)
terms are a controlled vocabulary that Pubmed uses to index ar-
ticles. These terms help to identify articles that may use different
terminology, but are still relevant to the search. Theasterisk sym-
bol (*) indicates where a key word was truncated in order to cap-
ons of the word. The same set of key words was used
for the searches conducted in Psycinfo and Web of Science, with-
out the use of MeSH terms for the key word ‘brain’,

ppocampus’,
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Study Selection and Data Extraction
Selection of the relevant studies from the 286 abstracts identi-
fied was conducted in two stages. The first stage involved screen-
ing the titles and abstracts according to a set of criteri
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were included if they contained (a) a measure of both APOE and
brain structare, (b) reported data on the assoc n between
these two factors and (c) were full-text original contributions.
Studies were excluded if the aggregate sample
than 30, or if the sample had a concurrent mental illness, system-
ic illness or a major structural abnormality {e.g. head injury).
Sawples with AD or dementia were included in the review (i
cluding vascular, Lewy body and frontotemporal dementia).
Functional studies using PET or MRI were excluded because
there were too few and they could not easily be compared. The
second stage of study selection involved obtainingand examining
the full text of the remaining articles and applying the exclusion
criteria with greater precision, The references of key articles were
also examined for missed papers, resulting in a small number of
additional studies. The full text of 145 articles was examined, and
a final number of 64 studies were included in the review. Each
study was read in detail, and the composition of the sample used
(population, mean age, APOE distribution) and the main findings
were extracted.

Methodological Considerations

Methodological features of the research papers were consid-
ered, and study quality was assessed. Relevant features included
sample size and sample selection, sample age, classification of
APOE genotype, and study design.

Sample selection is of great importance in APOE research
since different associations are expected in AD compared to
healthy samples, and in younger compared to older individuals.
Consequently, findings in AD patients were primarily compared
together, and findings in different age cohorts were also con-
trasted.

APOE genotype classification and reporting were assessed.
APOE can be classified and analysed in a dichotomous way with
pooled &4 carriers (£4+/+ or £4+/-) being compared to non-car-
iers (all other genotypes) wl others carriers of 1 (e4+/-~) or
eles (¢4 +/+) are separately compared to non-carriers. More
specific, usually larger studies, which considered each APOE ¢4
genotype (e4e4, e4£3, £462) separately might be compared to
each type of non-carrier {£3£3, £362, £262). The latter if adequate-
ly powered will be more informative of the APOE &4 (and the
other genotypes) effects.

All studies included fell into the Oxford Centre for Evidence-
Based Medicine (www.cebm.net) ‘2b’ category (differential diag-
nosis/symptom prevalence study) except for 3 longitudinal stud-
ies leading to an overall recommendation grade B.

Results

Hippocampus

As can be seen in table I, in total 16 studies totalling
3,063 participants reported differences in hippocampal
measures (decreased volume and asymmetrical effects),
while 6 studies totalling 597 participants did not find sig-
nificant differences in hippocampal volumes between
carriers and non-carriers of the APOE g4 allele (although
one of these studies found trends suggesting a dose effect
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of the APOE genotype). Of particular interest when com-
paring the design of studies reporting significant results
with those that do not is that whereas the former used
samples in a fairly narrow age bracket with an average age
of almost 70 years, the latter is represented in two clusters
of younger (approx. 60 years) and older (approx. 79 years)
samples. This suggests that the effect of the APOE geno-
type might be particularly intluential in specific age
ranges, with younger individuals possibly not being suf-
ficiently affected to produce detectable results and with
older individuals being more uniformly affected by age-
related hippocampal shrinkage changes which might
mask APOE effects. Consistent with this hypothesis,
Bigler et al. [14] found in a sample of AD patients that £4
carriers had smaller hippocampi than non-carriers but
only in those patients with disease durations of less than
1 year. It is also possible that APOE €4 carriers might
drop out of studies more frequently in an older sample
due to increased frailty, sickness and mortality.

Of the studies reporting significant associations be-
tween the APOE genotype and hippocampal volumes,
most presented consistent effects. Hippocampal volumes
were always reported as smaller and atrophy rates as
greater in subjects homozygous for APOE, Heterozygous
individuals, in contrast, had similar hippocampal vol-
umes or atrophy rates to homozygous individuals in some
studies, whereas in others they did not differ from &4
non-carriers. This may be explained by variation in oth-
er sample characteristics such as sex, genotype ratios and
clinical factors (AD, mild cognitive impairment, age-as-
soctated memory impairment, cognitively intact). How-
ever, findings of dose-dependent effects in 3 AD studies
{15-17}, 1 study in healthy volunteers [18] and a consistent
trend in a fifth study [19] suggest that heterozygous car-
riers have reduced hippocampal volumes and greater at-
rophy rates but to a lesser extent than their homozygous
counterparts,

A single study also suggests that these effects might be
moderated by sex. Fleisher et al. [20] found in a sample of
193 subjects with mild cognitive impairment that women
with 1 or 2 &4 alleles but only men with 2 alleles had
smaller hippocampal volumes and worse performance
on a delayed recall task. These effects could not be ex-
plained by other demographic variables such as age or
race since the two sex groups were well matched and
might be related to the greater incidence of AD in
women.

Hippocampal asymmetries also appear to be associ-
ated with the APOE genotype. Four out of 5 studies pre-
senting asymmetric hippocampal measures report find-

Cherbuin/Leach/Christensen/Anstey

ings consistent with smaller right hippocampi being as-
sociated with the 4 allele and more so in homozygous
than heterozygous carriers [21-24]. The fifth study [25]
reported smaller left hippocampi in patients with age-as-
sociated memory impairments and carrying the e4 or £2

allele compared to £3¢3 carriers.

and AD sufferers.

Table 1. Hippocampus; A POE effects in healthy and AD samples

Together these findings suggest a strong association
between the €4 allele and hippocampal atrophy in non-
symptomatic individuals (non-demented volunteers),
non-demented but symptomatic individuals (mild cogni-
tive impairment, age-associated memory impairment)

Refer: Design Age Qutconie Measurement method
ence years
Association found
Healthy samples
30 Cross-sectional, 92 healthy volunteers: 65.5 Hippocampal s s g4+ and Ty
36 £4+, 16 £2+,40 £3/63 £2+ > £33 5mm)
60 Cross-sectional, 427 non-demented 73 Hippocampal volume: £4+ < £4- on -weighted scar
volunteers assessed for alcohol abstainers or light drinkers (<1/week),  (slice thickness 1.5 mm)
consumption: 115 &4+, 312 £4- and heavy drinkers (>4/day)
29 Cross-sectional, 428 non-demented 72 Hippocampal volume: £4+ and £24 < Manual tracing on
(60-90)  £3£3, no asymmetry corr. >0.77,
61 70 Hippocampal volume:
mild cognitive impairment: £4+/+ and £4+/- < £4-/-, no asymmetry
44 £4+/+, 154 g4+/-, 296 ed-/~
20 sectional, 193 subjects with 73 Hippocampal volume: s4+/+ and s4+/-
mild cogaitive impairment: men and £4+/+ men < £4 -/
23 84+/+, 102 £4+/-, 68 /- ymmetry
18 Cross-sectional, 750 healthy 69 Hippocampal volume: ed+/+ < 44/~
nteers: 563 #4-/-, 175 (63-75) and £4-/-, no asymmetry using anatomical ROI from a parc
12 8d+/+ template: p < 0.0001 uncorrected for
comparisons,
21 Cross-sectional, 60 non-demented 66 Hippocampal asymmetry (right volume):  Manual tracing on T, -weighted scans
volunteers: 30 £4+, 30 £4- £4+ < pd- (in younger group <65 years)  (slice thickness 1.8 mm)
25 Cross-sectional, 50 patients with age- 65.5 Hippocampal asymmetry (left volume): tracing on T)-weighted sc
associated memory impairments: ed4+and £2+ < £3€3 (slice thickness | mm)
1364+, 14 £263,23 £3/3
22 Cross-sectional, 16 subjects with age- 69 Hippocampal asymmetry: £4+/+ more Manual tracing on T’ -weighted sc:
associated memory impairment and asymmetric (left > right) than s4+/- and
16 controls: 4 sd+/+, 10 £4+/-, 18 -/~ £d-/~
23 Cross-sectional, 54 non-demented 59 Hippocampal asymmetry (right area):
volunteers: 14 £4+, 40 4~ 4+ < gd-
AD samples
15 Cross-sectional, 138 probable AD 69 Hippocampal volume: ed+/+ < 2483 <
6 &4+ /+, 46 £463, 46 £3£3 £3€3, no asymmetry
17 vnal, 55 AD patients: 72 atrophy: e4+/+ > s4+/- >
7 £d+l+, 31 gdt /oy 17 ~f~ (60-80) mmetry 1.5 mm)
16 Cross-sectional, 26 AD patients: 69.5 Hippocampal volume: £d+/+ < g4+/~ <
5 6d4+/+,9 sa+/-, 12 /- and 16 controls 4/~ (54% atrophy in s4+/+ compared
to controls)
44 Cross-sectional, 58 probable AD patients: 705 Hippocampal volume: ed+/+ < gd+/-, ~weighted scans
13 e4+/+,24 £4+/-, 21 -/- and 34 cont £4-/- < control 8 mm)
24 Cross-sectional, 28 AD patients: 70.5 Hippocampal vo n Ty -weighted scans
5ed+/+,9 £d+/-, 14 -/~ and 30 controls £4 +/+ more asymmetric (left > right)
than £4+/- (left = right) than £4-/-
(left < right) than controls (lefi << right)
62 Cross-sectional, 20 normal elders, 7% Hippocampal volume: s4+ < £4-

58 MCI, 20 mitd AD pa
29 £4+,69 &4~

hippocampal volume correlated with
emory scores (CASL £=0.411)

Neuroimaging and APOE
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Table 1 (continued)

Refer- Diesign Age . Dutcome
ence years :

Measurentent method

Association not found

Healthy samples
N

63 C E {50-65}
volunteer.

64 Cross-sectional, 130 non-demented 60.5
volunteers: 22 e4+/+, 108 #4-/- {50-~75)

AD samples

34 Cross-sectional, 76 demented patients 76.5
(AD, VAD, dementia with Lewy
bodies) and 26 controls: APOE geno-
type distribution not described

65 Cross-sectional, 55 AD patients: 7 Hippocampal vo
32 s4+, 23 £4- and 42 controls
66 Longitudinal over 12 months: 24 AD 81

67 Cross-sectio 62 AD patients 125
controls: 66 £4+, 121 £4~

"otal brain, frontal and temporal lobe
) APOE effect

Hippocampal atrophy (12 months):
patients, 24 controls: 17 £4+/+, 31 g4~/ {70-89)  no APOE effect
78 Hippocampal

Manual tracing on T)-weighted scans
(slice thickness 3 mm}

Manual tracing on T)-weighted scans
{intraclass corr, = 0.96~0.99, slice thickness =

na APOE effect

me: no APOE etfect Manual tracing on’

(intracl

s corr. =

SPM = Statis
ment; VAD = vascular deny

| parametric mapping; ROI = regions of interest; MCI = mild cognitive impairment; CASI = Cognitive Al

es Screening Instru-

The APOE &2 allele has been found to be a protective
factor for dementia {26}, but other studies suggest that it
may also be a risk factor [27, 28], Three studies separately
assessed the effect of the APOE &2 allele, and they all
found no significant difference in comparison to the
effect of the 4 allele which was associated with greater
hippocampal atrophy [25, 29], and larger sulcal cavities
[301.

Amygdala

Nine studies (pooled n = 1,476) reporting on the rela-
tionship between APOE genotype and amygdalar mea-
sures were found (table 2). All studies but 1 (n = 102) re-
ported an association between APOE £4 genotype and
greater atrophy. This consistency relative to hippocampal
volume may be due to the less frequent measure and anal-
ysis of amygdalar measures in the literature or the more
comparable samples (particularly in relation to age) used
in these studies. The studies were very consistent, and all
found that the e4 allele was associated with smaller amyg-
dalar volumes. Three studies found a dose effect, with
homozygous carriers being more affected than heterozy-
gous carriers. Two studies also found an asymmetrical
effect with the right amygdala being more atrophied in
€4 carriers. The amygdalar atrophy varied between 10
and 37% across studies.

352 Dement Geriatr Cogn Disord 2007;24:348-362

Entorhinal Cortex

Three studies specifically investigated the relationship
between APOE genotype and entorhinal cortex (table 3).
One longitudinal study in non-demented elderly {31]
found no association between these variables. Two other
studies [32, 33] found a consistent, dose-dependent nega-
tive association between the number of £4 alleles and en-
torhinal cortex volume in AD patients. This effect was
substantial with volume differences between £4 carriers
and non-carriers in the order of 30%. Juottonen et al. [33]
also found an interaction between AD, APOE genotype
and sex. Female and male AD patients without the £4 al-
lele had similar entorhinal cortex volumes, However, fe-
males with the 4 allele had a smaller right entorhinal
cortex than males. In the same sample, £4 carriers also
had lower verbal and visual memory functions than non-
carriers.

Cerebral Atrophy

Ten studies (pooled n = 1,156) reported a significant
association between APOE genotype and cerebral atro-
phy while 3 studies (pooled n = 731) reported negative
findings (table 4). All studies varied in a large number of
parameters (participant’s age, heterogeneity of diagnosis,
APOE genotype distribution, measures of cerebral vol-
ume/atrophy and statistical analyses) making it difficult
to summarise their findings in a meaningful way.

Cherbuin/Leach/Christensen/Anstey

Table 2, Amygdala: APOE effects in healthy and AD samples

Refer- “Design Age Qutcome
ence years

Measurement method

Association found

Healthy samples

29, 60 al, 427 non-demented 73
ed for alcol S
consumption: 115 4+, 312 4~ heavy drinkers (>4/day)
sectional, 428 non-demented volume: £4+ and £2+ < 383,

volunteers: 117 4+, 52 £2+, 259 £33 asymmetry
AD samiples
65 sectional, 55 AD patients 72 Amygdalar volume: £+ < £+ in AD Manual tracing ¢

32 £4+, 23 £4- and 42 contr patients (x =0.8-0.9)
39 Voxel -based morphometry: greater Non

in ed+ Vs, ed-

L5 69
16 Cross-sectional, 26 AD patients: 69.5

5 6d4/+, 9 £4+/-, 12 =/~ and 16 controls &£4-/- (37% atrophy in sd+/+ compared

to controls)
44 ss-sectional, 58 AD patients: 70.5
+/+,24 £4+4/~, 21 ~/- and 34 controls #4-/- and contre

62 sectional, 20 normal elders, 8 MCI, 76

20 mild AD patients: 29 £4+, 69 £d4-
Association not found
AD sample
34 Cross-sectional, 76 demented patients 76.5 frontal and temporal tobes "-weighted scans

(AD, VAD, dementia with Lewy bodies)
and 26 controls: APOE genotype
distribution not described

no APOE effect

96-0.99,

ice

FID = Frontotemporal dementia; SPM = statistical parametric map:

g: MCl = mild cognitive impairment; VAD = vascular deme

One study [34] reporting negative results did not de-
scribe the composition of the APOE groups compared
nor the statistics of the tests used to compare them. The
second negative study [35] in non-demented subjects
(mean age 60 years) withalarge sample size found a trend
(p = 0.07) suggesting a possible association between the
APQE &4 allele and the annual rate of brain atrophy.

Seven studies with positive findings showed an asso-
ciation between the APOE genotype and cerebral atrophy
and particularly in the temporal lobes. In one study [32]
the €4 allele was found to be associated with between 30
and 50% smaller volumes in the temporal lobes of AD
patients compared to controls, Paradoxically, the same
study found an opposite APOE dose effect in the frontal
lobe, with subjects with 2 e4 alleles presenting with less
atrophy than those with only 1 allele or none. These find-
ings might help reconcile the results of 3 other studies

Neuroimaging and APOE

which found an APOE dose effect with a larger number
of e4 allele being associated with larger whole-brain vol-
umes [15, 36] and Jarger white matter volumes in £4+ and
£33 carriers compared to £2¢3 carriers [25]. Thus, the
£4 allele appears to be associated with opposite effects in
different brain regions and, at least in these studies, the
£2 allele does not appear to be associated with protective
effects.

APOE effects also seem to be moderated by intracra-
nial volume and cardiovascular disease. It was found that
the e4 allele was associated with smaller brain volume in
subjects suffering from cardiovascular disease (37} and
with greater cognitive decline over 10 years in individuals
with smaller intracranial volumes [38]. Two studies [15,
39] also found that an association between APOE geno-
type and cerebral atrophy was stronger in the right than
in the left hemisphere.

Dement Geriatr Cogn Di; 4 2007,24:348-362
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Table 3. Entorl

al cortex: APOE effects in healthy and AD samples

Measurement method |

Refer- Design Age  Oufcome ©
ence s years
Association found
AD samples
32 Cross-sectional, 28 AD patients: 70.5

5 edt/+, 9 ed+/-, 14 -/~ and 30 contrals :3+/+ < controls
33 Cross-sectional, 27 AD patients: 71 Entorhinal va

16 £4+, 11 £4- and 31 controls e4-/- (part

al cortex volu

<edr/-<  Manual tracing on I’ ited scans
(intrac. corr, = 0,93, slice thickness 2 mm)
Manual tracing on T, -weighted scans

(slice thickness 1.5-1.8 mm}

me: £4+/+ < g4+/- <
rly on the left in AD)

Association not found

Healthy sample
3t Longitu
42 non-demented subje

12 £d+, 30 £4-

al over 3.5 years, 73.5  Entorhinal volume: no APQOE effect

Manual tracing on T;-weighted scans

(intraclass corr, = 0.99, slice thickness 1.4 mm)

Ventricles

Only 5 studies reported analyses on the relationship
between APOE genotype and ventricular measures (ta-
ble 5). One study (n = 77) found that a greater ventricular
volume increase over 16 months was associated with the
presence of atleast 1 APOE &4 allele. Four studies (pooled
n = 368) found no association between APOE genotype
and ventricular measures. An association between APOE
genotype and ventricular size is therefore not well sup-
ported. Given the strong findings above showing an as-
sociation between APOE and cerebral atrophy, these re-
sults might suggest that grey matter atrophy is most like-
ly associated with sulcal widening rather than ventricular
dilation.

White Matter Hyperintensities

WDMHs are areas of hyperintense signal identified on
T,-weighted or proton density MRI scans. There is some
controversy as to their precise clinical significance, but
they have been shown to be more prevalent in older peo-
ple and particularly in AD sufferers. WMHs have also
been shown to be negatively associated with cognitive
pertormance including processing speed, immediate and
delayed memory, executive functions and global cogni-
tive functioning [40], but negative findings have also
been reported [41], WMHs are thought to be due to small
vessel disease and hypoxia, and are strongly associated
with cardiovascular disease; therefore, the APOE geno-
type could have a direct effect on the cerebral parenchy-
ma or could be mediated by cardiovascular disease which
is exacerbated in £4 carriers [6].

Table 6 shows that of 12 studies assessing the relation-
ship between WMHSs and APOE genotype, 5 report sig-
nificant associations whereas 8 report no significant

354 Dement Geriatr Cogn Disord 2007;24:348-362

finding. These outcomes might suggest that WMHs are
only weakly related to APOE, especially since most of the
studies reporting negative findings are reasonably sized
and have used adequate methodologies. However, 2 im-
portant variables seem to differ between studies that re-
port significant findings and those that do not. Firstly, 4
out of 5 studies reporting significant findings were con-
ducted with non-demented subjects, whereas 6 of 7 stud-
ies reporting negative findings were conducted in pri-
marily demented subjects. Secondly, the average age of
subjects assessed in the positive finding studies was
somewhat lower (70.2 years) than that of the subjects in
the studies with negative findings (73.5 years). The posi-
tive studies also assessed more subjects (pooled n = 2,331)
than the negative studies (pooled n = 1,074) with 2 studies
surveying more than 800 people.

Cerebral Blood Flow

Seven studies (pooled n = 399) investigated the rela-
tionship between regional cortical blood flow (rCBF)
measured by SPECT or transcranial Doppler ultrasonog-
raphy and APOE genotype and all reported significant
results (table 7). Contrary to some of the brain structures
discussed above, these studies were mostly consistent in
respect to subjects’ age, clinical distribution and relative
proportion of APOE genotype.

The main findings were that rCBF was decreased in
AD patients with the APOE &4 allele compared to both
non-carriers and to controls. Decreases in rCBF were re-
ported for the frontal, temporal, parietal and occipital
lobes. Little or no APOE dose effect was found, but asym-
metrical effects were present in 4 studies [42-45]. The
most consistent asymmetric effect was a lower rCBF in
the left occipital cortex of APOE carriers. In contrast, van
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Table 4. Brain atrophy: A POE effects in healthy and AD samples

Refer=
ence

Design Age
years

Outcaine

M t method

Association found

Healthy samples

37,38

68

Cross-sect
aver 10y

82 5+, 308 4

hy volunteers:
ed for
nicotinic receptor gene (CHRNA4)
Cross-sectional, 51 with

mild cognitive impairment;
B ed+/+, 15 £4+/-, 28 £4-/- and
32 controls

Cross-sect
age-associated memo

mpairments:

al, 76 healthy vo
27 £4£3, 49 €363

teers:

AD samples

39

Cross-secti
13 54+, 13 £4- and 26 controls

Cross-sectional, 28 AD patients: 70.5

Sedt/+,9 e4+/-, 14 -/~ and
30 controls

Cross-sectional, 138 probable AD 69

patients: 46 ed-+/+, 46 £463, 46 £33

Cross-sectional, 34 AD patients: 83

4 ed+/+, 8 84+/-, 22 £3+/+

Cross-sectional, 178 AD patients: 745

23 £4£4, 93 £4£3,62 £3/£3

, 50 patients with 65.5

54

al, 18 AD, 8 FID: 70

er ICV, no difference

dorsal thalamic nucleus (£4+/+ only):
edt/+ <edef- <gd-/-
White matter volume: e4+ and £3£3 > £263

Distributed frontal and temporal regions,
ht medial temporal tobe, cerebellum:
atter atrophy in the
be correlated with
r=10.39)

Voxel-based morphometry: greater right
lobar atrophy (FTD only) in 84+ vs, sd-

Temporal lobe volume: ed+/+ < £d+/- <

#3+/+ < controls

Frontal lobe vol +/+ < edv/- <
£4+/+ < controls
Total brain volume: positive correlation

with number of €4 alleles

obe indexes: £4+/+ =

Inferior tempo
£4+/- < e3+/+
Total brain volume: sded > 6463 > ¢

ound

smoothing kernel 12
nual tracing on T;-w
ckness | mm)

Non -optimized voxel-based morphometry

voxel-based mc
corrected for

scans with custom software (s
ness = 1.5 mm)

Man
scan (slice thickness = 1
Automated segmentat
SC:

on Ty-weighted
s with custom software (intra-class
corr. = 0,99, slice thickness = 1.5 mm)

Association not found

Healthy samples

35

29 428 non-demented volunteers: 72

H17 84+, 52 £2+, 259 £383 {60-90)
AD sample
34 Cross-sectional, 76 demented patients 765

Longitudinal over 6 years, 201 non- 60

demented subjects: 34 g4+, 167 £4-

(AD, VAD, dementia with Lewy
bodies) and 26 controls: APOE
genotype distribution not described

atrophy (over 6 years):
no significant effect of APOE (trend for
greater atrophy in e4+, p = 0.07)
Brain atrophy (graded}):

no APOE eftect

Total brai.
volumes

frontal and temporal lobe
o APOE effect

Co-registration and au
segmentation of

-weighted scans using
5= 5mm)
5 locations on
ans and ventricle-to-brain

Semi-automated
corr, = 0,96-0.99,

ar dementia.

ornia Verbal Learn
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Table 5. Ventricular atrophy: A POE effects in healthy and AD samples

Refer-  Design >,mu - Outcome
ence ! ears

Association found

AD sample
72 Longitudinal over 16 months, 22 AD, 61.5 Ventricular vo
13 other dementia and 42 cognitive 16 month:

impairment patients: 34 s4+, 43 e4-

+ > £4- but only for
the other dementia group

Measurement method.

e increase over

ing a 0.5-cm grid on
1-weighted scans (slice thickness = 2.8 mm)

Association not found

Healthy samples
25 C

Cross-sectional, 50 patients with 65.5 Ventricular system volume: Semi-automated measurement on T,-weighted
age-associated memory impairments: no APC fect ans
263,23 &3,
6d , 214 non-demented 60.5 Ventricular temporal horn width, j e) and objec
23 ed+ie, 175 47— (50-75)  third ventr width, third ventri T ratio,
intracranial volume ratio; - volume ratio) on
effect Ty-weighted scans (slice thickness 3 mm)
AD samples
71 Cross-sectional, 34 AD patients: 83 Surface of the temporal horn of lateral racing on one slice of T)-weighted scan
4 edt/+, 8 /-, 22 £34/+ e: no APQE eflfect ckness = 10 mm)
73 Cross-sectional, 32 AD patients and 70 Inferior horn of left ventricle: ! tracing by trained psychiatrists on
38 controls: 28 54+, 42 & no APOE effect I'-weighted scans

Dyck et al. [45] found no overall decrease in rCBF in
APOE &4 carriers but reported a greater asymmetry in
blood flow (left < right) in non-carrier patients.

Glucose Metabolism

Twelve studies investigated the relationship between
cerebral glucose metabolism measured by PET and APOE
genotype (table 8) at rest (except for 1 functional study).
Two studies (pooled n = 126) did not find any association
between APOE genotype and cerebral glucose metabo-
lism.

Nine studies (pooled n = 693) found a significant as-
sociation between glucose metabolism and APOE geno-
type with g4 allele carriers having decreased glucose me-
tabolism mostly in the frontal, temporal and parietal
lobes and in the cingulate cortex. Of particular interest
was that 3 studies [46-48] which investigated this rela-
tionship in first-degree non-demented relatives of AD
patients found similar associations. Reiman et al. [48]
also found a strong e4 allele dose effect with homozygous
carriers being more affected than heterozygous ones.
These findings suggest an early effect of the APOE geno-
type apparently involved in the precursor pathological
events leading to AD which are not initially associated
with detectable neuropsychological deficits. However, 2
studies hint at the possibility that the APOE genotype
might precipitate the disease but might not necessarily be

356 Dement Geriatr Cogn Disord 2007;24:348-362

involved in its later stages. Lee et al. [49] found a de-
creased temporal glucose metabolism in mild AD suffer-
ers but not in more severely affected groups, while Hi-
rono et al. [50] found an APOE effect in early-onset but
not late-onset sufferers.

Anasymmetrical eftect of the APOE genotype also ap-
pears to be present, although different studies report
somewhat conflicting results with the 4 allele being as-
sociated with a significant decrease in glucose metabo-
lism in the left inferior temporal lobe [49], or a combina-
tion of decrease in the right temporal, frontal and oc-
cipital cortices and an increase in metabolism in the left
temporal and parietal cortices [50].

Discussion

The studies reviewed above differ substantially on a
large number of variables, particularly in regard to sam-
ple mean age, sample composition (demented vs. non-de-
mented}, sample size and the type of measures used.
These differences might in part explain some of the in-
congruent results presented. However, despite these dis-
similarities, a number of conclusions can be drawn from
these findings.

Itis clear that structural brain anomalies detectable by
brain imaging are present in APOE €4 carriers compared
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Table 6. WMHs and grey matter hyperintensities: A POE effects in hea!

and AD samples

Refer- - Design Age Qutcome
ence Years

Measurement method

Association found

Healthy sumples

74 Cross-sectional, 829 non-demented subjec 72 WMH vol;
261 £4+, 568 £3 {subci

75 Cross-sectional, 145 depressed (non- 70

demented), 42 e4+ and 103 #4- and (00
non-depressed subjects, 25 £4+, 75 £4-

GMH volume: 4+ > 54—

me: £d+ > £363
but not periventricular)

hted seans (3:po
utomated meas

ni
2-weighted scans

54 72
269 £4+, 660 £4~
76 Cross-sectional, 272 commu 60.5
volunteers: 51 £4/£3, 184 £3/£3, 37 £2/63 &2/e3 > edle3and €3/63
AD sample
77 Cross-sectional, 56 AD patients: 64 WMH volume: subcortical #d+/+ >
13 e4+/+, 19 pa+/-, 24 £3/63 s+l
and £383, periventri
363 > £4+/-, basal gan
£4+/- and #3e3
Association not found
Healthy sample
64 Cross-sectional, 214 non-demented 60.5 No APOE effect
volunteers: 39 ed+/+, 175 g4-/- (50-75)
AD samples
78 Cross-sectional, 137 demented, 715 No APOE effect
36 memory-impaired and 9 -unimpaired
patients: 26 e4+/+, 82 e4+/~, 74 g4-/—
79 Cross-sectional, 25 AD, 24 VaD, 77.5 No APOE effect
22 Lewy body dementia patients:
38 e4+, 33 g4-
80 Cross-sectional, 144 demented, 30 cognitively 82 No APOE effect
impaired, 20 controls; APOE C (67-96)
distribution not reparted
81 Cross-sectional, 82 AD patients: 72 No APOE eftect ating on T-weighted,
8 sd4/+,30 rd+/-, 44 £3/e3 AIR scans by tivo neuro-
42 Cross-sectional, 104 AD patients: 74 No APOE effect
30 ed+/+, 53 £d+/-, 21 £4-/-
83 Cross-sectional, 36 AD, 18 MCI, 75.5 No APOE effect
42 amyloid angiopathy subjects:
37 64+, 59 £4-
84 Cross-sectional, 131 AD patients: 73.5 No APOE effect

0 eded, 59 £463,62 £3/€3

GMH = Grey matter hyperintensity; PD = proton density; VaD = vascular dementia; FLAIR = fluid-attenuated inver

nitive impairment,

to non-carriers. Across studies, consistent effects were
identified and more salient associations with APOE 4
genotype were: (1) increased hippocampal, amygdalar
and cerebral atrophy (particularly in the temporal lobe);
(2) decreased cerebral blood flow and glucose metabo-
lism (frontal, temporal, parietal and occipital lobes); (3)

Neuroimaging and APOE

an APOE dose effect on cerebral atrophy and glucose me-
tabolism; (4) an APOF age-dependent effect, and (5)
asymmetric effects (right hippocampus and right tempo-
ral lobe atrophy, decreased blood flow and glucose me-
tabolism mostly in the left hemisphere).
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Table 7. Cerebral blood flow: A POE effects in healthy and AD samples - association found

Refer- Design Age " Outcome
Ence %«P—‘m

Megsurement method:

Healthy sample

83 52 frontatemporal 67.5  Medial frontal cortex, uncus and SPECT (Tc-ECD)
degeneration patients: 17 ¢4+, 35 gd- parahipocampal gyru + < 54~
AD samples
42 Cross-sectional, 41 AD patients: 71 rCBE right frontal and left accipital lobes: 84+ < SPECT (Tc-HMPAOQ); dark quiet room
27 g4+, 14 & nd 15 controls £4-and contral
44 Cross-sectional, 58 AD patients: 705 Left accipital rCBE: kd+/+ < £4+/-, £4-/-, SPECT (T¢-HMPAO)
13 £44+/+, 24 £4+/-, 21 ~/- and 34 and controls
controls
43 Longitudinal over 3 years, 31 AD 785 rCBF temporal and parietal cortex (bilateral): SPECT (Te-HMPAO):; dark quiet room
patients: § ed+/+, 13 £4+/~-, 10 £3+/+ &4+/+ and £4+/- and £4-/~ < contrals;
and § controls left occipital cortex: £4+/+ and £4+/- < gd—/—
and ¢
Decreas
wd+/-
controls
86 70 Cerebral blood flow velocity: MCI £4+ < MCI Transcranial Doppler vltrasonography
& £4- < controls (e4+ and £4-) in anterior and middie cerebral arteries
71 34 AD patients: 83 rCBF frontal, temporal and parietal lobes: SPECT ('#Xe)
464474, 8 £4+/-, 22 £3+/+ &4+ < s4- and controls
45 Cross-sectianal, 52 AD patients: 70 rCBF asymmetry (left < right): 4+ less

30 £4+,22 £4-and 14 co

rCBF: g4+ > ¢

rols asymmetric than £4-; superior parietal lobe

- and controls

ECD = Ethyl cyst.

te dimer; HMPAO = hexamethylpropylene amine oxime; MCI = mild cognitive impairment.

In support of our first and second hypotheses, these
findings show that APOE effects were already present in
younger non-symptomatic cohorts and are congruent
with the progression of the neurodegenerative processes
involved in AD described in Braak stages [11]. APOE ef-
fects described tended to start earlier and have more
marked influences in the parahippocampal region before
spreading to neighbouring areas, and finally generalising
to the whole cortex in older individuals and those suffer-
ing from AD. These effects were also stronger in indi-
viduals homozygous for APOE e4 [13]. This progression
also mirrored that of the cognitive effects associated with
the APOE genotype. For instance, healthy middle-aged
£4 carriers were shown to have more visual attention def-
icits (51] and a greater rate of decline in visual attention
[52] than non-carriers. In non-demented older adults, the
&4 allele was associated with increased memory com-
plaints and a faster rate of cognitive decline [53], while in
AD greater global cognitive deficits have been associated
with e4 carriers.

The cerebral atrophy associated with the APOE geno-
type is consistent with the neuropathology reported in
AD, supports a strong association between the APOE

358 Dement Geriatr Cogn Disord 2007;24:348-362

genotype and AD and is also largely congruent with as-
sociated decreases in blood flow and metabolism. It is
particularly interesting, and consistent with our third hy-
pothesis, that most of these effects appear to be at least
partly dose-dependent with homozygous e4 carriers be-
ing more atfected than heterozygous carriers who in turn
are more affected than non-carriers.

Findings also supported an association between the
APOE £4 allele and WMHs but possibly more so in
younger and non-demented cohorts. Positive studies
were consistent in showing a relationship between the
presence of the 4 allele and greater WMH volumes, but
the location of WMHs seems to also have an effect with
more studies reporting an association between subcorti-
cal than periventricular WMHs and the APOE genotype.
One study [54] showed that WMHs were associated with
the amyloid 3 plasma level but only in APOE g4+ carri-
ers, while Skoog etal. [55] showed that decreased levels of
cerebrospinal APOE (no differentiation between alleles)
were lower in individuals with WMHs and in individuals
with dementia. This is particularly interesting because
new evidence suggests that a lower individual amyloid B
plasma level might be an indicator of transition to AD

Cherbuin/Leach/Christensen/Anstey

AD samples

Table 8. Cerebral glucose metabolism: APOE effects in healthy and
Refer- = :Design : Age Outéome
ence years

Measurement method

Association found

Healthy samples
46 ! , 160 cognitively normal 56 parietotemporal and FDG -PE
first-degree AD relatives: 36 £4+/+, 46 frontal regions: £44/+ < ed+/= < gd=/- enviro
&4+/-, 78 £4-/-
48 , 33 voluntee: edelr, 56 Posterior cingulate, parictal, temporal EDG-PET
3 with family history of and prefrontal regions: £4+/+ < r4-/—
47 Cross-sectional, 31 cognitively normal 56 Parietal lobe: £4+ < £4~ and greater FDG-PET
first-degree AD relatives: 12 £4+, 19 asymmetry in carriers (left > right) unocelu
AD samples
87 Cross-sectional, 83 AD pa L6 Temporal and parietal lobes, and posterior
cingulate: 4+ < £4- < controls
50 69 &4+ < £4- in right me emporal, right basal
and late-onset groups): 19 ed+/+, 38 frontal cortex, and right medial o
e3+l+ cortex, £4+ > £4-inle
cortex and lett inferior parietal cortex in carly-
onset AD; no eftect in late-onset AD
49 Cross-sectional, 63 AD patients (3 groups 68 Left inferior temporal c4+ < £4- in the Lat rest
of different severity); 28 £4+, 35 £4- very mild AD group, no effect in severer AD
groups
88 Cross-sectional, 92 AD patients (early- 62 Basal frontal cortex and hippocampus:
and late-onset groups): 43 4+, 49 £4- (carly onset) 4+ < £4- in early-onset but not late-onset
77 group
(late onset)
89 Cross-sectional, 37 amnestic MCI; 68 erior frontal and anterior cingulate cortex:
16 £4+,21 £4-
pngitudinal, 8 converters and 29 non- Together glucose metabolism and APOE

converters to AD after 1 year

90,91 Cross-sectional, 8 AD patients: 13 rded, 74
27 483, 46 £3/¢3 and 35 healthy age- cingulate
matched controls

be and anterior FDG-PE
< &3e3 < controls  ears unoc

Association not found

AD samples

92 Cross-sectional, 31 AD patients and 60
12 patients with memory complaints: (41-80)
21 84+, 25 £4-

93 Cre ectional, 83 AD patients: 695 No APOE
e4+/+,39 sd+/-, 35 4~ allele)

surements standardised to the

effect (correlation with number of osed,

FDG = Fluorodeoxyglucoses MCI = mild cognitive impairment.

[56). These findings might indicate that decreased cere-
bral levels and/or less effective variants (g4) of the APOE
genotype might be less efficient at transporting amyloid
P leading to decreased plasma levels and increased amy-
loid plaque {57].

One of the more important findings is that the APOE
genotype appears to be more influential in the early stag-

Neuroimaging and APOE

es of the degenerative processes and might disappear or
be masked in the later development of AD. A number of
studies have found significant effects of APOE in youn-
ger individuals with no or less cognitive impairment
while other studies failed to demonstrate any effect in
older or more impaired samples. Particularly significant
is also the fact that APOE 4 carriers seem to be at great-
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er risk of developing early-onset AD. Some effects, such
as the increase in blood flow and metabolism, appear to
be compensatory and m ight be a response to less efficient
degenerative brain structures in some cerebral regions in
&4 carriers and might disappear in the more advanced
stages of AD.

It is not coinpletely clear whether the reported asym-
metrical findings in the left and right hemispheres are
epiphenomena or whether they are directly related to the
APOE genotype. How these asymmetries might affect
neuropsychological functioning is not clear either. Con-
sistent asymmetrical effects have been reported in AD
with the left hemisphere being affected earlier and/or
more strongly than the right hemisphere [58]. In the pres-
ent review the e4 allele seems to be associated with great-
er atrophy in the right hemisphere while cerebral blood
flow and metabolism seem to be more decreased in the
left hemisphere. These somewhat incongruent findings
might suggest that the APOE atrophy effect might be dis-
sociated from other lateralised effects present in AD and
which may be compounded by possible APOE effects af-
fecting blood flow and metabolism, In addition, laterality
effects in glucose metabolism studies were not complete-
ly consistent with one study reporting increased metabo-
lism in the left hemisphere which, as suggested by Small
etal. {47}, might be due to compensatory mechanisms at-
tempting to drive harder cerebral areas more affected by
the early stages of neurodegenerative processes involved
in dementia. However, a functional study [59] found a
decreased glucose metabolism duringa non-verbal mem-
ory task in non-symptomatic APOE &4 carriers com-
pared to non-carriers at risk of AD (mean age 68 years)
particularly in the left frontal and temporal lobes. Con-
sequently, differences between groups (Lee et al. [49]
demonstrated their findings in very mild AD patients,
while Hirono et al. [50] studied early- and late-onset AD
patients) might explain these divergent results.
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A particular mention should be made of the occipital
lobe which is usually regarded as mostly preserved even
in the more advanced stages of AD. It can be seen here
that consistent reports of occipital atrophy, and decreased
cerebral blood flow and metabolism in association with
the APOE g4 genotype suggest that this cortical area
might also be significantly affected by the neurodegen-
erative processes associated with AD and more research
should be targeted at the neurological deficits associated
with these changes.

Ithas been suggested that the APOE £2 genotype might
be a protective factor in neurodegeneration [26]. The
findings reviewed above do not support this theory and
for some even contradict it [25, 29). It is possible that the
2 allele contributes to the heterogeneity of results found
in studies investigating APOE effects. To minimise such
confounds, it is important, when possible, to analyse sep-
arately the effect of €42 and e4e3 genotypes. It is likely
that inconsistencies in the literature are partly due to col-
lapsing of genotypes with differing effects, due to small
sample sizes.

In summary, strong and mostly consistent evidence is
available from imaging studies inking APOE genotypes
and the neurodegenerative processes associated with age-
ing and dementia. However, a greater number of large
and well-controlled studies are required to further assess
the time course and mechanisms underlying this asso-
ciation.
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