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Abstract The ¢4 allele of the apolipoprotein E (APOE4) is
associated with an increased risk of developing Alzheimer’s
disease (AD). Hence, several studies have compared the brain
characteristics of APOE4 carriers versus non-carriers in pre-
symptomatic stages to determine early AD biomarkers. The
present review provides an overview on APOE4-related brain
changes in cognitively normal individuals, focusing on the
main neuroimaging biomarkers for AD, i.e. cortical beta-
amyloid (Af3) deposition, hypometabolism and atrophy.
The most consistent findings are observed with A3
deposition as most studies report significantly higher
cortical AP load in APOE4 carriers compared with
non-carriers. Fluorodeoxyglucose-positron emission tomog-
raphy studies are rare and tend to show hypometabolism in
brain regions typically impaired in AD. Structural magnetic
resonance imaging findings are the most numerous and also
the most discrepant, showing atrophy in AD-sensitive regions
in some studies but contradicting results as well. Altogether,
this suggests a graded effect of APOE4, with a predominant
effect on A3 over brain structure and metabolism. Multimodal
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studies confirm this view and also suggest that APOE4 effects
on brain structure and function are mediated by both Af3-
dependent and Af-independent pathological processes.
Neuroimaging studies on asymptomatic APOE4 carriers offer
relevant information to the understanding of early pathologi-
cal mechanisms of the disease, although caution is needed as
to whether APOE4 effects reflect AD pathological processes,
and are representative of these effects in non-carriers.

Keywords Apolipoprotein €4 - Structural MRI - FDG-PET -
Amyloid PET imaging - Preclinical stage - Aging

Introduction

The APOE gene is located on the long arm of chromosome 19
and exists as three main polymorphic alleles (¢2, €3 and €4).
This gene codes for a lipoprotein called apolipoprotein E that
plays a role in the transport of lipids (see Bu 2009; Holtzman
et al. 2012 for reviews). The ¢4 allele of the APOE (APOE4)
is the major known genetic risk factor for late-onset
Alzheimer’s disease (AD). By contrast, the APOE2 has a
protective effect. A meta-analysis of clinical and autopsy-
based studies reported odds ratios for AD of 0.6, for
APOE2/2 or 2/3, and 2.6, 3.2, and 14.9 for APOE2/4, 3/4,
and 4/4, respectively (Farrer et al. 1997). Recent estimations
reported a lifetime risk of AD of 50 — 60 % for APOE4/4 men
and women versus 23 — 30 % for APOE4/3 men and women,
respectively (Genin et al. 2011). As the number of ¢4 alleles
rises from 0 to 2, the risk of developing AD became greater
from 20 to 90 % and the mean age at onset lowered to 68 from
84 years old (Corder et al. 1993). Yet, carrying the €4 allele is
neither sufficient nor a necessary condition for developing AD
(Saunders et al. 1993).
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Neuroimaging biomarkers including atrophy,
hypometabolism and beta-amyloid (A{3) load assessed with
structural magnetic resonance imaging (MRI), '®F-
fluorodeoxyglucose positron emission tomography (FDG-
PET) and AR-PET respectively have been integrated in the
research criteria for the diagnosis of preclinical AD (Dubois
et al. 2010; Sperling et al. 2011). It is well acknowledged that
these brain changes occur well before - up to two decades - the
onset of symptoms. Refinements are needed, however, regard-
ing the preclinical stages, not only for the use of these bio-
markers as diagnostic criteria, but also for the understanding
of the sequence of events and pathophysiological mechanisms
in AD.

Because APOE4 is the major genetic risk factor for late-
onset AD, the comparison of the brain characteristics of
APOEA4 carriers versus non-carriers in presymptomatic stages
represents a great opportunity to study early AD biomarkers.
The present review provides an overview on APOE4-related
brain changes in cognitively normal individuals, focusing on
the main neuroimaging biomarkers for AD, i.e. cortical Af3
deposition, hypometabolism and atrophy.

The Effects of APOE4 on Cortical A3 Deposition Assessed
with PET

AP load as assessed using PET with A3 ligands (PiB,
florbetapir, florbetaben, flutemetamol) has been consistently
shown to correlate with neuropathological measures of Af3
deposition (Bacskai et al. 2007; Tkonomovic et al. 2008;
Leinonen et al. 2008; Clark et al. 2011; 2012). The brain
pattern of A3 deposition evidenced with PET is consistent
with that derived from postmortem studies and mainly in-
cludes frontal (specifically medial orbito-frontal and anterior
cingulate), posterior cingulate and precuneus, temporo-
parietal and lateral temporal areas (see Villemagne and
Rowe 2013 for review).

Despite the relative recentness of AR-PET imaging, there
have been numerous studies assessing the effects of APOE
polymorphism on A3 deposition including in presymptomatic
stages. That APOE4 influences A3 deposition is convincingly
demonstrated in most studies, although specific aspects may
differ from one study to another. Thus, most studies have
shown that cognitively normal APOE4 carriers have higher
cortical AP deposition compared with non-carriers - as illus-
trated in Fig. 1, or include a greater proportion of A3-positive
individuals (Reiman et al. 2009; Hinrichs et al. 2010; Morris
et al. 2010; Rowe et al. 2010; Villemagne et al. 2011; Jagust
et al. 2012; Kantarci et al. 2012; Mielke et al. 2012; Fleisher
et al. 2013; Mathis et al. 2013; Murphy et al. 2013; Roe et al.
2013; Mormino et al. 2014; Scheinin et al. 2014). Within
cognitively normal elderly, the proportion of Af3-positive
individuals varies from 35 to 49 % amongst APOE4 carriers
and from 9 to 37 % amongst non-carriers (see Chételat and

Fouquet 2013 for review). Moreover, the effect of APOE4 on
A deposition was found to be dose-dependent, i.e. to be
proportional to the number of €4 alleles. Thus, Reiman and
colleagues (2009), Protas and colleagues (2013) and Roe and
colleagues (2013) showed higher PiB fixation with each ad-
ditional ¢4 allele and Morris and colleagues (2010) observed
higher age-related A3 cortical accumulation with each addi-
tional €4 allele (0, 1 or 2). In some studies, the effect of
APOE4 was shown to be region specific but the regions
showing a predominant effect differed amongst studies (e.g.
the frontal cortex in Reiman et al. 2009 and Scheinin et al.
2014 versus posterior regions in Fleisher et al. 2013).

In cross-sectional studies, a differential effect of age on A3
deposition according to the APOE4 status has been reported in
cognitively normal individuals. Although the slope of the
relationship between age and A3 load was not found to be
different between APOE4 carriers and non-carriers (Fleisher
etal. 2013; Scheinin etal. 2014; Rodrigue et al. 2012), a linear
accumulation was found from 18 to 90 years old in carriers,
while it was only observed from 64 years old in the non-
carriers (Fleisher et al. 2013). Two other studies yet reported
higher accumulation with age (i.e. higher slope) in carriers
than in non-carriers, which may be due to methodological
differences, i.e. the specification of the APOE2 genotype in
the model (Morris et al. 2010) or the inclusion of elderly with
subjective memory complaints (Rowe et al. 2010).

Longitudinal A-PET studies show that the presence of the
4 allele is associated with a higher prevalence of conversion
from A3-negative to AR-positive (Vlassenko et al. 2011) and
an earlier age of predicted A (3-positivity compared with non-
carriers (56 versus 76 years old, respectively; Fleisher et al.
2013). In another study, the proportion of APOE4 carriers was
higher in the cognitively normal individuals who showed a
significant increase in A3 deposition over time (called “accu-
mulators™) than in the non-accumulators (Villemagne et al.
2013).

Two studies from different cohorts also suggest that
APOE4 may modify the relationships between A3 deposition
and concomitant cognitive performances. In the Mayo Clinic
Study of Aging (MCSA) cohort, APOE4 was found to mod-
ulate the link between A3 burden and global cognition, with a
more detrimental effect of A3 accumulation in the carriers
(Kantarci et al. 2012). In the Australian Imaging, Biomarkers,
and Lifestyle (AIBL) cohort (enriched in APOE4 carriers and
including older individuals), Lim and colleagues (2013) re-
ported a detrimental effect of Af3 load, notably on memory,
only in APOE4 carriers.

Longitudinal studies assessing the modulating effect of
APOE4 on the relationship between A3 load and cognitive
decline over time report more inconsistent results. In the AIBL
cohort, APOE4 was not found to alter Ap-related decline in
memory assessed over 18 months (Lim et al. 2012; Ellis et al.
2013) or 36 months (Lim et al. 2014). In another study on the
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Fig.1 Mean '8F-florbetapir-PET
Standardized Uptake Value
Ratios (SUVR) in 31 non-carriers
(a, age range: 60-84), 11 carriers
(b, age range: 62-87), and
subtraction between the mean
SUVR of carriers versus non-
carriers (c¢), superimposed on the
cortical surface of a template
brain (unpublished data)
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AIBL cohort, APOE4 genotype was associated with faster
episodic memory decline within accumulators (Villemagne
et al. 2013). Finally, when assessing memory decline over
time in elderly from the Harvard Aging Brain Study (HABS),
MCSA and AIBL longitudinal cohorts together, Mormino and
colleagues (2014) found faster memory decline in Af-
positive APOE4 carriers than in the Af3-negative or non-
carrier subgroups.

In sum, the effect of APOE4 on Af3 imaging appears to be
marked and overall consistent amongst studies, although dis-
crepancies exist when focusing on specific aspects of this
effect (e.g. a potential region specificity or the relation with
rates of cognitive changes). Consistently, APOE4 has been
reported as the best predictor of the presence of Af in the
brain of healthy elderly amongst age, sex, APOE genotype,
family history, or cognitive performance (Mielke et al. 2012).
Yet, it is interesting to note that one study reported that PiB
binding has a high heritability, but that 74 % of the heritable
component cannot be explained by APOE4 genotype
(Hinrichs et al. 2010).

The Effects of APOE4 on Cortical Metabolism Assessed
with FDG-PET

Despite the fact that they started almost 15 years before, FDG-
PET studies assessing the effect of APOE4 in asymptomatic
elderly are less numerous than A(3-PET studies. Lower me-
tabolism in APOE4 carriers compared with non-carriers was
first reported by Small and colleagues (1995) in elderly with
memory complaints and at-least two relatives with AD and
by Reiman and colleagues (1996) in cognitively normal
elderly, all selected based on their family history of AD.
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This hypometabolism concerned brain regions typically
affected in AD, i.e. mainly posterior cingulate, parietal
and temporal areas, but also the prefrontal cortex.
Interestingly, the same findings were found in young (20—
39 years old) carriers (Reiman et al. 2004). Moreover a
gene-dose effect was reported in all these brain regions in
late-middle-age individuals, i.e. lower metabolism with
higher number of ¢4 alleles (Reiman et al. 2005).

Two later studies in independent and larger samples mainly
confirmed the presence of hypometabolism in AD-sensitive
brain regions such as the posterior cingulate cortex and
temporo-parietal regions (Knopman et al. 2014) but also be-
yond (Jagust and Landau 2012).

Similar effects have also been reported in less healthy
populations such as elderly reporting memory difficulties
(Rimajova et al. 2008) or anxiety, depression and other health
conditions (Langbaum et al. 2010).

However, contradictive findings have also been reported as
one study found no difference in individual mean z-scores of
metabolism between 45 carriers and 45 age-, sex-, education
level-, MMSE-matched non-carriers in the same AD-sensitive
regions (Samuraki et al. 2012). Finally, higher metabolism,
e.g. in the frontal cortex, was also reported in addition to lower
metabolism in AD-sensitive regions in 17 carriers compared
with 15 non-carriers (Yi et al. 2014).

As a whole, studies assessing the effect of APOE4 on FDG
uptake in cognitively normal subjects are relatively rare and
findings altogether are not very consistent. Studies tend to find
an effect when assessing specific samples, e.g. in individuals
with a family history of AD (Reiman et al. 1996, 2005) or
when comparing carriers with slightly but significantly lower
scores at the Mini Mental State Examination, to non-carriers
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amongst which 16 % had an APOE2 allele (Jagust and
Landau 2012). Further studies are thus needed to confirm that
APOE4 is associated with a lower metabolism in AD-
sensitive brain areas and also in other brain regions, but also
to specify whether this effect is observed at a particular age
range, a question still unresolved to date (Knopman et al.
2014). The effects on brain metabolism appear to be subtler
than those on cortical A deposition, although only studies
including both FDG- and A(B-PET imaging could directly
address this question (see below “Discussion - Multimodal
studies”).

The Effects of APOE4 on Grey Matter Assessed
with Structural MRI

Studies assessing the effect of APOE4 on brain structure using
structural MRI are both the most numerous and the most
inconsistent. Significantly lower grey matter volume in
APOEA4 carriers compared with non-carriers has been reported
in several studies in elderly individuals (Plassman et al. 1997
Tohgi et al. 1997; Lind et al. 2006; Honea et al. 2009; Chen
et al. 2012), sometimes only in APOE4 homozygotes
(Lemaitre et al. 2005), or in young adults (Wishart et al.
2006; O’Dwyer et al. 2012), most often in AD-sensitive brain
regions such as the hippocampus or other medial temporal
structures.

Other regions are also reported such as the temporal and
prefrontal cortex (Wishart et al. 2006) or parietal areas (Honea
et al. 2009). Yet, there have also been numerous studies
reporting no significant differences, even when assessed
throughout the entire cortex, between APOE4 carriers and
non-carriers in terms of grey matter volume in elderly
(Soininen et al. 1995; Schmidt et al. 1996; Jack et al. 1998;
Reiman et al. 1998; Cohen et al. 2001; Han et al. 2007;
Filippini et al. 2011; Kukolja et al. 2010; Westlye et al.
2011; Bunce et al. 2012; Protas et al. 2013; Hostage et al.
2013) or in young adults (Dennis et al. 2010; Filippini et al.
2009; Matura et al. 2014). Moreover, some studies even
showed greater grey matter volume in elderly APOE4
carriers compared with non-carriers (Honea et al. 2009;
Striepens et al. 2011).

A few studies have assessed the effect of APOE4 on the
hippocampal histological subfields. Overall, the findings con-
verged to a detrimental effect on the cortical thickness or
volume in elderly, although results diverged as regard to the
affected subfield. Thus, cortical thickness was found to be
lower in elderly APOE4 carriers compared with non-carriers
in the subiculum (Burggren et al. 2008; Donix et al. 2010a;
Suthana et al. 2010) and CA1 subfield (Kerchner et al. 2014).
Lower CA3 and the dentate gyrus volumes were also reported
in APOE4 carriers (Mueller et al. 2008; Mueller and Weiner
2009). Moreover, hippocampal cortical thickness (Burggren
et al. 2008) but not grey matter volume (Burggren et al. 2008;

Mueller et al. 2008; Mueller and Weiner 2009) was found to
be lower in APOE4 carriers compared with non-carriers using
manual tracing on high-resolution MRI scans. However, no
significant effect of APOE4 on cortical thickness was found in
the hippocampus when assessed automatically using
Freesurfer on T1-weighted scans from 1.5 Tesla MRI, while
the same studies reported lower (Fan et al. 2010; Liu et al.
2010a) or greater (Espeseth et al. 2008) cortical thickness in
APOE4 carriers compared with non-carriers in other brain
areas.

Furthermore several studies argue for a non-linear effect of
APOE4 through aging, but once again results are divergent.
Lind and colleagues (2006) and Wishart and colleagues
(2006) suggest that the effect of APOE4 is more marked in
young than in elderly individuals, but more recently Mueller
and colleagues (2008) and Mueller and Weiner (2009) report-
ed reverse effects on the hippocampal subfields.

Cognitively normal elderly APOE2 carriers were found to
show greater cortical thickness in the temporal cortex (Fan
et al. 2010; Fennema-Notestine et al. 2011) compared with
APOE3 and in the dorsolateral prefrontal cortex compared
with APOE4 (Fan et al. 2010), or greater hippocampal grey
matter volume compared with APOE3 (Hostage et al. 2013)
or to APOE4 (Alexopoulos et al. 2011) carriers. Yet, again,
contradictory findings have been reported, including a lack of
difference between APOE2 and APOE3 in hippocampal grey
matter volume (Chiang et al. 2010) and cortical thickness (Liu
et al. 2010Db), or even decreased hippocampal and amygdala
grey matter volumes (den Heijer et al. 2002) or hippocampal
sulcal cavities widening (Barboriak et al. 2000) in APOE2
equivalent to that found in APOE4 carriers. This latter finding
is in line with post-mortem findings of higher AD neuropa-
thology in APOE2 carriers than in APOE3 homozygotes
(Berlau et al. 2009).

Regarding longitudinal MRI studies, results in elderly are
more consistent. Most studies highlighted a faster rate of grey
matter atrophy in APOE4 carriers compared with non-carriers,
especially in medial temporal structures (Cohen et al. 2001;
Chen et al. 2007; Morra et al. 2009; Donix et al. 2010a; Hua
et al. 2010; Risacher et al. 2010; Chiang et al. 2011; Lu et al.
2011; Roussotte et al. 2014), although negative findings have
also been reported (Jack et al. 1998; Du et al. 2006; Schuff
et al. 2009; Taylor et al. 2014). In contrast, normal elderly
APOE2 carriers showed a slower rate of hippocampal grey
matter atrophy compared with APOE3 homozygotes (Chiang
et al. 2011).

Finally, some studies have reported grey matter differences
between APOE4 carriers and non-carriers in children espe-
cially in the entorhinal cortex (Shaw et al. 2007) and even in
neonates (Dean et al. 2014; Knickmeyer et al. 2014).
Although negative findings have recently been reported in
adolescents (Khan et al. 2014), these results suggest a part of
genetic determination or a neurodevelopmental effect of
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APOE4. On the other hand, longitudinal studies showing
faster rates of atrophy in elderly APOE4 carriers (see above),
suggest that APOE4 also has a pathologic effect that tends to
exacerbate with time.

Altogether, the effects of APOE4 on brain structure thus
seem particularly subtle, if any, which would account for the
divergence of findings. Moreover, these effects are probably
not specific to AD pathological processes, as atrophy in the
same medial temporal areas has also been reported over age in
individuals with low risk for AD (i.e. Af-negative non-
APOEH4 carriers; Fjell et al. 2014a; see Fjell et al. 2014b for
review).

Discussion
Multimodal Studies

APOE4 is thought to have multiple effects, e.g. to increase A3
pathology, neurotoxicity, aberrant brain activity, brain atrophy,
tangle formation, decrease synaptic function, neurogenesis,
glucose metabolism, vascular and mitochondrial functions
and lipid and cholesterol metabolism (Liu et al. 2013).
While the effects on A3 plaque burden are well established,
those on other pathological processes such as tau-related
changes are less clear (Kim et al. 2009). From a neuroimaging
standpoint, the review of the literature from mainly single-
modality neuroimaging studies described above reveals dis-
crepant - and therefore probably subtle - effects of APOE4 on
brain structure, less heterogeneous (but rare) findings for
FDG-PET, and a clear effect on A3 deposition, all mainly
occurring in AD-sensitive areas. This graded effect of APOE4
on atrophy, hypometabolism, and A3 deposition is illustrated
in Fig. 2, and is also consistent with several results from
multimodal neuroimaging studies. Thus, Chen and colleagues
(2012) reported that FDG-PET showed a stronger association

Fig. 2 Schematic representation
of the graded effect of APOE4 on
structural, functional and
molecular cortical changes.
APOEH4 effects clearly
predominate on A3 deposition
(thick arrows), while the effects
are more modest on cortical
metabolism and volume (thin
arrows). This figure also
illustrates that APOE4 operates
through both A [3-dependent and
AB-independent processes

ApoE4
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to APOE4 compared with structural MRI, and concluded that
posterior cingulate hypometabolism appears earlier than any
detectable MRI-based structural abnormalities. Similarly,
Protas and colleagues (2013) found significant differences
between APOE4 carriers and non-carriers in posterior cingu-
late glucose metabolism, but not in clinical rating, neuropsy-
chological test score, hippocampal volume, or hippocampal
glucose metabolism measurements. They concluded that a
reduction in posterior cingulate glucose metabolism precedes
a reduction in hippocampal volume or metabolism in cogni-
tively normal persons at increased genetic risk for AD.

It is thought that there are both Ap-dependent and Af3-
independent effects of APOE4 acting in concert to exacerbate
the pathological and clinical phenotypes of AD (see Huang
2010; Liu et al. 2013 for reviews; see Fig. 2). Multimodal
studies confirm this view, showing that the effects of APOE4
on brain structure and function is at least partly independent
from its effect on A3 deposition. Thus, Jagust and Landau
(2012) found an effect of APOE4 on both A3 deposition and
FDG-PET metabolism, but showed that the lower metabolism
was independent from the presence of A3, concluding that
APOE genotype, and not aggregated fibrillar forms of Af3,
contributes to reduced glucose metabolism in aging. Similarly,
Knopman and colleagues (2014) reported lower metabolism
in AD-sensitive regions, within A 3-positive cognitively nor-
mal elderly, or in the APOE4 carriers, but there was no
interaction between both terms i.e. the effect of APOE4 on
metabolism was not merely a reflection of the effect of A
deposition. Amyloidosis and APOE4 carriage rather appear to
be additive in their impact on hypometabolism (Knopman
et al. 2014). Yi and colleagues (2014) however yield to a
different conclusion as they found that hypometabolism in
APOEA4 carriers largely disappeared when adjusting for global
cortical A deposition (see also Lowe et al. 2014) or when
only considering the A{3-negative individuals while hyperme-
tabolism persisted in medial frontal and anterior temporal
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areas. Yet, the detection of APOE4-related structural and
functional changes in children (Shaw et al. 2007) or young
adults (Reiman et al. 2004; Knopman et al. 2014), i.e. well
before the appearance of Af3 accumulation in the brain
(Kok et al. 2009), would also rather argue for the existence
of Af-independent effects of APOE4 on brain structure
and function.

In sum, there are both A3-dependent and A 3-independent
effects of APOE4 acting in concert to exacerbate the patho-
logical and clinical phenotypes of AD (see Huang 2010;
Huang and Mucke 2012 for reviews).

Methodological Comments

Firstly, it is important to note that the effects of APOE4 on
brain aging were often assessed in cross-sectional studies by
comparing, within carriers versus non-carriers, the correlation
between age and the measure of interest in different individ-
uals (i.e. assessing the interaction between APOE4 and age).
However, this cross-sectional approach confuses inter-subject
variability with intra-subject variability (Thompson et al.
2011). Consequently, the observed effects of age could reflect
an inter-individual or inter-generational cohort effect rather
than a genuine effect of age. Only longitudinal studies
assessing the effects of age within the same individuals over
time to measure intra-individual rates of change would allow
to determine specifically the effects of age on cortical A3
deposition, metabolism, structure and cognition. It is also
worth noting that, even if they concern AD-sensitive brain
regions, APOE4 effects are not necessarily reflecting
AD-related processes (see also above).

Second, the results are partly discrepant regarding the
effect of APOE4 especially on brain structure but also on
brain metabolism. Methodological differences amongst stud-
ies (i.e., acquisition parameters, quantification methods, level
of significance, etc.) may explain part of this variability,
although no clear methodological factor distinguished dis-
crepant studies (e.g. young versus elderly, homozygotes ver-
sus heterozygotes ratio, regions of interest versus whole
brain). Besides, part of the conflicting results may also be
attributable to the antagonist pleiotropy of APOE4 effects
across different stages of the lifespan, such that APOE4 may
be beneficial in earlier ages and may confer risk of cognitive
decline only later in life (Tuminello and Han 2011). It is
also possible that non-intuitive findings are not reported.
Moreover, confounding variables are rarely modelled (see
Donix et al. 2012 for review). Finally, AD has a complex
polygenic background and studying the brain effects associ-
ated with the presence of a single genetic risk factor, as the ¢4
allele, may lead to variable results. Indeed, unknown gene-
gene and gene-environment interactions are likely to modulate
the effect of this genetic factor on brain structure and function,
potentially resulting in both overestimation and masking of

APOE4 effects (see Donix et al. 2012 for review). In this
respect, APOE genotype and family history risk were shown
to have independent and/or additive contributions to brain
structure (Donix et al. 2010b; Honea et al. 2010, 2011) or
metabolism (Mosconi et al. 2007, 2009).

APOEA4 Effects on Other Neuroimaging Modalities

While this review primarily focuses on the most validated and
widely used neuroimaging biomarkers for AD, namely struc-
tural MRI, FDG-PET and A-PET, the effect of APOE4 has
also been assessed using other neuroimaging modalities. In
brief, the results are consistent with the idea that APOE4
cognitively normal elderly, as a group, do present some signs
of AD-related features, i.e. damage in white matter tracts
connected to the medial temporal lobe usually impaired in
AD (see Gold et al. 2012 for review), and higher or lower
functional connectivity between AD-sensitive brain areas (see
Dennis and Thompson 2014 for review). Besides, fMRI stud-
ies frequently report higher activations (often, but not only,
within the hippocampus) in APOE4 carriers compared with
non-carriers during episodic memory tasks (see Wierenga and
Bondi 2007; Trachtenberg et al. 2012 for reviews). For
example, Bookheimer et al. (2000) reported higher mag-
nitude and extent of brain activation during memory-
activation tasks in regions affected by AD, including the
left hippocampal, parietal, and prefrontal regions, in cogni-
tive normal APOE4 carriers compared with non-carriers. This
higher activity is usually interpreted as compensatory recruit-
ment to support memory performance, although studies in
mice suggest that it may rather reflect a detrimental function
of hippocampal inhibitory function (see Gallagher and Koh
2011 for review).

Conclusion

Cognitively normal APOE4 carriers offer a great opportunity
to further our understanding of the pathophysiology of AD at
the presymptomatic phase of the disease. Studying current
neuroimaging biomarkers for preclinical AD with PET and
MRI in such individuals allows in vivo evaluation of early
AD-related brain changes, although further studies are needed
to confirm that APOE4-related brain changes reflect AD
pathological process. This evidence-based review argues for
a graded effect of APOE4 on brain structural, functional and
molecular changes, with a predominant effect on A3 deposi-
tion and subtler effects on cortical metabolism and grey matter
volume. It also suggests both A{3-dependent and Af3-
independent effects of APOE4 on brain structure and function.
It is likely that APOE4 not only increases the risk for AD, but
also modulates its pathophysiological process at different
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levels. Future multimodal neuroimaging follow-up studies
would tell whether the mechanisms and sequence evidenced
in carriers is comparable to those found in non-carriers.

Conflicts of Interest None to disclose.
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