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Highlights

We reviewed the literature of structural imaging changes in preclinical dementia.

There was a high overlap of brain regions implicated in both preclinical and sporadic AD.
The imaging literature in relation to AD risk factors was highly discrepant.

More research and validation studies of structural imaging techniques are needed.



ABSTRACT

The last decade has witnessed a proliferation of neuroimaging studies characterising brain
changes associated with Alzheimer’s disease (AD), where both widespread atrophy and
‘signature’ brain regions have been implicated. In parallel, a prolonged latency period has been
established in AD, with abnormal cerebral changes beginning many years before symptom onset.
This raises the possibility of early therapeutic intervention, even before symptoms, when
treatments could have the greatest effect on disease-course modification. Two important
prerequisites of this endeavour are (1) accurate characterisation or risk stratification and (2)
monitoring of progression using neuroimaging outcomes as a surrogate biomarker in those
without symptoms but who will develop AD, here referred to as preclinical AD. Structural
neuroimaging modalities have been used to identify brain changes related to risk factors for AD,
such as familial genetic mutations, risk genes (for example apolipoprotein epsilon-4 allele),
and/or family history. In this review, we summarise structural imaging findings in preclinical
AD. Overall, the literature suggests early vulnerability in characteristic regions, such as the
medial temporal lobe structures and the precuneus, as well as white matter tracts in the fornix,
cingulum and corpus callosum. We conclude that while structural markers are promising, more
research and validation studies are needed before future secondary prevention trials can adopt

structural imaging biomarkers as either stratification or surrogate biomarkers.

Search terms: Alzheimer's disease, neurodegeneration, preclinical dementia, magnetic

resonance imaging, diffusion weighted imaging, neuroimaging, cognitive impairment



1. INTRODUCTION

There are now 30 million people living with dementia, and the number is expected to rise to 115
million in 2050 (World Alzheimer Report 2010, www.alz.org). Current treatments are
symptomatic and limited to Alzheimer’s disease (AD). It is assumed that functional decline and
dementia will be a relatively late feature in the pathophysiology of AD, with increasing evidence
of an insidious latency period, with pathological changes beginning decades before symptom
onset (Trojanowski et al., 2010). The ‘amyloid cascade hypothesis’ posits an initiating event of
amyloidosis, with subsequent tau pathology and other downstream processes involving
neurotoxicity and progressive cerebral atrophy (Hardy and Selkoe, 2002). This self-perpetuating
mechanism of neurodegeneration is difficult to slow once established, and may partly account for
the spate of notable clinical trial failures, particularly anti-amyloid therapy (Doody et al., 2014).
Thus, recent proposals are urging the need to shift the focus to presymptomatic interventional

trials in individuals at elevated risk for AD (Caselli and Reiman, 2013; Ritchie et al., 2015).

To facilitate this endeavour, biomarkers are mandatory prerequisites (a) to aid in the early pre-
symptomatic detection of AD for recruitment to clinical trials and (b) to serve as surrogate
markers for disease progression and to be used therein as intermediary phenotypes to assess the
efficacy of potential disease-modifying treatments. In clinical trials of presymptomatic dementia,
any disease-related changes would likely be subtle and therein lays the challenge of establishing
the means to assess outcomes in clinical trials. ldeally, a biomarker should sensitively and
specifically reflect the underlying pathology (i.e. amyloid / tau deposition, grey matter volume
loss, etc.), be easily reproducible and accessible (i.e. available in standard clinical settings), and

be non-invasive. In this regard, structural neuroimaging techniques — T1-MRI and diffusion



weighted imaging (DTI) — that enable assessment of grey matter volume loss, cortical thinning,
or white matter microstructural changes have contributed to the characterisation of disease-
related changes in neurodegenerative conditions, such as AD (Braskie and Thompson, 2014),
dementia with Lewy bodies (Mak et al., 2014a), and Parkinson’s disease (Mak et al., 2015a).
Similarly, evidence from structural neuroimaging studies have begun to reveal characteristic
patterns of grey matter atrophy and white matter abnormalities in preclinical dementia,
particularly involving individuals possessing (a) familial AD (FAD) genetic mutations
(Ginestroni et al., 2009; Li et al., 2015; Quiroz et al., 2013; Reiman et al., 2012; Ridha et al.,
2006; Ringman et al., 2007; Schott et al., 2003; Thordardottir et al., 2015), (b) one or two copies
of the apolipoprotein epsilon-4 allele (ApoE4) (Burggren et al., 2008; Cherbuin et al., 2008; den
Heijer et al., 2002; Desikan et al., 2013; Fan et al., 2010; Hashimoto et al., 2009; Lemaitre et al.,
2005; Shaw et al., 2007; Smith et al., 2010; Wishart et al., 2006), (c) a family history of AD

(Berti et al., 2011; Fox et al., 1999; Honea et al., 2011, 2010; Mosconi et al., 2014).

The purpose of this review is to provide an exhaustive summary of the literature concerning grey
and white matter abnormalities in presymptomatic individuals at high-risk of dementia:
individuals with familial AD genetic mutations, carriers of ApoE4 and those with a positive
family history of dementia. We first begin with a brief description of each risk factor before
reviewing the literature of structural neuroimaging in preclinical AD: (a) macroscopic grey
matter atrophy and cortical thinning, (b) hippocampal and other subcortical atrophy, (c)
microstructural properties as measured by DTI, and (d) macroscale changes in the connectome.

The potential influence of age on some of these risk factors will be discussed. Lastly, we



conclude with future directions and provide a summary of structural neuroimaging in preclinical

AD.

2. RISK FACTORS IN ALZHEIMER’S DISEASE

Genetic mutations

FAD is a rare and inheritable form of AD and it is typically associated with an early onset before
the age of 65 (Ringman, 2005). Causative factors of FAD include autosomal-dominant
inheritable mutations in the genes of presenilin 1 (PSEN1), presenilin 2 (PSEN2) and amyloid
precursor protein (APP). Their effects are fully penetrant, implying a near certainty of
developing AD in carriers, often at an earlier age (~ 30 — 50 years) as well as exhibiting a more
aggressive disease course and shorter relative survival time compared to typical AD (Rossor et

al., 2010; Seltzer, 2016).

Although FAD only accounts for 1% of all AD cases, presymptomatic FAD mutation carriers
offer an opportunity to investigate the earliest clinical and biomarker substrates of the prodromal
dementia stage. For instance, it is possible to estimate the age of onset in FAD mutation carriers,
allowing enrolment into therapeutic trials years and even decades before the emergence of
cognitive decline. Because the clinical (i.e. insidious onset of amnestic symptoms and
progression of decline in multiple cognitive domains) and pathological features (i.e. neuronal
loss, amyloid plaques and neurofibrillary tangles) of FAD are similar to sporadic AD, putative
drugs that demonstrate high efficacy in the prevention or delay of dementia in FAD trials are
likely to inform other disease modification trials in sporadic AD. The notion for FAD as a model

to investigate the pathogenesis of sporadic AD has also received support from spatial



overlapping of brain regions that are commonly implicated in sporadic AD (will be discussed in

more detail later).

Apolipoprotein epsilon-4

While autosomal dominant mutations exist in AD, they are exceedingly rare as the majority of
AD cases most likely involve a multifaceted interplay of genetic and environmental risk factors.
Investigating the imaging characteristics of genotypes offers another opportunity to investigate
morphological aberrations in the brain during preclinical AD. The ApoE gene exists as three
polymorphic alleles — E2, E3, and E4 — which have a worldwide frequency of 8.4%, 77.9% and
13.7% respectively (Farrer, 1997). Inheritance of ApoE4 is established as the greatest genetic
risk factor associated with AD with dose-dependent effects (Harold et al., 2009). The
mechanisms by which ApoE4 influences the risk, onset and progression of neurodegeneration
have been the subject of intense research (Farrer, 1997), revealing a range of influences
including beta-amyloid metabolism, impaired clearance of beta-amyloid across the blood brain

barrier, and increased oligomerization of beta-amyloid in the brain (Liu et al., 2013).

Family history

AD is highly heritable. Even in those without FAD, a family history of dementia is another
significant risk factor for AD particularly of the late-onset type (LOAD). The risk for developing
LOAD is 4-10 fold higher in first-degree relatives of LOAD patients, and is highest in children
of parents affected by LOAD (Farrer, 1997; Fratiglioni et al., 1993). However, its association
with AD appears to be less certain compared to FAD mutations and ApoE4 carriage, as several

studies have not reported an association between family history of dementia and elevated risk of



AD (Lindsay et al., 2002; Tyas et al., 2001). The link between family history and AD is most
likely mediated at least in part by ApoE4 carriage. A 6-year follow-up study in the Kungsholmen
Project Cohort showed that family history of dementia conferred an increased risk of dementia
only among ApoE4 carriers (Huang et al., 2004). This finding has been corroborated by other
evidence showing an additive effect of both ApoE4 and family history on of age of onset and
cognitive decline (Duara et al., 1996; Hayden et al., 2010; Jarvik et al., 1996). There is also
evidence from imaging (will be discussed in greater detail) and CSF studies suggesting a
stronger maternal contribution to dementia compared to paternal dementia (Edland et al., 1996;
Honea et al., 2012). In light of these findings, others have implicated the mitochondrial DNA in

the genetic transmission of AD (Mosconi et al., 2011; Swerdlow et al., 2010).

Translocase of outer mitochondrial membrane 40

In light of previous evidence showing a stronger AD risk from maternal dementia, others have
implicated the mitochondrial DNA in the genetic transmission and pathogenesis of AD (Mosconi
et al.,, 2011; Swerdlow et al., 2010). Accordingly, the translocase of outer mitochondrial
membrane 40 (TOMM40) has emerged as a potential candidate gene for AD. Variable poly-T
length polymorphism at rs10524523, within intron 6 of TOMM40 gene, has been shown to
influence the risk and age of onset in AD (Roses et al., 2010). Specifically, the long allele was
associated with a 7-year earlier age of onset of AD in a relatively small sample of ApoE4
heterozygotes. However, these findings have not been consistently replicated in substantially
larger samples (Cruchaga et al., 2011; Jun et al., 2012), and the influence of the TOMMA40 gene

in preclinical AD remains unclear.



Brain derived neurotrophic factor

Finally, some of the remaining variance in dementia risk could be accounted for by
neurotrophins as they are influenced by a myriad of factors including caloric intake (Araya et al.,
2008) and physical activity (Neeper et al., 1995). The brain-derived neurotrophic factor (BDNF)
is essential for neuronal survival and synaptic function, particularly in the hippocampus (Tapia-
Arancibia et al., 2008). Histopathological and CSF studies have consistently documented
reductions in BDNF expression among AD patients (Laske et al., 2007; Phillips et al., 1991), as
well as correlations with episodic memory and progression from MCI to AD (Forlenza et al.,

2015).

3. METHODS

Literature searches were performed to review structural brain changes in preclinical dementia.
Two reviewers (EM and SG) searched PubMed for articles published from Jan 1990 till present.
We identified relevant papers using the keywords: 'structural magnetic resonance imaging’,
'diffusion tensor imaging', 'Alzheimer’s disease'. Further, we searched for ‘amyloid, ‘family
history', 'ApoE4', 'PSEN' and 'APP". Articles included were only human studies in the English
language. Studies were considered for inclusion if structural neuroimaging modalities (T1 MRI
and diffusion-weighted MRI) were used to investigate brain changes related to risk factors of
AD, such as familial APP/PSEN gene mutations, the presence of ApoE4 and/or family history of

AD. No further attempts were made to extract quantitative data for meta-analysis.

4. RESULTS



This database search resulted in 606 studies. Full-text articles were obtained to assess further
eligibility, resulting in the exclusion of articles based on methodological consideration or sample
characteristics, and the inclusion of additional studies from the references of these individual
articles. After detailed evaluation, 95 key papers published between 1996 and 2016 were
included in the systematic review. A summary of principal findings from highlighted studies

(i.e. large cohort studies with longitudinal follow-up) is described in Table 1 and 2.

5. CORTICAL GREY MATTER CHANGES

In general, structural imaging studies across preclinical groups have converged to reveal an
atrophic cortical pattern that is characteristic of AD (Quiroz et al., 2013), such as increased
longitudinal whole brain atrophy rates (Chen et al., 2007; Fox et al., 1999; Ridha et al., 2008;
Schott et al., 2010), parahippocampal atrophy (Hashimoto et al., 2009), and atrophy / cortical
thinning in frontal, temporal and parietal cortices as well as the precuneus (Berti et al., 2011;
Burggren et al., 2008; Chen et al., 2007; Ginestroni et al., 2009; Mosconi et al., 2014; Schott et
al., 2003). It is noteworthy that atrophy or cortical thinning in temporo-parietal cortices has been
consistently predictive of conversion from mild cognitive impairment (MCI) to AD in
longitudinal studies (Chételat et al., 2005; Risacher et al., 2010), while the precuneus has also
been shown to be an early site of preferential amyloid uptake in positron emission tomography
(PET) studies (Villemagne et al., 2009), supporting the notion that these cortical changes are
potential harbingers of progressive atrophy in the earliest stages of AD. We now discuss these

findings in greater depth, organised into sections pertaining to the type of risk factor.



Familial AD

In general, the prevailing evidence points to temporo-parietal atrophy in presymptomatic FAD
mutation carriers, although non-significant and increased volumes have also been reported
(Table 1). APP and PSEN1 mutation carriers (n = 13, age = 43) from four Swedish families
showed reductions of cortical volumes in temporal and precuneus regions, even after correcting
for gender and ApoE genotype (Thordardottir et al., 2015). These findings are congruent with an
earlier longitudinal study of an aged-matched (n = 9, age = 44) sample of APP and PSEN1
mutation carriers who expressed an accelerated course of thinning in similar regions such as the
entorhinal cortex, parahippocampal gyrus, posterior cingulate cortex and the precuneus. In
particular, cortical thinning in the posterior cingulate cortex and the precuneus were found 1.8
and 4.1 years prior to diagnosis in mutation carriers (Knight et al., 2011). The effects of PSEN1
mutations on early structural aberrations have been investigated in the Colombian Alzheimer’s
Prevention Initiative Registry, which includes more than 1500 living members from the largest
known autosomal-dominant AD kindred, 30% of whom are carriers of the PSEN1 E280A
mutation (Lopera et al., 1997). Carriers from this kindred have an estimated median age of 44
years at onset of MCI and 49 years at onset of AD (Acosta-Baena et al., 2011). Echoing the
aforementioned studies (Knight et al., 2011; Thordardottir et al., 2015), structural imaging
analyses from this cohort have revealed an ‘AD signature’ of cortical thinning in both mid-life
(age = 38) (Quiroz et al., 2013), most prominently in parietal cortices and precuneus. In addition,
Quiroz and colleagues reported that these cortical changes occurred 6 years before symptom
onset and 11 years prior to AD diagnosis (Quiroz et al., 2013). Notably, the parietal predilection
was similarly found in a Voxel Based Morphology (VBM) analysis of younger PSEN1 mutation

carriers (n = 20; age = 22) (Reiman et al., 2012).



However, the literature on presymptoamatic FAD mutation carriers remains mixed with negative
findings (Apostolova et al., 2011) as well as reports of cortical thickening in the precuneus and
temporo-parietal cortices (Fortea et al., 2010). Interestingly, Fortea and colleagues showed that
these regions exhibited an inverse pattern of cortical thinning in symptomatic carriers, possibly
reflecting a compensatory process that could not be sustained as the disease progressed (Fortea et

al., 2010).

The cortical expressions of FAD mutations also appear to be complex in the youngest
populations. Unlike the atrophic cortical profile expressed in older aged carriers (Quiroz et al.,
2013; Reiman et al., 2012), children (9 — 7 years old) with PSEN1 mutation carriers had larger
grey matter volumes in temporo-parietal regions, particularly in the parahippocampal gyrus and
temporal pole (Quiroz et al., 2015). Interestingly, an opposite effect of thinner entorhinal cortex
was found in children and adolescent ApoE4 carriers (age = 18) (Shaw et al., 2007). Shaw and
colleagues also reported a stepwise increase in cortical thickness in the entorhinal cortex: from
the thinnest cortex in ApoE4 carriers, through an intermediate thickness in ApoE3 carriers, to the
thickest cortex in carriers of the ApoE2 allele (Shaw et al., 2007). At an even younger age,
ApoE4 infant carriers (6 — 22 months old) also showed a combination of greater volumes in
frontal regions and decreased volumes in the precuneus, cingulate, and temporal regions (Dean et
al., 2014). These studies suggest potentially differential effects of PSEN1 and ApoE4, which
could in turn be modulated by age. Future studies are needed to clarify the role of PSEN1 and
ApoE4 in neurodevelopmental processes and how alterations in these processes (i.e. synaptic

pruning and cortical gyrification) may be relevant to the future development of AD.



Apolipoprotein E4

Imaging studies in preclinical AD have attempted to characterise ApoE4-related cortical changes
in preclinical AD, although the literature is fragmented with highly discrepant findings (Table 2).
Generalised volumetric loss and cortical thinning in ApoE4 carriers have been reported in
several studies (Crivello et al., 2010; Fan et al., 2010; Hashimoto et al., 2009; Lemaitre et al.,
2005), even in younger groups below 60 (Burggren et al., 2008; Wishart et al., 2006). More
specifically, entorhinal thinning and medial temporal lobe volume loss have been observed in
heterozygous ApoE4 carriers relative to non-carriers (Burggren et al., 2008; Fan et al., 2010;
Wishart et al., 2006), and others have demonstrated congruent findings showing a steeper
trajectory of age-related thinning of widespread cortical thinning in individuals with at least one

ApoE4 allele (Espeseth et al., 2008).

However, these findings are in contrast with studies reporting no structural difference in
heterozygous ApoE4 carriers compared to non-carriers (Cherbuin et al., 2008; Crivello et al.,
2010; Heise et al., 2011; Lemaitre et al., 2005) (Age range: 69 — 75). The disparity of findings
has prompted debate about the existence of a gene-dose effect of ApoE4 on cortical atrophy,
particularly in light of other studies demonstrating medial temporal lobe atrophy and accelerated
cortical atrophy only in homozygous ApoE4 carriers of comparable age (Chen et al., 2007;

Crivello et al., 2010; Lemaitre et al., 2005) (Age range: 55 — 75).

Family history
Some studies have compared the presymptomatic imaging endophenotypes of maternal family

history (FHm) against paternal family history (FHp) in AD (Berti et al., 2011; Honea et al., 2011,



2010; Mosconi et al., 2014). Using VBM approaches, these studies have converged to reveal a
more severe extent of cortical atrophy in FHm compared to controls and FHp (Berti et al., 2011;
Honea et al., 2010). Conversely, no structural differences were found between FHp and controls
(Berti et al., 2011), although Honea and colleagues (Honea et al., 2010) reported additional
frontal lobe and precuneus atrophy in the FHp group compared to the controls. A subsequent 2-
year duration longitudinal VBM study showed progressive atrophy in the precuneus and
parahippocampal cortex of FHm individuals compared to both FHp and controls (Honea et al.,
2011). Another VBM study identified a ‘parent-dose effect’ where individuals (age = 56) with
both FHm and FHp showed the most severe atrophy in the temporal cortex, while additional
parietal atrophy was found in the FHm group compared to FHp (Mosconi et al., 2014). Overall,
these observations of greater atrophy in individuals with FHm are in agreement with evidence
that maternal transmission of AD is associated with more severe hypometabolism (Mosconi et
al., 2009) and memory impairment (Debette et al., 2009). However, other VBM studies have not
found a parent-of-origin effect on cortical atrophy in middle-aged groups (age range: 53 - 57)
(Okonkwo et al., 2012; Ten Kate et al., 2016). For instance, both FHm and FHp groups showed

precuneus atrophy compared to individuals without a family history (Ten Kate et al., 2016).

Interactions between apolipoprotein E4 and family history

The potential interactions between ApoE4 carriage and family history on structural morphology
have also been a topic of investigation. In the Framingham Offspring study, a higher rate of
global brain atrophy over 6 years was only found in ApoE4 carriers with a positive family
history of AD (Debette et al., 2009). Through an exploratory VBM analysis that is unrestricted

by an AD-ROI mask, another study found differential effects of ApoE4 and family history on



regional atrophy in a relatively younger sample. ApoE4 carriage (age = 61) was associated with
striatal atrophy whereas family history (age =57) was associated with atrophy in the precuneus
(Ten Kate et al., 2016). Individuals characterised by an extreme phenotype of “double risk” (i.e.
positive family history and ApoE4) also demonstrated bilateral insular atrophy compared. This
finding is particularly noteworthy as that it has not been reported in the literature of preclinical
dementia (Ten Kate et al., 2016)., even though it has been implicated in mild cognitive

impairment with PD and AD (Mak et al., 2014b; Sluimer et al., 2009).

TOMMA40 gene

Few studies have characterised the effect of TOMM40 poly-T length on cortical changes in
cognitively healthy individuals (Johnson et al., 2011). In a search-restricted VBM study
focussing on homozygotic ApoE3 middle-aged adults, a dose-dependent increase in the Very-
Long (VL) TOMMA40 polymorphism was associated with atrophy in the precuneus and posterior
cingulate (no VL alleles < Short/VL heterozygotes < VL/VL homozygotes) after adjusting for
age and total intracranial volumes. It is worth mentioning that the precuneus and posterior
cingulate cortex have repeatedly been implicated in this article as well as other studies in AD
(i.e. hypometabolism, decreased white matter integrity and macroscopic atrophy). A network
perspective (discussed in greater detail later) could offer some insights into the preferential
vulnerability of these regions across the spectrum of dementia. The precuneus and posterior
cingulate cortex are heavily involved in the default mode network. Interestingly, network
analyses have consistently identified these regions as hubs with dense anatomical connections
occupying a central position in the topology of brain networks (van den Heuvel and Sporns,

2013). However, a centrality confers a high biological cost (i.e. increased metabolic demands)



and renders these regions susceptible to disease-related processes (Crossley et al., 2014). At
present, further studies, are warranted to investigate the link between TOMMA40 variations and

imaging changes at the cross- and longitudinal levels.

Brain-derived neurotrophic factor gene

Considering its critical role in neuroplasticity underlying learning and memory in the
hippocampus, the brain-derived neurotrophic factor (BDNF) gene represents another potential
risk factor for AD, although its influence on brain morphology is relatively understudied in the
context of preclinical AD. A single nucleotide polymorphism in the BDNF gene produces a
valine to methionine (VVal66Met) amino acid substitution that affects intracellular packaging and
activity-dependent secretion of the BDNF, in turn affecting human memory function (Chen,
2004; Egan et al., 2003) and hippocampal morphology (Bueller et al., 2006). In a retrospective
longitudinal study over 3 years, Hashimoto and colleagues were the first to report a significant
effect of the Val66MET polymorphism in preclinical AD, showing accelerated atrophy in the
precuneus and cingulate regions in MET-BDNF carriers compared to VAL-BDNF carriers

(Hashimoto et al., 2009).

6. SUBCORTICAL ATROPHY

Hippocampus

Hippocampal volumetry is one of the most validated, accessible and widely used biomarkers in
AD. The hippocampus is an early preferential target of neurofibrillary tangles (Braak and Braak,
1991), and is markedly atrophied at the time of AD diagnosis, with a meta-analysis reporting

approximately 25% smaller volumes compared to age-matched controls (Shi et al., 2009).



Similarly, the neuroimaging literature suggests a predilection of hippocampal atrophy in
presymptomatic individuals, although evidence regarding the effects of ApoE4 remains
inconclusive. Cross-sectionally, studies have reported significant hippocampal atrophy in ApoE4
carriers (den Heijer et al., 2002; Honea et al., 2009; Lemaitre et al., 2005; Lind et al., 2006;
Tohgi et al., 1997), as well as younger FAD mutation carriers (age range: 21-45) (Bateman et
al., 2012; Fleisher et al., 2015; Ridha et al., 2006). However, there are just as many notable
exceptions of negative findings in cross-sectional comparisons (Apostolova et al., 2011;
Cherbuin et al., 2008; Gold et al., 2010; Lupton et al., 2016; Lyall et al., 2013; Protas et al.,
2013). Indeed, one of the primary limitations of cross-sectional designs concerns the inter-
individual variability of brain structures within a study sample. Longitudinal imaging studies
wherein the same individuals are tracked over time may be more sensitive to subtle atrophy,
particularly during the preclinical phase of AD. Lending support to this notion is the
homogeneity of findings across longitudinal studies. For instance, increased rates of
hippocampal atrophy were found in ApoE4 carriers (Cohen et al., 2001; Moffat et al., 2000) and
individuals with family history (Okonkwo et al., 2012) over time, despite showing relative
preservation at baseline. In addition to the independent effect of family history on hippocampal
volumes, there is also increasing evidence that family history can interact with ApoE4. In the
longitudinal study from the Wisconsin Registry for Alzheimer’s Prevention (WRAP), Okonkwo
and colleagues demonstrated that the effect of family history on hippocampal atrophy was more
pronounced in non-carriers of ApoE4 (Okonkwo et al., 2012). These findings are consistent with
other longitudinal studies of homozygous ApoE4 carriers (Crivello et al., 2010), younger FAD

genetic mutation carriers (age < 60) (Fox et al., 1996; Ridha et al., 2006; Schott et al., 2003).



Fewer studies have addressed the effect of ApoE4 on the hippocampus in healthy younger adults
(age < 30). The small but growing literature has yielded equivocal findings, where both atrophy
(Alexopoulos et al., 2011; O’Dwyer et al., 2012) and preservation (Khan et al., 2014; Mondadori
et al., 2007; Richter-Schmidinger et al., 2011) have been reported. In a large cohort of more than
1400 adolescents (age = 14), Khan and colleagues did not demonstrate any hippocampal volume
(automatically segmented and normalised for ICV) differences between ApoE4 carriers and non-
carriers (Khan et al., 2014). This is consistent with other studies of similarly aged samples (Heise
et al., 2011; Mondadori et al., 2007; Richter-Schmidinger et al., 2011). Intriguingly, Mondadori
and colleagues have also reported an association of ApoE4 with better episodic memory
compared to ApoE2 and ApoE3 in a sample of 340 young adults (age = 22) (Mondadori et al.,
2007). Considered in tandem with previous evidence where ApoE4 has been associated with
higher 1Q scores in younger adults (Yu et al., 2000) and enhancement of hippocampal long-term
potentiation (Kitamura et al., 2004), it could be hypothesised that ApoE4 mediates
neurodevelopmental resilience (Oria et al., 2005) (Brazil study) and enhanced intellectual
function in children and young adults. It is thus possible that, through an interaction with age, the
effect of ApoE4 transitions from a quiescent or even neuroprotective role from childhood to
young adulthood before exerting a deleterious effect on cognition (Lothian Birth Cohort 1921)
(Schiepers et al., 2012) and brain morphology in later life. Key to our ability to understand this
would be studies that can provide regular follow up of participants from before, during and after

this transition point.

Amygdala and striatal structures



Several post-mortem studies have also reported AD neuropathology in the amygdala (Arriagada
et al., 1992; Tsuchiya and Kosaka, 1990), although its vulnerability in preclinical AD remains to
be established. Amygdala atrophy has been reported in presymptomatic ApoE4 carriers (den
Heijer et al., 2002; Honea et al., 2009) with potential dose-dependent effects of ApoE4 (den
Heijer et al., 2002). However, negative findings have been reported from other studies
employing manual tracing (Cherbuin et al., 2008) and automated segmentation approaches

(Lupton et al., 2016).

Other subcortical regions including the thalamus, caudate and putamen have been implicated in
presymptomatic FAD mutation carriers (Cash et al., 2013; Lee et al., 2012; Ryan et al., 2013).
These findings run counter to a previous study in which presymptomatic FAD mutation carriers
expressed an unexpected larger caudate whereas symptomatic carriers demonstrated an expected
caudate atrophy relative to controls (Fortea et al., 2010). Given that the carriers were on average
9.9 years from expected age at onset, Fortea and colleagues interpreted their findings to reflect a
possible reactive neuronal hypertrophy and/or neuroinflammation early in the presymptomatic
stage that could explain the initial increase in the volume of these structures, which then undergo
progressive atrophy as the disease progresses. Consistent with their interpretations, we have
recently shown that proinflammatory processes could be observed up to 10 years before
diagnosis (Ritchie et al., 2016). Thus, these findings argue that structural imaging findings of
presymptomatic familial AD should be interpreted in light of the temporal proximity to expected

age of symptom onset.

7. MICROSTRUCTURAL CHANGES IN PRECLINICAL DEMENTIA



Over the last decade, there has been exponential progress in the development and application of
diffusion tensor imaging (DTI) (Le Bihan, 2006) to study both grey and white matter brain
structure during neurodevelopment and neurodegeneration. The breakdown of microstructural
barriers (i.e. myelin) that normally constrain the Brownian motion of water molecules results in a
quantifiable difference in the diffusion of water along white matter tracts that could be indexed
by various DTI metrics. Fractional anisotropy (FA) reflects the directional constraint (tendency
for water diffusion to occur in a single direction) of the water diffusion along axons, and lower
FA is commonly interpreted as disrupted microstructural integrity. Mean diffusivity (MD) is a
measure of the average rate of diffusion in all directions and generally increases with axonal
degeneration and demyelination. Such DTI changes are not visible on conventional structural
MRI sequences, and previous evidence suggests that they could precede grey matter atrophy

(Kantarci et al., 2005) and the appearance of amyloid and tau pathology (Desai et al., 2009).

DTI has been increasingly applied to investigate early microstructural deficits in FAD genetic
mutation carriers (Li et al., 2015; Ringman et al., 2007; Ryan et al., 2013; Sanchez-Valle et al.,
2016), cognitively normal ApoE4 carriers (Adluru et al., 2014; Bendlin et al., 2010; Heise et al.,
2011; Honea et al., 2009; Kim et al., 2015; Lyall et al., 2014; Nierenberg et al., 2005; Persson et
al., 2006; Ryan et al., 2011; Smith et al., 2010), and individuals with family history of AD

(Hawkins et al., 2015; Kim et al., 2015; Smith et al., 2010).

Familial AD
Global FA was reduced in preclinical FAD mutation carriers (age = 35), and this effect was most

pronounced in the fornix and white matter tracts of the orbitofrontal region during the



presymptomatic stage (Ringman et al., 2007). Li and colleagues reported that, in the absence of
grey matter atrophy, presymptomatic FAD mutation carriers (age = 43) expressed higher MD but
not FA in the longitudinal fasciculus and cingulum (Li et al., 2015). In contrast, other studies
have not found significant changes in DTI metrics in similarly aged presymptomatic FAD
mutation carriers (Parra et al., 2015; Sanchez-Valle et al., 2016), although significant FA
decrease and MD increase were found in the corona radiata and corpus callosum in the
symptomatic group (S&nchez-Valle et al., 2016). Interestingly, one study reported that
presymptomatic carriers (age = 38) showed significantly decreased MD in the right hippocampus
and the cingulum, as well as increased FA in the bilateral thalamus and left caudate (Ryan et al.,
2013). The authors speculated that these seemingly paradoxical findings could reflect earlier
axonal insults in the pathway towards subsequent neurodegeneration, such as initial microglial
activation/accumulation and swelling of neurones and glial, which could, in turn, lead to a

greater restriction on the Brownian motion of water molecules.

Apolipoprotein E4 and family history

Healthy individuals with ApoE4 are characterised by less white matter volume (Ready et al.,
2011) (age = 53) and a higher rate of myelin breakdown in an older sample (Bartzokis et al.,
2006) (age = 66). Furthermore, ApoE4 carriers have also showed decreased FA in widespread
white matter tracts associated with temporal lobe structures, including the cingulum (Smith et al.,
2010) (age = 58), corpus callosum, and longitudinal fasciculus (Heise et al., 2011; Lyall et al.,
2014). In addition, the microstructural integrity of the medial temporal lobe could be highly
susceptible to the earliest pathology in preclinical AD. Other studies have found convergent

ApoE4-related FA decreases in parahippocampal gyrus white matter (Honea et al., 2009;



Nierenberg et al., 2005) and left hippocampus (Persson et al., 2006) in older cognitively normal
individuals (age > 60). Considering the accumulating evidence of medial temporal lobe atrophy
in presymptomatic ApoE4 carriers as described earlier (Section 4), it could be a case where white
matter integrity is compromised through Wallerian degeneration. However, this argument is
increasingly challenged by other multi-modal (DTI and T1) studies showing that presymptomatic
individuals had decreased microstructural integrity of widespread regions — including the medial
temporal fibre tracts — without total grey matter or hippocampal atrophy (Gold et al., 2010; Heise
et al., 2011). Thus, further longitudinal studies are needed to elucidate the temporal sequence of

microstructural and grey matter changes.

Other studies have investigated the relative contributions of parental family history and ApoE4
carriage to microstructural changes in presymptomatic individuals (Adluru et al., 2014; Bendlin
et al., 2010; Gold et al., 2010) (age = 60). Individuals possessing both positive family history and
ApoE4 showed the lowest FA in characteristic AD regions, such as the corpus callosum,
cingulum, and medial temporal grey and white matter connections (Bendlin et al., 2010; Gold et
al., 2010). However, these findings are also in contrast to another study, which did not show any
ApoE4-related white matter changes, although individuals with a positive family history showed
an unexpected FA increase in the corpus callosum and the superior longitudinal fasciculus
(Adluru et al., 2014). In order to move beyond speculative interpretations of such DTI changes,
the field needs more concerted attempts to validate FA or MD changes with histological data. In
parallel, more longitudinal studies are needed to characterise the course of microstructural brain
changes that occur at presymptomatic disease stage, and to investigate their associations with

cognitive decline over time.



8. THE PRECLINICAL CONNECTOME

Graph theoretical approach in brain networks

While the studies reviewed in this paper have identified characteristic patterns of atrophy and
microstructural deficits in the preclinical stages of AD, questions about their macro-level impact
on the brain organisational properties remain unresolved. Increasing attention on these questions
has coincided with the ascendancy of connectomics — an attempt to map the multitude of
neuronal connections in the brain — and graph theory as a joint-approach to quantify the large-
scale topological properties of the brain networks in neurodegenerative diseases (Alexander-
Bloch et al., 2013; Bullmore and Sporns, 2009). The field of connectomics also represents a
paradigm shift away from the conventional segregated region-based approach towards an
integrative perspective that considers the topological organization of the entire human cortex.
Network-based analyses may be sensitive to aberrations not evident in brain structure because
they take into account multivariate interactions and co-dependencies between brain regions as

well as the integration of each region in the overall network architecture.

Construction and statistical comparisons of structural networks

The structural network could be derived from the structural covariance approach (i.e. inter-
regional correlations of cortical thickness) at the group level (Alexander-Bloch et al., 2013;
Bernhardt et al., 2011; Mak et al., 2016) as well as similarity-based grey matter networks in
individual subjects (Tijms et al., 2012). In addition, white matter tracts constituting the
macroscale connectome can be constructed using diffusion tractography pipelines (Hagmann et

al., 2008). Subsequently, network properties such as path length and clustering are quantified



from these networks using graph theoretical concepts and subsequently normalised against
benchmark (i.e. random) networks. Statistical comparisons are highly dependent on the nature of
the networks. For instance, metrics from single-subject DTl and GM networks are typically
compared using independent Student T-tests or ANOVA to correct for covariates (Tijms et al.,
2013a), while comparisons of group-level cortical thickness connectomes would necessitate non-
parametric permutation testing or bootstrapping simulations across network densities (5 — 40%)

(Bernhardt et al., 2011; Mak et al., 2016).

Summary of connectomic changes in mild cognitive impairment and Alzheimer’s disease

A consistent finding across the literature indicates the brain networks are organised with an
efficient ‘small-world' topology, reflecting an optimal balance of (a) short characteristic path
length (CPL), facilitating efficient integration of information from multiple brain regions using a
relatively short distance; and (b) high clustering coefficient (CC), resulting in dense inter-
connections between adjacent brain regions (Rubinov and Sporns, 2010). Recent studies have
characterised the structural brain networks in AD and MCI (see (Tijms et al., 2013b) for a
review), and while there is a general agreement that AD and MCI are associated with changes in
network properties, there is a worrying lack of consensus about the directionality and
interpretation of these changes. For instance, AD has been characterised with a pairing of
increased CPL and CC compared to controls (Lo et al., 2010). This increased CPL might reflect
an abnormal loss of circuit ‘short-cuts’, resulting in increased local segregation of information
transfer at the expense of global integration. In contrast, others have reported decrease clustering
in AD (Tijms et al., 2013a). With regards to the potential utility of graph theory as a biomarker

for subsequent disease progression, the Randi¢ index — the degree to which highly connected



nodes are also connected to other highly connected nodes (i.e. a rich club) — obtained at baseline
could distinguish MCI subjects who remained stable over 3 years from those who converted to

AD (Phillips et al., 2015).

Topology of brain networks in preclinical AD

We have identified only two previous studies investigating the macroscale impact of focal brain
changes in preclinical AD (age range: 61 - 67). Using DTI tractography, Brown and colleagues
(Brown et al., 2011) reported that cognitively normal ApoE4 carriers showed a significant
decrease of small-worldness with age that was largely driven by the loss of local clustering.
Interestingly, key brain regions in the default mode network also showed less interconnectivity
(Brown et al., 2011). Chen and colleagues (Chen et al., 2015) reported a modulating effect of the
rs405509 genotype — a newly recognised AD-related polymorphism located in the ApoE
promoter region (Lambert et al., 2002) — on structural covariance networks in cognitively normal
elderly subjects. Only the non-risk group (rs405509 G-allele carriers) expressed cortical
thickness covariance between the left parahippocampal gyrus and left medial cortex. At present,
the biological mechanisms that subserve structural covariance remains a contentious topic,
although inter-regional correlations of cortical thickness have been found to partly overlap with
underlying white matter connections (Gong et al., 2012). Future studies could use diffusion

tractography to assess the microstructural integrity of the white matter tracts in question.

9. PRECLINICAL DEMENTIA AND NORMAL AGEING
It is now well established that the normal process of ageing is intrinsically related to progressive

impairment of neural mechanisms and neurotransmitters (Mora et al., 2007), changes in



cognition and behaviour, as well as morphological changes over time (Fjell et al., 2009). Unlike
the stereotypical localisations of temporo-parietal susceptibility in preclinical dementia, brain
changes associated with normal aging appear to follow a non-linear trend (Ziegler et al., 2012)
with strong effects in frontal cortices (Fjell et al., 2009). However, previous studies have also
demonstrated thinning in regions that are known to be vulnerable to AD, such as age-related
acceleration of entorhinal thinning (Fjell et al., 2014). In summary, the literature suggests that
brain changes in preclinical dementia are superimposed on normal ageing, albeit with greater
magnitude conferred by pathological amyloid and/or tau. Thus, the co-localisations of atrophy in
normal and preclinical dementia underscore the importance to adjust for age as a covariate in all

imaging comparisons.

10. FUTURE DIRECTIONS

Need for more longitudinal studies

Most of the studies investigating the effects of AD risk factors on brain structure often employed
a cross-sectional design in which brain structure was compared between carriers and non-
carriers. While convenient, this design precludes the evaluation of the effects of AD risk factors
on intra-individual progression of atrophy. Longitudinal studies including serial scans provide an
assessment of individual trajectories of brain changes and give insight into the variability of
brain changes between different persons. Future prospective studies over longer time periods are
required to determine the predictive utility of various biomarkers for transitioning to AD and
elucidate within-individual trajectories of the biomarkers. It is encouraging that multiple
longitudinal preclinical cohorts are pursuing these endeavours. Notably, the WRAP project

presently has 7 — 10 years worth of multimodal imaging data in a late middle-age cohort. The



PREVENT study (Ritchie et al., 2013), which is an on-going study from our group, is also
collecting large amounts of imaging data (including MRI, DTI, MRS and fMRI) from people
aged 40 to 59 at baseline, as well as detailed neuropsychological assessment using the
COGNITIO test battery (Ritchie et al., 2014) designed for pre-clinical cognitive assessment as
well as genetic analyses. In the context of autosomal dominant AD and individuals in the earliest
stages of the disease, ongoing longitudinal analyses of imaging data from the Dominantly
Inherited Alzheimer Network (DIAN) (Cash et al., 2013), the Alzheimer’s Prevention Initiative’s
Columbia Registry (Lopera et al., 2013) and others (Yau et al., 2015) will clarify not only the
spatial extent but the trajectory of preclinical brain changes with respect to estimated age of
onset AD. These collective efforts will also facilitate important studies to investigate the

generalisability of imaging findings in FAD to sporadic AD.

Investigating hippocampal subfields

The hippocampus is one of the most heavily implicated regions in this review, suggesting
preferential predilection even at the earliest stages of AD. However, the influence of certain risk
factors, such as ApoE4, on hippocampal volumetry remains highly controversial with
inconclusive findings. Apart from some of the common culprits such as sample heterogeneity
and adjusted covariates, these divergent findings could also be attributed to non-uniform effects
of the E4 allele across the histologically and functionally distinct subfields of the hippocampus.
Consequently, treating the hippocampus as a unitary structure would have obscured these subtle
changes. Local analyses of the hippocampus are increasingly recognised as a viable method to
characterise the involvement of cytoarchitectonic regions in the pathology of neurodegenerative

diseases (de Flores et al., 2015; Mak et al., 2015b). Based on a probabilistic Bayesian approach,



automated techniques for the segmentation of hippocampal subfields based on ex vivo training
data have been improved and are publicly available (Iglesias et al., 2015) for the analyses of
large datasets. We envisage that this will become a promising research area that is capable of

detangling the differential effects of preclinical AD risk factors on specific sub-regions.

Multi-modal imaging

More studies are needed to investigate the potential influence of amyloid burden (PET imaging
and CSF amyloid levels) in the context of the structural brain changes reviewed in this paper.
Characteristic AD patterns of cortical thinning in temporal regions have been reported in
cognitively normal AB+ individuals (Dickerson et al., 2009). Longitudinal studies have found
that cognitively normal individuals with high amyloid deposition showed accelerated cortical
atrophy in other susceptible regions of the brain, including the precuneus, medial temporal lobe,
and other temporo-occipital cortices (Chetelat et al., 2012; Ewers et al., 2012). Several studies
have also considered the interaction of amyloid with tau in cortical changes, with two
longitudinal studies indicating that amyloid-associated thinning in the entorhinal cortex occurred
only in the presence of elevated CSF phospho-tau (Desikan et al., 2013, 2011). For a thorough
review of amyloid imaging in cognitively normal individuals within at-risk populations, the
reader is referred to Chételat et al (Chetelat et al., 2013). Beyond this, a combination of in vivo
multi-modal biomarkers is also expected to provide additive information to quantify AD
pathology in the preclinical phase. This approach is advocated based on an updated proposal of
the pathophysiological trajectory in AD (Jack et al., 2013). For instance, a plateauing effect has
been demonstrated in amyloid deposition during the later stages of AD. In contrast,

neurodegeneration and tau pathology appear to worsen in close synchrony with cognitive decline



(Jack et al., 2013). As a corollary, it follows that combining amyloid pathology and structural
imaging may allow a finer characterization of preclinical staging (Jack et al., 2016; Sperling et
al., 2011). In addition, the recent advent of in vivo tau imaging represents an exciting frontier to
establish the relation of tau accumulation to downstream atrophy and perform. Ideally, these
models would also eventually include relevant comorbid pathological events such as

cerebrovascular changes and inflammation.

11. CONCLUSION

The use of structural neuroimaging techniques to study presymptomatic individuals offers a
valuable time window to identify cerebral abnormalities of AD during the preclinical phase of
the disease, with changes predating the onset of symptoms as early as up to a decade. Ultimately,
clinical trials of interventions aimed at preclinical AD will likely hinge on two parallel
endeavours: (a) fuller understanding of the complex effects of classical risk factors on both
clinical and imaging characteristic in preclinical AD (i.e. is there a non-linear effect of ApoE4
and FAD mutations through ageing); and (b) identification of reliable and sensitive outcome
measures (or combinations of outcome measures) that are capable of tracking disease

progression in the absence of cognitive impairment at an individual level.

In the context of structural markers, this review has provided a comprehensive summary of
preclinical structural disruptions occurring across different scales, from microstructural deficits
in white matter tracts, volumetric loss in subcortical structures and cortical thinning, to network
effects in the connectome. Overall, the literature reveals a preferential vulnerability of highly

select brain regions that overlap with structures that are noted to be affected in prodromal AD



and sporadic AD itself. They include the medial temporal lobe and its connected white matter
tracts, temporo-parietal cortices, hippocampus, precuneus, as well as the cingulum bundle and

the corpus callosum.

Yet, the literature of structural changes in relation to risk factors was highly fragmented —
particularly in ApoE4 carriers — with many discrepant findings of structural preservation and
even hypertrophy in a small number of studies. Two caveats should be considered during the
interpretation and comparison of imaging findings in preclinical AD. Firstly, AD has a
multifaceted aetiology that is set against a convoluted polygenic background. Secondly, genetic
risk factors such as ApoE4 could exert deleterious effects via multiple mechanisms with
potentially differential effects across different stages of the lifespan (Liu et al., 2013). Therefore,
the heterogeneous findings could be attributed to a range of factors: (a) single-modality imaging
studies being unable to accurately characterise the full spectrum of ApoE4 effects; (b) variability
in the demographics, both within and across studies, (c) variable length of time prior to onset of
symptoms and (d) methodological differences in acquisition parameters, quantification methods
(e.g. cortical thickness, voxel-based morphometry, region-of-interest approaches). Finally, there
are also suggestions from the literature that ApoE4 and family history could interact to affect

both grey and white matter, even at the asymptomatic stages.

We conclude that while structural imaging measurement is promising, more research and
validation studies are needed before neuroimaging research can inform decisions regarding the

adoption of structural measures in future treatment and prevention trials. In particular, there



needs to be an incorporation of age or distance from dementia diagnosis as an interactive term in

any modelling work which would benefit in particular from frequent longitudinal follow up.
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Table 1. Asymptomatic changes in FAD mutation carriers

Study Definition  Imaging Design and Sample Main findings
of modality  analyses (Mean age + SD)
preclinical and
dementia  acquisitio
n
Cash et al. FAD 3T Cross- Non-carriers: n =73 NS, trend for
(2013) mutation T1 MRI sectional: (40.6 £ 8.9) decreased
carriers: VBM in Presymptomatic thalamus GM
* DIAN Mostly SPM8 carriers: for carriers
PSEN1 GM n=69(34.1£89) closerto EYO
WM
Batemanetal. FAD 3T Cross-sectional:  Non-carriers: n = 40 Hippocampal
(2012) mutation T1MRI Hippocampus (39.5+8.9) atrophy
*DIAN carriers: from Freesurfer  Mixed Carriers: n = 88
PSENL1 and (39.1+10.3)
APP
Fleisher et FAD 1.5T Cross- Non-carriers: n =22  Hippocampal
al. (2015) mutation:  MRI sectional: (331£9) atrophy
PSEN1 Hippocampus  Carriers:
* API from n =20(32+9)
Columbian Freesurfer
kindred
Quirozetal. FAD 1.5T Cross- Non-carriers: n =22  Thinner cortex
(2013) mutation:  T1 MRI sectional: (39.5+6.2) in AD-
PSEN1 CTh thickness  Carriers: n =18 signature ROI
* API in (38.2+£4.5)
Columbian AD-signature
kindred ROIls from
Freesurfer
Quirozetal. FAD 1.5T Cross- Non-carriers: n =19 Increased GM
(2015) mutation:  T1 MRI sectional: (13£3) volume in
PSEN1 VBM Carriers: n =18 temporal
* API (13+2) regions
Columbian
kindred
Reiman et PSEN1 1.5T Cross- Non carriers: n =24  Reduced GM
al. (2012) T1 MRI sectional: (22+2) volume in
Restricted Carriers: n =20 parietal
* API VBM based (22 £3) regions
Columbian on findings in
kindred AD
Parra et al. PSEN1 1.5T Cross- Non carriers:n =21 NS




(2015) DTI sectional: (39.3£83)
FA and MD Carriers: n =18

* AP| from FSL; (35.1 + 5.5)
Columbian ROI
kindred

Notes: This abbreviated table contains highlighted studies in FAD that have more than 15
subjects per group, and extra attention was afforded to longitudinal studies. Abbreviations: NS =
No significant findings; APP = Amyloid precursor protein; PSEN1 = Presenilin 1; EYO =
Estimated Year to Onset; ApoE4 = Apolipoprotein E4; DIAN = Dominantly Inherited Alzheimer
Network; WRAP = Wisconsin Registry for Alzheimer Prevention; FH = family history; FA =
Fractional anisotropy, MD = Mean diffusivity, ROl = Regions of Interest; CTh = Cortical
thickness, GM = Grey matter; WM = White matter; AAL = Automated Anatomical Labeling,
VBM = Voxel based morphometry, SPM = Statistical Parametric Mapping.



TABLE 2. Asymptomatic changes related to ApoE4 carriage and family history

Study Definition of  Imaging Design and Sample Main findings
preclinical modality  analyses (Mean age +
dementia and SD)
acquisition
Deanetal.  ApoE4 3T Cross-sectional:  Carriers:n=  Widespread
(2014) Tland T2 VBM in SPM 60 reductions in
MWF (391 £ 196) MWF and GM.
days
Non-carriers:  Greater MWF
n =102 and GM volume
(366 + 181) in frontal
days regions.
Espesethet  ApoE4 1.5T Cross-sectional:  Carriersn= Cortical
al. (2008) T1 CTh from 37 thickening in
Freesurfer (63.9+£7.9) frontal and
Non-carriers:  temporal regions.
n =259
(64.9+7.7) Steeper age-
related cortical
thinning.
Khanetal. = ApoE4 3T Cross-sectional:  Carriers:n= NS
(2014) T1 MRI Hippocampus 343
from Freesurfer  (14.44
* European 0.40)
IMAGEN ApoE4-:n =
project 1069
(14.45 +
0.41)
Lind et at. ApoE4 1.5T Cross-sectional:  Carriersn= Right
(2006) T1 MRI Hippocampus 30 hippocampal
from manual (65.3£7.9) atrophy
tracing Carriers: n =
30
(66.6 + 8.3)
Luptonetal. ApoE4 Field Cross-sectional:  Healthy No association of
(2016) strength Hippocampus young: n = ApoE4 with
not and amygdala 467 hippocampal and
* Multi- reported from Freesurfer (22.9 £ 3.3) amygdala
cohort MRI and FSL Healthy volumes in
project older: n =746 healthy adults.




(75.3 £ 5.9)

1.5T
T1 MRI

Lyall et al.
(2013)

ApoE4
TOMMA40

* Lothian
Birth Cohort
1936

Cross-sectional:

Hippocampus
from FSL

Total n =655
(72.7+£0.7)
Subgroups
based on
ApoE4 and
TOMMA40

NS

Protas et al. MRI

(2013)

ApoE4

Cross-sectional:

Hippocampus
from a semi-
automated
technique

Homozygotic
carriers: n =
31
(55.5+5.1)

Heterozygotic

carriers: n =
42
(55.9£4.0)
Non-carriers:
n="76
(56.5+4.7)

NS

Richter-
Schmidinger
etal. (2011)

1.5T
T1 MRI

ApoE4
BDNF-
Met66

Cross-sectional:

Hippocampus
from manual
tracing

Non-carriers:
n =117
(24.6 £ 3.1)
Carriersn =
18

(24.1 + 3.8)

BDNF
Met66-: n =
84

(24.9 £ 3.6)
BDNF
Met66+: n =
51
(23.9£2.3)

NS

Ten Kateet ApoE4 and 3T
al. (2016) FH T1 MRI

* Gipuzkoa
Alzheimer
Project

Cross-sectional:

VBM in SPM

FH-ApoE4-:
n =255

(58.4 £ 7.0)
FH-ApoE4+:
n=12
(61.1£9.9)
FH+ApoE4-:
n =166
(56.5 + 6.6)
FH+ApoE4+:
n==62

(54.9 £ 6.0)

Relative to
controls, ApoE4
carriers showed
reduce striatal
volumes while
FH+ had right
precuneus
atrophy.

Similar atrophy
patterns in
maternal and




paternal FH.

Cherbuinet  ApoE4 1.5T Cross-sectional:  Carriers:n= NS
al. (2008) T1 MRI VBM, 89
Hippocampus (62.4 £ 1.5)
and amygdala Non-carriers:
from manual n =242
tracing (62.7 £ 1.4)
Crivelloet  ApoE4 1.5T Longitudinal: ApoE4+/+:n  Higher rate of
al. (2010) T1 MRI Hippocampus =14 hippocampal
from AAL (71.0 £ 2.3) atrophy in
ApoE4+/-:n  ApoE4
=239 homozygotes
(72.0 £ 3.9) relative to
ApoE4-/-:n = heterozygotes
933 and non-carriers.
(72.4 + 4.0)
den Heijer ApoE4 1.5T Cross-sectional:  ApoE2: n = ApoE4 carriers
et al. (2002) T1 MRI Hippocampus 120 showed more
and amygdala (712£7) hippocampal and
from manual ApoE3/E3:n amygdala
tracing, global =568 atrophy
brain atrophy (713£7) compared to
from visual ApoE4: n = ApoE3 carriers.
rating 261
(71£7) No difference in
whole brain
measurements.
Honeaetal. ApoE4 and 3T Longitudinal: FH maternal:  Combined FH+
(2011) FH T1 MRI Whole brain n=11 showed increased
atrophy rate (69 £ 6) whole brain
VBM FH paternal:  atrophy
*KU Brain n=10 compared to FH-.
Aging (75 8)
project FH-:n=23 Only FHm
(74 £7) showed
longitudinal

brain atrophy in
precuneus and
hippocampal
regions
compared to FH-
and FHp.

ApoE4 carriers
showed more




frontal atrophy
compared to non-
carriers.

Okonkwo et ApoE4 and 3T Longitudinal: FH+ApoE4-:  Those with FH
al. (2012) FH T1 MRI VBM restricted n =27 and ApoE4
to search (52.78 + showed
* WRAP volume 6.77) significant
encompassing FH+ApoE4+: atrophy in
AD regions n=233(53.91 posterior
+5.83) hippocampus.
FH-ApoE4-:
n=40 No effects of FH
(55.48 = or ApoE4 on GM
5.99) volumes at
FH-ApoE4+: baseline.
n=38
(48.13
5.94)
Shawetal.  ApoE4 1.5T Longitudinal: ApoE4+:n=  Reduced
(2007) T1 MRI CTh from 65 entorhinal
manual tracing  (18.0 £ 2.3) thickness in
of ROI ApoE2: n = ApoE4 carriers.
29
(18.9+1.3) No evidence of
ApoE3: n = accelerated
145 cortical thinning
(16.0 £ 4.0) in ApoE4
carriers,
Debette et ApoE4 and 1/1.5T Longitudinal: FH:n=285  Only individuals
al. (2009) FH T2 MRI Global brain (62.7 £ 8.4) with FH and
volume FH-:n=432  ApoE4 showed
* Hippocampus (57.0£7.6) higher rate of
Framingham from manual global brain
Offspring tracing atrophy.
Study
Adluruetal. ApoE4 and 3T Cross-sectional:  Total n =358 FH+ showed
(2014) FH DTI AD ROls FH+: (60.29  higher FA in the
+6.89) corpus callosum
* WRAP FH-: (62.96 £ and superior
5.84) longitudinal
ApoE4+: fasciculus.
(60.12 £
6.81) No main effect of
ApoE4-: ApoE4 on DTI
(61.54 + measures.

6.63)




FH+ApoE4-
showed lower,

whereas
FH+ApoE4+
showed higher
AD in the
uncinate
fasciculus.
Bendlin et ApoE4 and 3T Cross-sectional: FH+ApoE4+: No effect of
al. (2010) FH DTI TBSS in FSL n=35 ApoE4 on DTI
(57.5+5.7) measures.
* WRAP FH+ApoE4-:
n=238 FH was
(57.4 £5.4) associated with
FH-ApoE4+: decreased FA in
n=21 widespread AD
(55.4 £5.7) regions.
FH-ApoE4-:
n=42 Additive effects
(58.4 £ 4.2) of ApoE4 and
FH resulting in
lowest FA in
widespread
regions including
the hippocampus.
Kim et al. ApoE4 and 3T Cross-sectional:  FH+:n=93  FH+ showed
(2015) FH DTI Graph theory (62.96 + altered
analyses from 5.84) connectivity in
* WRAP tractography FH-:n =250 the precuneus.
(60.29 £
6.89)
Lyalletal.  ApoE4 1.5T Cross-sectional:  Total n = ApoE4 carriers
(2014) TOMMA40 DTI Tractography in  640-650 showed mildly
FSL (72.70 £ reductions of FA
* Lothian 0.74) in ventral
Birth Cohort Subgroups cingulum and the
1936 based on inferior
ApoE and longitudinal
TOMMA40 fasciculus.

Notes: This abbreviated table contains highlighted studies that have more than 30 subjects per
group, and extra attention was afforded to longitudinal studies. Abbreviations: NS = No
significant findings; MWF = white matter myelin water fraction; ApoE4 = Apolipoprotein E4;
WRAP = Wisconsin Registry for Alzheimer Prevention; FH = family history; FA = Fractional
anisotropy, MD = Mean diffusivity, ROl = Regions of Interest; CTh = Cortical thickness, GM =
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Grey matter; WM = White matter; AAL = Automated Anatomical Labeling, VBM = Voxel
based morphometry, SPM = Statistical Parametric Mapping.



REFERENCES

Acosta-Baena, N., Sepulveda-Falla, D., Lopera-Gomez, C.M., Jaramillo-Elorza, M.C., Moreno,
S., Aguirre-Acevedo, D.C., Saldarriaga, A., Lopera, F., 2011. Pre-dementia clinical stages
in presenilin 1 E280A familial early-onset Alzheimer’s disease: a retrospective cohort
study. Lancet. Neurol. 10, 213-20. doi:10.1016/S1474-4422(10)70323-9

Adluru, N., Destiche, D.J., Lu, S.Y.F., Doran, S.T., Birdsill, A.C., Melah, K.E., Okonkwo, O.C.,
Alexander, A.L., Dowling, N.M., Johnson, S.C., Sager, M.A., Bendlin, B.B., 2014. White
matter microstructure in late middle-age: Effects of apolipoprotein E4 and parental family
history of Alzheimer’s disease. Neurolmage Clin. 4, 730—742.
d0i:10.1016/j.nicl.2014.04.008

Alexander-Bloch, A., Giedd, J.N., Bullmore, E., 2013. Imaging structural co-variance between
human brain regions. Nat. Rev. Neurosci. 14, 322-36. doi:10.1038/nrn3465

Alexopoulos, P., Richter-Schmidinger, T., Horn, M., Maus, S., Reichel, M., Sidiropoulos, C.,
Rhein, C., Lewczuk, P., Doerfler, A., Kornhuber, J., 2011. Hippocampal volume differences
between healthy young apolipoprotein e €2 and &4 carriers. J. Alzheimer’s Dis. 26, 207—
210. d0i:10.3233/JAD-2011-110356

Apostolova, L.G., Hwang, K.S., Medina, L.D., Green, A.E., Braskie, M.N., Dutton, R.A., Lai, J.,
Geschwind, D.H., Cummings, J.L., Thompson, P.M., Ringman, J.M., 2011. Cortical and
hippocampal atrophy in patients with autosomal dominant familial Alzheimer’s disease.
Dement. Geriatr. Cogn. Disord. 32, 118-125. doi:10.1159/000330471

Araya, A.V., Orellana, X., Espinoza, J., 2008. Evaluation of the effect of caloric restriction on

serum BDNF in overweight and obese subjects: preliminary evidences. Endocrine 33, 300



4. doi:10.1007/s12020-008-9090-x

Arriagada, P. V, Growdon, J.H., Hedley-Whyte, E.T., Hyman, B.T., 1992. Neurofibrillary
tangles but not senile plaques parallel duration and severity of Alzheimer’s disease.
Neurology 42, 631-9.

Bartzokis, G., Lu, P.H., Geschwind, D.H., Edwards, N., Mintz, J., Cummings, J.L., 2006.
Apolipoprotein E genotype and age-related myelin breakdown in healthy individuals:
implications for cognitive decline and dementia. Arch. Gen. Psychiatry 63, 63—72.
doi:10.1001/archpsyc.63.1.63

Bateman, R.J., Xiong, C., Benzinger, T.L.S., Fagan, A.M., Goate, A., Fox, N.C., Marcus, D.S.,
Cairns, N.J., Xie, X., Blazey, T.M., Holtzman, D.M., Santacruz, A., Buckles, V., Oliver, A.,
Moulder, K., Aisen, P.S., Ghetti, B., Klunk, W.E., McDade, E., Martins, R.N., Masters,
C.L., Mayeux, R., Ringman, J.M., Rossor, M.N., Schofield, P.R., Sperling, R.A., Salloway,
S., Morris, J.C., 2012. Clinical and biomarker changes in dominantly inherited Alzheimer’s
disease. N. Engl. J. Med. 367, 795-804. doi:10.1056/NEJM0al1202753

Bendlin, B.B., Ries, M.L., Canu, E., Sodhi, A., Lazar, M., Alexander, A.L., Carlsson, C.M.,
Sager, M.A., Asthana, S., Johnson, S.C., 2010. White matter is altered with parental family
history of Alzheimer’s disease. Alzheimer’s Dement. 6, 394-403.
doi:10.1016/j.jalz.2009.11.003

Bernhardt, B.C., Chen, Z., He, Y., Evans, A.C., Bernasconi, N., 2011. Graph-theoretical analysis
reveals disrupted small-world organization of cortical thickness correlation networks in
temporal lobe epilepsy. Cereb. Cortex 21, 2147-2157. doi:10.1093/cercor/bhg291

Berti, V., Mosconi, L., Glodzik, L., Li, Y., Murray, J., De Santi, S., Pupi, A., Tsui, W., De Leon,

M.J., 2011. Structural brain changes in normal individuals with a maternal history of



Alzheimer’s. Neurobiol. Aging 32. doi:10.1016/j.neurobiolaging.2011.01.001

Braak, H., Braak, E., 1991. Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol. 82, 239-59.

Braskie, M.N., Thompson, P.M., 2014. A Focus on Structural Brain Imaging in the Alzheimer’s
Disease Neuroimaging Initiative. Biol. Psychiatry 75, 527-533.
doi:10.1016/j.biopsych.2013.11.020

Brown, J.A., Terashima, K.H., Burggren, A.C., Ercoli, L.M., Miller, K.J., Small, G.W.,
Bookheimer, S.Y., 2011. Brain network local interconnectivity loss in aging APOE-4 allele
carriers. Proc. Natl. Acad. Sci. U. S. A. 108, 20760-5. doi:10.1073/pnas.1109038108

Bueller, J.A., Aftab, M., Sen, S., Gomez-Hassan, D., Burmeister, M., Zubieta, J.-K., 2006.
BDNF Val66Met allele is associated with reduced hippocampal volume in healthy subjects.
Biol. Psychiatry 59, 812-5. doi:10.1016/j.biopsych.2005.09.022

Bullmore, E., Sporns, O., 2009. Complex brain networks: graph theoretical analysis of structural
and functional systems. Nat. Rev. Neurosci. 10, 186-98. doi:10.1038/nrn2575

Burggren, a C., Zeineh, M.M., Ekstrom, a D., Braskie, M.N., Thompson, P.M., Small, G.W.,
Bookheimer, S.Y., 2008. Reduced cortical thickness in hippocampal subregions among
cognitively normal apolipoprotein E e4 carriers. Neuroimage 41, 1177-83.
doi:10.1016/j.neuroimage.2008.03.039

Caselli, R.J., Reiman, E.M., 2013. Characterizing the preclinical stages of Alzheimer’s disease
and the prospect of presymptomatic intervention. Adv. Alzheimer’s Dis. 3, 405-416.
d0i:10.3233/978-1-61499-154-0-405

Cash, D.M., Ridgway, G.R., Liang, Y., Ryan, N.S., Kinnunen, K.M., Yeatman, T., Malone, 1.B.,

Benzinger, T.L.S., Jack, C.R., Thompson, P.M., Ghetti, B.F., Saykin, A.J., Masters, C.L.,



Ringman, J.M., Salloway, S.P., Schofield, P.R., Sperling, R.A., Cairns, N.J., Marcus, D.S.,
Xiong, C., Bateman, R.J., Morris, J.C., Rossor, M.N., Ourselin, S., Fox, N.C., 2013. The
pattern of atrophy in familial alzheimer disease: Volumetric MRI results from the DIAN
study. Neurology 81, 1425-1433. d0i:10.1212/WNL.0b013e3182a841c6

Chen, K., Reiman, E.M., Alexander, G.E., Caselli, R.J., Gerkin, R., Bandy, D., Domb, A.,
Osborne, D., Fox, N., Crum, W.R., Saunders, A.M., Hardy, J., 2007. Correlations between
apolipoprotein E €4 gene dose and whole brain atrophy rates. Am. J. Psychiatry 164, 916—
921. doi:10.1176/appi.ajp.164.6.916

Chen, Y., Li, P, Gu, B, Liu, Z., Li, X., Evans, A.C., Gong, G., Zhang, Z., 2015. The Effects of
an APOE Promoter Polymorphism on Human Cortical Morphology during Nondemented
Aging. J. Neurosci. 35, 1423-1431. doi:10.1523/JNEUROSCI.1946-14.2015

Chen, Z.-Y., 2004. Variant Brain-Derived Neurotrophic Factor (BDNF) (Met66) Alters the
Intracellular Trafficking and Activity-Dependent Secretion of Wild-Type BDNF in
Neurosecretory Cells and Cortical Neurons. J. Neurosci. 24, 4401-4411.
doi:10.1523/JNEUROSCI.0348-04.2004

Cherbuin, N., Anstey, K.J., Sachdev, P.S., Maller, J.J., Meslin, C., Mack, H. a, Wen, W., Easteal,
S., 2008. Total and regional gray matter volume is not related to APOE*E4 status in a
community sample of middle-aged individuals. J. Gerontol. A. Biol. Sci. Med. Sci. 63, 501—
504. doi:10.1093/gerona/63.5.501

Chetelat, G., La Joie, R., Villain, N., Perrotin, A., De La Sayette, V., Eustache, F.,
Vandenberghe, R., 2013. Amyloid imaging in cognitively normal individuals, at-risk
populations and preclinical Alzheimer’s disease. Neurolmage Clin. 2, 356—365.

d0i:10.1016/j.nicl.2013.02.006



Chételat, G., Landeau, B., Eustache, F., Mézenge, F., Viader, F., De La Sayette, V., Desgranges,
B., Baron, J.C., 2005. Using voxel-based morphometry to map the structural changes
associated with rapid conversion in MCI: A longitudinal MRI study. Neuroimage 27, 934—
946. doi:10.1016/j.neuroimage.2005.05.015

Chetelat, G., Villemagne, V.L., Villain, N., Jones, G., Ellis, K. a, Ames, D., Martins, R.N.,
Masters, C.L., Rowe, C.C., Group, A.R., 2012. Accelerated cortical atrophy in cognitively
normal elderly with high beta-amyloid deposition. Neurology 78, 477—-484.
doi:10.1212/WNL.0b013e318246d67a

Cohen, R.M., Small, C., Lalonde, F., Friz, J., Sunderland, T., 2001. Effect of apolipoprotein E
genotype on hippocampal volume loss in aging healthy women. Neurology |, 2223-2228.

Crivello, F., Lema??tre, H., Dufouil, C., Grassiot, B., Delcroix, N., Tzourio-Mazoyer, N.,
Tzourio, C., Mazoyer, B., 2010. Effects of ApoE-??4 allele load and age on the rates of grey
matter and hippocampal volumes loss in a longitudinal cohort of 1186 healthy elderly
persons. Neuroimage 53, 1064—-1069. doi:10.1016/j.neuroimage.2009.12.116

Crossley, N. a., Mechelli, A., Scott, J., Carletti, F., Fox, P.T., Mcguire, P., Bullmore, E.T., 2014.
The hubs of the human connectome are generally implicated in the anatomy of brain
disorders. Brain 137, 2382-2395. doi:10.1093/brain/awu132

Cruchaga, C., Nowotny, P., Kauwe, J.S.K., Ridge, P.G., Mayo, K., Bertelsen, S., Hinrichs, A.,
Fagan, A.M., Holtzman, D.M., Morris, J.C., 2011. Association and Expression Analyses
With Single-Nucleotide Polymorphisms in TOMMA40 in Alzheimer Disease. JAMA Neurol
68, 1013-1019.

de Flores, R., La Joie, R., Chételat, G., 2015. Structural imaging of hippocampal subfields in

healthy aging and Alzheimer’s disease. Neuroscience 309, 29-50.



doi:10.1016/j.neuroscience.2015.08.033

Dean, D.C., Jerskey, B.A., Chen, K., Protas, H., Thiyyagura, P., Roontiva, A., O’Muircheartaigh,
J., Dirks, H., Waskiewicz, N., Lehman, K., Siniard, A.L., Turk, M.N., Hua, X., Madsen,
S.K., Thompson, P.M., Fleisher, A.S., Huentelman, M.J., Deoni, S.C.L., Reiman, E.M.,
2014. Brain differences in infants at differential genetic risk for late-onset Alzheimer
disease: a cross-sectional imaging study. JAMA Neurol. 71, 11-22.
doi:10.1001/jamaneurol.2013.4544

Debette, S., Wolf, P.A., Beiser, A., Au, R., Himali, J.J., Pikula, A., Auerbach, S., Decarli, C.,
Seshadri, S., 2009. Association of parental dementia with cognitive and brain MRI
measures in middle-aged adults. Neurology 73, 2071-2078.
d0i:10.1212/WNL.0b013e3181c67833

den Heijer, T., Oudkerk, M., Launer, L.J., van Duijn, C.M., Hofman, A., Breteler, M.M.B., 2002.
Hippocampal, amygdalar, and global brain atrophy in different apolipoprotein E genotypes.
Neurology 59, 746-748. doi:10.1212/WNL.59.5.746

Desai, M.K., Sudol, K.L., Janelsins, M.C., Mastrangelo, M.A., Frazer, M.E., Bowers, W.J.,
2009. Triple-transgenic Alzheimer’s disease mice exhibit region-specific abnormalities in
brain myelination patterns prior to appearance of amyloid and tau pathology. Glia 57, 54—
65. doi:10.1002/glia.20734

Desikan, R.S., McEvoy, L.K., Holland, D., Thompson, W.K., Brewer, J.B., Aisen, P.S.,
Andreassen, O.A., Hyman, B.T., Sperling, R.A., Dale, A.M., 2013. Apolipoprotein E
epsilon4 does not modulate amyloid-beta-associated neurodegeneration in preclinical
Alzheimer disease. AJINR Am J Neuroradiol 34, 505-510. doi:10.3174/ajnr.A3267

Desikan, R.S., McEvoy, L.K., Thompson, W.K., Holland, D., Rddey, J.C., Blennow, K., Aisen,



P.S., Brewer, J.B., Hyman, B.T., Dale, A.M., 2011. Amyloid-?? associated volume loss
occurs only in the presence of phospho-tau. Ann. Neurol. 70, 657—661.
doi:10.1002/ana.22509

Dickerson, B.C., Bakkour, A., Salat, D.H., Feczko, E., Pacheco, J., Greve, D.N., Grodstein, F.,
Wright, C.1., Blacker, D., Rosas, H.D., Sperling, R.A., Atri, A., Growdon, J.H., Hyman,
B.T., Morris, J.C., Fischl, B., Buckner, R.L., 2009. The cortical signature of Alzheimer’s
disease: regionally specific cortical thinning relates to symptom severity in very mild to
mild AD dementia and is detectable in asymptomatic amyloid-positive individuals. Cereb
Cortex 19, 497-510. doi:10.1093/cercor/bhn113

Doody, R.S., Thomas, R.G., Farlow, M., lwatsubo, T., Vellas, B., Joffe, S., Kieburtz, K., Raman,
R., Sun, X., Aisen, P.S., Siemers, E., Liu-Seifert, H., Mohs, R., 2014. Phase 3 trials of
solanezumab for mild-to-moderate Alzheimer’s disease. N. Engl. J. Med. 370, 311-21.
doi:10.1056/NEJM0a1312889

Duara, R., Barker, W.W., Lopez-Alberola, R., Loewenstein, D.A., Grau, L.B., Gilchrist, D.,
Sevush, S., St George-Hyslop, S., 1996. Alzheimer’s disease: interaction of apolipoprotein
E genotype, family history of dementia, gender, education, ethnicity, and age of onset.
Neurology 46, 1575-9.

Edland, S.D., Silverman, J.M., Peskind, E.R., Tsuang, D., Wijsman, E., Morris, J.C., 1996.
Increased risk of dementia in mothers of Alzheimer’s disease cases: Evidence for maternal
inheritance. Neurology 47, 254-256. doi:10.1212/WNL.47.1.254

Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana, B.S., Bertolino, A., Zaitsev,
E., Gold, B., Goldman, D., Dean, M., Lu, B., Weinberger, D.R., 2003. The BDNF val66met

polymorphism affects activity-dependent secretion of BDNF and human memory and



hippocampal function. Cell 112, 257-69.

Espeseth, T., Westlye, L.T., Fjell, A.M., Walhovd, K.B., Rootwelt, H., Reinvang, 1., 2008.
Accelerated age-related cortical thinning in healthy carriers of apolipoprotein E ??4.
Neurobiol. Aging 29, 329-340. doi:10.1016/j.neurobiolaging.2006.10.030

Ewers, M., Insel, P., Jagust, W.J., Shaw, L., Trojanowski J, J.Q., Aisen, P., Petersen, R.C.,
Schuff, N., Weiner, M.W., 2012. CSF biomarker and PIB-PET-derived beta-amyloid
signature predicts metabolic, gray matter, and cognitive changes in nondemented subjects.
Cereb. Cortex 22, 1993-2004. doi:10.1093/cercor/bhr271

Fan, M., Liu, B., Zhou, Y., Zhen, X., Xu, C., Jiang, T., 2010. Cortical thickness is associated
with different apolipoprotein E genotypes in healthy elderly adults. Neurosci. Lett. 479,
332-336. d0i:10.1016/j.neulet.2010.05.092

Farrer, L.A., 1997. Effects of Age, Sex, and Ethnicity on the Association Between
Apolipoprotein E Genotype and Alzheimer Disease. JAMA 278, 1349.
doi:10.1001/jama.1997.03550160069041

Fjell, A.M., Walhovd, K.B., Fennema-Notestine, C., McEvoy, L.K., Hagler, D.J., Holland, D.,
Brewer, J.B., Dale, A.M., 2009. One-year brain atrophy evident in healthy aging. J.
Neurosci. 29, 15223-31. doi:10.1523/JNEUROSCI.3252-09.2009

Fjell, A.M., Westlye, L.T., Amlien, I., Espeseth, T., Reinvang, I., Raz, N., Agartz, I., Salat, D.H.,
Greve, D.N., Fischl, B., Dale, A.M., Walhovd, K.B., 2009. High consistency of regional
cortical thinning in aging across multiple samples. Cereb. Cortex 19, 2001-2012.
doi:10.1093/cercor/bhn232

Fjell, A.M., Westlye, L.T., Grydeland, H., Amlien, 1., Espeseth, T., Reinvang, 1., Raz, N., Dale,

A.M., Walhovd, K.B., 2014. Accelerating cortical thinning: Unique to dementia or



universal in aging? Cereb. Cortex 24, 919-934. doi:10.1093/cercor/bhs379

Fleisher, A.S., Chen, K., Quiroz, Y.T., Jakimovich, L.J., Gutierrez Gomez, M., Langois, C.M.,
Langbaum, J.B.S., Roontiva, A., Thiyyagura, P., Lee, W., Ayutyanont, N., Lopez, L.,
Moreno, S., Mufioz, C., Tirado, V., Acosta-Baena, N., Fagan, A.M., Giraldo, M., Garcia,
G., Huentelman, M.J., Tariot, P.N., Lopera, F., Reiman, E.M., 2015. Associations between
biomarkers and age in the presenilin 1 E280A autosomal dominant Alzheimer disease
kindred: a cross-sectional study. JAMA Neurol. 72, 316-24.
doi:10.1001/jamaneurol.2014.3314

Forlenza, O.V., Diniz, B.S., Teixeira, A.L., Radanovic, M., Talib, L.L., Rocha, N.P., Gattaz,
W.F., 2015. Lower Cerebrospinal Fluid Concentration of Brain-Derived Neurotrophic
Factor Predicts Progression from Mild Cognitive Impairment to Alzheimer’s Disease.
Neuromolecular Med. 17, 326-32. doi:10.1007/s12017-015-8361-y

Fortea, J., Sala-Llonch, R., Bartrés-Faz, D., Bosch, B., Lladd, A., Bargalld, N., Molinuevo, J.L.,
Sanchez-Valle, R., 2010. Increased cortical thickness and caudate volume precede atrophy
in PSEN1 mutation carriers. J. Alzheimers. Dis. 22, 909-22. doi:10.3233/JAD-2010-100678

Fox, N.C., Warrington, E.K., Freeborough, P.A., Hartikainen, P., Kennedy, A.M., 1996.
Presymptomatic hippocampal atrophy in Alzheimer ’ s disease A longitudinal MRI study.
Brain 2001-2007.

Fox, N.C., Warrington, E.K., Rossor, M.N., 1999. Serial magnetic resonance imaging of cerebral
atrophy in preclinical Alzheimer’s disease. Lancet 353, 2125.

Fratiglioni, L., Ahlbom, A., Viitanen, M., Winblad, B., 1993. Risk factors for late-onset
Alzheimer’s disease: a population-based, case-control study. Ann. Neurol. 33, 258-66.

d0i:10.1002/ana.410330306



Ginestroni, A., Battaglini, M., Della Nave, R., Moretti, M., Tessa, C., Giannelli, M., Caffarra, P.,
Nacmias, B., Bessi, V., Sorbi, S., Bracco, L., De Stefano, N., Mascalchi, M., 2009. Early
structural changes in individuals at risk of familial Alzheimer’s disease: A volumetry and
magnetization transfer MR imaging study. J. Neurol. 256, 925-932. doi:10.1007/s00415-
009-5044-3

Gold, B.T., Powell, D.K., Andersen, A.H., Smith, C.D., 2010. Alterations in multiple measures
of white matter integrity in normal women at high risk for Alzheimer’s disease. Neuroimage
52, 1487-1494. doi:10.1016/j.neuroimage.2010.05.036

Gong, G., He, Y., Chen, Z.J., Evans, A.C., 2012. Convergence and divergence of thickness
correlations with diffusion connections across the human cerebral cortex. Neuroimage 59,
1239-1248. doi:10.1016/j.neuroimage.2011.08.017

Hagmann, P., Cammoun, L., Gigandet, X., Meuli, R., Honey, C.J., Van Wedeen, J., Sporns, O.,
2008. Mapping the structural core of human cerebral cortex. PLoS Biol. 6, 1479-1493.
doi:10.1371/journal.pbio.0060159

Hardy, J., Selkoe, D.J., 2002. The amyloid hypothesis of Alzheimer’s disease: progress and
problems on the road to therapeutics. Science 297, 353-356. doi:10.1126/science.1072994

Harold, D., Abraham, R., Hollingworth, P., Sims, R., Hamshere, M., Pahwa, J.S., Moskvina, V.,
Williams, A., Jones, N., Thomas, C., Stretton, A., Lovestone, S., Powell, J., Proitsi, P.,
Lupton, M.K., Rubinsztein, D.C., Gill, M., Lawlor, B., Lynch, A., Brown, K., Passmore, P.,
Craig, D., Mcguinness, B., Todd, S., Holmes, C., Mann, D., Smith, aD., Love, S., Patrick,
G., Hardy, J., Mead, S., Fox, N., Rossor, M., Collinge, J., Wichmann, H., Carrasquillo,
M.M., Pankratz, V.S., 2009. Genome-wide association study identifies variants at CLU and

PICALM associated with Alzheimer’s disease , and shows evidence for additional



susceptibility genes. Nat. Genet. 41, 1088-1093. doi:10.1038/ng.440.Genome-wide

Hashimoto, R., Hirata, Y., Asada, T., Yamashita, F., Nemoto, K., Mori, T., Moriguchi, Y.,
Kunugi, H., Arima, K., Ohnishi, T., 2009. Effect of the brain-derived neurotrophic factor
and the apolipoprotein E polymorphisms on disease progression in preclinical Alzheimer’s
disease. Genes, Brain Behav. 8, 43-52. doi:10.1111/].1601-183X.2008.00440.x

Hawkins, K.M., Goyal, A.l., Sergio, L.E., 2015. Diffusion tensor imaging correlates of
cognitive-motor decline in normal aging and increased Alzheimer’s disease risk. J.
Alzheimer’s Dis. 44, 867-878. doi:10.3233/JAD-142079

Hayden, K.M., Zandi, P.P., West, N. a, Tschanz, J.T., Maria, C., Corcoran, C., Breitner, J.C.S.,
Welsh-bohmer, K. a, 2010. Effects of Family History and APOE4 Status on Cognitive
Decline in the Absence of AD: The Cache Country Study. Arch Neurol 66, 1378-1383.
doi:10.1001/archneurol.2009.237.Effects

Heise, V., Filippini, N., Ebmeier, K.P., Mackay, C.E., 2011. The APOE &4 allele modulates brain
white matter integrity in healthy adults. Mol. Psychiatry 16, 908-916.
doi:10.1038/mp.2010.90

Honea, R.A., Swerdlow, R.H., Vidoni, E.D., Burns, J.M., 2011. Progressive regional atrophy in
normal adults with a maternal history of Alzheimer disease. Neurology 76, 822—829.
doi:10.1212/WNL.0b013e31820e7b74

Honea, R.A., Swerdlow, R.H., Vidoni, E.D., Goodwin, J., Burns, J.M., 2010. Reduced gray
matter volume in normal adults with a maternal family history of Alzheimer disease.
Neurology 74, 113-120. doi:10.1212/WNL.0b013e3181c918cb

Honea, R.A., Vidoni, E., Harsha, A., Burns, J.M., 2009. Impact of APOE on the healthy aging

brain: a voxel-based MRI and DTI study. J. Alzheimers. Dis. 18, 553-64. doi:10.3233/JAD-



2009-1163

Honea, R.A., Vidoni, E.D., Swerdlow, R.H., Burns, J.M., 2012. Maternal family history is
associated with Alzheimer’s disease biomarkers. J. Alzheimer’s Dis. 31, 659—668.
doi:10.3233/JAD-2012-120676

Huang, W., Qiu, C., von Strauss, E., Winblad, B., Fratiglioni, L., 2004. APOE Genotype, Family
History of Dementia, and Alzheimer Disease Risk. Arch Neurol 61, 1930-1934.

Iglesias, J.E., Augustinack, J.C., Nguyen, K., Player, C.M., Player, A., Wright, M., Roy, N.,
Frosch, M.P., McKee, A.C., Wald, L.L., Fischl, B., Van Leemput, K., 2015. A
computational atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI:
Application to adaptive segmentation of in vivo MRI. Neuroimage 115, 117-137.
doi:10.1016/j.neuroimage.2015.04.042

Jack, C.R., Hampel, H.J., Universities, S., Cu, M., Petersen, R.C., 2016. A new classification
system for AD , independent of cognition A /T / N : An unbiased descriptive classification
scheme for Alzheimer disease biomarkers. Neurology 0, 1-10.

Jack, C.R., Knopman, D.S., Jagust, W.J., Petersen, R.C., Weiner, M.W., Aisen, P.S., Shaw,
L.M., Vemuri, P., Wiste, H.J., Weigand, S.D., Lesnick, T.G., Pankratz, V.S., Donohue,
M.C., Trojanowski, J.Q., 2013. Tracking pathophysiological processes in Alzheimer’s
disease: an updated hypothetical model of dynamic biomarkers. Lancet Neurol. 12, 207—
216. doi:10.1016/S1474-4422(12)70291-0

Jarvik, G., Larson, E.B., Goddard, K., Schellenberg, G.D., Wijsman, E.M., 1996. Influence of
apolipoprotein E genotype on the transmission of Alzheimer disease in a community-based
sample. Am. J. Hum. Genet. 58, 191-200.

Johnson, S.C., La Rue, A., Hermann, B.P., Xu, G., Koscik, R.L., Jonaitis, E.M., Bendlin, B.B.,



Hogan, K.J., Roses, A.D., Saunders, A.M., Lutz, M.W., Asthana, S., Green, R.C., Sager,
M.A., 2011. The effect of TOMMA40 poly-T length on gray matter volume and cognition in
middle-aged persons with APOE ??3/??3 genotype. Alzheimer’s Dement. 7, 456—465.
doi:10.1016/j.jalz.2010.11.012

Jun, G., Vardarajan, B.N., Buros, J., Yu, C.-E., Hawk, M. V, Dombroski, B.A., Crane, P.K.,
Larson, E.B., Mayeux, R., Haines, J.L., Lunetta, K.L., Pericak-Vance, M.A., Schellenberg,
G.D., Farrer, L.A., 2012. Comprehensive search for Alzheimer disease susceptibility loci in
the APOE region. Arch. Neurol. 69, 1270-9. doi:10.1001/archneurol.2012.2052

Kantarci, K., Petersen, R.C., Boeve, B.F., David, S., Weigand, S.D., Brien, P.C.O., Shiung,
M.M., Smith, G.E., Ivnik, R.J., Tangalos, E.G., Jr, C.R.J., 2005. DWI predicts future
progression to Alzheimer’s disease in amnestic mild cognitive impairement. Neurology 64,
902-904. d0i:10.1212/01.WNL.0000153076.46126.E9.DWI

Khan, W., Giampietro, V., Ginestet, C., Dell’Acqua, F., Bouls, D., Newhouse, S., Dobson, R.,
Banaschewski, T., Barker, G.J., Bokde, A.L.W., B??chel, C., Conrod, P., Flor, H., Frouin,
V., Garavan, H., Gowland, P., Heinz, A., Ittermann, B., Lema??tre, H., Nees, F., Paus, T.,
Pausova, Z., Rietschel, M., Smolka, M.N., Str??hle, A., Gallinat, J., Westman, E.,
Schumann, G., Lovestone, S., Simmons, A., 2014. No differences in hippocampal volume
between carriers and non-carriers of the ApoE4 and E2 alleles in young healthy adolescents.
J. Alzheimer’s Dis. 40, 37-43. d0i:10.3233/JAD-131841

Kim, W.H., Adluru, N., Chung, M.K., Okonkwo, O.C., Johnson, S.C., B. Bendlin, B., Singh, V.,
Bendlin, B., Singh, V., 2015. Multi-resolution statistical analysis of brain connectivity
graphs in preclinical Alzheimer’s disease. Neuroimage 118, 103-117.

doi:10.1016/j.neuroimage.2015.05.050



Kitamura, H.W., Hamanaka, H., Watanabe, M., Wada, K., Yamazaki, C., Fujita, S.C., Manabe,
T., Nukina, N., 2004. Age-dependent enhancement of hippocampal long-term potentiation
in knock-in mice expressing human apolipoprotein E4 instead of mouse apolipoprotein e.
Neurosci. Lett. 369, 173-178. doi:10.1016/j.neulet.2004.07.084

Knight, W.D., Kim, L.G., Douiri, A., Frost, C., Rossor, M.N., Fox, N.C., 2011. Acceleration of
cortical thinning in familial Alzheimer’s disease. Neurobiol. Aging 32, 1765-73.
doi:10.1016/j.neurobiolaging.2009.11.013

Lambert, J.C., Araria-Goumidi, L., Myllykangas, L., Ellis, C., Wang, J.C., Bullido, M.J., Harris,
J.M., Artiga, M.J., Hernandez, D., Kwon, J.M., Frigard, B., Petersen, R.C., Cumming,
A.M., Pasquier, F., Sastre, I., Tienari, P.J., Frank, A., Sulkava, R., Morris, J.C., St. Clair, D.,
Mann, D.M., Wavrant-DeVrieze, F., Ezquerra-Trabalon, M., Amouyel, P., Hardy, J., Haltia,
M., Valdivieso, F., Goate, A.M., Perez-Tur, J., Lendon, C.L., Chartier-Harlin, M.C., 2002.
Contribution of APOE promoter polymorphisms to Alzheimer’s disease risk. Neurology 59,
59-66. doi:10.1212/WNL.59.1.59

Laske, C., Stransky, E., Leyhe, T., Eschweiler, G.W., Maetzler, W., Wittorf, A., Soekadar, S.,
Richartz, E., Koehler, N., Bartels, M., Buchkremer, G., Schott, K., 2007. BDNF serum and
CSF concentrations in Alzheimer’s disease, normal pressure hydrocephalus and healthy
controls. J. Psychiatr. Res. 41, 387-394. doi:10.1016/j.jpsychires.2006.01.014

Le Bihan, D., 2006. Looking into the functional architecture of the brain with diffusion MRI. Int.
Congr. Ser. 1290, 1-24. doi:10.1016/j.ics.2006.04.006

Lee, G.J., Lu, P.H., Medina, L.D., Rodriguez-Agudelo, Y., Melchor, S., Coppola, G., Braskie,
M.N., Hua, X., Apostolova, L.G., Leow, a. D., Thompson, P.M., Ringman, J.M., 2012.

Regional brain volume differences in symptomatic and presymptomatic carriers of familial



Alzheimer’s disease mutations. J. Neurol. Neurosurg. Psychiatry di, 154-162.
doi:10.1136/jnnp-2011-302087

Lemaitre, H., Crivello, F., Dufouil, C., Grassiot, B., Tzourio, C., Alp??rovitch, A., Mazoyer, B.,
2005. No ??4 gene dose effect on hippocampal atrophy in a large MRI database of healthy
elderly subjects. Neuroimage 24, 1205-1213. doi:10.1016/j.neuroimage.2004.10.016

Li, X., Westman, E., St??hlbom, A.K., Thordardottir, S., Almkvist, O., Blennow, K., Wahlund,
L.O., Graff, C., 2015. White matter changes in familial Alzheimer’s disease. J. Intern. Med.
278, 211-218. d0i:10.1111/j0im.12352

Lind, J., Larsson, A., Persson, J., Ingvar, M., Nilsson, L.G., Backman, L., Adolfsson, R., Cruts,
M., Sleegers, K., Van Broeckhoven, C., Nyberg, L., 2006. Reduced hippocampal volume in
non-demented carriers of the apolipoprotein E €4: Relation to chronological age and
recognition memory. Neurosci. Lett. 396, 23-27. doi:10.1016/j.neulet.2005.11.070

Lindsay, J., Laurin, D., Verreault, R., Hébert, R., Helliwell, B., Hill, G.B., McDowell, 1., 2002.
Risk factors for Alzheimer’s disease: a prospective analysis from the Canadian Study of
Health and Aging. Am. J. Epidemiol. 156, 445-53.

Liu, C.-C.C.-C,, Liu, C.-C.C.-C., Kanekiyo, T., Xu, H., Bu, G., 2013. Apolipoprotein E and
Alzheimer disease: risk, mechanisms and therapy. Nat. Rev. Neurol. 9, 106-18.
doi:10.1038/nrneurol.2012.263

Lo, C.-Y., Wang, P.-N., Chou, K.-H., Wang, J., He, Y., Lin, C.-P., 2010. Diffusion tensor
tractography reveals abnormal topological organization in structural cortical networks in
Alzheimer’s disease. J. Neurosci. 30, 16876-16885. doi:10.1523/JNEUROSCI.4136-
10.2010

Lopera, F., Ardilla, A., Martinez, A., Madrigal, L., Arango-Viana, J.C., Lemere, C.A., Arango-



Lasprilla, J.C., Hincapie, L., Arcos-Burgos, M., Ossa, J.E., Behrens, .M., Norton, J.,
Lendon, C., Goate, A.M., Ruiz-Linares, A., Rosselli, M., Kosik, K.S., 1997. Clinical
features of early-onset Alzheimer disease in a large kindred with an E280A presenilin-1
mutation. JAMA 277, 793-9.

Lopera, F., Giraldo, M., Acosta, N., Munoz, C., Moreno, S., Tirado, V., Garcia Ospina, G.P.,
Langbaum, J., Ho, C., Suliman, S., Cho, W., Tariot, P., Reiman, E., 2013. Alzheimer’s
Prevention Initiative Colombia registry in the PSEN1 E280A mutation kindred.
Alzheimer’s Dement. 9, P321. doi:10.1016/j.jalz.2013.04.151

Lupton, M.K., Strike, L., Hansell, N.K., Wen, W., Mather, K.A., Armstrong, N.J., Thalamuthu,
A., McMahon, K.L., de Zubicaray, G.I., Assareh, A.A., Simmons, A., Proitsi, P., Powell,
J.F., Montgomery, G.W., Hibar, D.P., Westman, E., Tsolaki, M., Kloszewska, 1., Soininen,
H., Mecocci, P., Velas, B., Lovestone, S., Brodaty, H., Ames, D., Trollor, J.N., Martin,
N.G., Thompson, P.M., Sachdev, P.S., Wright, M.J., 2016. The effect of increased genetic
risk for Alzheimer’s disease on hippocampal and amygdala volume. Neurobiol. Aging 40,
68-77. doi:10.1016/j.neurobiolaging.2015.12.023

Lyall, D.M., Harris, S.E., Bastin, M.E., Mu??0z Maniega, S., Murray, C., Lutz, M.W., Saunders,
A.M., Roses, A.D., Vald??s Hern??ndez, M. del C., Royle, N.A., Starr, J.M., Porteous, D.J.,
Wardlaw, J.M., Deary, 1.J., 2014. Alzheimer’s disease susceptibility genes APOE and
TOMMA40, and brain white matter integrity in the Lothian Birth Cohort 1936. Neurobiol.
Aging 35, 1513.e25-1513.e33. doi:10.1016/j.neurobiolaging.2014.01.006

Lyall, D.M., Royle, N.A., Harris, S.E., Bastin, M.E., Maniega, S.M., Murray, C., Lutz, M.W.,
Saunders, A.M., Roses, A.D., Del Vald??s Hern??ndez, M.C., Starr, J.M., Porteous, D.J.,

Wardlaw, J.M., Deary, 1.J., 2013. Alzheimer’s disease susceptibility genes APOE and



TOMMA40, and hippocampal volumes in the Lothian Birth Cohort 1936. PLoS One 8, 1-10.
doi:10.1371/journal.pone.0080513

Mak, E., Colloby, S.J., Thomas, A., O’Brien, J.T., 2016. The segregated connectome of late life
depression: a combined cortical thickness and structural covariance analysis. Neurobiol.
Aging. doi:10.1016/j.neurobiolaging.2016.08.013

Mak, E., Su, L., Williams, G., O’Brien, J., 2014a. Neuroimaging characteristics of dementia with
Lewy bodies. Alzheimers. Res. Ther. 6, 18.

Mak, E., Su, L., Williams, G., O’Brien, J., 2015a. Neuroimaging correlates of cognitive
impairment and dementia in Parkinson’s disease. Parkinsonism Relat. Disord. 862—870.
doi:10.1016/j.parkreldis.2015.05.013

Mak, E., Su, L., Williams, G.B., Watson, R., Firbank, M., Blamire, A.M., O’Brien, J.T., 2015b.
Differential atrophy of hippocampal subfields: a comparative study of dementia with Lewy
bodies and Alzheimer’s disease. Am. J. Geriatr. Psychiatry 24, 136-143.
d0i:10.1016/j.jagp.2015.06.006

Mak, E., Zhou, J., Tan, L.C.S., Au, W.L., Sitoh, Y.Y., Kandiah, N., 2014b. Cognitive deficits in
mild Parkinson’s disease are associated with distinct areas of grey matter atrophy. J. Neurol.
Neurosurg. Psychiatry 85, 576-80. doi:10.1136/jnnp-2013-305805

Moffat, S.D., Szekely, C.A., Zonderman, A.B., Kabani, N.J., Resnick, S.M., 2000. Longitudinal
change in hippocampal volume as a function of apolipoprotein E genotype. Neurology 55,
134-136. doi:10.1212/WNL.55.1.134

Mondadori, C.R.A., De Quervain, D.J.F., Buchmann, A., Mustovic, H., Wollmer, M.A.,
Schmidt, C.F., Boesiger, P., Hock, C., Nitsch, R.M., Papassotiropoulos, A., Henke, K.,

2007. Better memory and neural efficiency in young apolipoprotein E €4 carriers. Cereb.



Cortex 17, 1934-1947. doi:10.1093/cercor/bhl103

Mora, F., Segovia, G., del Arco, A., 2007. Aging, plasticity and environmental enrichment:
Structural changes and neurotransmitter dynamics in several areas of the brain. Brain Res.
Rev. 55, 78-88. doi:10.1016/j.brainresrev.2007.03.011

Mosconi, L., de Leon, M., Murray, J., E, L., Lu, J., Javier, E., McHugh, P., Swerdlow, R.H.,
2011. Reduced mitochondria cytochrome oxidase activity in adult children of mothers with
Alzheimer’s disease. J. Alzheimers. Dis. 27, 483-90. doi:10.3233/JAD-2011-110866

Mosconi, L., Mistur, R., Switalski, R., Brys, M., Glodzik, L., Rich, K., Pirraglia, E., Tsui, W., De
Santi, S., de Leon, M.J., 2009. Declining brain glucose metabolism in normal individuals
with a maternal history of Alzheimer disease. Neurology 72, 513-20.
doi:10.1212/01.wnl.0000333247.51383.43

Mosconi, L., Murray, J., Tsui, W.H., Li, Y., Spector, N., Goldowsky, A., Williams, S., Osorio,
R., McHugh, P., Glodzik, L., Vallabhajosula, S., De Leon, M.J., 2014. Brain imaging of
cognitively normal individuals with 2 parents affected by late-onset AD. Neurology 82,
752-760. doi:10.1212/WNL.0000000000000181

Neeper, S.A., Gdmez-Pinilla, F., Choi, J., Cotman, C., 1995. Exercise and brain neurotrophins.
Nature 373, 109. doi:10.1038/373109a0

Nierenberg, J., Pomara, N., Hoptman, M.J., Sidtis, J.J., Ardekani, B. a, Lim, K.O., 2005.
Abnormal white matter integrity in healthy apolipoprotein E epsilon4 carriers. Neuroreport
16, 1369-72. doi:00001756-200508220-00022

O’Dwyer, L., Lamberton, F., Matura, S., Tanner, C., Scheibe, M., Miller, J., Rujescu, D.,
Prvulovic, D., Hampel, H., 2012. Reduced Hippocampal VVolume in Healthy Young ApoE4

Carriers: An MRI Study. PLoS One 7. doi:10.1371/journal.pone.0048895



Okonkwo, O.C., Xu, G., Dowling, N.M., Bendlin, B.B., Larue, a, Hermann, B.P., Koscik, R.,
Jonaitis, E., Rowley, H.A., Carlsson, C.M., Asthana, S., Sager, M.A., Johnson, S.C., 2012,
Family history of Alzheimer disease predicts hippocampal atrophy in healthy middle-aged
adults. Neurology 78, 1769-76. doi:10.1212/WNL.0b013e3182583047

Oria, R.B., Patrick, P.D., Zhang, H., Lorntz, B., De Castro Costa, C.M., Brito, G.A.C., Barrett,
L.J., Lima, A, A.M., Guerrant, R.L., 2005. APOE4 protects the cognitive development in
children with heavy diarrhea burdens in Northeast Brazil. Pediatr. Res. 57, 310-316.
doi:10.1203/01.PDR.0000148719.82468.CA

Parra, M.A., Saariméki, H., Bastin, M.E., Londofio, A.C., Pettit, L., Lopera, F., Della Sala, S.,
Abrahams, S., 2015. Memory binding and white matter integrity in familial Alzheimer’s
disease. Brain 138, 1355-69. doi:10.1093/brain/awv048

Persson, J., Lind, J., Larsson, A., Ingvar, M., Cruts, M., Van Broeckhoven, C., Adolfsson, R.,
Nilsson, L.-G., Nyberg, L., 2006. Altered brain white matter integrity in healthy carriers of
the APOE epsilon4 allele: a risk for AD? Neurology 66, 1029-33.
doi:10.1212/01.wnl.0000204180.25361.48

Phillips, D.J., McGlaughlin, A., Ruth, D., Jager, L.R., Soldan, A., 2015. Graph theoretic analysis
of structural connectivity across the spectrum of Alzheimer’s disease: The importance of
graph creation methods. Neurolmage Clin. 7, 377-390. doi:10.1016/j.nicl.2015.01.007

Phillips, H.S., Hains, J.M., Armanini, M., Laramee, G.R., Johnson, S.A., Winslow, J.W., 1991.
BDNF mRNA is decreased in the hippocampus of individuals with Alzheimer’s disease.
Neuron 7, 695-702. doi:10.1016/0896-6273(91)90273-3

Protas, H.D., Chen, K., Langbaum, J.B., Fleisher, a S., Alexander, G.E., Lee, W., Bandy, D., de

Leon, M.J., Mosconi, L., Buckley, S., Truran-Sacrey, D., Schuff, N., Weiner, M\W.,



Caselli, R.J., Reiman, E.M., 2013. Posterior cingulate glucose metabolism, hippocampal
glucose metabolism, and hippocampal volume in cognitively normal, late-middle-aged
persons at 3 levels of genetic risk for Alzheimer disease. JAMA Neurol 70, 320-325.
doi:10.1001/2013.jamaneurol.286

Quiroz, Y.T., Schultz, A.P., Chen, K., Protas, H.D., Brickhouse, M., Fleisher, A.S., Langbaum,
J.B., Thiyyagura, P., Fagan, A.M., Shah, A.R., Muniz, M., Arboleda-Velasquez, J.F.,
Munoz, C., Garcia, G., Acosta-Baena, N., Giraldo, M., Tirado, V., Ramirez, D.L., Tariot,
P.N., Dickerson, B.C., Sperling, R. a, Lopera, F., Reiman, E.M., 2015. Brain Imaging and
Blood Biomarker Abnormalities in Children With Autosomal Dominant Alzheimer Disease:
A Cross-Sectional Study. JAMA Neurol. 02114, 1-8. doi:10.1001/jamaneurol.2015.1099

Quiroz, Y.T., Stern, C.E., Reiman, E.M., Brickhouse, M., Ruiz, A., Sperling, R. a, Lopera, F.,
Dickerson, B.C., 2013. Cortical atrophy in presymptomatic Alzheimer’s disease presenilin 1
mutation carriers. J. Neurol. Neurosurg. Psychiatry 84, 556-561. doi:10.1136/jnnp-2012-
303299

Ready, R.E., Baran, B., Chaudhry, M., Schatz, K., Gordon, J., Spencer, R.M.C., 2011.
Apolipoprotein E-e4, processing speed, and white matter volume in a genetically enriched
sample of midlife adults. Am. J. Alzheimers. Dis. Other Demen. 26, 463-8.
doi:10.1177/1533317511421921

Reiman, E.M., Quiroz, Y.T., Fleisher, A.S., Chen, K., Velez-Pardo, C., Jimenez-Del-Rio, M.,
Fagan, A.M., Shah, A.R., Alvarez, S., Arbelaez, A., Giraldo, M., Acosta-Baena, N.,
Sperling, R.A., Dickerson, B., Stern, C.E., Tirado, V., Munoz, C., Reiman, R.A.,
Huentelman, M.J., Alexander, G.E., Langbaum, J.B.S., Kosik, K.S., Tariot, P.N., Lopera,

F., 2012. Brain imaging and fluid biomarker analysis in young adults at genetic risk for



autosomal dominant Alzheimer’s disease in the presenilin 1 E280A kindred: A case-control
study. Lancet Neurol. 11, 1048-1056. doi:10.1016/S1474-4422(12)70228-4

Richter-Schmidinger, T., Alexopoulos, P., Horn, M., Maus, S., Reichel, M., Rhein, C., Lewczuk,
P., Sidiropoulos, C., Kneib, T., Perneczky, R., Doerfler, A., Kornhuber, J., 2011. Influence
of brain-derived neurotrophic-factor and apolipoprotein E genetic variants on hippocampal
volume and memory performance in healthy young adults. J. Neural Transm. 118, 249-257.
d0i:10.1007/s00702-010-0539-8

Ridha, B.H., Anderson, V.M., Barnes, J., Boyes, R.G., Price, S.L., Rossor, M.N., Whitwell, J.L.,
Jenkins, L., Black, R.S., Grundman, M., Fox, N.C., 2008. Volumetric MRI and cognitive
measures in Alzheimer disease : comparison of markers of progression. J. Neurol. 255, 567—
74. doi:10.1007/s00415-008-0750-9

Ridha, B.H., Barnes, J., Bartlett, J.W., Godbolt, A., Pepple, T., Rossor, M.N., Fox, N.C., 2006.
Tracking atrophy progression in familial Alzheimer’s disease: a serial MRI study. Lancet
Neurol. 5, 828-834. doi:10.1016/S1474-4422(06)70550-6

Ringman, J.M., 2005. What the study of persons at risk for familial Alzheimer’s disease can tell
us about the earliest stages of the disorder: a review. J. Geriatr. Psychiatry Neurol. 18, 228—
233. d0i:10.1177/0891988705281878

Ringman, J.M., O’Neill, J., Geschwind, D., Medina, L., Apostolova, L.G., Rodriguez, Y.,
Schaffer, B., Varpetian, A., Tseng, B., Ortiz, F., Fitten, J., Cummings, J.L., Bartzokis, G.,
2007. Diffusion tensor imaging in preclinical and presymptomatic carriers of familial
Alzheimer’s disease mutations. Brain 130, 1767-1776. doi:10.1093/brain/awm102

Risacher, S.L., Shen, L., West, J.D., Kim, S., McDonald, B.C., Beckett, L.A., Harvey, D.J., Jack,

C.R., Weiner, M.W., Saykin, A.J., 2010. Longitudinal MRI atrophy biomarkers:



relationship to conversion in the ADNI cohort. Neurobiol. Aging 31, 1401-18.
doi:10.1016/j.neurobiolaging.2010.04.029

Ritchie, C.W., Molinuevo, J.L., Truyen, L., Satlin, A., Van der Geyten, S., Lovestone, S., 2015.
Development of interventions for the secondary prevention of Alzheimer’s dementia: the
European Prevention of Alzheimer's Dementia (EPAD) project. The Lancet Psychiatry 3,
179-186. doi:10.1016/S2215-0366(15)00454-X

Ritchie, K., Carriere, I., Berr, C., Amieva, H., Dartigues, J.-F., Ancelin, M.-L., Ritchie, C.W.,
2016. The clinical picture of alzheimer’s disease in the decade before diagnosis: clinical and
biomarker trajectories. J. Clin. Psychiatry 77, e305-11. doi:10.4088/JCP.15m09989

Ritchie, K., Guilhem, de R., Ritchie, C.W., Alain, B., Vanessa, P., Artero, S., Marie-Laure, A.,
2014. COGNITO: Computerized Assessment of Information Processing. J. Psychol.
Psychother. 04. doi:10.4172/2161-0487.1000136

Roses, A.D., Lutz, M.W., Amrine-Madsen, H., Saunders, A.M., Crenshaw, D.G., Sundseth, S.S.,
Huentelman, M.J., Welsh-Bohmer, K.A., Reiman, E.M., 2010. A TOMMA40 variable-length
polymorphism predicts the age of late-onset Alzheimer’s disease. Pharmacogenomics J. 10,
375-84. doi:10.1038/tpj.2009.69

Rossor, M.N., Fox, N.C., Mummery, C.J., Schott, J.M., Warren, J.D., 2010. The diagnosis of
young-onset dementia. Lancet Neurol. 9, 793-806. doi:10.1016/S1474-4422(10)70159-9

Rubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity: Uses and
interpretations. Neuroimage 52, 1059-1069. doi:10.1016/j.neuroimage.2009.10.003

Ryan, L., Walther, K., Bendlin, B.B., Lue, L.-F., Walker, D.G., Glisky, E.L., 2011. Age-related
differences in white matter integrity and cognitive function are related to APOE status.

Neuroimage 54, 1565-77. doi:10.1016/j.neuroimage.2010.08.052



Ryan, N.S., Keihaninejad, S., Shakespeare, T.J., Lehmann, M., Crutch, S.J., Malone, 1.B.,
Thornton, J.S., Mancini, L., Hyare, H., Yousry, T., Ridgway, G.R., Zhang, H., Modat, M.,
Alexander, D.C., Rossor, M.N., Ourselin, S., Fox, N.C., 2013. Magnetic resonance imaging
evidence for presymptomatic change in thalamus and caudate in familial Alzheimer’s
disease. Brain 136, 1399-1414. doi:10.1093/brain/awt065

Sanchez-Valle, R., Monté, G.C., Sala-Llonch, R., Bosch, B., Fortea, J., LIadd, A., Antonell, A.,
Balasa, M., Bargall6, N., Molinuevo, J.L., 2016. White Matter Abnormalities Track Disease
Progression in PSEN1 Autosomal Dominant Alzheimer’s Disease. J. Alzheimers. Dis.
doi:10.3233/JAD-150899

Schiepers, 0.J.G., Harris, S.E., Gow, aJ., Pattie, a, Brett, C.E., Starr, J.M., Deary, 1.J., 2012.
APOE EA4 status predicts age-related cognitive decline in the ninth decade: longitudinal
follow-up of the Lothian Birth Cohort 1921. Mol. Psychiatry 17, 315-324.
d0i:10.1038/mp.2010.137

Schott, J.M., Bartlett, J.W., Fox, N.C., Barnes, J., 2010. Increased brain atrophy rates in
cognitively normal older adults with low cerebrospinal fluid AB1-42. Ann. Neurol. 68, 825—
34. doi:10.1002/ana.22315

Schott, J.M., Fox, N.C., Frost, C., Scahill, R.1., Janssen, J.C., Chan, D., Jenkins, R., Rossor,
M.N., 2003. Assessing the onset of structural change in familial Alzheimer’s disease. Ann.
Neurol. 53, 181-188. doi:10.1002/ana.10424

Seltzer, B., 2016. Comparison of Clinical Features in Early- and Late-Onset Primary
Degenerative Dementia.

Shaw, P., Lerch, J.P., Pruessner, J.C., Taylor, K.N., Rose, A.B., Greenstein, D., Clasen, L.,

Evans, A., Rapoport, J.L., Giedd, J.N., 2007. Cortical morphology in children and



adolescents with different apolipoprotein E gene polymorphisms: an observational study.
Lancet Neurol. 6, 494-500. doi:10.1016/S1474-4422(07)70106-0

Shi, F., Liu, B., Zhou, Y., Yu, C., Jiang, T., 2009. Hippocampal volume and asymmetry in mild
cognitive impairment and Alzheimer’s disease: Meta-analyses of MRI studies.
Hippocampus 19, 1055-1064. doi:10.1002/hipo.20573

Sluimer, J.D., van der Flier, W.M., Karas, G.B., van Schijndel, R., Barnes, J., Boyes, R.G.,
Cover, K.S., Olabarriaga, S.D., Fox, N.C., Scheltens, P., Vrenken, H., Barkhof, F., 2009.
Accelerating regional atrophy rates in the progression from normal aging to Alzheimer’s
disease. Eur. Radiol. 19, 2826-33. d0i:10.1007/s00330-009-1512-5

Smith, C.D., Chebrolu, H., Andersen, A.H., Powell, D.A., Lovell, M.A., Xiong, S., Gold, B.T.,
2010. White matter diffusion alterations in normal women at risk of Alzheimer’s discase.
Neurobiol. Aging 31, 1122-1131. doi:10.1016/j.neurobiolaging.2008.08.006

Sperling, R.A., Aisen, P.S., Beckett, L.A., Bennett, D.A., Craft, S., Fagan, A.M., lwatsubo, T.,
Jack, C.R., Kaye, J., Montine, T.J., Park, D.C., Reiman, E.M., Rowe, C.C., Siemers, E.,
Stern, Y., Yaffe, K., Carrillo, M.C., Thies, B., Morrison-Bogorad, M., Wagster, M. V,
Phelps, C.H., 2011. Toward defining the preclinical stages of Alzheimer’s disease:
Recommendations from the National Institute on Aging and the Alzheimer's Association
workgroup. Alzheimer’s Dement. 1-13. doi:10.1016/j.jalz.2011.03.005

Swerdlow, R.H., Burns, J.M., Khan, S.M., 2010. The Alzheimer’s disease mitochondrial cascade
hypothesis. J. Alzheimer’ s Dis. 20, S265-79. d0i:10.3233/JAD-2010-100339

Tapia-Arancibia, L., Aliaga, E., Silhol, M., Arancibia, S., 2008. New insights into brain BDNF
function in normal aging and Alzheimer disease. Brain Res. Rev. 59, 201-220.

doi:10.1016/j.brainresrev.2008.07.007



Ten Kate, M., Sanz-arigita, E.J., Tijms, B.M., Meije, A., Garcia-sebastian, M., lzagirre, A.,
Ecay-torres, M., Estanga, A., Villanua, J., Vrenken, H., Jelle, P., Martinez-lage, P., Barkhof,
F., 2016. Neurobiology of Aging Impact of APOE- 3 4 and family history of dementia on
gray matter atrophy in cognitively healthy middle-aged adults. Neurobiol. Aging 38, IFC—
IFC. doi:10.1016/j.neurobiolaging.2015.10.018

Thordardottir, S., Stahlbom, A.K., Ferreira, D., Almkvist, O., Westman, E., Zetterberg, H.,
Eriksdotter, M., Blennow, K., Graff, C., St, A.K., 2015. Preclinical Cerebrospinal Fluid and
Volumetric Magnetic Resonance Imaging Biomarkers in Swedish Familial Alzheimer ’ s
Disease. J. Alzheimer’s Dis. 43, 1393-1402. doi:10.3233/JAD-140339

Tijms, B.M., Méller, C., Vrenken, H., Wink, A.M., de Haan, W., van der Flier, W.M., Stam,
C.J., Scheltens, P., Barkhof, F., 2013a. Single-Subject Grey Matter Graphs in Alzheimer’s
Disease. PL0oS One 8, 1-9. doi:10.1371/journal.pone.0058921

Tijms, B.M., Seris, P., Willshaw, D.J., Lawrie, S.M., 2012. Similarity-based extraction of
individual networks from gray matter MRI scans. Cereb. Cortex 22, 1530-1541.
doi:10.1093/cercor/bhr221

Tijms, B.M., Wink, A.M., de Haan, W., van der Flier, W.M., Stam, C.J., Scheltens, P., Barkhof,
F., 2013b. Alzheimer’s disease: connecting findings from graph theoretical studies of brain
networks. Neurobiol. Aging 34, 2023-2036. doi:10.1016/j.neurobiolaging.2013.02.020

Tohgi, H., Takahashi, S., Kato, E., Homma, A., Rie Niina, Sasaki, K., Yonezawa, H., Sasaki, M.,
1997. Reduced size of right hippocampus in 39- to 80-year-old normal subjects carrying the
apolipoprotein E ??4 allele. Neurosci. Lett. 236, 21-24. doi:10.1016/S0304-3940(97)00743-
X

Trojanowski, J.Q., Vandeerstichele, H., Korecka, M., Clark, C.M., Aisen, P.S., Petersen, R.C.,



Blennow, K., Soares, H., Simon, A., Lewczuk, P., Dean, R., Siemers, E., Potter, W.Z.,
Weiner, M.W., Jack, C.R., Jagust, W., Toga, A.W., Lee, V.M.Y., Shaw, L.M., 2010. Update
on the biomarker core of the Alzheimer’s Disease Neuroimaging Initiative subjects.
Alzheimer’s Dement. 6, 230-238. doi:10.1016/j.jalz.2010.03.008

Tsuchiya, K., Kosaka, K., 1990. Neuropathological study of the amygdala in presenile
Alzheimer’s disease. J. Neurol. Sci. 100, 165-73.

Tyas, S.L., Manfreda, J., Strain, L.A., Montgomery, P.R., 2001. Risk factors for Alzheimer’s
disease: a population-based, longitudinal study in Manitoba, Canada. Int. J. Epidemiol. 30,
590-7.

van den Heuvel, M.P., Sporns, O., 2013. Network hubs in the human brain. Trends Cogn. Sci.
17, 683-696. doi:10.1016/j.tics.2013.09.012

Villemagne, V.L., Ataka, S., Mizuno, T., Brooks, W.S., Wada, Y., Kondo, M., Jones, G.,
Watanabe, Y., Mulligan, R., Nakagawa, M., Miki, T., Shimada, H., O’Keefe, G.J., Masters,
C.L., Mori, H., Rowe, C.C., 2009. High striatal amyloid beta-peptide deposition across
different autosomal Alzheimer disease mutation types. Arch. Neurol. 66, 1537-44.
doi:10.1001/archneurol.2009.285

Wishart, H.A., Saykin, A.J., McAllister, T.W., Rabin, L.A., McDonald, B.C., Flashman, L.A.,
Roth, R.M., Mamourian, A.C., Tsongalis, G.J., Rhodes, C.H., 2006. Regional brain atrophy
in cognitively intact adults with a single APOE ??4 allele. Neurology 67, 1221-1224.
d0i:10.1212/01.wnl.0000238079.00472.3a

Yau, W.-Y.W., Tudorascu, D.L., McDade, E.M., Ikonomovic, S., James, J.A., Minhas, D.,
Mowrey, W., Sheu, L.K., Snitz, B.E., Weissfeld, L., Gianaros, P.J., Aizenstein, H.J., Price,

J.C., Mathis, C.A., Lopez, O.L., Klunk, W.E., 2015. Longitudinal assessment of



neuroimaging and clinical markers in autosomal dominant Alzheimer’s disease: a
prospective cohort study. Lancet. Neurol. 14, 804-13. doi:10.1016/S1474-4422(15)00135-0
Yu, Y.W., Lin, C.H., Chen, S.P., Hong, C.J., Tsai, S.J., 2000. Intelligence and event-related
potentials for young female human volunteer apolipoprotein E epsilon4 and non-epsilon4
carriers. Neurosci. Lett. 294, 179-181. doi:S030439400001569X [pii]
Ziegler, G., Dahnke, R., Jancke, L., Yotter, R.A., May, A., Gaser, C., 2012. Brain structural
trajectories over the adult lifespan. Hum. Brain Mapp. 33, 2377-89.

doi:10.1002/hbm.21374a



