
Trends
Neural rs-fMRI differences are detect-
able in CN mutation carriers of APOE,
PICALM,CLU, andBIN1 genes across
the lifespan.

CN individuals carrying risk variants of
APOE, PICALM, CLU, or BIN1 and
presymptomatic AD individuals
showed overlapping rs-fMRI altera-
tions: decreased functional connectiv-
ity in the middle and posterior DMN
regions, and increased the frontal
and lateral DMN areas.
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The quest to comprehend genetic, biological, and symptomatic heterogeneity
underlying Alzheimer’s disease (AD) requires a deep understanding of mecha-
nisms affecting complex brain systems. Neuroimaging genetics is an emerging
field that provides a powerful way to analyze and characterize intermediate
biological phenotypes of AD. Here, we describe recent studies showing the
differential effect of genetic risk factors for AD on brain functional connectivity
in cognitively normal, preclinical, prodromal [224_TD$DIFF], and AD dementia individuals.
Functional neuroimaging genetics holds particular promise for the characteri-
zation of preclinical populations; target populations for disease prevention and
modification trials. To this end, we emphasize the need for a paradigm shift
towards integrative disease modeling and neuroimaging biomarker-guided
precision medicine for AD and other neurodegenerative diseases.
No consistent results were reported in
AD dementia, despite findings suggest
selective alterations in the DMN and in
the executive control network.

Multimodal biomarker data – including
distinct combinations of underlying
functional neuroimaging genetics pat-
terns – are standardized and inte-
grated according to the integrative
disease modeling (IDM) concept. The
PM paradigm applies IDM to translate
biomarker-indicated, individual-speci-
fic, molecular pathophysiological
mechanisms into tailored clinical
applications.
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Pathophysiology, Genetics [225_TD$DIFF], and Functional Brain Processing Underlying AD
AD is the most prevalent neurodegenerative disease and commonest type of dementia in
people aged >65 years. Despite enormous efforts in global biomedical research and develop-
ment, the number of affected individuals with AD is dramatically increasing [1]. Therefore,
effective prevention and disease-modifying therapies are needed to reduce the future global
burden of neurodegenerative diseases and dementia [2,3]. The genetic, biological, and symp-
tomatic heterogeneity underlying the spectrum of AD clinical phenotypes as well as the
complex non-linear progression of the pathophysiological mechanisms are key factors for a
decade of failure of AD clinical trials. Once late-stage clinical symptoms appear, the disease
shows extensive, advanced, and potentially irreversible neuropathological alterations� such as
inflammatory changes, neuritic plaques (also called senile plaques) and neurofibrillary
tangles [4] (see Glossary). An emerging exploration of the long and largely uncharted preclinical
stages of AD has begun [5].

To date, the amyloid cascade theory is the prevailing hypothesis on the pathogenesis of
AD [6]. It postulates that brain b-amyloid (Ab) accumulation is the primary mechanistic event,
or key pathophysiological threshold, impairing synaptic function, later inducing neuronal
damage, and finally leading to widespread neurodegeneration and clinical dementia [7]. The
detrimental impact of Ab is assumed to emerge at the system level, as brain functional and
structural connections are progressively disrupted (for review see [8]). Moreover, clinical decline
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has been associated with alterations in both structural and functional brain connectivity,
causing abnormal brain integration [9]. Therefore, AD may be considered a complex brain
systems disconnection syndrome [10]. However, it is still unclear which factors induce such
disconnection. So far, it is largely accepted that axonal and synaptic contacts can spread
dysfunction from a local site through mechanisms of diaschisis and transneuronal degen-
eration [11], generating pathophysiological cascades [12] and, consequently, propagating the
disease processes [13]. In addition, it is possible that brain regions affected by pathophysio-
logical events respond with compensatory mechanisms such as increased activity or functional
connectivity, owing to excess neuronal stimulation, and leading to cell damage or death in
functionally connected brain sites [13]. Finally, according to evidence derived from studies with
AD transgenic mousemodels [14], abnormal neural connectivity could arise from the slowing or
interruption of the fast axonal transport, which occurs before Ab plaques formation [14] and
potentially contributes to transneuronal degeneration [15].

Resting state functional magnetic resonance imaging (rs-fMRI) studies, which assess
functional synchrony in brain networks using fMRI, provide numerous findings highlighting the
deep reshaping of a number of functional connectivity networks at each stage of the full clinical
AD spectrum [16–19], from preclinical to prodromal to AD dementia (Box 1). These changes
can occur even in the absence of cognitive impairments or structural neurodegeneration [20].
Although other networks have also been implicated, a recent review [8] reported consistently
decreased functional connectivity in the default mode network (DMN) in the full clinical AD
spectrum, including the posterior cingulate cortex (PCC), precuneus (Pcu), lateral temporo-
parietal cortex, and the medial temporal lobe (MTL) [21]. The MTL is considered the most
prominent candidate brain region for initial histopathological changes in AD [4], but the PCC is
consistently recognized as one of the earliest sites showing hypometabolism and hypoperfu-
sion [22,23]. Disrupted connectivity between the hippocampus/entorhinal cortex and PCCmay
perhaps constitute the first neural change in AD pathophysiology [24].

The genetic makeup has the potential to significantly and differentially modulate functional brain
connectivity in normal aging and may directly interact with disease effects [25] (Box 2).
Mutations in the amyloid precursor protein (APP), presenilin 1 (PSEN1) or 2 (PSEN2) genes
cause early-onset AD dementia, at an unusually early age (around 30–50 years). [214_TD$DIFF]By contrast,
the risk of developing late-onset AD seems to be associated with allelic variations in apolipo-
protein E (APOE), phosphatidylinositol binding clathrin assembly protein (PICALM), clusterin
(CLU), and bridging integrator 1 (BIN1) genes. Consequently, these have become the most
heavily investigated in functional neuroimaging genetics studies of AD [26].
Box 1. Clinical Diagnostic Criteria – Three Meta Categories for the Global Staging of AD

Preclinical AD: indicates the asymptomatic stage between the earliest neuropathological events and the appearance of
AD-related cognitive impairments (clinical stage). Although the preclinical stage of AD represents a continuum, two in
vivo preclinical states can be discerned: (i) the [218_TD$DIFF]asymptomatic at-risk state for AD[219_TD$DIFF], which indicates the presence of
pathophysiological markers, such as t pathology [cerebrospinal fluid (CSF) or PET t] or amyloid pathology (CSF Ab42 or
PET amyloid); and (ii) presymptomatic AD, which refers to individuals who will certainly develop AD, because they carry
rare autosomal dominant mutations that cause AD, such as APP, PSEN1, or PSEN2.

Prodromal AD (or MCI-due-to-AD): includes the presence of definite impairment in memory function, for example,
measured by Free and Cued Selective Reminding Test [81], along with in vivo positive pathophysiological markers (CSF
or PET t, CSF Ab42 or PET amyloid). Instrumental activities of daily living are preserved.

AD dementia: refers to individuals presenting severe cognitive impairments that interfere with social functioning and
instrumental activities of daily living. Clinical symptoms must include progressive deficits in memory and in at least one
other cognitive domain, that is, executive functions, language, or visuospatial abilities. In vivo pathophysiological or
topographic markers (e.g., hippocampal atrophy [220_TD$DIFF]or cortical thickness) are supportive evidence for the diagnosis of AD
dementia.
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Glossary
Amyloid b (Ab): denotes peptides
of different length in terms of amino
acids. The 42-amino-acid Ab peptide
(Ab1–42) is the major component of
the neuritic plaques in AD brains and
the core biochemical marker for the
amyloidogenic process in AD. It
derives from the pathological
cleavage of APP.
Diaschisis: a functional interruption
of regions remote from the initial
insult, caused by the deafferentation
of excitatory inputs.
Functional connectivity: the
statistically synchronized or temporal
coherent blood oxygen level-
dependent (BOLD) activity of remote
brain regions that thus share a
common functional specialization.
Functional neuroimaging
genetics: identifies genes that
contribute to functional alterations in
brain networks.
Integrative disease modeling: is a
multidisciplinary approach, which
aims to standardize, manage,
integrate, and interpret multiple
biological quantitative and qualitative
data, by applying computational
models to support decision-making
for translation of patient-specific
molecular mechanisms into tailored
clinical applications.
Intermediate phenotype: often
referred to as an endophenotype, is
a stable phenotype with a clear
genetic connection.
Neuritic plaques: abnormal
extracellular deposits primarily
composed of Ab peptides in the grey
matter of the brain, also named
senile plaques.
Neurofibrillary tangles: intracellular
aggregates of hyperphosphorylated t

proteins. They are generated by the
excessive phosphorylation
(hyperphosphorylation) of a
microtubule-associated protein
known as t, causing it to aggregate
in an insoluble form.
Neuroimaging genetics:
methodological approach applied to
understand brain structure, function
and disease, based on brain imaging
modalities and genetic data.
Precision medicine: biomarker-
guided approach based on systems
levels that include methodological
advancements and findings of wide-
ranging pathophysiological profiles of
complex, multifactorial
neurodegenerative diseases, such as
AD. This may allow us to identify and

Box 2. Genetic Risk Factors for AD and Their Potential Functional Connectivity Counterpart

APOE gene: codes for [221_TD$DIFF]APOE. Regulates amyloid-b (Ab) oligomerization, aggregation, and receptor-mediated clear-
ance, brain lipid transport, glucose metabolism, neuronal signaling, and neuroinflammation [26,82,83].

Potential influence on functional connectivity: (i) impaired neurite outgrowth; (ii) cytoskeletal disruption and hyperpho-
sphorylation of t; (iii) mitochondrial dysfunction in neurons; (iv) impaired synaptogenesis; (v) increased apoptosis in
neurons; and (vi) Ab peptide clearance and/or deposition.

PICALM gene: codes for the phosphatidylinositol binding clathrin assembly protein. Protects neurons from Ab toxicity
by reversing Ab effects on clathrin-mediated endocytosis and/or by directing amyloid precursor protein transport to the
terminal degradation pathway by autophagosomes, which reduces Ab production [26].

Potential influence on functional connectivity: Ab peptide clearance and/or deposition.

CLU gene: codes for clusterin. Involved in several biological and pathophysiological mechanisms, including cell death
and tumor progression. Moreover,CLU assists clearance of Ab, interacts with [222_TD$DIFF]APOE, and promotes neuroinflammation
by inhibiting complement activation [26].

Potential influence on functional connectivity: (i) impaired neurite outgrowth; (ii) impaired synaptic integration; and (iii) Ab
peptide clearance.

BIN1 gene: codes for the Bridging integrator 1. Broadly expressed in the brain, where it contributes to retrieve synaptic
vesicles, apoptosis, inflammation, and clathrin-mediated Ab [26,84].

Potential influence on functional connectivity: (i) impaired neurite outgrowth; and (ii) impaired synaptic integration.

APP gene: codes for the amyloid precursor protein. Essential for physiological brain development (neurogenesis and
synaptogenesis) and plasticity [26,85].

Potential influence on functional connectivity: (i) Ab peptide clearance and/or deposition; (ii) impaired neurite outgrowth;
and (iii) impaired synaptic integration.

PSEN1 and PSEN2 genes: encode for presenilin 1 and presenilin 2. Presenilins are proteolytic subunits of g-secretase
intramembrane protease complex [26].

Potential influence on functional connectivity: (i) Ab peptide clearance and/or deposition; (ii) impaired neurite outgrowth;
(iii) impaired synaptic integration; and (iv) calcium dyshomeostasis.
Genetic studies of AD have also attempted to integrate multimodal biomarkers to better
characterize and stratify populations at risk of developing AD [2]. In this regard, neuroimaging
genetics might offer an efficient strategy for characterizing intermediate phenotypes of AD,
helping bridge the unexplored biological gap between the cell-level molecular changes and
systems-level changes in cognition and behavior. Not surprisingly, several research groups
have started to explore the neural underpinnings of genotype-dependent differences in AD.

In the present review, we describe the impact of well-known genetic risk factors of AD on brain
functional connectivity alterations in the whole AD spectrum, and critically discuss the key
advantages of investigating functional neuroimaging genetics in AD. In particular, we present
studies attempting to develop multimodal markers to detect and predict AD [27]. Indeed, to
determine when and how brain functional connectivity begins to diverge from expected age-
specific norms in individuals with different genetic profiles at risk for AD might be of great value
both for the early AD detection and stratification of target populations in clinical trials. These
metrics are assumed to be critical for developing and evaluating clinical interventions, to slow or
even prevent cognitive decline. This review is focused on addressing new insights in the study
of functional brain dysfunction in individuals with genetic susceptibility to AD (Box 2), since
extensive literature on AD genetics [26,28] and biomarkers [29] is comprehensively reviewed
Trends in Neurosciences, Month Year, Vol. xx, No. yy 3
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characterize the pathophysiological
processes at the preclinical stages,
before clinical symptoms appear.
Resting state functional magnetic
resonance imaging (rs-fMRI):
neuroimaging procedure for
evaluating synchronous fluctuations
of signal intensities across brain
regions showing a high degree of
temporal correlation, while
participants lay with their eyes closed
or fix on a visual cue, without
performing explicit tasks.
Structural connectivity: anatomical
connections of physical white matter
tracts.
Transneuronal degeneration:
process that evolves over time
consisting of a progressive structural
deterioration of areas remote from
the injured site. The damage might
first occur in a postsynaptic target,
reducing the trophic support to the
presynaptic neuron (retrograde), or,
alternatively, one neuron may cause
the degeneration of its postsynaptic
target (anterograde).
elsewhere. We provide here a critical overview of recent studies that have addressed the role of
AD-related genes in the functional connectivity at rest. In particular, we discuss how autosomal
dominant genes APP, PSEN1, and PSEN2, and the major genome-wide associated gene risk
variants for AD, that is, APOE, PICALM, CLU, and BIN1, impact resting state functional
connectivity in: (i) cognitively normal (CN) individuals, (ii) preclinical AD individuals (including
both asymptomatic at risk for AD and presymptomatic diagnostic categories), and (iii) AD
dementia patients.

This review is restricted to addressing recent advances in examining the genetic impact on the
functionally interacting and integrative networks at rest, which provide new insights on large-
scale neuronal communication in the human brain.

CN Individuals at Genetic Risk for AD
Elucidating the neural changes in CN individuals at genetic risk for AD is supposed to provide
several advantages: (i) different functional brain patterns in mutation carriers may be identified
independently from the disease; (ii) compared to patients, CN individuals can easily perform
tasks, making it possible to explore the effective connectivity related to specific cognitive tasks;
(iii) the effect of genetic risk variants on brain network functioning can be examined in absence
of confounding factors, for example, illness or medication; (iv) all genetic variant profiles are
included in the sample; and (v) longitudinal follow-up on CN individuals at increased risk for AD
would make it possible to test forms of prevention, trace pathophysiological trajectories from
health to dementia, and identify an effective therapeutic window for early preclinical stages of
AD.

Here, we present data across the lifespan, from childhood to old age, to point out potential
temporal trajectories in CN individuals carrying genetic mutations associated with AD (Figure 1)
[26].

Given the central role of the hippocampus in AD neurodegeneration [30], considerable effort
has been devoted to study its possible functional connectivity alterations early in life in CN
individuals at genetic risk for AD. The influence of the innate genetic patterns on hippocampal
connectivity was reported in young individuals [31–33], although results partially disagree. On
the one hand, carriers of the G homozygote mutation in BIN1 [33], and the C allele polymor-
phism inCLU [31] both showed decreased hippocampal–dorsolateral prefrontal cortex (dlPFC)
connectivity, while individuals carrying the PICALM risk genotype (G allele) showed reduced
strength connectivity between the hippocampus and both the Pcu and the superior frontal
gyrus [32]. On the other hand, increased hippocampal connectivity with widespread DMN
regions was found in young CLU-C [32] and APOE e4 carriers [34,35]. Such hippocampal
hyperconnectivity was assumed to reflect a compensatory brain response to decreased white
matter connections [36,37] and may predict future cognitive decline [38–40]. As hippocampal
subfields exhibit specific functional connections [41,42], considering the entire hippocampus
may be amajor methodological limitation of the above studies. In this regard, Trachtenberg and
colleagues [43] reported differences in the anterior hippocampal network (AHN) and posterior
hippocampal network (PHN). Hippocampal subfields exhibit specific functional connections,
and in line with this, the APOE e4 genotype more severely affects the connectivity of the AHN
rather than the PHN [43]. In particular, the APOE e4 genotype may more severely affect the
connectivity of the AHN rather than PHN [43]. In line with this remark, a variety of parietal and
frontal regions, and the basal ganglia, displayed increased connectivity with the AHN and
decreased connectivity with the PHN in young CN APOE e4 carriers. This pattern was recently
replicated during memory tasks in a fMRI study with a sample of middle-aged individuals (mean
age[226_TD$DIFF], 65 years) [44]. Interestingly, only individuals from older adult communities, care centers,
and memory clinic groups were included, to increase the chance of recruiting participants with
4 Trends in Neurosciences, Month Year, Vol. xx, No. yy
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Cogni�ve intact individuals

APOE
19q13.32

PICALM
11q14.2

CLU
8P21.1

BIN1
2q14.3

Figure 1. Main Effects of Genetic Risk Factors for AD on Brain Functional Connectivity in Cognitively Normal
Individuals. Schematic illustration of the main networks influenced by genetic variations in cognitively intact individuals.
Mutations in the APOE or CLU genes affect the functional connectivity of (i) the anterior DMN (red), including the anterior
cingulate and the middle prefrontal cortices; (ii) the poster DMN (blue), including the posterior cingulate cortex, the
precuneus, the inferior parietal lobe, and the retrosplenial cortex; and (iii) the hippocampus (green). [214_TD$DIFF]By contrast, BIN1 and
PICALM genetic variations seem to affect essentially the hippocampal connectivity. AD, Alzheimer’s disease. This figure is
a derivative of the work created by Vivid Apps and AXS Biomedical Animation Studio for Cold Spring Harbor Laboratory
DNA Learning Center (https://www.dnalc.org/resources/3dbrain.html).
age-relatedmemory concerns andwith an increased likelihood of at least one copy of theAPOE
e4 allele. Theremay also be an APOE e4� gender interaction on the DMN [45,46]. Compared to
males, female APOE e4 carriers exhibited reduced functional connectivity of the hippocampus
with the posterior regions of DMN (Pcu and PCC) [45]. Further testing revealed a significant
interaction between APOE genotype and sex in the precuneus, a major DMN hub [45,46]. The
study by Damoiseaux and colleagues revealed lower DMN connectivity in female e4 carriers
compared to either female e3 homozygotes or male e4 carriers, whereas males carrying the e4
phenotype were marginally different from e3 homozygote males [46].

After extending the analyses of functional brain connectivity at rest in CNmiddle-aged APOE e4
carriers to different areas of the DMN, a highly consistent pattern emerged. On the one hand,
decreased DMN connectivity was detected in the PCC/Pcu and orbital frontal cortex [47,48];
on the other hand, increased DMN connectivity was found in MTL and PFC structures [47,48].
Almost overlapping results were observed in elderly APOE e4 carriers [49–53], even before the
onset of brain amyloid accumulation processes [20,48].

Nevertheless, the inclusion of both middle-aged adults and elderly in the same sample
generated conflicting results: both decreased [51] and increased [35,52] connectivity were
found in a number of DMN nodes, including MTL, PCC, and Pcu.

The fact that both decreased and increased functional connectivity were found at rest might be
due to differences in methods and analyses, such as the choice of seed region of interest
[227_TD$DIFF](ROI) derived from an event-related fMRI task [52], [228_TD$DIFF]independent component analysis (ICA) [35],
or graph measures [51]. Further investigations are needed to clarify these discrepancies.
Trends in Neurosciences, Month Year, Vol. xx, No. yy 5
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It should be highlighted that, as age increased, e2 carriers presented a grown DMN functional
connectivity, while this was decreased in e4 carriers [54]. This finding corroborates the
hypothesis of antagonistic pleiotropic properties of the APOE e4 allele, stating that APOE
e4 carriers may enjoy some cognitive benefits during early life, but exhibit impaired brain
function in late adulthood [55].

Further analyses revealed that differences in individuals carrying the APOE e4 allele are not only
limited to the DMN. Young adult APOE e4 carriers showed increased functional connectivity in
the sensorimotor network [34] and decreased connectivity between the auditory network and
several other brain regions in the frontal, temporal, and parietal cortices, as well as in the basal
ganglia [43]. Furthermore, elderly APOE e4 carriers displayed increased connectivity in the
salience network, which is comprised of the dorsal anterior cingulate cortex (dACC), the
frontoinsular cortices and subcortical and limbic regions [49,53]. Again, a number of additional
brain regions, not typically involved in AD, such as the dorsal occipital cortex and the
frontoparietal operculum, showed differences in functional connectivity in CN APOE e4 carriers
compared to non-carriers [50]. The dissimilarities previously described may reflect supplemen-
tary effects� either genetically mediated during brain neurodevelopment or caused by an early
low degree of amyloid deposition not yet detectable by positron emission tomography (PET)
scanning. Indeed, recent studies demonstrated significant associations between t PET uptake
or t protein concentrations in CSF and alterations in functional connectivity [56,57]. Therefore,
investigation of inter-systems dynamics is warranted, such as the interplay of the genetic,
molecular, and functional associations is warranted.

In conclusion, existing evidence describes early detectable brain functional connectivity pat-
terns in CN individuals carrying BIN1, CLU-C, PICALM, and APOE genetic polymorphisms that
highly correlate with the functional imaging markers found in AD. In particular, neural changes
detected in young carriers may trigger late life functional differences.

Preclinical AD
According to the International Working Group (IWG)-2 diagnostic research criteria, individuals
carrying an autosomal dominant ADmutation with virtually full penetrance, that is,APP, PSEN1,
or PSEN2 mutations, are defined as presymptomatic AD, as they inevitably develop neurode-
generative signs [58].

Functional brain connectivity in individuals with PSEN1 mutations was recently investigated in
children (9–17 years old) with altered blood-based and brain imaging biomarkers. Notably, they
showed an increased brain activity in parietal regions during a memory tasks and increased rs-
fMRI functional connectivity between PCC and MTL regions [59]. Accordingly, young (18–30
years old, [60]) and middle-aged presymptomatic individuals (mean age [226_TD$DIFF], 45 years [61–63])
displayed lower intrinsic connectivity in posterior [60–63], and temporal [62] nodes of the DMN
compared with controls. Significant correlations were observed between rs-fMRI measures (Z
scores) and CSF Ab42, P-t181p, and T-t protein concentrations [63]. Alterations in young and
middle-age adults were also observed in frontal regions; however, results are still debated
because of decreased [60] as well as increased DMN connectivity [62] results. The heteroge-
neity of evidence in presymptomatic adults indicates that there is no simple interpretation of
autosomal dominant-related changes in resting state functional connectivity. Explanations for
such findings may include: (i) compensatory responses related to individual cognitive reserves;
(ii) aging-related developmental modifications in the brain networks architecture, independent
of the genetic pattern; (iii) interaction with other genes; (iv) neurotransmitter failure; and (v)
differential impact on brain function of the different Mendelian AD mutations on brain function.
Overall, these data indicate the presence of a relevant genetic impact on functional connectivity
due to APP or PSEN1/2 mutations.
6 Trends in Neurosciences, Month Year, Vol. xx, No. yy
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Interestingly, reduced DMN functional connectivity, as detected in individuals carrying autoso-
mal dominant mutations, does not differ from the one observed in APOE e4 carriers [60].

Overall, findings in presymptomatic AD individuals suggest that abnormalities in resting-state
networks potentially represent a valuable biomarker to detect early preclinical stages of AD
(Figure 2).

To the extent of the existing knowledge, the influence of genetics on the functional architecture
in the asymptomatic at-risk state for AD [58], that is, CN individuals showing positivity to AD
pathophysiological markers, has yet not been examined.

Patients with AD Dementia
To date, no published studies have identified effects of specific genotypes on functional
connectivity patterns in patients with prodromal AD [52] or with mild cognitive impairment
(MCI) due to AD [57], that is, MCI individuals with a positive core biomarker signature positive,
who have a high likelihood of progressing to AD dementia within a few years.

The substantial effects of the APOE e4 allele on the intrinsic functional architecture have been
reported in patients with AD dementia (Figure 3). Specifically, AD demented APOE e4 carriers
exhibited a selective weakness in both intra- and internetwork integration that predominantly
Presymtoma�c individuals

PSEN1
14q24.2

APOE
19q13.32

APP
21q21.3

PSEN2
1q42.13

Figure 2. Main Effects of Genetic Risk Factors for AD on Brain Functional Connectivity in Presymptomatic
Individuals. In presymptomatic individuals, genetic effects of [215_TD$DIFF]APP, PSEN1, PSEN2, and APOEwere shown in the resting-
state functional connectivity of the posterior DMN (blue). In addition, while [216_TD$DIFF]APP, PSEN2, and APOE influence the anterior
DMN (red), [15_TD$DIFF]PSEN1 mutations affect the temporal lobe (purple). APOE variants affect functional connectivity as well, in
sensorimotor, auditory and salience networks (not shown). AD, Alzheimer’s disease. This figure is a derivative of the work
created by Vivid Apps and AXS Biomedical Animation Studio for Cold Spring Harbor Laboratory DNA Learning Center
(https://www.dnalc.org/resources/3dbrain.html).
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resided in the posterior part of the DMN [22,23] and in the executive control network [23].
However, significant results of APOE e4 effect on the DMN are not consistently reported
[22,64,65]. This gap may originate from the high degree of sporadic AD complexity and
heterogeneity, which potentially may involve different biological and neurophysiological sys-
tems at different levels. For instance, familial autosomal dominant AD individuals with PSEN1
mutations have shown strong decreased frontal connectivity; [229_TD$DIFF]by contrast, results observed in
posterior networks were unclear [61,62].

In conclusion, these findings further support the belief that differences in genetic predisposi-
tions could differentially impact on brain function during cellular/molecular pathophysiological
stages. Additional research on the interaction among genetics, biology, and environmental
factors as well as their influence on brain functional connectivity in AD needs to be conducted.

Genetics of Brain Biomarkers
Some of the issues related to explicate the functional effects of AD risk genotypes in the brain
may be addressed by exploiting large consortia linking the areas of neuroimaging and
genetics. The use of genome-wide association studies led to identification of >20 genetic
susceptibility loci in AD versus CN individuals [66]. In this regard, the Enhancing Neuro
Imaging Genetics through Meta-Analysis (ENIGMA) consortium [67–69] (http://enigma.ini.
usc.edu/) has recently discovered >20 genetic loci that are consistently associated with brain
structural MRI-based measures, in >30 000 individuals worldwide. Loci affecting the risk for
neurodegenerative diseases overlap substantially with those affecting brain markers. The
authors found that the microtubule associated protein t [230_TD$DIFF]gene (MAPT), which is related to
AD demen�a

PSEN1
14q24.2 APOE

19q13.32

Figure 3. Main Effects of Genetic Risk Factors for AD on Brain Functional Connectivity in AD Dementia
Individuals. Neuroimaging genetics results in AD dementia patients are still controversial. However, functional alterations
at rest resulted in the posterior DMN (blue) in AD diseased individuals with PSEN1mutations, and in the anterior DMN (red)
in APOE e [217_TD$DIFF]4 carriers. Abbreviation: AD, Alzheimer’s disease. This figure is a derivative of the work created by Vivid Apps and
AXS Biomedical Animation Studio for Cold Spring Harbor Laboratory DNA Learning Center (https://www.dnalc.org/
resources/3dbrain.html).
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Outstanding Questions
Evaluating whether functional connec-
tivity at rest can be developed as a
reliable biological marker for establish-
ing and improving early AD stratifica-
tion, detection, and diagnosis.

Investigating reasons why functional
connectivity at rest is decreased in
the posterior part of DMN and
increased in the anterior part in individ-
uals with increased genetic risk for AD.

Exploring mechanisms whereby the
detrimental deposition of proteins in
AD, for example, Ab and hyperphos-
phorylated t proteins, spreads to inter-
connected hub regions.

Elucidating whether the detrimental Ab
deposits cause the functional network
alterations or vice versa.

Examining whether (and how) sex, life-
style, and genetic predisposition inter-
act to affect functional brain networks
in preclinical stages of AD.

Compiling large functional neuroimag-
ing genetics data over the lifespan, to
stratify the population into subsets of
individuals with different genetic risk
profiles and functional connectivity
patterns, and to assess the reproduc-
ibility of the outcomes in cohorts
worldwide.
Parkinson’s disease, contains polymorphic loci that appear to boost intracranial volume early in
life [70]. Similarly, the APOE genotype showed a gradually increasing effect on hippocampal
volume ranging from minimal effects in young adults to strong effects in old age [70]. Such
evidence supports the antagonistic pleiotropy that some genetic risk factors for neurodegen-
erative diseases may have a positive influence early in life. Efforts to harmonize functional
connectivity phenotypes worldwide should soon reveal whether functional networks implicated
in AD show similar or different genetic effects to those seen for structural markers of AD. In this
regard, normative data compiled over the lifespan will be useful to stratify into groups with
different profiles of genetic risk, as the ENIGMA consortium has done for structural MRI
measures. A second benefit of large genetic consortia is their ability to determine the repro-
ducibility of effects in cohorts worldwide. This is crucial as claims of genetic effects in one cohort
may not always persist when tested more generally (see, e.g., [71] for an analysis, in >6000
individuals, of genetic markers claimed to affect white matter integrity assessed with diffusion
MRI).

Concluding Remarks and Future Perspectives
Overall, evidence is building that several genes associated with AD risk are able to differen-
tially disrupt brain functional connectivity at rest in CN, presymptomatic, and symptomatic
AD individuals [72]. Such neural differences are detectable in CN mutation carriers of
APOE, PICALM, CLU, and BIN1 genes across the lifespan. Relatively consistent at-rest
functional neuroimaging data show decreased connectivity in the middle and posterior DMN
regions, including PCC and Pcu, and increased DMN connectivity in the frontal and lateral
structures, such as the middle temporal and the prefrontal cortices. Additional functional
connectivity alterations associated with the APOE polymorphism were identified in the
salience [49] and auditory [43] systems. Accordingly, presymptomatic AD individuals exhib-
ited abnormalities in the DMN [61,62], even at a young age [59,60]. [214_TD$DIFF]By contrast, significant
results were not consistently reported in symptomatic AD dementia patients [61,62], despite
two studies reporting a selective alteration of the DMN [22,23] and the executive control
network [23].

As a result, existent findings seem to converge in proposing a substantial, although not
conclusive, relationship between genetics and functional brain networks in the AD clinical
spectrum. However, caution in interpreting the reliability of the outcomes is warranted since
large replication studies need to be conducted.

Notably, no direct genetic effect on neural networks was measured in the above-reported
studies. Indeed, while they investigated genetic predisposition at the level of polymorphic
markers in the genome, complementary data should be produced to identify the gene
expression in the known AD functionally-related networks (see Outstanding Questions).
In this regard, Richiardi and colleagues [25] indicated a set of 136 genes exhibiting
well-orchestrated fluctuations in their expression levels across networks, in healthy adoles-
cents. From a molecular viewpoint, these genes are strictly related to ion channel activity,
neurotransmitters, and synaptic function, thus suggesting an intrinsic association of brain
functional connectivity with complex synaptic mechanisms. Given the evident convergence of
such multimodal dimensions in healthy young individuals, a key future perspective is to define
gene expression profiles related to nonpathological variations in structural and functional
connectivity networks in CN older adults. Secondly, patterns of altered functional connectivity
networks need to be identified in clinical and preclinical cohorts, such as presymptomatic and
asymptomatic at-risk for AD individuals (amyloid positive) compared with CN age-matched
older controls (amyloid negative). Eventually, the trend in neuroimaging genetics will be to
embrace novel approaches, such as the concept of genome-wide association coupled with
high-throughput functional neuroimaging [73], or even genome-wide connectome-wide
Trends in Neurosciences, Month Year, Vol. xx, No. yy 9
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screening [74] to disclose complex genetic traits in CN individuals and across the full AD
spectrum.

The final goal in AD translational bench-to-bedside-to-bench (reverse translation) research is to
develop multimodal neuroimaging-genetic-driven personalized signatures and screenings to
enable the development of customized and biomarker-guided targeted therapies, thus improv-
ing patient care [3,75]. Recent years have witnessed substantial achievements in biomarker-
guided therapeutic strategies in more advanced translational research areas of biomedicine,
such as oncology and cardiovascular medicine [76,77]. This path to the paradigm of precision
medicine (PM) for detecting, treating, and preventing complex multifactorial neurodegenera-
tive diseases, including AD, will likely transform and revolutionize neurology, psychiatry, and
neuroscience via breakthrough advances in sensitive, specific and integrated genomic/epi-
genomic, neuroimaging and biofluid biomarker screening, biological staging and patient subset
stratification, and earliest biological detection of pathophysiological mechanisms [2,3,78,79].
This will allow both early prevention [79,80] and, ultimately, successful development of com-
binatorial disease-modifying treatments based on the individuals genetic and pathophysiologi-
cal profile [76,77].

Significant advances in drug discovery and development programs are still substantially limited
by the traditional [231_TD$DIFF]‘one-drug-fits-all’ approach, which reductionistically categorizes the contin-
uous genetically and biologically heterogeneous spectrum of different neurodegenerative
diseases, including polygenic AD, as hypothesized homogeneous clinicopathological or clin-
icobiological entities. [214_TD$DIFF]By contrast, the emerging PM paradigm aims to overcome these
historically grown challenges, notably the reductionistic clinically descriptive disease categories
[76,77]. Notably, the PM strategy will facilitate a paradigm shift in AD and other neurodegen-
erative diseases away from the outdated “one-size-fits-all” approach in drug discovery,
towards (i) biomarker-guided, molecularly tailored therapies for precise and effective treatment
of molecular pathophysiological pathways associated with AD; and (ii) prevention options
[76,77,80]. As a result, next-generation neurologists and psychiatrists (as the oncologist today),
supported by interdisciplinary colleagues, for example, geneticists, neurochemists, neuro-
radiologists, neuropsychologists, together with data science specialists and biostatisticians,
will be able to precisely deliver biomarker-guided, targeted and timed interventions adapted to
the genetic and biological profiles of individuals at the preclinical stage of AD and other
neurodegenerative diseases. Currently, this objective has been conceptualized and operation-
alized by the international pilot Alzheimer Precision Medicine Initiative Cohort Program (APMI-
CP) [76,77].

According to the interdisciplinary and translational systems theory � allowing the implementa-
tion of novel and original models to elucidate all brain systems levels � and the PM paradigm,
genetically and biologically distinct AD individuals may develop and display converging and/or
overlapping clinical phenotypes with distinct combinations of underlying structural and func-
tional neuroimaging genetics patterns that may be subject to dynamic variations across all
different stages of the chronically evolving disease spectrum [3,78,79]. As a result, integrating
functional brain indices as dynamic biological markers � through integrative disease modeling
[76,77] � will complete and further enhance and differentiate the early identification of disease
systems endophenotypes [76,77].
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