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Abstract
Often viewed as a potential tool for preclinical diagnosis in early asymptomatic stages of
Alzheimer’s disease (AD), the term “endophenotype” has acquired a recent popularity in the field.
In this review, we analyze the construct of endophenotype—originally designed to discover genes,
and examine the literature on potential endophenotypes for the late-onset form of AD (LOAD).
We focus on the [18F]-fluoro-2-deoxyglucose (FDG) PET technique, which shows a characteristic
pattern of hypo-metabolism in AD-related regions in asymptomatic carriers of the ApoE E4 allele
and in children of AD mothers. We discuss the pathophysiological significance and the positive
predictive accuracy of an FDG-endophenotype for LOAD in asymptomatic subjects, and discuss
several applications of this endophenotype in the identification of both promoting and protective
factors. Finally, we suggest that the term “endophenotype” should be reserved to the study of risk
factors, and not to the preclinical diagnosis of LOAD.
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Introduction
Alzheimer’s disease (AD) is the first cause of dementia and is characterized by progressive
cognitive, functional and behavioral deficits. The number of patients worldwide is projected
to almost quadruple by 2050, reaching 1 in 85 individuals [1]. While early neurofibrillary
tangles and amyloid plaque pathology are estimated to occur decades before the symptoms
[2, 3], a clinical diagnosis is not possible until a more advanced symptomatic stage of the
disease, generally less than 10 years before death [4, 5]. Current research aims to detect the
earliest manifestations of biological pathology, in the scope of a shift of paradigm from late
intervention—where treatments are started after cognitive decline—to prevention, targeting
at-risk asymptomatic patients with disease-modifying drugs. In this paradigm, in parallel
with the development of biomarkers for AD, the term “endophenotype” has acquired a
recent popularity [6–9].

The construct of endophenotype is designed for identifying genes involved in complex
behaviors. The concept was first proposed to account for the geographical distribution of
grasshoppers [10]. As opposed to exophenotypes, that are external and apparent features of a
phenotype (signs and symptoms that can be assessed during a standard clinical evaluation),
endophenotypes refer to internal or subclinical traits (signs that require neuropsychological,
biochemical, electrophysiological and neuroanatomical measures) [11]. Gottesman and
Gould [12] provide a practical definition of endophenotype:

1. It is associated with illness in the population.

2. It is heritable.

3. It co-segregates with the illness.

4. It is state-independent (i.e., it manifests in an individual whether or not illness is
active).

5. It is found in non-affected family members at a higher rate than in the general
population.

The construct of endophenotype is particularly useful in psychiatry, as it fills the gaps in the
causal chain between genes and behavioral phenotypes. Identification of these “intermediate
traits” can help decipher complex rules of etiology by measuring, closer to the genes than
the full-blown syndrome, the effects of epigenetic factors and environment [13] (see Fig. 1).
To date, several endophenotypes have been proposed and used in genetic studies of
schizophrenic patients and their relatives: e.g., deficits in sensory motor gating [14–16], eye-
tracking dysfunction [17, 18] that mapped to the loci on chromosome 15 and 6, respectively
[19, 20]. Working memory deficits have been used for identifying loci on chromosome 1
[21] and led to a polymorphism in the gene coding for Catechol-O-methyl-transferase on
chromosome 6 when associated to fMRI measurements [22].

In the field of AD research, the study of endophenotype could be particularly relevant in the
late-onset form of AD (LOAD). As opposed to the rare “familial” early-onset form of the
disease (EOAD), which is known to follow a Mendelian pattern of inheritance of highly
penetrant mutations in three genes (APP, PSEN1 and PSEN2), the etiology of the more
prevalent “sporadic” LOAD seems more complex and largely multifactorial, including a
large number of genes with limited penetrance. Quantitative endophenotypes could,
therefore, help capture and translate these small genetic effects into measurable scales.

Several studies have identified AD-related biological traits in both asymptomatic carriers of
an apolipoprotein E (ApoE) E4 allele [23, 24] and in AD first-degree relatives [25],
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suggesting a number of possible endophenotypes for AD that include: neuropsychological
tests [26], quantitative EEG [27], plasmatic and CSF Aβ42 [28, 29], volumetric MRI [30].
Positron emission tomography (PET) imaging of amyloid plaques measured by cortical
binding of N-methyl-[11C]2-(4′-methylaminophenyl)-6-hydrox-ybenzothiazole, known as
Pittsburgh Compound-B (PIB) [31–33] and PET glucose metabolism imaging with [18F]-
fluoro-2-deoxyglucose (FDG) [34] are two techniques that could also identify
endophenotypes of AD. We will concentrate this discussion on the use of FDG-PET.

FDG-PET provides qualitative and quantitative estimates of regional cerebral metabolic
rates of glucose (CMRglc), considered as an index of synaptic activity [35] and density [36].
In AD, the most prominent and consistent CMRglc findings are decreased metabolism
starting in the entorhinal cortex (EC) [37] and hippocampus (Hip) [38, 39], and spreading to
posterior cingulate cortex (PCC), temporoparietal areas, precuneus and prefrontal cortex in
more advanced stages [34, 40–42]. This pattern of regional hypometabolism appears to be
strongly associated with AD, yielding sensitivity and specificity as high as 93% [40]. It also
appears to have a higher accuracy than PIB-PET [43] (85 and 75%, respectively) in the
distinction of normal versus mild cognitive impairment (MCI), a prodromal stage of
dementia [44, 45] characterized by milder abnormalities in the same areas except for frontal
cortex [46–53]. Last, in MCI and AD, it has been demonstrated that metabolism reductions
exceed volume losses [38].

An FDG-PET endophenotype of AD has been described both in carriers of allele ApoE E4
and in subjects with a maternal family history of AD. This metabolic profile is similar and
milder in cognitively normal than in symptomatic patients.

Although a precise definition of the concept is rarely given in the literature, the expression
“endophenotype” is interchangeably used as “surrogate marker”, suggesting that
manifestation of the endophenotype in asymptomatic subjects foreshadows clinical decline
and could be used as a “surrogate endpoint” for assessing prevention treatment efficacy [54,
55]. In the event that all subjects who present the endophenotype decline to AD (positive
predictive accuracy), preclinical metabolic abnormalities should be considered a diagnostic
(or state) marker for the disease (after considering the negative predictive accuracy or
specificity). This critical issue is discussed below.

The goals of this article are: (1) to review FDG-PET studies in populations potentially
manifesting a heritable metabolic endophenotype of AD, i.e., normal subjects with family
history (FH) of LOAD or with the known ApoE E4 genetic risk; (2) to characterize the
metabolic pattern of an FDG-PET endophenotype of AD; (3) to weigh the rationale for
considering the FDG-endophenotype a predictor of future decline to LOAD; (4) to discuss
other applications of the FDG-endophenotype in AD.

The FDG-PET endophenotype
A large body of FDG-PET studies has been performed in AD and MCI patients; however,
there is a scarcity of studies in asymptomatic subjects genetically at risk for LOAD. A total
of ten FDG-PET studies have been published to date, eight in E4 carriers [56–63] and two in
first-degree relatives of AD patients [64, 65]. These studies are summarized in Table 1.

Studies in E4 carriers
FDG-PET studies in asymptomatic E4 carriers include six cross-sectional studies [56, 59–
63] and two 2-year longitudinal studies measuring the rate of metabolic decline [57, 58].
Overall, the general common pattern is a CMRglc reduction in the temporal and parietal
cortex, PCC and prefrontal cortex [55, 59–62]. Furthermore, longitudinal studies [57, 58]
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show that metabolism declines at a higher rate in temporoparietal cortices and PCC in E4
carriers compared to non-carriers, whereas metabolism in brain regions typically spared by
AD pathology does not show ApoE E4 effects, indicating specificity to AD.

Studies in maternal family history subjects
Two FDG-PET studies have been published in asymptomatic individuals with parental
family history (FH) of LOAD [64, 65]. The originality of these studies resides in the
evaluation of parental gender effect, dividing individuals with a positive FH (FH+) into
those with maternal (FHm) or paternal (FHp) FH of the disease. Compared to controls with
a negative FH of dementia, the FHm group show hypometabolism in the temporoparietal,
PCC, pre-frontal cortices, Hip and parahippocampal gyrus (PHG) compared to FHp and
controls, whereas no regions showed metabolic differences between FHp and controls.
Notably, these effects remain significant after controlling for ApoE status and other
confounding factors such as age, gender, subjective cognitive impairment (SCI) or level of
education. Longitudinally, over a 2-year follow-up interval, the FHm group shows
significantly greater decline in temporal and parietal cortices and PCC compared to FHp and
controls [65], indicating specificity to AD. As with the cross-sectional data, the FHp group
shows no regions of increased metabolic loss over time relative to controls.

Characterization of the FDG-PET endophenotype of Alzheimer’s disease
Although comparability of patterns is limited due to the heterogeneity of methods between
studies—region of interest (ROI) or voxel-based analysis with statistical parametric
mapping (SPM), the CMRglc cross-sectional findings in E4 and FHm groups seem to be
similar and for the most part overlapping, defining a pattern of hypometabolism in:
prefrontal, temporal, parietal cortices and PCC. A large body of studies reports a similar
pattern in AD patients [34, 40, 41] where the prefrontal cortex tends to be involved in more
advanced patients [42]. Of interest, PHG, and Hip seem to be more consistently affected in
FHm than in E4 carriers [63, 64], the latter region being reported to decline in most early
stages of AD [37–39].

FDG-PET studies show a common pattern of hypometabolism in asymptomatic individuals
at genetic risk in the same regions as reported in LOAD patients. The two populations found
to manifest with this endophenotype being E4 carriers (homozygote or heterozygote) and
children of AD mothers, should this trait reflect a genetic risk, it may not follow a simple
Mendelian transmission. It is also found in these subjects and their relatives at a higher rate
than in the general populations. Finally, the fourth criterion for an endophenotype is its
state-independence, meaning that an endophenotype is not found only in subjects actually
having the disease, but is found in the whole group of subjects at genetic risk. Although the
concepts of endophenotype and predictive/diagnostic marker should remain distinct, the
predictive value of an FDG-endophenotype with regards to AD has to be discussed.

Interpretation of the endophenotype
Discrepancy of the FDG pattern across ApoE4 and FHm studies: are there one or two
endophenotypes?

FDG reports in ApoE4 carriers focused mainly on CMRglc changes in the neocortical
regions typically affected by AD, such as the posterior cingulate, frontal and parieto-
temporal cortices [55–58, 62] while studies in individuals with a maternal history of LOAD
showed hypometabolism in AD-vulnerable neocortical regions as well as in medial temporal
lobes (MTL). This additional finding is of interest as the MTL are early affected in AD.
There are several possible explanations for the discrepancy across studies. First, previous
studies focused specifically on AD-neocortical regions, while we also included the MTL as
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a region of interest in all analyses. Reiman and colleagues [58] listed the MTL as an affected
region in ApoE-4 carriers, although this result was not emphasized as much as alterations in
neocortex. Second, it is possible that the use of different image analysis software may have
led to somewhat different results. For instance, we have demonstrated that Statistical
Parametric Mapping, at least the 1999 version, underestimated hypometabolism in the MTL
due to imprecise coregistration and spatial normalization in aging and dementia [42].
Another imaging software used in previous reports, Neurostat, does not allow one to
specifically evaluate the MTL as results are assessed using cortical surface projection maps
[58, 59]. Third, individuals with a maternal history of AD may be more prone to developing
MTL damage than ApoE-4 carriers, although the biological substrates responsible for this
effect are currently unknown. There may be more FDG-PET endophenotypes depending on
the risk factor under study, or one AD-specific FDG-PET endophenotype (posterior
cingulate, parieto-temporal and MTL hypometabolism) with some variability depending on
the subjects’ ApoE genotype and family history, which may differentially affect AD-related
regions.

Is the FDG-endophenotype a diagnostic marker of the disease?
FDG-PET data indicate that the E4 allele is associated with cortical CMRglc reductions that
seem to be present in E4 carriers regardless of their cognitive status (asymptomatic, MCI or
AD). This suggests a practical question: how much does the ApoE genotype impact on the
detection of an abnormal pattern of hypometabolism? In other words, when examining a
PET scan of an E4 carrier, if hypometabolism is present, is it to be considered a sign of AD
or only a genetic consequence with no clinical implications?

The basis for viewing FDG-endophenotype as a marker of AD progression [58] in the case
of ApoE4 is contextual. Historically, genetic linkage between allele ApoE E4 and AD
preceded the characterization of an endophenotype [56]. In addition, ApoE E4 has been
calculated to account for the majority of heritability (estimated to reach 80% [66]) for the
“sporadic” LOAD [67], illustrated by a prevalence of E4 allele reaching 40% in AD,
compared to 14% in non-AD population [24, 68]. Biochemical studies demonstrated the
critical role of ApoE4 at several levels of the disease: in neuronal repair [69], Aβ
fibrillization, plaque formation [70] and decreasing brain–blood clearance [71]. All these
effects presumably accumulate and translate into an increased risk of the disease, threefold
with one E4 copy, and 15-fold with two copies [69], and by reducing the age of onset by
almost 10 years for each copy of the allele [23]. Furthermore, several studies corroborate the
relationship between ApoE E4 and AD by demonstrating AD-related abnormalities in
asymptomatic E4 carriers compared to non-carriers: cognitive performance of carriers is
decreased as early as in adolescence [26], and fMRI studies reveal increased effort during
memory tasks in carriers [72, 73]. Finally, CSF and PIB studies show evidence for higher
levels of amyloid deposition [29, 74, 75] in E4 carriers compared to controls.

Although the contribution of other candidate genes for LOAD is probably minor [76], the
prominence of ApoE E4 has now been nuanced by the observation of an FDG-
endophenotype of AD [64, 65] in children of affected mothers controlled for ApoE E4.
These preliminary FDG-PET observations are complemented and extended by an MRI study
[30] that demonstrated significantly reduced gray matter volumes in AD-vulnerable regions
(frontal cortex, precuneus and lingual gyrus) in FHm group compared to FHp and control
groups. Additionally, a recent PIB-PET study showed that cognitively normal FHm have
more severe and widespread fibrillar amyloid-beta deposits than demographically matched
FHp group and controls [33]. These findings remained significant controlling for ApoE
genotype. While specific genes remain to be identified, there is a growing body of evidence
for a prevailing maternal transmission [76–78] in LOAD families. It was demonstrated in
1996 [77] that in AD patients with one affected parent, the ratio of AD mother:father is 3:1,

During et al. Page 5

Neurol Sci. Author manuscript; available in PMC 2013 November 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and that it increases to 9:1 when patients have in addition two or more affected siblings. A
review of the literature estimated that up to 30% of all LOAD cases are maternally inherited
[76]. Several possible inheritance mechanisms may be involved in selective hypometabolism
in FHm, including X-linked transmission, gender-dependent genomic imprinting, and
mitochondrial inheritance. Among these, mitochondrial DNA (mtDNA) is inherited solely
from the mother in humans and is transmitted equally to siblings. In the last 20 years,
evidence has accumulated that AD is associated with mitochondrial dysfunction, oxidative
stress and increased reactive oxygen species (ROS) production, as a consequence of reduced
cytochrome oxidase (COX) activity [79, 80], which also may enhance Aβ toxicity [81]. A
heritable deficient energy metabolism could by itself account for the functional and
structural abnormalities found in children of AD mothers, which does not exclude the
possibility of early subclinical consequences of AD pathology in some of these subjects
[74].

“Trait marker” versus “state marker”: a conservative definition of “endophenotype”
In the recent years, a gradual shift has led to conflate the terms endophenotypes of AD with
early markers of AD [27, 29]. We regard this as a conceptual fallacy contributing to the
confusion between the concepts of “trait marker” and “state marker” of a disease [82], the
former referring to an enduring and “state-independent” phenotype and the latter to the
punctual expression of pathology. Such a simplification may be due to five main factors: (1)
the high accuracy of FDG-PET in the diagnosis and prediction of both AD and MCI; (2) the
almost mechanistic relationship between ApoE E4 and AD; (3) the concept of
endophenotype itself—which allows being considered a vulnerability marker or
measurement of risk for a disease [7, 8]; (4) its potential contribution to the study of disease
mechanisms [6]; (5) and the fact that, for some authors, it can be age-normed [13], which
places the endophenotype on a timeline between the gene and the disease (see Fig. 1).

From an epidemiological perspective, the relationship to AD for both ApoE E4 and maternal
family history is limited; a large proportion of asymptomatic subjects carrying the risk
factors do not develop AD, which suggests both partial penetrance and probable
involvement of several other factors, genetic or not. Allele E4 and FHm status thus appear to
act as risk modifiers rather than risk determinants for the disease. From an imaging
standpoint, no longitudinal studies have yet been specifically conducted in subjects who are
genetically at risk to monitor the evolution of the FDG pattern from the asymptomatic stage
to MCI or AD. One longitudinal study followed 30 MCI patients over 16 months to evaluate
the predictive value of ApoE status (n = 17 E4 carriers) and FDG-PET abnormalities for
decline from MCI to AD [50]. Among the 17 E4 carriers a total of 12 declined to AD at
study end. While FDG-PET and ApoE E4 genotype taken independently showed limited
positive predictive values (PPV), the combination of the two risk factors (i.e., low
metabolism in E4 carriers) increased PPV to 100%. This study highlights the pathological
significance of reduced brain metabolism in a population predisposed to AD not only
genetically but also due to their ongoing cognitive decline and a mean age of 70 years old.
However, predictive value of hypometabolism in younger and asymptomatic subjects may
be lower than in the elderly with MCI [57].

Three longitudinal FDG-PET studies [37, 39, 83] that followed individuals including some
ApoE4 carriers from an asymptomatic stage to MCI or AD have been published, showing
early involvement of the entorhinal cortex [37], Hip [39] and angular gyrus [83] to be highly
predictive of future decline. Apart from the fact that these studies were conducted in elderly
subjects (mean age = 67–72 years old), they were not designed to show differences in the
pattern of metabolic decline between E4 carriers and noncarriers. In a clinico-pathologic
series of cases with longitudinal FDG-PET exams, two cases were both carriers of the E4
allele and were followed from normal cognition to postmortem-confirmed AD [84]. On
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FDG-PET, both cases showed a progressive pattern of hypometabolism starting in Hip
during the preclinical stage and spreading to cortical areas during progression to MCI and
AD. These two E4 carriers did not present the typical AD pattern of cortical
hypometabolism at the preclinical stage. Instead, hypometabolism was restricted to the
medial temporal lobe (MTL) at the earliest stage of decline, and cortical hypometabolism
reached statistical significance at the MCI stage of disease. These findings are consistent
with previous studies showing early involvement of MTL in future decliners to AD,
regardless of their genotype [37, 39]. No definitive conclusion can be drawn from these
findings, as the sample size is too limited. Prevalence studies are warranted to evaluate
individual variability in the expression of the potential FDG-endophenotype in E4 carriers
and FHm subjects.

Until clinical outcome longitudinal studies are conducted, we caution that an FDG-
endophenotype as defined above should be interpreted as an increased risk for developing
AD dementia rather than a surrogate marker of the disease. In other words, the
endophenotype could be seen as a “marker of risk” for AD, but evidence is still needed to
consider it a marker of clinical outcome (“surrogate endpoint”).

Pathophysiology of the FDG-PET endophenotype
Age being established as the most important variable in AD processes and susceptibility,
one can wonder whether findings of FDG-endophenotype in young adults may be
interpreted as equivalent to hypometabolism occurring later in life. Reiman et al. [59]
suggest that metabolic deficits in E4 carriers aged 25–36 years old may be due to a reduction
in activity or density of terminal neuronal fields innervating the implicated regions.
Pathological and imaging studies [85–87] suggest that FDG abnormalities in young adults,
should the pathology have already started, may be due to functional rather than structural
consequences of the disease. These early functional alterations could be a potential
“foothold” for the subsequent onset of AD pathology in the same brain regions [58].

Other authors also suggested that metabolic changes may locally hasten AD progression.
Buckner et al. [88] observed an important overlap between areas of preferential amyloid
deposition and a pattern of regions known as the “default neural network” [89]—regions that
are more active in passive states. Recently, findings of highly active regions
(interconnecting nexuses) located in the same default network suggest that regions that are
characterized by lifelong high levels of metabolism (i.e. active both during active tasks and
at rest) may preferentially be vulnerable to AD pathology [88].

Future directions
In search for causative genes

It is believed that an important part of the genetically driven risk factors for LOAD remains
to be unraveled [66]. The construct of endophenotype was originally designed for
identifying genes. In this respect, mitochondrial genetic risk modifiers for LOAD have
recently been suggested by evidence of findings of the FDG-endophenotype in children of
AD mothers. Furthermore, although showing weaker association than ApoE E4, several
other genes have demonstrated significant association with AD or its endophenotypes, e.g.,
episodic memory, hippocampal atrophy or plasma AB [90]. As reviewed by Glahn et al.
[91], combining the fields of neuroimaging—based on a quantitative trait—and genetics
presents several advantages and has proven more effective than an approach purely based on
clinical diagnosis. Genome-wide association studies have recently shown strong evidence of
novel AD genetic risk factors providing new insight into pathological pathways; for
example: CLU, coding for clusterin (also known as ApoJ), implicated in fibril formation and
Aβ clearance, and PICALM, involved in synaptic function and in the modulation of immune
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response [92]. Analysis of the genetic variants associated with AD would benefit from the
use of endophenotypes. Using entorhinal cortex thickness as anendophenotype of AD,
Saykin et al. [93] recently identified a single-nucleotide polymorphism of the gene PICALM
associated with AD.

One limitation of classical case–control studies resides in the large size of sample required
to detect gene effects. This is especially the case in LOAD, given the modest effect of new
candidate genes, as compared to ApoE. Studies based on quantitative traits or continuous
phenotypes have the advantage of both decreasing sample size requirements and increasing
power. In the same way, as previously suggested by the authors [73], FDG-endophenotype
could be used for investigating mtDNA or other genetic mechanisms in LOAD by pre-
selecting homogeneous populations to increase the power of haplogroup and subhaplogroup-
association studies.

In search for protective factors
In our analysis, we identify several factors contributing to the fallacy of interpreting an
FDG-endophenotype as a marker for the disease. A second shortcut may reside in the
assumption that a subject at risk, FHm or E4 carrier, systematically present with the FDG-
endophenotype. Yet, as all available studies provide only group data, the prevalence of the
AD pattern in these populations is unknown. Studies of the prevalence of the AD
hypometabolic pattern in E4 carriers and FHm populations are thus warranted to provide
useful information about individual variability as to the expression of metabolic effects.

A reversed application of endophenotype focusing on group of individuals genetically at risk
(due to their ApoE status or to their maternal family history) but who do not express the
endophenotype may help disentangle the causal relationship between endophenotype and
AD pathology and lead to the identification of protective factors for AD— whether genetic
or environmental. While aside from ApoE E2 [94, 95], no other genetic protective factor has
yet been identified; a critical advance rests on the discovery of protective genes and
preventive interventions and the exploration of their mechanism of action. Lack of metabolic
deficits in cognitively normal FHp individuals as compared to FHm subjects also suggests
protective mechanisms, although this remains to be investigated. This approach may
eventually lead to the development of disease-modifying drugs.

Conclusion
This review aimed to assess the validity of an FDG-endophenotype of LOAD and to discuss
its application and significance with regards to the disease. We found with high consistency
an FDG pattern of glucose hypometabolism in two subsets of populations: asymptomatic E4
carriers and subjects with a maternal family history of AD. This pattern of three regions—
temporo-parietal cortices and PCC—that may be extended to MTL, seems to be heritable
and specific to the disease, since it is otherwise only reported in patients diagnosed with AD
or the prodromal stage of MCI. However, this metabolic finding meets the criteria for an
endophenotype only when it is heritable or applied for investigating genetic risk factors (see
Fig. 2). This criterion is essential for discerning two distinct frameworks: (1) the construct of
endophenotype, where findings of AD-related metabolic abnormalities in asymptomatic
subjects are considered in their relation to a genotype. This framework is directed toward the
discovery of genetic or epigenetic risk factors, upstream to the FDG-endophenotype on the
causal chain, oriented right to left; (2) the framework of preclinical diagnostic marker of the
disease, where the same FDG finding is considered for its predictive value for AD. This
framework is oriented left to right, downstream to what could rather be called an
“intermediate trait”, and is applicable to any subjects regardless of their familial
background, i.e., the population at large. The confusion may arise when one conceptual
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framework is taken for the other, illustrating that an AD-related FDG finding with preserved
cognition may manifest—especially in advanced age—both a genetic risk and preclinical
signs of pathology. To clarify communication in future research, we suggest that the term
“endophenotype” only refer to the construct of endophenotype as defined above.

Finally, we suggest other applications of the FDG-endophenotype. First, as originally
designed, an endophenotype represents a useful proxy for evaluating genetic risk for the
disease, with several advantages including diminution of sample size requirements and
increased power. Second, all reviewed FDG-PET studies compare group data, not individual
data, and thus do not measure individual variability. A significant breakthrough could result
from studying E4 carriers or FHm subsets of populations who do not manifest the
endophenotype and/or do not decline to MCI/AD. This inversion of paradigm may allow for
studying protective effects—whether genetic or environmental—in individuals who are
otherwise genetically more expected to decline. Exploring these protective mechanisms
could pave the way for the development of more efficient therapeutic interventions, whether
secondary prevention with disease-modifying drugs or primary prevention hindering the first
steps of the pathological cascade of AD.
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Fig. 1.
The construct of endophenotype. Endophenotypes are defined as intermediate traits lying on
the causal chain closer to the genes than the disease. They are designed to identify genes and
measure the effect of epigenetic and environmental factors
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Fig. 2.
Two overlapping frameworks. The construct of endophenotype (left circle), where findings
of AD-related metabolic abnormalities in asymptomatic subjects are considered in their
relation to a genotype or familial background. This framework is directed toward the
discovery of genetic and epigenetic risk factors, and is oriented right to left. The framework
of preclinical diagnostic/predictive marker of the disease (right circle), where the same
FDG-PET findings are considered in their predictive value for AD. This framework,
oriented left to right, is applicable to any subject regardless of his familial background, i.e.,
the population at large
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