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ABSTRACT

FDG-PET is a useful paraclinical exam for the diagnosis of Alzheimer’s disease (AD). In this
narrative review, we report seminal studies in clinically probable AD that have shown the
importance of posterior brain metabolic decrease and the paradoxical variability of the
hippocampal metabolism. The FDG-PET pattern was a sensitive indicator of AD in
pathologically confirmed cases and it was used for differential diagnosis of dementia
conditions. In prodromal AD, the AD FDG-PET pattern was observed in converters and
predicted conversion. Automated data analysis techniques provided variable accuracy
according to the reported indices and machine learning methods showed variable reliability
of results. FDG-PET could confirm AD clinical heterogeneity and image data driven analyses
identified hypometabolic subtypes with variable involvement of the hippocampus,
reminiscent if the paradoxical FDG uptake. In studies dedicated to clinical and metabolic
correlations, episodic memory was related to metabolism in the default mode network (and
Papez’s circuit) in prodromal and mild AD stages, and specific cognitive processes were
associated to precisely distributed brain metabolism. Cerebral metabolic correlates of
anosognosia could also be related to current neuropsychological models. AD FDG-PET
pattern was reported in preclinical AD stages and related to cognition or to conversion to
mild cognitive impairment (MCI). Using other biomarkers, the AD FDG-PET pattern was
confirmed in AD participants with positive PET-amyloid. Intriguing observations reported
increased metabolism related to brain amyloid and/or tau deposition. Preserved glucose
metabolism sometimes appear as a compensation, but it was frequently detrimental and the
nature of such a preservation of glucose metabolism remains an open question. Limbic
metabolic involvement was frequently related to non-AD biomarkers profile and clinical

stability, and it was reported in non-AD pathologies, such as the limbic predominant age-



related encephalopathy (LATE). FDG-PET abnormalities observed in the absence of classical
AD proteinopathies can be useful to search for pathological mechanisms and differential

diagnosis of AD.
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1. Introduction

Alzheimer’s disease (AD) is a common neurocognitive disorder. It represents a serious
medical and socioeconomic problem. It is considered as a heterogenous neurodegenerative
disease, frequently evolving over decades, mainly characterized from a pathological
viewpoint by abnormal amyloid and hyperphosphorylated tau cerebral deposits, amyloid
angiopathy and synaptic loss (Jellinger, 2020). The early damage of synapses, inducing
network dysfunction, is the best correlate of the cognitive impairment in patients with AD
(Serrano-Pozo, Frosch, Masliah, & Hyman, 2011). Importantly, there are frequent non-AD,
age-related associated pathologies (such as hippocampal sclerosis, limbic-predominant age-
related TDP-43 encephalopathy, argyrophilic grain disease and aging-related tau
astrogliopathy) that may influence the clinical picture and the disease progression (Jellinger,
2020; Trejo-Lopez, Yachnis, & Prokop, 2022).

Positron emission tomography (PET) has a poor spatial resolution compared to MRI, but a
high sensitivity (it detects photons from trace quantity of radioligand, in nanomolar to
picomolar range) to demonstrate regional patterns of impaired cerebral biological processes
likely to correspond to different stages or different types of degenerative dementia. The
study of regional cerebral glucose metabolism through 18F-fluoro-deoxy-glucose positron
emission tomography (FDG-PET) plays a leading role in early detection of AD because the
decrease of cerebral metabolism precedes the onset of conspicuous AD symptoms, and
occurs even in a preclinical stage (Mosconi et al., 2010). A dementia of the Alzheimer type
cannot be diagnosed until obvious symptoms appear in the patient. Brain AD pathologies
have been shown to occur decades before dementia is diagnosed (Jack et al., 2013), and
studies have found that patients with AD show abnormalities in regional metabolism before

the occurrence of brain structure changes, that are downstream of the pathological event



(De Santi et al., 2001; Ibanez et al., 1998; Jagust et al., 2006). Moreover, the pattern of
regional hypometabolism is related to clinical symptoms and disease evolution. Accordingly,
FDG-PET was better than MRI for detecting participants with early onset mild cognitive
impairment (MCI) and a rapid conversion to AD (Dukart et al., 2013).

This narrative review will report the progressive demonstration of impaired cerebral
metabolism for the diagnosis and the prognosis of dementia and prodromal stages of AD
along with methodological considerations, the observation of subgroups with different
metabolic patterns, and studies dedicated to clinical correlates of reduced regional
metabolism, with a focus on episodic memory. We will present examples of the occurrence
of brain metabolic disturbances in preclinical stages of AD and report interactions between
glucose metabolism and other biomarkers in different stages and subgroups of AD and in

other age-associated neurodegenerative brain pathologies.

2. Patterns of impaired metabolism in typical AD

In the typical form of AD characterized by initial memory deficits, impaired metabolism was
first reported in the parietal regions of clinically probable AD participants (Chase, Foster, &
Mansi, 1983). A seminal observation in AD was the importance of hypometabolism in the
posterior cingulate cortex (PCC), a posterior medial region included in Papez’s circuit
(Minoshima, Foster, & Kuhl, 1994). Metabolic impairment has also been observed in
hippocampal structures, but not as consistently as neocortical hypometabolism (Mosconi,
2005). Glucose metabolism was paradoxically less impaired or even relatively preserved
compared to atrophy in the hippocampus, while FDG uptake was clearly reduced in the
precuneus of AD participants (Chetelat et al., 2008; Ishii et al., 1998; Tahmasian et al., 2015).

Involvement of frontal associative cortices was often observed during the progression of AD



dementia, including not only lateral prefrontal regions, but also the ventromedial prefrontal
cortex (Herholz et al., 2002). Accordingly, a meta-analysis reported that early AD affected
functionally the inferior parietal lobules and precuneus, while fully developed AD involved
additionally a medial frontal and thalamic network (Schroeter, Stein, Maslowski, &
Neumann, 2009). Likewise, a recent multivariate (principal components) analysis including
patients with cerebrospinal fluid AD biomarkers reported a pattern of decreased metabolism
in temporoparietal cortices, PCC, precuneus and in a posterior portion of the thalami
(Perovnik et al., 2022). The brain regions metabolically impaired in AD form a signature of
the disease and they were reported to belong to the « default mode network » (DMN),
involved in episodic memory and self-reference (Buckner et al., 2005). Hypometabolism is
actually observed in several networks with the progression of AD, but the DMN is more
impaired than other cognitive networks, such as the frontoparietal network, involved in
executive control (Grothe, Teipel, & Alzheimer's Disease Neuroimaging, 2016).

Importantly, it was rapidly emphasized that hypometabolism in the hippocampus, PCC and
medial prefrontal cortex is not specific for typical AD. It was reported in other types of
global amnesia (Perani et al., 1993) and memory impairment was related to disturbed
metabolism in regions of Papez’s circuit, consistently with the importance of this circuit for
episodic memory.

A seminal clinical study demonstrated that the regional brain metabolism studied with FDG-
PET was a sensitive indicator of AD and other neurodegenerative diseases in patients
presenting cognitive symptoms (Silverman et al., 2001). The authors presented a multicentre
group with pathologically confirmed diagnoses, where AD was identified in 70% (97/138) of
histopathologically examined cases. FDG-PET correctly identified the presence or absence of

AD in 88% of the cases, with a sensitivity of 94% and a specificity of 73%. In a group with a 3



years longitudinal clinical follow-up, a progressive course was documented in 59% (86/146)
of the participants. FDG-PET correctly predicted an ensuing progressive evolution with a
sensitivity of 91% and predicted a nonprogressive course with a specificity of 75%.

The accuracy of visual analysis of FDG-PET was shown to decrease in elderly participants,
justifying the use of quantitative analyses (Ng et al., 2007). Among the many quantification
methods, statistical parametric mapping (SPM) and three-dimensional stereotactic surface
projection (3D-SSP) have been widely used in research to statistically analyze brain FDG-PET
images (Friston, Frith, Liddle, & Frackowiak, 1991; Minoshima, Frey, Koeppe, Foster, & Kuhl,
1995). The two methods were shown to provide similar patterns of hypometabolism in AD,
but with some differences in the extent, severity, and location of metabolic changes,
suggesting that potential artifacts introduced by stereotactic anatomic standardization of
atrophied brains had to be taken into account (Ishii et al., 2001). The cerebral global mean or
few regions (cerebellum, pons, primary sensorimotor cortex, white matter) considered to be
less affected by the disease, can be used as reference for voxel or region-of-interest
normalization in the analysis (Yakushev et al., 2008).

FDG-PET was shown to be useful in differentiating AD from frontotemporal dementia (Foster
et al., 2007) and this diagnostic contribution was subsequently recognized by the Food and
Drug Administration. A multicenter study examined FDG-PET as a tool for the differential
diagnosis of AD, frontotemporal dementia (FTD) and dementia with Lewy bodies (DLB). The
researchers examined FDG-PET scans of 548 subjects collected from seven participating
centers, including 110 healthy individuals (normal control [NC]), 114 participants with mild
cognitive impairment (MCI), 199 with AD, 98 with FTD, and 27 participants with DLB
(Mosconi, Tsui, et al., 2008). Standardized disease-specific PET patterns were developed

using 3D-SSP and correctly classified 95% AD, 92% DLB, 94% FTD and 94% NC. AD FDG-PET



pattern was observed in 79% of MCI patients with deficits in multiple cognitive domains and
in 31% of amnestic MCI (aMCl). FDG-PET variability in MCI with nonmemory deficits ranged
from absent hypometabolism to FTD and DLB patterns. The usefulness of FDG-PET to provide
support to the differential diagnosis of AD, FTD and LBD was confirmed in a recent meta-
analysis (Na et al., 2024).

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) project has clearly confirmed the
feasibility and utility of multicentre PET studies in the evaluation of prodromal and mild
stages of dementia (Jagust et al., 2010). For example, such a study described 12-month
declines of brain FDG uptake in 69 probable AD patients, 154 amnestic MCl patients, and 79
cognitively normal participants from ADNI using SPM. The authors used an empirically
predefined statistical region-of-interest (sROI) to characterize declines of FDG uptake. The
AD and MCI groups each had significant 12-month declines of FDG uptake bilaterally in PCC,
medial and lateral parietal, medial and lateral temporal, frontal and also occipital cortices,
that were significantly greater than those in the NC group and that correlated with measures

of cognitive decline (Chen et al., 2010).

Concerning prodromal AD, a meta-analysis of baseline FDG-PET identified hypometabolism
in PCC/precuneus (the most robust difference), and also in the anterior cingulate cortex
(ACC), the left middle temporal gyrus and the left middle frontal gyrus (the later associated
to longer follow up duration) in aMCI converters compared to non-converters (Ma et al.,
2018). A longitudinal study in aMCl suggested that hippocampal atrophy progressively leads
to disruption of the cingulum bundle and uncinate fasciculus, which in turn leads to glucose
hypometabolism respectively in the PCC and in the subgenual ACC (Villain et al., 2010). Both
ventral and dorsal PCC actually showed decreased glucose metabolism in aMCl (Mutlu et al.,

2016), but the most consistently hypometabolic region in individual MCI participants was a



subregion of the posterior cingulate, the retrosplenial cortex (Nestor, Fryer, lkeda, &
Hodges, 2003).

From a clinical viewpoint, in a 5 years longitudinal study, FDG-PET visual assessment showed
high performance for predicting conversion to AD from MCI (Inui, Ito, Kato, & Group, 2017)
and a typical AD FDG-PET pattern analyzed with a voxel-based (SPM) method predicted
conversion to AD dementia in MCI participants (Caminiti et al., 2018). An expert paper
emphasized the high negative predictive value of a normal FDG-PET in participants with MClI
who will not subsequently decline (Arbizu et al., 2018). Automated data analysis techniques
have been developed to help detecting the AD-related pattern of hypometabolism in a single
index (Caroli et al., 2012). A systematic review of the accuracy of such indices to detect MCl
participants who will convert to dementia showed quite variable results (Smailagic,
Lafortune, Kelly, Hyde, & Brayne, 2018). In this review, best sensitive and specific values
were reported with the single case SPM analysis (Presotto et al., 2017).

A systematic review of machine learning (ML) methods applied to neuroimaging data
emphasized that the ADNI dataset was most commonly used (Borchert et al., 2023) which
might introduce selection bias. ML methods using FDG-PET allowed to distinguish MCl and
AD participants from controls (accuracy >78% and 86% respectively) and to predict MCI
conversion at different time periods (accuracies 72% to 80%). The authors emphasized
methodological variability and proposed consideration about reliability of results, the
differential diagnosis requiring multi-class classifiers was recognized as a hard problem, and
the importance of validation on independent datasets was addressed. Some more recent
models can identify patients with AD at different stages with high sensitivity and specificity,
and distinguish patients at the early MCI or late MCl stage (Duan et al., 2023). Accordingly,

deep learning has been reported to very accurately classify stable MCI versus progressive



MCI using ADNI FDG-PET images (Kishore & Goel, 2023), while a 3D convolutional neural
network provided a FDG-PET derived probability score able to predict conversion of MClI
participants to AD dementia (Yee, Popuri, Beg, & Alzheimer's Disease Neuroimaging, 2020).
In connection with the limited specificity of ML models (Aberathne, Kulasiri, &
Samarasinghe, 2023), a 3D neural network was also successfully used for classification of AD,
FTD or cognitively normal subjects based on brain glucose metabolism (Rogeau et al., 2024).
ML methods such as clustering analysis have also been used to differentiate subgroups of AD

participants with different clinical presentations and evolutions (see below).

3. Metabolic patterns and subgroups of AD

It is well recognized from a clinical viewpoint that AD does not present a unitary pattern of
symptoms in all patients (McKhann et al., 2011). Atypical presentations comprise
visuospatial (or posterior), logopenic and frontal variants of AD. Early FDG-PET studies
already emphasized that metabolic asymmetries were greater in patients with AD than in
controls and correlated with neuropsychological discrepancies between visuospatial and
language abilities (Haxby et al., 1990). FDG-PET was shown to provide different metabolic
patterns corresponding to the clinical variants in participants with AD positive cerebrospinal
fluid biomarkers (Sala et al., 2020). The frontal variant of AD has been characterized by
predominant medial and orbital frontal hypometabolism (Woodward, Rowe, Jones,
Villemagne, & Varos, 2015), but compared to an FTD group, AD frontal variant was
characterized by hypometabolism in dorsolateral prefrontal cortex, and also in precuneus
and lateral temporoparietal regions (Sala et al., 2020).

In amyloid-positive patients with AD type dementia, image data driven analyses identified

three main hypometabolic subtypes: “typical” (49%), showing a classic posterior
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temporoparietal hypometabolic pattern, “limbic-predominant” (44%), characterized a
memory-predominant cognitive profile, and a “cortical-predominant” (or hippocampal
sparing) subtype (7%) mainly characterized by “atypical” clinical presentations (Levin et al.,
2021). The variable involvement of the medial temporal lobe was not surprising, considering
the hippocampal metabolic paradox observed in previous studies of probable AD
participants. Diagnostic information provided by brain imaging methods on early stage AD
subtypes was recently reviewed (Herholz, 2022).

Two forms of AD onset have been defined based on the age: early-onset AD (EOAD) defined
as AD with clinical onset occurring in patients younger than 65 years and late-onset AD
(LOAD) defined as patients older than 65 years. In amnestic EOAD and LOAD,
hypometabolism was observed in the bilateral temporoparietal junction and the PCC (Aziz et
al., 2017). However, EOAD participants were shown to have lower metabolism in the
precuneus and the angular gyrus than LOAD ones (Tanner et al., 2022). Concerning patients
with familial AD, a study reported greater metabolic decrease in the PCC, parahippocampal,

and occipital cortex as compared to patients with sporadic AD (Mosconi et al., 2003).

4. Clinical correlates of decreased brain glucose metabolism

Correlation analyses between FDG-PET regional uptake and cognitive measures have been
key in unraveling the neural correlates of cognitive and clinical symptoms in AD, supporting
the refinement of theoretical neuropsychological models as will be illustrated below for
memory and anosognosia. Very recently, subscores of the Addenbrooke’s Cognitive
Examination were related to cerebral FDG-PET of participants with AD (Cabrera-Martin et al.,

2023). The language domain was associated with left hemisphere metabolism, within
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temporoparietal regions and left inferior and middle frontal gyri. The visuospatial domain
was correlated with metabolism in a large set of posterior brain regions, comprising bilateral
temporal lobe and inferior parietal lobule, angular and supramarginal gyri, precuneus, PCC,
lingual gyrus, and middle occipital gyrus. The memory domain was correlated with bilateral
superior, middle, and inferior temporal gyri, left parahippocampal gyrus and hippocampus,
posterior and middle cingulate gyri, precuneus, and inferior parietal lobule. Another study
correlated principal component analysis of neuropsychological tests and different naming
errors produced in different subgroups of AD patients to FDG-PET (Isella et al., 2022). A
factor grouping language tests and anomia or circumlocutions errors correlated with left
basal temporal hypometabolism. A visual processing factor clustering visuospatial tests,
visual and visual-semantic errors was associated with right parieto-occipital
hypometabolism. A phonology factor including the digit span and phonological errors was
linked with hypometabolism in the left temporo-parietal cortex, previously reported as
subserving a phonological store.

Studies on the neural correlates of memory impairment have been the most frequent ones.
In sporadic forms of EOAD, episodic memory impairment was correlated to hypometabolism
in the bilateral hippocampi and amygdala, entorhinal and parahippocampal cortices, PCC,
insula, lateral and medial orbitofrontal, the left frontal pole and the right superior temporal
cortex, taking regional atrophy as covariate (Vanhoutte et al., 2017). In MClI, episodic
memory scores were found to correlate with hypometabolism in a circumscribed bilateral
network encompassing the hippocampus, medial septum, PCC, retrosplenial cortex, ventral
precuneus, and the inferior parietal cortex, most regions belonging to Papez’s circuit. A
further cluster was located in the left dorsolateral prefrontal cortex (Grothe, Heinsen,

Amaro, Grinberg, & Teipel, 2016).
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Studies on memory in AD using neuropsychological evaluation showed that different systems
may become dysfunctional at specific stages of AD. In a mild stage of AD, episodic memory
performance was related to the level of glucose metabolism in medial temporal structures
and PCC (Desgranges, Baron, Lalevee, et al., 2002). In a recent memory model, the medial
temporal region is involved in representation of information, and the PCC subserves the
integration of memory-related operations and contents (Bastin et al., 2019). In a moderate
stage of AD, a correlation was observed between memory scores and the left temporal
cortex, known to be involved in semantic memory (Desgranges, Baron, Lalevee, et al., 2002).
Accordingly, semantic memory was positively correlated with left posterior middle temporal
metabolism, and it was more impaired in LOAD than in EOAD (Joubert et al., 2016). Scores
for recent autobiographical memories were correlated to metabolism in PCC, medial
temporal, medial orbitofrontal and ventrolateral prefrontal cortex in participants with
amnestic MCIl (Tomadesso et al., 2015). The medial orbitofrontal cortex would determine the
current individual significance of the information, while the ventrolateral prefrontal cortex
participates in cue specification for memory retrieval (Bastin et al., 2019).

Among studies exploring more specific mechanisms of episodic memory, a correlation was
reported between recognition of novel words and metabolism in right hippocampus
involved in recollection, whereas recognition of familiar words was related to metabolic
activity in the posterior orbitofrontal cortex more involved in a selection process (Lekeu, Van
der Linden, Degueldre, et al., 2003). The controlled free recall process was related to lateral
prefrontal metabolism involved in searching strategies, while cued recall was correlated with
glucose uptake in the medial temporal lobe, that would subserve the association between
category and item (Lekeu, Van der Linden, Chicherio, et al., 2003). Similar correlations were

previously observed for intrusions in free and cued recall respectively (Desgranges, Baron,
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Giffard, et al., 2002). In another neuropsychological study, mild AD patients and controls had
to remember item-color associations by imagining color either as a feature of the item to be
encoded (conjunctive memory) or as a contextual association (relational memory),
depending on binding capacities (Bastin et al., 2014). Partial Least Square analyses revealed
that poor conjunctive memory was related to hypometabolism in an anterior temporal and
posterior fusiform brain network, involved in entity representation. Decreased relational
memory in AD participants correlated with metabolism in regions of the default mode
network, comprising the retrosplenial cortex, that enables the reinstatement of the content
of episodic memories and also the temporoparietal cortex , the anterior medial prefrontal
and the dorsomedial prefrontal cortex (Bastin et al., 2014). The temporoparietal cortex is
involved in attention to memory (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008). The medial
prefrontal regions participate to an attribution system, and they are respectively involved in
self-referencing and metacognitive operations (Bastin et al., 2019). Voxel-based cognitive
and metabolic correlations showed that a decrease in controlled memory processes in very
early AD patients was preferentially correlated with lower activity in the dorsomedial
prefrontal cortex, included in a metacognitive DMN subsystem, and in the PCC, included in
the DMN core system (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010; Bastin et
al., 2010).

In participants with MCl and AD, impaired executive functioning was associated with
reduced parietotemporal metabolism (Habeck et al., 2012). In another study, a significant
positive correlation was observed between an inhibition factor (Hayling, delayed alternation
and phonemic fluency tasks) and an area including the left middle and superior frontal gyrus.
With regard to a coordination factor (dual-task paradigm, alpha-span and self-ordering

tasks), significant negative correlations were observed with three different regions: a
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cingulate area (BA 31) spreading to the right inferior parietal region, a right middle temporal
region, and finally with a left-sided area including the cingulate gyrus and a region at the
junction of the inferior and superior parietal gyrus (Collette, Van der Linden, & Salmon,
1999).

Consistent with the neuropsychological studies, a principal component analysis has been
applied on a large sample of FDG-PET images obtained in 225 patients with probable AD
(Salmon et al., 2009). One functional ensemble included structures from Papez's circuit
(medial temporal regions, posterior and anterior cingulate cortex, thalamus) and scores in
AD patients were related to episodic memory impairment. Another principal component
showed major metabolic variance in posterior cerebral cortices, and patients' scores were
correlated to instrumental functions (language and visuospatial abilities). A third component
comprised frontal, parietal, temporal and posteromedial (posterior cingulate and precuneus)
cortices, and patients' scores for this anterior-posterior brain network were related to
executive dysfunction and global cognitive impairment. The three main metabolic covariance
networks converged in the posterior cingulate area, the most frequently affected

connectivity hub in AD, capable of integrating multiple data.

Another important symptom in AD, anosognosia for cognitive impairment, was associated to
hypometabolism in the PCC (Gerretsen et al., 2017) and in the dorsal ACC (Guerrier et al.,
2018). In cognitively normal older adults, subjective memory complaints were associated to
reduced FDG uptake in the posteromedial cortex, that would allow integrated access to
current and past information on memory functioning (Vannini et al., 2017). Anosognosia of
AD participants for personality traits was related to metabolism in the dorsomedial
prefrontal cortex (dMPFC) that is involved in processing inferences regarding complex

enduring dispositions of self and others (Jedidi et al., 2013). The dorsomedial frontal regions
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would subserve metacognitive processes important for self-assessment (Salmon, Meyer,
Genon, Collette, & Bastin, 2024). Impaired connectivity between frontal and posterior
medial brain regions in resting state is consistently correlated to the degree of anosognosia
in AD (Antoine et al., 2019; Perrotin et al., 2015).

Impaired self-evaluation of cognitive capacities was related to a decrease in brain glucose
metabolism in medial temporal structures and in orbital prefrontal cortex (Salmon et al.,
2006). In a cognitive model of anosognosia, medial temporal dysfunction might impair a
relational mechanism between current information on cognition and personal knowledge,
while hypoactivity in the orbitofrontal cortex may not allow AD patients to select the
judgment adapted to their currently impaired cognitive abilities. Both medial temporal and
orbitofrontal metabolic decrease would impair updating of personal knowledge in AD
(Salmon et al., 2024). A discrepancy score between caregiver's and patient's evaluation
measuring anosognosia was negatively related to metabolic activity located in the
temporoparietal junction, consistent with an impairment of self-referential processes and

perspective taking in AD (Salmon et al., 2006).

5. Brain metabolism in preclinical stages of AD

PET has a high sensitivity since it reveals the molecular level changes prior to the onset of
structural changes in brain regions even in the preclinical stage of AD. In a 3-year longitudinal
study of 48 normal elderly individuals, 25% of subjects demonstrated cognitive decline. At
baseline, metabolic reductions in the entorhinal cortex accurately predicted the conversion
from normal to MCIl. Among those who had declined, the baseline FDG uptake reduction in

the entorhinal cortex predicted subsequent memory and temporal neocortex metabolism
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reduction (de Leon et al., 2001). Cognitively normal, late-middle aged carriers of the
apolipoprotein E epsilon 4 allele (APO-E4), a common susceptibility gene for LOAD, were
shown to have abnormally low FDG uptake in the same brain regions as patients with
probable AD (Reiman et al., 1996). Similarly, healthy APO-E4 carriers had reduced
metabolism within the left anterior medial temporal lobe, and a correlation was observed
between metabolism in this area and performance on a memory test (delayed matching to
sample-48 items), in line with converging evidence involving the perirhinal cortex in entity-

based memory (Didic et al., 2015).

In autosomal dominant AD, a significant decrease of glucose metabolism was observed in the
precuneus approximately 10 years before the expected onset of symptoms (Bateman et al.,
2012). However, in a sample of participants of the Dominantly Inherited Alzheimer Network
(DIAN) initiative, symptomatic mutation carriers had significantly lower levels of glucose
metabolism in isthmus cingulate and inferior parietal regions (and smaller hippocampal
volume) compared to non-carriers while there were neither metabolic nor volumetric
differences between non-carriers and asymptomatic mutation carriers, suggesting possible
compensation mechanisms (McKay et al., 2023).

The hypometabolic profile in AD-related regions has been observed at the group level in
subjects with subjective cognitive decline and it involves the parietotemporal cortex,
precuneus and parahippocampal gyri (Mosconi, De Santi, et al., 2008; Song, Choi, Oh, Chung,
& Chung, 2016). An association was reported in this syndrome between hypometabolism in
the right precuneus at baseline and the degree of longitudinal memory decline (Scheef et al.,
2012). However, single-subject SPM analysis of FDG-PET in a group of SCD participants

revealed quite heterogeneous patterns, comprising normal and frontal-like distribution, and
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about 10% only of AD-like or LBD-like or limbic predominant patterns (Tondo et al., 2022). In

the entire group, memory performance correlated with a typical AD-like FDG pattern.

6. AD and associated age-related pathologies
The ATN classification (amyloid, tau and neurodegeneration) has been extremely interesting
to further discuss AD and non-AD pathologies (Jack et al., 2018). Abnormal amyloid deposit
with or without tau proteinopathy is mandatory to define the Alzheimer’s continuum, while
it was reminded that FDG-PET is a measure of neurodegeneration that is not specific for AD.
It was confirmed that AD participants with positive amyloid-PET had reduced FDG uptake in
AD related associative cortices and in the hippocampus (Yang, Cummings, Kinney, Cordes, &
Alzheimer's Disease Neuroimaging, 2023). At two-year follow up, those AD subjects showed
significant decrease of metabolism in PCC, precuneus, parietal and temporal associative
cortices, but not in the hippocampus. In MCl participants with brain amyloid, a normal FDG-
PET at baseline was confirmed to predict clinical stability (laccarino, Sala, Perani, &
Alzheimer's Disease Neuroimaging, 2019). In cognitively normal older adults with positive
brain amyloid load (at-risk for AD), subjective memory complaints were associated to
reduced FDG uptake in the hippocampus (Vannini et al., 2017), that would progressively
impair the dynamic update of episodic memory.
An intriguing observation was that normal or even increased glucose metabolism could be
related to cerebral AD proteinopathy. Accordingly, in normal elderly subjects with variable
brain amyloid deposition, precuneus amyloidopathy was positively related to posterior
cingulate FDG uptake (Ossenkoppele et al., 2014). Participants with higher glucose
metabolism in a composite ROl comprising PCC, angular and inferior temporal cortices had

higher verbal episodic memory performance, suggesting that asymptomatic elderly controls
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at risk for AD can maintain their memory efficiency through increased regional metabolism.
In another sample of normal elderly participants with low amyloid load, higher inferior
temporal tau accumulation was related to higher PCC metabolism, while it was associated to
PCC hypometabolism in participants with high amyloid load (Hanseeuw et al., 2017). PCC and
entorhinal hypometabolism predicted subsequent memory decline in subjects with high
amyloid load. Among participants with high amyloid load, while amyloid deposition and FDG
uptake negatively correlated in precuneus and parietal cortex of the AD group, there was a
positive correlation in the MCI group (Cohen et al., 2009). In amyloid negative subgroups of
MCI participants, hypermetabolism was measured in several cortical regions (Ashraf, Fan,
Brooks, & Edison, 2015) and higher cortical tau was associated to higher FDG uptake
(Rubinski, Franzmeier, Neitzel, Ewers, & Alzheimer's Disease Neuroimaging, 2020). High right
frontal glucose metabolism was detrimental since it was associated with worse episodic
memory performance. When brain amyloid was increased in MCl subgroups, higher tau
levels were associated to lower FDG uptake in typical AD related regions (Rubinski et al.,
2020) and absolute values of glucose metabolism were decreased in the hippocampus
(Ashraf et al., 2015). Importantly, no causal relationship between AD proteinopathy and
cerebral glucose metabolism can be derived from those studies.

In a subgroup of aMCl participants with hippocampal sparing, FDG-PET pattern, amyloid and
tau-PET were positive and cognitive decline was fast (Boccalini et al., 2024). A variable
degree of tau accumulation was observed in the hippocampus and the nature of the
preserved medial temporal metabolism in MCI-AD remains an open question. It was
considered to be detrimental in MCl subjects with different etiologies since it was negatively
correlated with verbal fluency performance (Apostolova et al., 2018). A relatively preserved

glucose metabolism in the hippocampal formation was also observed in participants with
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Lewy Body Disease and it was negatively correlated with cognition or with episodic verbal
memory performance (Jeong et al., 2024; Kang, Jeon, Lee, & Ye, 2024).

In a population of normal adults, a group with only neurodegenerative abnormalities
(hippocampal atrophy and hypometabolism of AD-type) did not show any group differences
compared to a preclinical AD group (showing brain amyloid and subtle cognitive changes) on
measures of FDG-PET regional hypometabolism, MR regional brain volume loss and
cerebrovascular imaging lesions (Knopman et al., 2013). The concept of suspected non-
Alzheimer pathology has led to the hypothesis that AD-like neuronal injury may be
independent from brain amyloid proteinopathy (Chetelat, 2013). Accordingly, in a subgroup
of amnestic amyloid-negative participants with subtle atrophy and hypometabolism
restricted to the retrosplenial/posterior cingulate cortex, the clinical presentation and
follow-up remained consistent with AD (Chetelat et al., 2016). However, in another study,
two subgroups of amnestic MCl participants were defined by their FDG-PET pattern: a limbic
predominant and a typical AD metabolic distribution (Tondo et al., 2021). While the “typical
AD” subgroup had a high rate of progression to dementia, the “limbic predominant”
subgroup showed clinical stability over a mean duration of 8 years and only 7% conversion to
dementia. According to the ATN classification based on cerebrospinal fluid AD biomarkers,
46% of the limbic predominant group had a non-AD profile. A similar medial temporal
hypometabolic subgroup of aMCl participants was characterized by variable brain amyloid
deposit, no significant or MTL limited tau deposit and stable evolution, suggesting again a
non-AD pathology (Boccalini et al., 2024).

Large-scale autopsy series have estimated that approximately 15% to 30% of clinically
diagnosed probable AD patients do not meet neuropathologic criteria for AD (Mehta &

Schneider, 2021). For example, a distinct disease entity is called limbic predominant age-
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related TDP-43 encephalopathy or LATE (Nelson et al., 2019). Elderly participants with
amnestic cognitive impairment, hippocampal atrophy and negative brain tau-PET had
reduced FDG uptake limited to MTL and PCC/precuneus compared to more extensive
hypometabolism in tau positive subjects (Botha et al., 2018). A similar FDG pattern was
observed in a group with autopsy proven TDP-43 positive hippocampal sclerosis compared to
subjects with Alzheimer’s pathology. Patients with a clinical diagnosis of AD dementia
showing this “LATE-NC-like” pattern had an older age at evaluation, a memory-dominant
cognitive impairment profile, a slower clinical course and lower AD biomarkers levels
(Grothe et al., 2023). Compared to AD, patients with autopsy proven association of AD- and
LATE-NC showed a FDG-PET pattern characterized by a much more pronounced involvement
of the medial temporal lobe and related limbic areas (such as insula and fronto-opercular
cortex) and less pronounced involvement of inferior temporal and lateral parietal areas
(Corriveau-Lecavalier et al., 2023). An inferior-to-medial temporal metabolism ratio was
proposed as a simplified biomarker metric to capture the LATE pattern (Botha et al., 2018).
One cannot exclude that other age-related pathologies that preferentially target the medial
temporal lobe, such as primary age-related tauopathy, argyrophilic grain disease, or limbic-
predominant AD, may also be present in subsets of these patients, especially given that

these pathologies often overlap with LATE.

7. Conclusions
FDG-PET remains a highly valuable technique to study regional modifications of brain
glucose metabolism in AD and associated forms of dementia. Although not specific, FDG-PET
is quite sensitive to early pathological changes in cerebral networks. Functional

modifications are related to the diverse clinical symptoms observed at different disease
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stages and with different pathologies. Accordingly, for some authors, an increase in cerebral
FDG uptake is considered as decisive evidence for a favorable effect of disease modifying

treatment (Hoilund-Carlsen, Alavi, & Revheim, 2023; Khosravi et al., 2019).
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