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Abstract The fundamentals of FDG PET are well

established, and are based on extensively explored

molecular mechanisms. The existing methods for semi-

quantitative assessment of brain functional changes pro-

vide topographical maps of molecular alterations both for

group and single-subject comparisons. This functional

brain-based approach to derangement of high-order cog-

nition has provided and will continue to provide high-

quality findings that will help further understanding of

brain cognitive activity and of the brain-cognition corre-

lates and their importance in the diagnosis of the under-

lying pathology. This article examines the relationship

between changes in brain metabolic activity and the

resulting impairment of high-order cognition in dementia

conditions. FDG PET imaging in subjects with underlying

neurodegenerative pathology has emerged as a crucial tool

available to the fields of cognitive neurology and neuro-

science for both diagnosis and evaluation of the involved

neural systems, extending the neuropsychology-based

understanding of the brain/cognition relationship. As an

effect of the multiple underlying pathologies, the cognitive

deficits encountered encompass different aspects of neu-

ropsychology: language, memory, performance monitor-

ing, decision making, reasoning, and even ‘‘personality.’’ It

is to be noted that FDG PET studies of brain cognitive

reserve have so far supported the existence of functional

reserve phenomena in neurodegenerative dementia, and

specifically in AD. The newly integrated PET/MRI tech-

niques will likely become crucial clinical and research

tools in neurology, nuclear medicine and in the neurosci-

ence field generally. Hybrid PET/MRI will allow integra-

tion of the molecular information provided by PET with the

various morphological and functional parameters measured

by MRI, in the same subject and in a single study session.

Future progress depends on exploration of these relation-

ships to pave the way for new insights into neuroscience

and neurology.
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Introduction

The functional anatomy of cognition has been investigated

using positron emission tomography (PET) and functional

magnetic resonance imaging (fMRI) for more than 20 years.

The importance of the early PET studies was far reaching.

They illustrated that functional imaging could provide ana-

tomical localization with a precision that far exceeds that

attainable with human brain lesion studies. Many findings

have been replicated time and time again, leading to some

consistent and indisputable conclusions [1, 2].

Positron emission tomography with 2-[18F]fluoro-2-

deoxy-D-glucose (FDG) as the tracer (FDG PET) has long

been used to measure resting-state cerebral metabolic rates

of glucose, a proxy for neuronal activity and a direct index

of synaptic function and density [3].

The neurodegenerative dementias are a heterogeneous

group of disorders, sharing a common natural history,

characterized by a chronic course following a variable

preclinical phase of cognitive decline, reflecting progres-

sive neuronal dysfunction and cell loss. The clinical
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diagnosis of dementia is often made at a relatively late

stage in the course of the disease, when symptoms are

manifest and cognitive functions already severely affected.

In addition, differential diagnosis between dementia dis-

eases based only on clinical and cognitive assessments can

be difficult in the early phase.

Selective cognitive symptoms are associated with specific

alterations of functional networks and FDG PET neuroimag-

ing studies, by defining specific brain dysfunctions, have

played an important role in the neuropathological and neu-

ropsychological research of dementia and lent substantial

support to the diagnosis and differential diagnosis of dementia

conditions [1]. In Alzheimer’s disease (AD), for example,

FDG PET studies disclosed the relationship between long-

term memory deficits and hypometabolism in related neural

networks including not only the hippocampal structures but

also other crucial nodes such as the retrosplenial cortex and

precuneus [4]. In the frontotemporal lobar degeneration

(FTLD) spectrum of disorders, two major clinical presenta-

tions are classified [5]: a behavioral variant (bvFTD) and a

language variant, known as primary progressive aphasia

(PPA). Cerebral glucose metabolism in bvFTD subjects is

mainly impaired in the mesial or dorsolateral frontal cortices,

leading such impairment to be considered a specific functional

marker of behavioral presentations such as apathy and disin-

hibition with agitation [6, 7]. FDG PET imaging in PPA also

shows selective patterns of cortical hypometabolism with

significant involvement of left hemispheric structures that

differentiate the different aphasia syndromes [8].

As a result of research efforts aimed at the identification

of in vivo biomarkers for the reliable and early detection of

AD and other dementia pathologies, FDG PET neuroim-

aging, aiming to establish typical patterns of neurodegen-

eration, is now considered an essential part of the

diagnostic algorithm [9–14].

Hypometabolic patterns typical of AD or frontotemporal

dementia (FTD) have been extensively reported in large

series of FDG PET studies based on semi-quantitative

assessment [6, 7, 15–17]. Regional functional impairment

of resting glucose metabolism has, indeed, been shown to

be closely related to the severity, progression and type of

cognitive impairment, thus making its assessment useful

also for the diagnosis of mild cognitive impairment (MCI)

due to AD [18–20]; indeed, this assessment has been

shown to predict a decline from normal cognition to MCI

and AD with over 80 % accuracy [21]. The FTLD spec-

trum, including the behavioral and aphasia variants, and the

neurodegenerative diseases associated with movement

disorders, i.e. corticobasal degeneration and progressive

supranuclear palsy, can also be better diagnosed using FDG

PET [6–8, 22, 23].

Finally, FDG PET research studies have also provided

fundamental support for the brain reserve hypothesis. They

have shown a greater degree of impairment of regional

cerebral metabolic activity for a given level of dementia in

highly educated patients [24–26]. This suggests that these

individuals have a functional reserve provided by their

education, which masks the clinical expression of a higher

degree of neurodegeneration.

On a technical level, different statistical approaches and

neural network classifications have been proposed to allow

better localization of regional metabolic impairment and

better diagnostic accuracy in neurodegenerative and

dementia conditions [15, 27–29]. In particular, the statis-

tical parametric mapping (SPM) technique has been

extensively applied to FDG PET resting (steady-state)

studies with the aim of providing automated voxel-based

measurements of brain hypometabolism in disease condi-

tions. SPM-based comparisons with samples of matched

normal subjects have significantly improved the study of

patient groups and single cases [28, 30, 31].

Other technical aspects, in particular the availability of

high-resolution scanners and advanced methods of data

analysis, are also crucial factors to take into account in the

evaluation of the dysfunctional brain. Hybrid PET/MRI

techniques have great potential for clinical and research

applications [32]. PET/MRI is of special interest for the

neuroscience field, given that PET and MRI are the neu-

roimaging methods of choice for many clinical and scien-

tific applications.

Semi-quantitative FDG PET analysis procedures

FDG PET scans were once used mainly for qualitative

visual interpretation of images. Nowadays, however, their

most widespread clinical use is in voxel-based, automated

procedures for the measurement of hypometabolism.

Sensitive and specific FDG PET analysis tools for the

study of brain functional impairment are crucial, particu-

larly for the detection of early metabolic changes associated

with specific cognitive symptoms. Visual interpretation of

images, on the other hand, clearly lacks clear-cut milestones

for distinguishing between normal and pathological scans,

and only studies employing voxel-based analysis tech-

niques (such as SPM, Neurostat, AD t-sum) can provide

unbiased, statistically defined measures of brain abnor-

mality throughout the whole brain on a voxel-by-voxel

basis [1, 29, 31].

Automated tools for computer-assisted diagnosis can be

categorized into two classes: voxel-based mapping tools and

summary metrics of hypometabolism. Voxel-based mapping

tools provide topographical estimates of the difference

in metabolism compared with a dataset of normal scans

on a voxel-by-voxel basis. Summary metrics are scalar

numbers whose value is proportional to brain regional
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hypometabolism. Voxel-based estimates of the departure

from a dataset of normal scans are summed over the volume of

interest [15, 29]. They do not provide information beyond the

volume of interest. Thus, a precise map of hypometabolism in

individual FDG scans is not available for clear pattern defi-

nition. On the other hand, SPM-based comparisons with

samples of matched normal subjects provide maps of FDG

distribution that are characterized in terms of spatial extent

and peak height according to a Gaussian distribution and show

where significant brain regional hypometabolism is located

[28, 33, 34].

In addition, region-of-interest (ROI) methods for FDG

PET evaluation of uptake metabolism in AD are described

in the literature and their performances in terms of com-

puting abnormal metabolism in AD are well documented.

In a study by Landau et al. [35], the authors reported a

MetaROI approach using pre-defined regions shown, in a

PubMed-based meta-analysis, to be frequently cited in

FDG PET studies of AD and MCI. As a consequence of the

search results, further analysis was based on a set of four

regions located in the right and left angular gyri, bilateral

posterior cingulate gyrus, and left middle/inferior temporal

gyrus. Notably, the authors found that baseline and longi-

tudinal FDG ROI measures were sensitive to changes both

in the Alzheimer’s Disease Assessment Scale-cognitive

subscale and on a test of functional competence, validating

the cognitive and functional relevance of longitudinal

changes in FDG PET measurements.

FDG PET research and clinical studies should apply

these tools since they significantly improve the detection of

local dysfunctions that are also associated with behavioral

and cognitive symptoms [1, 7, 18].

What is especially relevant in this context is that FDG

PET scans, in order to provide quantified measures at

individual level, should be analyzed using a large normal

database. However, such databases are not readily avail-

able. There are ongoing projects that aim to provide the

medical and research community with validated and stan-

dardized methods and databases for research and in clinical

routine (https://www.eu-decide.eu/).

With regard to the in vivo imaging biomarkers currently

identified, it is worth noting that FDG PET features as a

decisive tool in the recent guidelines [10–14]. The refer-

ence-based recommendations, however, also included a

large body of PET imaging literature based on the use of

visual methods that, greatly depending on the observer’s

experience, are associated with reduced sensitivity and

specificity and lack a clear cut-off between normal and

pathological findings. To overcome these limitations, FDG

PET images should be assessed using semi-quantitative or

voxel-wise analyses that increase sensitivity and specificity

and allow more accurate differential diagnosis in the early

phases of dementia conditions.

Alzheimer’s disease

Alzheimer’s disease is characterized by several well-

known neuropathological features, which result in a loss of

synaptic activity. This dysfunction is readily reflected in

regional decreases in cerebral metabolic activity. The

characteristic topographic distribution of this hypometab-

olism, involving the associative cortex in the temporopa-

rietal areas of both hemispheres and the posterior cingulate

cortex and precuneus, is a distinctive feature of AD, also in

the earliest phase of the disease [4, 15, 18, 30]. The primary

motor, somatosensory, and visual cortical areas are rela-

tively spared, whereas the frontolateral association cortex

is frequently involved to a variable degree [15] (see Fig. 1).

Patients with AD display a multiplicity of cognitive

deficits in domains such as memory, language, and atten-

tion, all of which can be linked to neurodysfunctional

alterations detectable by FDG PET. The typical degener-

ative changes occur early in the disease course in the

temporoparietal lobes, which mediate visuospatial atten-

tional processing, and they are, in addition to the cardinal

deficits in long-term memory, very pervasive in AD. FDG

PET reports have supported this cognitive functional cor-

relation [1]. Metabolic asymmetries 2 and associated pre-

dominance of language or visuospatial impairment are

found in the early phase of AD, and sometimes persist

during its progression [36].

One of the largest FDG PET multicenter studies in the

literature [15] showed the typical metabolic pattern in early

AD and also a highly significant correlation between this

initial metabolic impairment and subsequent decline of

MMSE score during follow-up; this was particularly evi-

dent in mildly affected cases. Thus, impairment of glucose

metabolism in the temporoparietal and frontal association

cortex is not only an indicator of dementia severity, but

also a predictor of the progression of cognitive symptoms.

This pattern corresponds in general to the neuropsycho-

logical symptoms, characterized by impairment of memory

and high-order cognition, including complex perceptual

processing and planning of action. These changes differ

from those of normal aging, which leads to predominantly

medial frontal metabolic decline [37].

Early AD usually presents as a distinctive phenotype,

characterized by a prevalent episodic memory impairment

that is accompanied by specific neuropathological changes.

According to neuropathological studies, the earliest path-

ological changes in AD develop in the transentorhinal and

entorhinal regions. The neurofibrillary pathology then

spreads into the hippocampus, and finally toward the neo-

cortex [38]. Medial temporal metabolic reductions might

thus be expected to be the earliest markers of the disease

process related to the dominant cognitive impairment in the

domain of long-term memory, but this has not generally
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been found to be the case. First, the spatial resolution of

PET systems is best in superficial cortical areas close to the

detectors, while it is worst in midline and medial structures

located far from the detectors. The normalization and

smoothing procedures (part of SPM packages) that are

necessary to minimize individual inhomogeneity in brain

shape and dimensions may mask reduced uptake in small

structures, such as the hippocampus. Therefore, it is diffi-

cult, with SPM, to identify hippocampal and, more in

general, medial temporal lobe hypometabolism on FDG

PET scans. Medial temporal hypometabolism is, instead,

highlighted with ROI methods, which involve co-registra-

tion with MRI for accurate ROI positioning on the hippo-

campus on FDG PET scans, and metabolic reduction has

indeed been observed in MCI and AD using this approach

[30]. Finally, a pathophysiological explanation is that the

high synaptic density at the posterior temporoparietal

association cortex and limbic cortex makes it easier to

detect glucose hypometabolism in these regions as com-

pared to the medial temporal structures, which are rich in

cell bodies but have relatively low synaptic density [39].

Villain and colleagues [40] have shown that the meta-

bolic reduction in the cortex, including the posterior cin-

gulate cortex and precuneus, is significantly correlated with

hippocampal atrophy and cingulum bundle degeneration.

Using structural MRI and [18F]-FDG PET in patients

with early AD, they assessed the relationships among

hippocampal atrophy, white matter integrity and gray

matter metabolism by means of a whole-brain voxel-based

correlative approach. They found that hippocampal atrophy

is specifically related to cingulum bundle disruption,

which, in turn, is highly correlated with hypometabolism of

the posterior cingulate cortex, but also of the middle cin-

gulate gyrus, thalamus and mammillary bodies (all part of

the Papez circuit), as well as the right temporoparietal

associative cortex. These results provide direct evidence

supporting the disconnection hypothesis as a major factor

contributing to the early posterior hypometabolism in AD.

Disruption of the cingulum bundle also relates to the

hypometabolism in the connected network encompassing

the whole Papez memory circuit. Notably, a correlation

between glucose metabolism in the neocortex and entorh-

inal cortex, across both hemispheres, has also been shown

in normal controls, whereas in AD patients this correlation

is largely lost [41].

The key role of the posteromedial cortex (posterior

cingulate and precuneus) in cognitive dysfunction assessed

in AD is probably related to its highly integrated position

within attentional, visuospatial and memory neural net-

works. Posterior cingulate metabolism was also found to be

correlated with dementia severity, even when age was

taken as a confounding covariate, whereas metabolism in

the hippocampal formation was not shown to correlate

with global cognitive deficit [42]. Higher posteromedial

Fig. 1 Regions that show

significant reductions of FDG

uptake (marked in red) in

patients with probable AD in

comparison with normal

controls and correlated with

dementia severity (MMSE

scores). Regions with preserved

FDG uptake are marked in blue.

Slices are 2 mm thick and

parallel to the AC-PC level.

Modified from Herholz et al.

[15] (color figure online)
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metabolic impairment in early-onset cases may reflect

greater density of regional cerebral lesions or a major loss

of functional afferences in a richly connected multimodal

associative area [43].

In clinical practice, memory test performance may not

distinguish between the dementia of AD and FTD, result-

ing in misdiagnosis. Specific patterns of cerebral hypo-

metabolism in neurological patients are associated with

different profiles of memory deficits [44]. In AD, explo-

ration of the correlations between memory test scores and

metabolic values across a sample of subjects provided a

map of those brain structures whose synaptic dysfunction

underlies particular neuropsychological alterations. The

distribution of sites correlated with specific memory defi-

cits showed striking differences depending on the memory

system involved and the severity of the impairment [45]. A

recent study using FDG PET set out to dissociate the neural

correlates of memory disorders in AD and FTLD [46]. In

AD patients, memory test performance was mainly corre-

lated with FDG metabolic changes in the parieto-mesial

(precuneus) cortex, whereas the performance of the FTLD

patients was found to be correlated with changes in frontal

cortical as well as subcortical regions. Thus, the neural

correlates of memory problems differ almost completely in

these two dementia syndromes, a finding clearly supported

by the fact that memory functions are carried out by dis-

tributed networks which, as shown by FDG PET studies,

break down with ongoing brain degeneration.

Early cognitive decline: the prodromal AD phase

Clinical diagnosis per se has limited accuracy in the early

phase of AD and indeed requires the presence of precise

cognitive symptoms; conversely, biomarkers specific for

AD-related pathological phenomena would allow more

accurate diagnosis in this phase. FDG PET studies have

provided crucial evidence of functional and molecular

changes in neurodegenerative diseases associated with

cognitive decline [47]. FDG PET holds great promise for

the early diagnostic assessment of subjects with AD, given

that it is not only a functional but also a topographical

biomarker, and also that in a hypothetical cascade model of

AD biomarkers, it precedes the onset of atrophy visible on

MRI [48].

Mild cognitive impairment is an umbrella term widely

used in clinical practice to identify a transitional condition

between normal cognitive functioning and clinical

dementia, usually of the AD subtype and also of the kind

associated with other neurodegenerative conditions [49].

An individual with MCI is a non-demented person with

objective cognitive deficits, either in single memory or

non-memory domains, or in multiple cognitive domains,

and a high risk of conversion to dementia (see [50] for a

review). This clinical cognitive heterogeneity corresponds

well to the variety of possible underlying neuropathologi-

cal conditions that will progress to AD or other dementia

subtypes; conversely, 30 % of MCI subjects never develop

dementia or AD [51].

Low uptake of [18F]-FDG in hippocampal structures is a

typical feature of amnestic MCI (aMCI) patients’ scans

[41, 52], mostly related to hippocampal atrophy, thus much

less pronounced after correction of partial volume effects.

On the contrary, hypometabolism in the temporoparietal

and posterior cingulate cortices is a more reliable predictor

of progression to AD (23) and remains significant after

partial volume correction [53]. It is worth noting that when

the metabolic biomarker is negative on semi-quantitative

assessment of FDG PET scans, used for single-subject

analysis, the cognitive problems are unlikely to be attrib-

utable to AD or other dementia pathology [47].

Mosconi et al. [21], in a longitudinal clinical and FDG

PET assessment of a case series of subjects with neuro-

pathological diagnostic confirmation, showed brain meta-

bolic profiles in life that were consistent with the post-

mortem diagnosis. This study also showed that glucose

metabolic reductions precede the onset of clinical symp-

toms by several years and afterwards correlate with both

dementia severity in life and pathological diagnosis of AD.

Mapping the temporal course of the progressive involve-

ment of different brain regions, glucose metabolic abnor-

malities were found to manifest themselves initially in the

hippocampus, followed by the parietotemporal and pos-

terior cingulate cortices at mild dementia stages (see, also,

the contribution by Mosconi in the present issue, page XX).

A recent systematic and quantitative meta-analysis

investigated the prototypical neural correlates of AD in its

prodromal stage [4]. Only studies applying quantitative

automated whole-brain analysis were included. Forty

studies were identified, involving 1,351 patients and 1,097

healthy control subjects, reporting either atrophy or

decreases in glucose utilization. The meta-analysis

revealed that early AD affects the entorhinal and hippo-

campal regions structurally, and the inferior parietal lob-

ules and precuneus functionally. The authors further

suggested that atrophy in the entorhinal/hippocampus and

hypometabolism/hypoperfusion in the inferior parietal

lobules are the most reliable predictors of the progression

from aMCI to AD, whereas changes in the posterior cin-

gulate cortex and precuneus are unspecific; in fully

developed AD, there was also involvement of a fronto-

median-thalamic network [4].

Specific metabolic patterns and clinical/cognitive fol-

low-up of the disease course confirmed that FDG PET

imaging, particularly using SPM at single-subject level, is a

reliable and accurate method for discriminating between
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different underlying dementia pathologies in prodromal

AD [54].

Longitudinal studies on MCI patients provided evidence

of different possible progressions, ranging from the

development of AD or non-AD dementias, e.g. FTD or

dementia with Lewy bodies (DLB), to the stabilization or

even reversal of cognitive symptoms [55]. For example, the

observation of specific metabolic reductions in the asso-

ciative occipital cortex associated with visual perceptual

disturbances and hallucinations suggests an underlying

DLB pathology, and prefrontal medial and or dorsolateral

hypometabolism in MCI patients predicts a diagnosis of

FTD at clinical follow-up (see Figs. 2, 3, and 4).

Anchisi and colleagues [18] showed that neuropsycho-

logical testing alone can identify subjects who, having a

relatively mild memory deficit, are not likely to progress to

dementia, thus showing a high negative predictive value

with regard to progression. However, prediction based on

neuropsychological testing is less reliable for MCI patients

with more severe memory impairment. In these patients,

FDG PET adds significant information by separating those

who will progress within the next 12 months from those

who will remain stable.

The immediate diagnostic challenge—to accurately

identify minimally affected patients early enough to allow

them to reap the greatest potential therapeutic benefits—

will be met best using the tools best equipped to facilitate

the making of a highly sensitive and accurate diagnosis at

the earliest stage of the disease. The current clinical and

research studies support the use of FDG PET, as a means of

obtaining more accurate evaluation of subjects with cog-

nitive decline, in meeting this challenge.

Atypical variants

The core clinical symptom of AD is memory disturbance,

but young subjects, in particular, often present with other

cognitive deficits such as agnosia, apraxia or aphasia. This

clinical heterogeneity has led to the recognition of posterior

cortical atrophy (PCA) (visual), logopenic aphasia (lan-

guage) and frontal (executive/behavioral) variants. These

subtypes are characterized by metabolic dysfunction in

specific brain regions, responsible for their clinical and

cognitive features.

Posterior cortical atrophy is a clinico-radiological syn-

drome currently considered among the atypical presenta-

tions of AD. The progressive neurodegeneration affecting

the parietal, occipital, and occipitotemporal cortices that

underlies PCA is attributable to AD in most patients. There

are, however, other possible underlying causes, including

DLB, corticobasal degeneration, and prion disease, and not

Fig. 2 Statistical parametric mapping: regions of significant decreases in FDG uptake, overlapped on the standard SPM template. The typical

AD metabolic pattern suggests a diagnosis of prodromal AD
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all patients with PCA have atrophy on neuroradiological

imaging [56].

Among the atypical dementias, this neurodegenerative

syndrome is characterized by progressive decline in visu-

ospatial, visuoperceptual, literacy, and praxic skills. High-

order visuospatial and visuoperceptual disorders as well as

basic visual process impairment are core neuropsycholog-

ical features. The combination of these symptoms reflects

the involvement of distinct cortical areas and streams

responsible for processing different types of visual infor-

mation (i.e., the parietal or dorsal stream, the occipitotem-

poral or ventral stream, and the primary visual cortex). In

addition, affected patients may present alexia, features of

Balint and/or Gerstmann syndromes, and progressive oral

language dysfunctions with prominent word retrieval diffi-

culties, very reminiscent of a ‘‘logopenic syndrome’’ [56].

Data from functional imaging studies using FDG PET

showed changes in occipitoparietal areas [57]. In addition

to posterior regions, FDG PET has revealed specific areas

of hypometabolism in the frontal eye fields bilaterally,

which can occur secondary to loss of input from occipi-

toparietal regions and be the cause of oculomotor apraxia

in PCA [58] (see Fig. 5).

The correct identification of PCA syndrome is a major

challenge for clinicians, since its differential diagnosis is

often very difficult on clinical grounds alone. Although

neuroimaging studies have an important role to play in

corroborating the clinical diagnosis, specific structural and/

or functional changes are not yet considered as supportive

features in clinical practice. FDG PET imaging could dis-

close a crucial functional neural substrate of PCA that

needs to be fully clarified. Greater awareness of the syn-

drome and agreement over the correspondence between

syndrome-level and disease-level classifications are needed

to improve diagnostic accuracy, clinical management, and

the design of research studies. See also ‘‘Aphasia variants’’.

Dementia with Lewy bodies

From a clinical perspective, DLB presents as a progressive

cognitive decline with disproportionate deficits of both

visuospatial abilities and frontal executive function,

accompanied by mild to moderate parkinsonism. Further

accompanying features include spontaneous recurrent

visual hallucinations and conspicuous fluctuations in

alertness and cognitive performance [59]. The main dif-

ferential diagnoses are with AD and Parkinson’s disease

dementia.

Neuroimaging, showing reduced occipital metabolism

and perfusion and reduced striatal dopaminergic innerva-

tion, is increasingly used to supplement the clinical diag-

nosis of DLB [60].

Reduced FDG uptake is found to be very similar to what

is observed in AD, although it also extends to the primary

and associative visual cortices, which are usually spared in

AD (Fig. 4) [9, 61]. It is possible to observe functional

asymmetry, with corresponding clinical features, namely

more prevalent language or visuospatial dysfunction. In

addition, at the same level of dementia severity, the global

cerebral metabolic rate of glucose is lower in DLB than in

AD [62]. The impairment of glucose metabolism in the

visual cortex may well be the correlate of the impairment

of visual processing and the visual hallucinations [63]. The

medial temporal and posterior cingulate glucose metabo-

lism is lower in AD than in DLB, possibly explaining the

different memory profile and pointing to a different

underlying pathology [64]. More specifically, in DLB [65],

unlike AD, hypometabolism in the lateral occipital cortex

was found to show the highest sensitivity (88 %), but the

relative preservation of the mid- or posterior cingulate

gyrus (cingulate island sign) had the highest specificity

(100 %). Thus, FDG PET can identify the hypometabolic

patterns typical not only of AD, but also of DLB dementia,

associated with specific behavioral and cognitive impair-

ments, and differentiate between the two [9, 65].

Frontotemporal lobar degeneration (FTLD)

FDG PET imaging is now considered a crucial element in

the diagnostic workup of the FTLD spectrum, which

includes different clinical variants.

An international consortium of researchers recently

revised the current criteria in a bid to improve diagnostic

accuracy for the behavioral variant [14]. Thus, a probable

bvFTD diagnosis requires specific clinical features with

evidence of progression and unequivocally positive FDG

neuroimaging findings, while a definite diagnosis is made

only in those cases with neuropathological confirmation or

with a pathogenic gene mutation. The role of metabolic

neuroimaging is crucial in the recent PPA classification,

too. FDG PET functional data can make an important

contribution to the diagnosis of different variants, because

the site of maximal damage within the language network

determines the different clinical presentations of PPA [8]

Diagnostic criteria for FTD also underline that altera-

tions in personality and social conduct are a central clinical

feature of the disease [66]. Because the primary brain areas

affected in FTD are the frontal lobes, the anterior temporal

lobes, and the amygdala [7], the observed personality

changes ostensibly arise from a disruption of these struc-

tures’ particular contribution to higher social functioning

[67]. The sociopathic behavior manifested by some patients

with FTD might reflect a combination of diminished

emotional concern for the consequences of their actions
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and disinhibition, due to right frontotemporal dysfunction,

evident on neuroimaging. Personality disorders can be

thought of as trait-like dysfunctional patterns in impulse

control. These domains of dysfunction have been linked to

specific neural circuits [68].

bvFTLD

Patients with bvFTD present with insidious changes in

personality and interpersonal conduct that indicate pro-

gressive disintegration of the neural circuits involved in

social cognition, emotion regulation, motivation and deci-

sion making. The underlying pathological changes are

heterogeneous and characterized by various intraneuronal

inclusions. Supported by neuropsychological testing

designed to detect impairment in decision making, emotion

processing, and social cognition, FDG PET brain imaging

can be considered the most sensitive diagnostic tool cur-

rently available [67].

Impairment of executive functions is a hallmark of the

behavioral disorders associated with frontal type dementia.

PET neuroimaging studies in the field also provided some

evidence for the functional role of distinct prefrontal sys-

tems in different clinical aspects of bvFTD [6, 7, 69]. In a

multicenter study, FDG PET images from population of

patients with FTD were compared with images from con-

trols of a similar age. A conjunction analysis led to iden-

tification of the ventromedial frontopolar cortex as the

single region affected in each and every bvFTD patient.

This regional metabolic impairment provides support for

neuropsychological research data showing that the ven-

tromedial frontal cortex is critically involved in decision-

making processes based on personal experience, feelings of

rightness, or social knowledge, processes that are charac-

teristically impaired in bvFTD [6].

In patients with bvFTD, behavioral abnormalities may

vary from apathy with motor slowness (apathetic form) to

disinhibition with agitation (disinhibited form). These

clinical presentations may be related to specific regional

cerebral dysfunction [7]. The assessment of cerebral

metabolism in patients fulfilling clinical criteria for

bvFTLD showing, respectively, an apathetic or disinhibited

behavioral syndrome revealed not only commonalities but

also significant differences. A reduction of frontal glucose

Fig. 3 Statistical parametric mapping: regions of significant decreases in FDG uptake, overlapped on the standard SPM template. The diagnosis

is supported by the typical bvFTD metabolic pattern with involvement of the frontal medial and dorsolateral prefrontal cortex
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metabolism was present in the whole group of bvFTLD

patients; however, the apathetic syndrome was associated

with a prevalent dorsolateral and frontal medial hypome-

tabolism, whereas the disinhibited syndrome with a selec-

tive hypometabolism in interconnected limbic structures

(the cingulate cortex, hippocampus/amygdala, and ac-

cumbens nucleus) (Fig. 4). These FDG PET changes can be

regarded as specific functional markers of the different

behavioral presentations in bvFTLD.

FDG PET also has crucial implications with regard to

the diagnostic criteria in bvFTD phenocopy syndrome. The

diagnosis of bvFTD is by no means an easy task in the

early stages of the disease, and many of the clinical

symptoms overlap with those seen in psychiatric disorders,

depression and other dementias. It is also increasingly

apparent that a subset of patients who present with the

clinical features of bvFTD does not progress to frank

dementia. Such patients either remain stable over many

years or improve. They show marginal impairment on

neuropsychological tests of executive function, preserved

memory and social cognition, and normal metabolic brain

imaging. Crucially, these patients might present with

depressive syndrome. Thus, FDG PET is particularly useful

in helping to identify phenocopy cases as those who will

show preserved frontal metabolism [69].

Aphasia variants

Several clinical variants have been described within the

PPA spectrum [70]. Patients are classified into these

variants on the basis of specific speech and language

features, and the diagnosis may be further supported by

neuroimaging if the expected pattern of atrophy and/or

hypometabolism or hypoperfusion is found. Thus, the

non-fluent/agrammatic variant (nfvPPA) is characterized

by agrammatism and/or motor speech articulatory errors

attributable to an apraxia of speech [71]. Neuroimaging-

supported diagnostic markers are atrophy and/or func-

tional abnormalities in the left posterior fronto-insular

region [8, 72].

Semantic variant (svPPA) is considered a paradigmatic

disorder of semantic memory, which can be associated

with a characteristic anatomical profile on MRI charac-

terized by asymmetric, selective antero-inferior temporal

lobe atrophy. A pathophysiological model of semantic

dementia is based on sequential, regionally determined

disintegration of a vulnerable semantic neural network

[73]. svPPA is a unique syndrome in the FTLD spectrum,

typically presenting as progressive fluent anomic aphasia.

The core features of svPPA are impaired confrontation

naming and single-word comprehension. Object knowledge

Fig. 4 Statistical parametric mapping: regions of significant decreases in FDG uptake, overlapped on the standard SPM template. The typical

DLB metabolic pattern, with involvement of the occipital cortex, strongly favors a diagnosis of DLB
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is usually affected but repetition and motor speech are

spared.

Cognitive features of the svPPA syndrome have been

shown to correlate with the regional distribution of atrophy

and metabolic dysfunction and, specifically, FDG PET

showed verbal deficits especially associated with left

dominant temporal lobe involvement, while non-verbal

deficits, including prosopagnosia, other forms of object

agnosia and impaired knowledge of living things, were

linked to right temporal lobe involvement [74, 75].

The logopenic variant (lvPPA) [76] is defined by hesi-

tant speech with word-finding pauses due to impaired

single-word retrieval and difficulty in sentence repetition,

although object knowledge and motor aspects of speech are

spared. Consensus imaging-supported diagnostic markers

are predominant left posterior perisylvian or parietal

abnormalities [77].

Both structural and functional neuroimaging studies

have established consistent neuroanatomical correlations in

PPA variants at group level; however, the neuroimaging

diagnostic criteria, especially those for nfvPPA and lvPPA,

have not been widely validated at individual level in

clinical practice [70, 78].

Systematic FDG PET studies using semi-quantitative/

voxel-based assessment in single individuals should be

undertaken to provide features to support the diagnosis.

Brain functional reserve

The cognitive reserve theory argues that lifetime experi-

ence provides partial protection against the deleterious

effects of aging and also against neurodegenerative

pathology. Subjects with a high premorbid cognitive level

can experience a lengthy period of cognitive functional

decline before reaching the lower normal limit (dementia

threshold) on standard neuropsychological tests.

Indeed, previous reports have shown a greater degree of

impairment of regional cerebral metabolic activity for a

given level of dementia in highly educated patients, a finding

which suggests that these individuals have a functional

reserve provided by their education, which masks the clinical

expression of a higher degree of neurodegeneration.

Exploration of the neurobiological correlates of a higher

educational and occupational level and the mechanisms by

which a cognitive reserve may influence the expression of

dementia have led to the hypothesis that a higher level of

premorbid ability may, in general, allow for greater com-

pensatory capacity in response to advancing disease,

probably influencing brain function at the level of neuronal

systems. There is substantial neuroimaging evidence of

variability in brain function in healthy aging as well as in

neurodegenerative diseases. This is usually interpreted as

reflecting the recruitment of additional neural resources to

Fig. 5 Statistical parametric mapping: regions of significant decreases in FDG uptake, overlapped on the standard SPM template. The prevalent

involvement of the anterior temporal cortex (temporal poles) supports a diagnosis of semantic dementia
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support a normal level of performance, in the face of

decreasing neural substrates. FDG PET studies have shown

a significant association between higher levels of educa-

tion/occupation and lower brain glucose metabolism in the

posterior temporoparietal cortex and precuneus in AD and

MCI converters, suggesting that education and occupation

may be proxies for brain functional reserve, reducing the

severity and delaying the clinical expression of AD

pathology [25]. The results in aMCI converters suggest that

the functional reserve is already at play in the pre-dementia

phase of AD [25]. Correlations involved the posterior

temporoparietal association cortices and precuneus, typi-

cally affected by AD pathology. These regions participate

in cortical networks responsible for highly integrated tasks,

including visuospatial imagery, episodic memory retrieval,

and self-processing operations, as suggested by functional

imaging studies in healthy controls [79, 80]. These data,

accounting for the influence of both education and occu-

pation, further support the view that these two proxies of

reserve act on a common brain substrate.

Comparable results have also been reported in individ-

uals with AD and Apoe4 status [81], suggesting that life-

style features may counteract the effect of this genetic-

based risk factor.

Similarly, in FTD, as in AD, reserve mechanisms could

work against the pathological process, as demonstrated by

neuroimaging studies, where patients with higher reserve

require a more severe extent of neuropathology to manifest

the clinical symptomatology [26]. In the FTLD spectrum,

behavioral disturbances such as apathy and disinhibition are

closely related to damage of specific brain regions, as shown

with FDG PET for selected brain networks [7]. In line with

this concept, behavioral disturbances, and not only cognitive

functions, might be modulated by reserve mechanisms [26].

The demonstration that cognitive reserve mechanisms

are also at work in DLB, involving the brain regions

affected by the disease, thus expands the concept of brain

reserve to other neurodegenerative conditions [82].

PET/MRI hybrid techniques

The recently developed PET/MRI techniques are of par-

ticular interest for the fields of neurology and neuroscience,

given that PET and MRI are the neuroimaging methods of

choice for many clinical and scientific applications [32].

Crucial ‘‘technical factors’’ worth considering in relation to

these techniques include a lower radiation exposure in

comparison to CT/PET, the possibility of obtaining partial

volume correction of PET data using MRI information, and

the possibility of performing MRI-based assessment of

blood–brain disruption for correlation with tracer uptake on

PET.

In clinical routine, a single PET/MRI study session can

be sufficient, in a patient with cognitive decline, to exclude

vascular or neoplastic factors and obtain an accurate and

quantified evaluation of brain atrophy (local or general)

and of the specific metabolic patterns associated with

neurodegenerative conditions. All this could improve the

clinical diagnosis and the patient’s comfort.

MRI brain volumetric measurements and PET metabolic

and/or amyloid imaging are considered crucial tools for the

assessment of disease biomarkers for early AD diagnosis

and differential diagnosis versus other neurodegenerative

dementias [10–14]. PET/MRI acquisition in a hybrid

scanner may allow much more precise anatomical evalu-

ation, on the basis of PET data, of disease state and neu-

ronal injury. This is particularly important in the early

phase of the disease when the amount of amyloid pathol-

ogy and the metabolic dysfunction are still limited.

In the very frequent mixed forms of cognitive decline or

dementia [83], an integrated MRI/PET approach will

allow, in a single session, assessment of cerebrovascular

changes and of the metabolic patterns of neuronal injury as

the established sensitive and specific markers of neurode-

generation. The superior specificity of MRI for vascular

lesions is, indeed, well known [84], as is the superior

specificity of PET metabolic imaging for the accurate

diagnosis of AD, LBD and FTD [9, 11, 14].

In study of the amyloid angiopathy, parallel evaluation of

the presence or absence of the typical MRI signs (hemorrhages

and residual brain lesions) and of the amyloid burden by PET

will encourage co-interpretation of the two signals, adding

further diagnostic and prognostic value [85]. The possible co-

existence of amyloid angiopathy and AD neurodegeneration

could be also better revealed by MRI/PET assessment.

In the research field, integrated PET/MRI acquisitions

might have an important role to play in neuroscience for

multi-parametric analysis of complex functions in neural

networks. Indeed, the hybrid PET/MRI systems combine

the excellent soft-tissue contrast at high resolution of MRI,

together with its additional imaging options such as fMRI,

diffusion- and perfusion-weighted imaging and spectros-

copy, with the molecular and functional information pro-

vided by PET. In the study of neurodegenerative

conditions, PET/MRI tools might allow the combination

and integration of the molecular information (glucose

metabolism, amyloid load, receptor and enzyme imaging)

provided by PET imaging, with several morphological and

functional parameters measured by MRI. PET neurore-

ceptor studies will benefit from detailed MRI anatomical

information, in particular more on small neuronal nuclei.

In the near future, the application of PET/MRI tech-

niques is destined to emerge as best approach to the in vivo

study of the physiological and pathophysiological mecha-

nisms underlying brain functioning and brain disorders.
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Conclusions

FDG PET neuroimaging has greatly influenced neurology

and neuroscience research over the past two decades. The

demonstration of specific brain functional derangements

in different neurodegenerative diseases associated with

specific behavioral and cognitive impairments has pro-

vided crucial answers on how human thinking, feeling,

and cognition are instantiated in the brain. The method-

ological advances of 3D PET machines in image acqui-

sition and reconstruction and the increasingly broad

application of semi-quantitative or voxel-based methods

for data analysis have been crucial in making FDG PET

an important clinical and research tool in neurology and

neuroscience.

In the field of neuropsychology and cognitive neuro-

science, FDG PET has provided additional important

insights into the cerebral organization of cognitive func-

tions, such as memory and language, and the in vivo

assessment of the functional modifications associated with

normal aging and dementia. The high sensitivity and

selectivity of FDG PET allow the probing of systems

dysfunction at molecular level. Headway is now being

made at the level of early diagnosis and differential diag-

nosis of dementia conditions. Brain glucose metabolism

with FDG PET has become the fundamental biomarker for

neuronal injury, included in the recent clinical and research

guidelines. The implications of these possibilities for the

assessment of the effectiveness of therapeutic interventions

in the field of normal and pathological aging are now

starting to become clear, and remarkable progress may be

expected in the coming years. This progress will depend on

the integration of behavioral, neuropsychological and

computational approaches with neuroimaging, and also on

the integration of spatial, namely MRI and fMRI, data with

molecular PET data, using the new hybrid machines.

Mapping each functional signal anatomically and exploring

its relationship with its molecular basis in a common

framework will open the way for new discoveries, pre-

dictions and insights into neuroscience and neurology.
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