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Abstract

INTRODUCTION: Amnestic mild cognitive impairment (aMCI) is emerging as a

heterogeneous condition.

METHODS: We looked at a cohort of N = 207 aMCI subjects, with baseline fluo-

rodeoxyglucose positron emission tomography (FDG-PET), T1 magnetic resonance

imaging, cerebrospinal fluid (CSF), apolipoprotein E (APOE), and neuropsychological

assessment. An algorithm based on FDG-PET hypometabolism classified each subject

into subtypes, then compared biomarker measures and clinical progression.

RESULTS: Three subtypes emerged: hippocampal sparing–cortical hypometabolism,

associated with younger age and the highest level of Alzheimer’s disease (AD)-CSF

pathology; hippocampal/cortical hypometabolism, associated with a high percent-

age of APOE ε3/ε4 or ε4/ε4 carriers; medial–temporal hypometabolism, characterized

by older age, the lowest AD-CSF pathology, the most severe hippocampal atro-

phy, and a benign course. Within the whole cohort, the severity of temporo-parietal

hypometabolism, correlated with AD-CSF pathology and marked the rate of progres-

sion of cognitive decline.

DISCUSSION: FDG-PET can distinguish clinically comparable aMCI at single-subject

level with different risk of progression to AD dementia or stability. The obtained

results can be useful for the optimization of pharmacological trials and automated-

classificationmodels.
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Highlights

∙ Algorithm based on FDG-PET hypometabolism demonstrates distinct subtypes

across aMCI;

∙ Threedifferent subtypes showheterogeneousbiological profiles and riskof progres-

sion;

∙ The cortical hypometabolism is associatedwith AD pathology and cognitive decline;

∙ MTL hypometabolism is associated with the lowest conversion rate and CSF-AD

pathology.

1 BACKGROUND

Amnestic mild cognitive impairment (aMCI) is considered the most

common presentation of Alzheimer’s disease (AD) because a consid-

erable portion of people with aMCI will ultimately convert to AD over

2 to 5 years.1 Clinical trials have thus generally considered aMCI as a

model of typical prodromalAD.2 However, not all aMCI subjects belong

to the AD spectrum or convert to dementia. A substantial number of

aMCI subjects have mixed pathologies or primary pathologies other

than AD.3 Of note, some aMCI subjects show an unusually long-lasting

course with no or a very slow rate of cognitive decline.4 The use of

biomarkers can help to characterize the underlying disease, providing

better diagnosis and prognosis in clinical settings, mandatory for the

proper inclusion in disease-modifying treatments.

AD is biologically defined by biomarkers of amyloid beta

(Aβ) plaques, neurofibrillary tau tangles (NFT) in the brain, and

neurodegeneration.5 However, both Aβ plaques and NFT are fre-

quently present in other brain conditions or observed as co-pathology

in post mortem examination of people who had other neurodegenera-

tive diseases.6 In these situations, pathophysiological AD biomarkers

can be positive, and this biomarker positivity is ambiguous, partic-

ularly in the asymptomatic individuals and in the earliest disease

phases.7,8 Among the AD Aβ positive individuals, neuropathology

and neuroimaging data point out the existence of heterogeneity in

atrophy, and amyloid and tau distribution (see Ferreira et al.9 for a

meta-analysis). The emerging tau positron emission tomography (PET)

biological subtypes in particular, indicate interindividual differences in

clinical presentations and cognitive trajectories.10 Tau PET imaging is

in addition not widely available, and further research work is neces-

sary to consolidate its diagnostic accuracy in AD and other dementia

conditions.11 Tau pathology correlates with neuronal and synaptic

loss,12 which is also detectable by 18F-fluorodeoxyglucose (FDG)-PET

brainmetabolism.13 FDG-PET is awidely available technique providing

information on the distribution of neuronal synapse dysfunction and

is more sensitive than magnetic resonance imaging (MRI) structural

information to detect early neurodegenerative processes.14,15 Specific

hypometabolic patterns support differential diagnosis in AD, fron-

totemporal dementia spectrum, and atypical parkinsonian disorders.16

The high diagnostic power of FDG-PET imaging is also accompanied

by a relatively low cost, and availability of validated and standard-

ized analytic procedures. Recently, FDG-PET brain metabolism was

incorporated in artificial intelligence (AI) emerging pipelines for

neurodegenerative diseases, showing clear-cut evidence of its specific

diagnostic role.17 Its importance in the preclinical/prodromal phase

is becoming more and more relevant, considering the accuracy in

detecting brain dysfunctional changes well before the structural MRI

evidence,18,19 and the need for highly accurate framing of prodromal

subjects who will be chosen for inclusion in disease-modifying drug

trials.

The characterization of FDG-PET hypometabolism in aMCI

is still controversial. Some studies report that parieto-temporal

hypometabolism, and especially in the posterior cingulate cortex

(PCC), without medial temporal lobe (MTL) involvement, is the most

characteristic FDG pattern in aMCI20,21 predicting progression to AD

dementia.22 Other studies identified the MTL hypometabolism as the

earliest typical pattern associated with the amnestic onset in MCI

due to AD.23,24 However, the presence in the aMCI clinical phenotype

of focal hypometabolism in the MTL structures, accompanied by

negative or variable amyloid load and a clinical benign course over

long follow-up periods, has been reported in association with non-AD

pathological substrates.25–27

No studies yet have systematically assessed FDG-PET

hypometabolism patterns in terms of spatial distribution and severity

in a clinically comparable large group of aMCI subjects, also consider-

ing the prognostic value. We used an algorithm based on FDG-PET to

describe the different expression of cortical andMTL hypometabolism

in a large cohort of aMCI subjects studied in terms of key demographic,

clinical, apolipoprotein E (APOE) genotyping, cerebrospinal fluid (CSF),

and MRI measures. The predictive value of the subtypes was tested in

a subgroup of aMCI with available follow-up information.

2 METHODS

2.1 Subjects

aMCI subjects were retrospectively included from the Italian INTER-

CEPTOR project (aMCI-INTERCEPTOR cohort), and the Alzheimer’s

DiseaseNeuroimaging Initiative (ADNI) database, screening theADNI-

1, ADNI-GO, and ADNI-2 phases (aMCI-ADNI cohort). For up-to-date
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information see https://adni.loni.usc.edu. The Italian INTERCEPTOR

project, promoted by the Italian Medicines Agency and the Italian

Ministry of Health (https://www.interceptorproject.com/en/) is a mul-

ticenter, interventional, non-therapeutic cohort study in subjects with

MCI.28

Inclusion criteria were: (1) aMCI diagnosis according to Petersen

criteria;29 (2) FDG-PET scan performed at baseline and analyzed using

the optimized statistical parametric mapping (SPM) procedure30,31

showing brain hypometabolism in the typical AD-like structures,

namely the hippocampal structures and/or the temporo-parietal asso-

ciative cortex; (3) only for the aMCI-ADNI cohort, the presence of a

follow-up clinical assessment≥2 years.

Each subject also underwent a CSF exam, structural MRI, and

APOE genotyping. The Mini-Mental State Examination (MMSE), Clin-

ical Dementia Rating (CDR) scale, Neuropsychiatric Inventory (NPI),

and standard neuropsychological batteries were administered. The

autonomy in activities of daily living through the Functional Assess-

ment Questionnaire (FAQ) and Instrumental Activities of Daily Living

(IADL) were available at baseline. We included all aMCI subjects with-

out requiring positive Aβ status. This is relevant because in clinical

practice, most MCI subjects with amnestic onset have an unknown Aβ
status.

The final whole sample consisted of a total of 207 individuals.

2.2 FDG-PET procedures

The aMCI-INTERCEPTOR subjects underwent FDG-PET scan accord-

ing to the conventional neurological acquisition protocols. See Rossini

et al.28 for further details about INTERCEPTOR acquisition proce-

dures.

ADNI acquisition procedures are detailed in the ADNI PET Techni-

cal ProceduresManual, version9.5 (https://adni.loni.usc.edu/methods/

pet-analysis-method/pet-analysis/). For the aMCI-ADNI, the last three

5-minute frames of FDG-PET images were combined to obtain a single

15-minute static image, ensuring uniformacquisition procedures for all

FDG-PET images, independent of the acquisition site.32 Avisual quality

check of the images was performed to identify potential artifacts.

Then, FDG-PET images of patients were pre-processed using

SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) according to the validated

pipeline proposed for the single-subject SPM-based analysis30,31

(Figure 1).

A nuclear medicine expert blinded to any clinical information

selected those aMCI with evidence of limbic and/or temporo-parietal

hypometabolism.

The SPM-t hypometabolismmapswere converted into the normal z-

likedistribution (SPM-zmaps)withMATLABR2021b (Mathworks Inc.).

Low z-scores (<0) indicated more severe regional hypometabolism

compared to healthy controls (HC).

2.3 MRI procedures

Structural 3D MRIs (1.5 or 3 Tesla T1-weighted magnetization pre-

pared rapid acquisition with gradient echo [MPRAGE] or inversion

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using traditional (e.g., PubMed) sources and meeting

abstracts and presentations. While amnestic mild cog-

nitive impairment (aMCI) is considered the prodromal

phase of Alzheimer’s disease (AD), biomarker and clin-

ical prospective evidence suggested a heterogeneous

condition. These relevant citations are appropriately

cited.

2. Interpretation: Here, in a large sample of MCI subjects

with a comparable amnestic phenotype at baseline andno

differences in global functioning, we distinguished three

different subtypes, based on brain hypometabolism fea-

tures. Each subject within the three subtypes showed

a related set of biological features and distinct clini-

cal trajectories, namely stability or rapid progression to

dementia.

3. Future directions: Capturing this heterogeneity is crucial

for diagnosis and prognosis, supporting the presence of

AD and non-AD subtypes with different risk of progres-

sion that is a mandatory knowledge in disease-modifying

treatments.

recovery fast spoiled gradient recalled [IR-FSPGR]) from Siemens,

Philips, and GE scanners were included.

Preprocessing included registration through an affine transforma-

tionwith 12 degrees of freedom to theMontrealNeurological Institute

(MNI) MNI152 template (voxel size 1×1×1 mm). All scans were pro-

cessed to correct for low frequency nonuniform intensities using

Advanced Normalization Tools (ANTs).33 MRI analysis was run in the

neuGRIDplatform (https://neugrid2.eu),34 anonlinehigh-performance

computing infrastructure.

Based on the validated reference control group, consisting of 382

HC,we estimated atrophy z-scoremaps for the cortical and subcortical

areas of interest obtainedwith FreeSurfer v. 7.1.1. Lower z-scores (<0)

indicated greater regional atrophy compared to HC.

2.4 FDG-PET subtype classification

2.4.1 Structural atlas construction

Anatomical segmentation of a complete set of cortical and sub-

cortical gray matter structures was performed with FreeSurfer v.

7.1.1 (Figure 1), using the cross-sectional stream via the recon-all

script. FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) segmentation

includes (1) motion correction and averaging of multiple images when

available; (2) removal of non-brain tissue; (3) Talairach transformation;

(4) segmentation of subcortical white matter and deep gray matter
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F IGURE 1 Schematic diagram of key steps in the single-subject classification workflow. The steady-state FDG-PET (1) is pre-processed and
compared to a healthy controls dataset to obtain a z-map of brain hypometabolism. The 3D volumetricMRI (2) is used to generate the FreeSurfer
segmentation. AD-like and limbic structures were selected from FreeSurfer labels (3). The number of hypometabolism voxels were extracted from
the AD and limbic patterns (4) and a two-step clustering analysis was performed to select the AD and limbic hallmarks (5). The obtained PE (6) and
HR (7) weremerged to obtain the (8) overall classification. Subjects showing high levels of AD PE andHRwere classified as hippocampal-sparing
with cortical hypometabolism (HiS-CHy) subtype; subjects with relatively high levels of both AD PE and limbic HR, or limbic PE and ADHR, were
classified as Hippocampal and cortical hypometabolism (HiCHy) subtype; subjects with relatively high levels of limbic PE andHR asmedial
temporal cortex hypometabolism (MTLHy) subtype. AD, Alzheimer’s disease; FDG, fluorodeoxyglucose; HR, hallmark region;MRI, magnetic
resonance imaging; PE, pattern expression; PET, positron emission tomography; ROI, region of interest; SPM, statistical parametric
mapping.

structures, including the hippocampus and its subunits, amygdala,

caudate, putamen, ventricles; (5) tessellation of the gray matter–white

matter boundary; (6) topology correction; and (7) surface deformation

following intensity gradients. Quality control of the processed outputs

was performed by experienced neuroscientists who inspected the

results slice by slice and discarded those with poor quality or incorrect

segmentation.

The typical AD-like temporo-parietal metabolic pattern was con-

structed by selecting specific FreeSurfer labels. For the temporal lobe,

we included superior, middle, and inferior temporal gyri, and superior

andmiddle temporal pole. For theparietal lobe,we includedprecuneus,

angular gyrus and supramarginal gyrus, postcentral gyrus, and para-

central lobule. The posterior cingulum was also included (Figure 1).

We selected the brain regions that have been widely described with

in vivo imaging in AD patients,35,36 and in pathologically confirmed

AD.37 These cortical brain structures have shown high burden of AD

pathology.35

The limbic structures consisted of hippocampus, amygdala, insula,

and superior temporal pole (Figure 1). These regions were selected

considering previous FDG-PET studies reporting a focal limbic-

predominant hypometabolism pattern in aMCI subjects.26,27 These

brain regions have been associated with a high burden of phos-

phorylated TDP-43, argyrophilic grain accumulation, or hippocampal

sclerosis in post mortem studies.25,38

2.4.2 FDG-PET pattern expression

The pattern expression (PE) was extracted by considering the SPM

z-map obtained from SPM single-subject procedure.31 The PE was

defined by counting the statistically significant hypometabolic voxels

(P< 0.05) within the AD-like and limbic structures for all participants.

PE =

number of hypometabolic voxels (PATTERN)
total number of voxels (PATTERN)

Each subject was then binary classified according to the highest

value between AD or limbic PE (Figure 1).

2.4.3 Hallmark regions and final classification

We applied a two-step clustering algorithm using the SPM-z scores

extracted from the individual AD-like or limbic structures as input

(Figure 1). The two-step clustering, by means of a log-likelihood dis-

tance criterion, allowed grouping the SPM-z scores into two disjointed

clusters. The structureswhichbest represented the two typicalAD-like

and limbic clusters were then selected by arbitrarily fixing the predic-

tor importance to 0.4. This value allowed us to identify those regions,

named the hallmark regions (HR), which produced a noticeable impact

in defining the two clusters.39
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As for the PE, we counted the statistically significant hypometabolic

voxels within the obtained pathological HR (Figure 1).

HR =

number of hypometabolic voxels (HALLMARKS)

total number of voxels (HALLMARKS)

Each subject was binary classified choosing the highest values

between typical AD-like or limbic HR. The combination of PE and HR

classifications generated three different subtypes expressing specific

hypometabolism features (Figure 1).

2.5 Statistical comparisons

A voxel-wise t test on SPM12 procedure was performed between

each identified FDG-PET subtype and an internal dataset of 112

HC subjects,30 considering age as a nuisance variable. The statisti-

cal threshold was set at P = 0.05, family-wise error (FWE)–corrected

for multiple comparisons. Only clusters containing > 100 voxels were

deemed significant. This analysis was applied to explore for the pres-

ence of laterality, and for hypometabolism voxels outside typical

AD-like and limbic structures.

In a post hoc analysis, we evaluated relative hypermetabolism,

namely voxels with significantly higher levels of metabolism compared

to the HC dataset. This was done to investigate the hypothesis of an

increased metabolism at the MTL level in the group that resulted with

severe cortical hypometabolism, but hippocampal sparing (see Results

section).

A voxel-based morphometry (VBM) on MRI T1, within the SPM12

procedures, was applied to evaluate brain structures in the aMCI sub-

types compared to an internal dataset of 382 HC subjects, considering

age a nuisance variable. The statistical threshold was set at P = 0.05,

FWE-corrected for multiple comparisons.

FreeSurfer z-scoresof volumesand thicknesseswerealso calculated

based on themean and standard deviation of the 382HC subjects.

Between-group differences in demographic, clinical, APOE ε4 allele

(i.e., APOE ε3/ε4 or ε4/ε4), CSF, PE and HR, and MRI variables were

assessed by applying the analysis of variance test with Bonferroni post

hoc correction or the chi-squared test of association when variables

were dichotomous. As for CSF and neuropsychological measures, we

calculated standardized z-scores with a mean of 0 and standard devia-

tion of 1, separately for the two aMCI cohorts. Z-scores enabled direct

comparison between the two cohorts, avoiding acquisition biases.

CSF z-scoreswere correlatedwith single-subject PE andHR to eval-

uate the linear relationship between CSF pathology and the level of

brain hypometabolism expression in the three subtypes.

We then applied a voxel-wise linear regression model to assess the

contribution of hippocampal atrophy onwhole brain metabolism.

2.6 Follow-up analysis (aMCI-ADNI cohort)

The INTERCEPTOR project is ongoing, and the consortium agreement

allows the use of follow-up data only at the project end in Decem-

ber 2023. The follow-up analysis was thus performed only in the

aMCI-ADNI cohort, in which MMSE, CDR, FAQ, and IADL scores were

available up to the last follow-up (54± 22months), thus providing lon-

gitudinal measures of cognitive decline and progression to dementia.

MMSE deflection, the number of MMSE points lost per year (annual %

rate), was also computed to provide an index of clinical progression.

We applied the Kruskal–Wallis test with Bonferroni post hoc cor-

rection and the chi-squared test of association for dichotomous vari-

ables, to assess differences across the subtypes stratified according

to the clinical progression at follow-up. The clinical progression was

defined according to MMSE and CDR changes in the latest follow-up

assessment available in the ADNI dataset (i.e., follow-up CDR ≥ 1 and

MMSE≤ 24).

Cox regression analysis was used to assess the ability of the PE

and HR measures to predict longitudinal clinical progression over the

follow-up time in aMCI subjects. We considered the follow-up time

as the time-dependent covariate, and we entered baseline single-

subject PE and HR values as possible predictors of clinical conversion

at follow-up.

Commonality analysis of whole brain hypometabolism was per-

formed for each subtype stratified by clinical outcomes at follow-up.

We used a one-sample t test inserting the contrast images result-

ing from the first level single-subject SPM-based analysis (see the

FDG-PET Procedure section) as the dependent variable. The resulting

commonalities maps were thresholded at P < 0.001, uncorrected for

multiple comparisons, with aminimum cluster size of 100 voxels.

Pearson’s correlation analysis was applied to evaluate the corre-

lation between FDG-PET PE/HR and CSF z-scores in converters and

stable aMCI subjects, separately.

Statistical analyseswereperformedusing Statistical Package for the

Social Sciences (SPSS v. 27).

3 RESULTS

3.1 FDG-PET subtype classification

The two-step clustering analysis identified the superior and inferior

parietal lobules and the precuneus, bilaterally, as the AD-like HR, the

amygdala and hippocampus, bilaterally, as the limbic HR (Figure 1).

Considering PE and HR classifications, we obtained three aMCI

subtypes expressing different hypometabolism features. In detail,

N = 76 aMCI subjects, classified as hippocampal-sparing with cor-

tical hypometabolism (HiS-CHy), showed significantly higher AD-

like PE and HR than typical-AD with hippocampal and cortical

hypometabolism (HiCHy; P < 0.001) and medial temporal lobe

hypometabolism (MTLHy; P < 0.001); N = 34 classified as HiCHy with

significantly higher AD-like PE than MTLHy (P < 0.001) and signifi-

cantly higher limbic HR than HiS-CHy (P < 0.001); N = 97 classified

as MTLHy with significantly higher limbic PE and HR than HiCHy

(P = 0.005; P = 0.002) and HiS-CHy (P < 0.001; Table S1 in supporting

information).
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164 CAMINITI ET AL.

F IGURE 2 Group-analysis. Voxel-wise SPM comparison between aMCI subtypes and FDG-PET database of healthy controls (N= 112).
Renderings representing significant hypometabolism and hypermetabolism in cortex, amygdala, and hippocampus in HiS-CHy, HiCHy, andMTLHy
subtypes. Each comparison was family-wise error–corrected, with a significance level at P< 0.05. aMCI, amnestic mild cognitive impairment; FDG,
fluorodeoxyglucose; HiS-CHy, hippocampal-sparing with cortical hypometabolism; HiCHy, hippocampal and cortical hypometabolism;MTLHy,
medial temporal lobe hypometabolism; PET, positron emission tomography; SPM, statistical parametric mapping.

The HiS-CHy group in the voxel-wise comparison to the HC group

showed significant hypometabolism in the angular gyrus, precuneus,

middle occipital gyrus, and posterior cingulate cortex, bilaterally, and

in the supramarginal gyrus, middle and inferior temporal gyri, on the

left. The post hoc analysis showed significant hypermetabolism in hip-

pocampus and amygdala, bilaterally. No other hypermetabolic patterns

emerged.

The HiCHy subtype showed a significant hypometabolism preva-

lent in the left hemisphere, in the angular gyrus, supramarginal gyrus,

middle temporal gyrus, superior temporal gyrus, hippocampus and,

bilaterally, in the posterior cingulate cortex and precuneus. The HiCHy

did not show any significant hypermetabolism at the defined statistical

threshold.

The MTLHy subtype showed hypometabolism in the superior tem-

poral gyrus, amygdala, hippocampus, bilaterally, and in the left insula

(Figure 2).

The three resulting subtypes did not differ in terms of sex (P =

0.557), education (P= 0.871) andMMSE score at baseline (P= 0.370).

Of note, the MTLHy aMCI were significantly older (P = 0.02) than the

HiS-CHy aMCI subjects.

3.1.1 CSF features

We found a significantly lower Aβ42 in the HiS-CHy (P = 0.025) than

in the HiCHy subtype. Further, we found a significantly altered CSF

total tau (t-tau; P = 0.039) and phosphorylated tau (p-tau)/Aβ42 ratio

(P = 0.004) in the HiS-CHy subtype than the MTLHy subtype. Also,

both HiS-CHy (P= 0.004) and HiCHy (P= 0.025) showed a higher CSF

p-tau/Aβ42 ratio thanMTLHy subtype (Table 1).

AD PE (r = –0.144, P = 0.04) negatively correlated with CSF Aβ42,
whereas limbic PE positively correlatedwithAβ42 (r=0.162,P=0.02).

Thus, a higher expression of the AD-like hypometabolism pattern was

associated with a higher level of CSF Aβ42 pathology. Furthermore,

both theADPEand limbic PE correlatedwith p-tau and the p-tau/Aβ42
ratio levels, butwith anopposite slope. Thus, a higher expressionofAD-

like pattern was associated with more CSF p-tau pathology (r = 0.143,

P = 0.04) and p-tau/Aβ42 ratio (r = 0.206, P = 0.004) levels, while a

higher limbic PE was associated with less pathological levels of p-tau

(r = –0.199, P = 0.005) and p-tau/Aβ42 ratio (r = –0.176, P = 0.01;

Figure 3).

3.1.2 VBM whole brain

Whole-brain VBManalysis showed no evidence of cortical and subcor-

tical atrophy in the HiS-CHy and HiCHy subtypes compared to the HC

group. Only theMTLHy group showed a significant focal atrophy in the

left hippocampus.

3.1.3 Medial temporal thickness

The analysis revealed atrophy of the entorhinal cortices in all groups,

with MTLHy showing the greatest extent of shrinkage over two

standard deviations.
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CAMINITI ET AL. 165

TABLE 1 Demographic, clinical, genetic, biological, andMRI characteristics of the whole sample (aMCI ADNI-INTERCEPTOR) and across the
three subtypes.

Whole sample HiS-CHy HiCHy MTLHy P-value

N 207 76 [50-26]d 34 [23-11]d 97 [53-44]d -

Age (years) 73.27± 6.3 71.76 ± 6.88 73.44 ± 5.14 74.38 ± 5.94 0.02a

Sex (F/M) 107/100 42/34 15/19 50/47 0.557

Education (years) 13.19± 4.9 12.96 ± 4.57 13.29 ± 5.88 13.34 ± 4.74 0.871

MMSE (raw score) 26.89± 2.05 26.67 ± 1.96 26.79 ± 2.14 27.11 ± 2.07 0.370

RAVLTDel. Recall [3.96± 2.9; 2.65± 2.6]d 0.16 ± 0.73 −0.03 ± 0.99 0.142 ± 1.15 0.129

Semantic Fluency [17.6± 4.05; 26.6± 8.6]d −0.08 ± 1.03 −0.05 ± 0.98 0.09 ± 0.98 0.501

NPI [4.8± 6.6; 10.9± 10.8]d 0.006 ± 0.95 −0.03 ± 0.99 0.006 ± 1.04 0.980

CDR 0.5 0.5 0.5 0.5 —

FAQ (ADNI) 4.48± 5.6 0.05 ± 0.8 0.17 ± 0.99 −0.07 ± 1.1 0.728

IADL (INTERCEPTOR) 9.76± 12.1 0.35 ± 1.3 0.02 ± 0.9 −0.27 ± 0.6 0.009a

APOE ε4 allele (% Presence) 8.2% 3.9% 17.6% 8.2% 0.04b

CSF Aβ1-42 [185.3± 142.2; 630.8± 346.8 pg/mL]d −0.24 ± 0.52 0.254 ± 1.5 0.09 ± 1.0 0.025b

CSF p-tau [405.2± 268.3; 93.9± 55.2]d 0.19 ± 1.02 0.33 ± 1.1 −0.27 ± 0.85 <0.001c

CSF t-tau [383.1± 300.7; 598.1± 315.2 pg/mL]d 0.19 ± 1.09 0.08 ± 0.99 −0.18 ± 0.88 0.04a

P-tau/Aβ ratio [2.7± 2.1; 0.2± 1.2 pg/mL]d 0.22 ± 0.97 0.26 ± 1.14 −0.27 ± 0.89 0.002c

T-tau/Aβ ratio [2.5± 2.2; 1.2± 0.8 pg/mL]d 0.238 ± 1.45 0.075 ± 0.97 −0.214 ± 0.83 0.012a

Left THVMRI [4003 ± 633; 3982± 508mm3]d −1.16 ± 1.05 −1.22 ± 1.32 −1.53 ± 1.18 0.102

Right THVMRI [4177± 621; 4188± 560mm3]d −1.08 ± 1.13 −1.10 ± 1.55 −1.40 ± 1.19 0.202

Note: Between-group comparisonswith significant results at the omnibus test are then post hoc compared applying the Bonferroni correction. Z scores were
computed for CSF, RAVLTDelayed Recall, Semantic Fluency, NPI, and THVMRI data considering ADNI and INTERCEPTOR cohorts separately.

Abbreviations: Aβ, amyloid beta; ADNI, Alzheimer’s Disease Neuroimaging Initiative; aMCI, amnestic mild cognitive impairment; APOE ε4 allele, apolipopro-
tein E ε3/ε4 or ε4/ε4; CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FAQ, Functional Activities Questionnaire; HiS-CHy, hippocampal-sparing

with cortical hypometabolism;HiCHy, hippocampal and cortical hypometabolism; IADL, Instrumental Activities of Daily Living;MTLHy,medial temporal lobe

hypometabolism; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; NPI, Neuropsychiatric Inventory; p-tau, phosphorylated tau;

RAVLTDel. Recall, Rey Auditory Verbal Learning Test Delayed Recall; THV, total hippocampal volume; t-tau, total tau.
aHiS-CHy≠MTLHy.
bHiCHy≠HiS-CHy.
cMTLHy≠HiCHy andHiS-CHy.
d[aMCI ADNI-INTERCEPTOR].

3.1.4 Comparison of FDG-PET hypometabolism
and hippocampal atrophy

The voxel-wise regression analysis showed that the hippocampal atro-

phy significantly contributed to a more severe hypometabolism in left

PCC (t = 6.74; MNI coordinates = –4, –30, 32; P < 0.001), left hip-

pocampus (t = 7.36; MNI coordinates = –28, 12, –26; P < 0.001), and

right middle cingulate cortex (t = 6.54; MNI coordinates = 6, –22, 32;

P< 0.001).

3.1.5 Follow-up analysis (aMCI-ADNI cohort)

At the latest follow-up time available (≈5-year) in the aMCI-ADNI

cohort, the HiS-CHy subtype showed the highest conversion rate to

dementia due to AD (73%). The MTLHy showed a conversion rate

to dementia of 34%, significantly lower than the other two subtypes

(P = 0.006); most of them remaining clinically stable over long time.

Of note, these data indicate a continuum within the cohorts with the

HiS-CHy converters and the MTLHy stable subtypes at the extremes.

Also, clinical data in terms of CDR,MMSEdeflection, andCSFbiomark-

ers reflect the large gap between the HiS-CHy converters and stable

MTLHy subtype (Table 2).

The presence of an AD-like hypometabolism (high AD-like PE) was

significantly associated with the greatest conversion to dementia with

a hazard risk ratio of 78.52 (95% confidence interval [CI]: 5.9–1047.4).

The limbic PE was inserted in the Cox regression model with a hazard

risk ratio of 0.07 ( 95% CI: 0.01–0.47), but with an opposite β coeffi-
cient (β = –2.62, P = 0.006) compared to the AD-like PE (β = 4.363,

P= 0.001), meaning that a higher level of limbic PE was less associated

with progression to dementia.

In each subtype, converters always showed presence of cortical

hypometabolism at difference with the stable aMCI (Figure 4A).

In all the aMCI converters, the correlation analysis of CSFmeasures

and brain hypometabolism at baseline was significant for p-tau/Aβ42
ratio andAD-likeHR (Figure4B). Thismeans that amore significant and
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166 CAMINITI ET AL.

F IGURE 3 AD-like/limbic PE and CSF-AD biomarkers relationship. Scatterplots show linear association between PE and CSF-AD biomarkers
in the whole sample. Red circles represent the HiS-CHy, yellow asterisks represent the HiCHy, and blue triangles represent theMTLHy subtype.
AD, Alzheimer’s disease; CSF, cerebrospinal fluid; HiS-CHy, hippocampal-sparing with cortical hypometabolism; HiCHy, hippocampal and cortical
hypometabolism;MTLHy, medial temporal lobe hypometabolism; PE, pattern expression; p-tau, phosphorylated tau.

extended hypometabolism in AD-like hallmark regions was associated

with amore pathological level of p-tau/Aβ42 ratio (r= 0.395, P= 0.01).

On the contrary, the limbic HR was associated with less pathological

levels of p-tau/Aβ42 ratio (r= –0.422, P= 0.007).

4 DISCUSSION

Theuseofmultiple biomarkers in theprodromal stage is crucial to iden-

tify those MCI subjects—expecting to convert to AD dementia with

10% to 15% annual rate—when functional disability is still absent.40

The co-occurrence of multiple biomarker alterations is associated

with a steeper cognitive decline and a higher risk of dementia.1,19,41

In the amyloid/tau/neurodegeneration classification system, the amy-

loid and tau pathology supports the diagnosis of AD as a biological

entity.5 However, the pure biological definition of AD entails some

limitations: Aβ does not help to differentiate among AD clinical pheno-

types, because cortical Aβ deposition is widely distributed across the

entire cortex without specific topography.42 Amyloid-PET positivity is

reported in non-AD conditions43,44 and in normal aging adults.45 The

co-occurrence of Aβ and tau pathology, both in normal individuals and

in MCI, does not always predate AD dementia46 and amyloidopathy is

insufficient to define ADwithout clinical correspondence.47

A spatio-temporal relationship between pathology and neurode-

generation was reported throughout the AD continuum.7 Growing

evidence suggests thatAβ and tau pathologies act in concert in synapse
degeneration48 and as triggers of downstream pathways, including

facilitation of tau spreading and tau-mediated neurotoxicity.49 In vivo

evidence has shown that tau pathology significantly covaries with

FDG-PET brain hypometabolism in most brain regions, irrespective of

Aβ.14,50

Regional patterns of decreased FDG-PET is the result of both local

pathology and long-distance processes of deafferentation,7,51 captur-

ing changes beyond MRI atrophy.52 Moreover, neurodegeneration, as

measured by FDG-PET, strongly correlates with cognitive decline and

is detectable even before clinical symptom onset.53,54 Thus, FDG-PET

has been recognized as one of the most accurate biomarkers in pre-

dicting the possible progression from MCI to dementia, but also in

recognizing those subjects remaining clinically stable over time.19,26,27

Here, we used FDG-PET brain metabolism as biomarker of neu-

rodegeneration and investigated the relationship with AD biological

profiles. We distinguished three aMCI subtypes, based on FDG-PET

hypometabolism features, with a comparable neuropsychological phe-

notype at baseline and different risk of progression. We suggest

that these specific patterns of brain hypometabolism, irrespective to

the MRI and CSF Aβ and tau status, were able to identify subtypes

representative of diverse biological entities.

The HiS-CHy subtype with high positivity of AD-CSF biomark-

ers and the highest level of cognitive decline and progression to

AD dementia (73%), represents the most malignant phenotype. This
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CAMINITI ET AL. 167

TABLE 2 Demographic, clinical, and biomarkers features across the stable (S) and converters (C) aMCI-ADNI subtypes.

HiS-CHy

(S) HiS-CHy (C)

HiCHy

(S)

HiCHy

(C)

MTLHy

(S)

MTLHy

(C) p-value

% 27% 73% 45% 55% 66% 34% -

Age at follow-up (years) 66.7 ± 6.9 70.8 ± 6.9 74.2 ± 6.3 70.0 ± 3.5 74.3 ± 7.1 74.1 ± 5.4 0.009d

Follow-up time (months) 51.5 ± 15.3 44.3 ± 14.5 38.4 ± 15.6 45.7 ± 10.7 64.3 ± 26.6 54.1 ± 20.8 0.02a

Sex (F/M) 2/5 11/8 2/3 3/3 13/16 4/11 0.532

Education (years) 16.6 ± 1.8 16.6 ± 2.0 16.6 ± 2.6 16.5 ± 2.9 16.4 ± 2.9 15.9 ± 2.6 0.953

RAVLTDel. Recall −0.01 ± 0.4 −0.4 ± 0.3 0.1 ± 0.9 −0.4 ± 0.1 0.2 ± 0.1 0.1 ± 1.9 0.289

Semantic Fluency 0.5 ± 0.8 −0.7 ± 0.8 0.4 ± 0.9 −0.5 ± 1.2 0.6 ± 0.7 −0.6 ± 0.7 <0.001a,b

NPI −0.5 ± 0.6 0.2 ± 1.2 −0.2 ± 0.7 1.1 ± 1.6 −0.5 ± 0.4 0.6 ± 0.9 <0.001b,e

MMSE raw score (baseline) 28.3 ± 1.9 27.4 ± 1.6 27.4 ± 1.1 27.5 ± 1.4 27.4 ± 1.6 28.2 ± 1.4 0.007b

MMSE raw score (follow-up) 27.0 ± 2.1 23.7 ± 3.5 26.6 ± 2.6 24.8 ± 1.9 27.53 ± 1.8 21.8 ± 1.6 <0.001b,c,d

MMSE deflection (annual % Rate) −2.8% −8.8% −2.9% −5.8% −1.4% −9.0% <0.001a

CDR (baseline) 0.5 0.5 0.5 0.5 0.5 0.5 —

CDR (follow-up) 0.57 ± 0.2 1.1 ± 0.4 0.5 ± 1.1 1.1 ± 1.3 0.5 ± 0.6 1.4 ± 1.2 0.012a

Left THVMRI (z-score) −1.63 ± 1.32 −1.22 ± 1.03 −0.31 ± 2.48 −1.47 ± 0.97 −1.19 ± 1.40 −1.80 ± 1.05 0.578

Right THVMRI (z-score) −1.68 ± 0.93 −1.07 ± 1.11 0.53 ± 2.30 −1.86 ± 0.80 −1.17 ± 1.28 −1.77 ± 1.11 0.071

APOE ε4 allele (% Presence) 57.1% 63.2% 60% 66.7% 34.5% 66.7% 0.260

CSF Aβ1-42 (% Pathol.) 85.7% 100% 100% 67% 48.3% 80% 0.002a,f

CSF p-tau (% pathol.) 100% 100% 100% 100% 86% 100% 0.183

CSF t-tau (% pathol.) 100% 100% 80% 83.3% 82.8% 93.3% 0.339

Notes: Between-group comparisons resulting significant at the omnibus test are then post hoc compared applying the Bonferroni correction. Z scores were

computed for RAVLT Delayed Recall, Semantic Fluency, NPI, and THVMRI data. CSF Aβ1-42 cut-off < 192 pg/mL; CSF p-tau cut-off > 23 pg/mL; CSF t-tau

cut-off> 93 pg/mL.

Abbreviations: Aβ, amyloid beta; ADNI, Alzheimer’s Disease Neuroimaging Initiative; aMCI, amnestic mild cognitive impairment; APOE ε4 allele, apolipopro-
tein E ε3/ε4 or ε4/ε4 genotype; CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FAQ, Functional Activities Questionnaire; HiS-CHy,

hippocampal-sparingwith cortical hypometabolism;HiCHy, hippocampal and cortical hypometabolism; IADL, Instrumental Activities of Daily Living;MTLHy,

medial temporal lobe hypometabolism; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; NPI, Neuropsychiatric Inventory; p-tau,

phosphorylated tau; RAVLTDel. Recall, Rey Auditory Verbal Learning Test Delayed Recall; THV, total hippocampal volume; t-tau, total tau.
aHiS-CHy (C)≠MTLHy (S).
bMTLHy (C)≠MTLHy (S).
cHiS-CHy (C)≠HiS-CHy (S).
dMTLHy (C)≠HiS-CHy (S).
eHiS-CHy (S)≠HiCHy (C).
fHiCHy (S)≠MTLHy (S).

finding is consistent with previous studies that identified patients with

fast progression and younger age at death, presenting with a dif-

fuse atrophy and tau pathology in associative cortices as the most

aggressive form of AD.9,55,56 Consistently, here, a high expression of

hypometabolism in the AD HR, but hippocampal sparing, was signif-

icantly associated with p-tau/Aβ ratio pathology and conversion to

dementia. A crucial finding is the lack of hypometabolism in the MTL

in this subtype. A possible factor may be a reduced tau burden in

MTL structures, in contrast to a severe tau load in the associative

cortices, which has been reported by both post mortem56 and PET

neuroimaging.14,55 We further explored this issue by investigating the

presence of relative MTL hypermetabolism. Only the HiS-CHy group

showed a relative increase of metabolism inMTL structures compared

to HC. Glucose hypermetabolism of hippocampus and amygdala has

been reported in aMCI57 and subjective cognitive decline,54 and was

suggested as an early downstream consequence to neuropathology, or

an attempt of the affected brain regions to promote resilience.54,57 Of

note, the hippocampal hyperactivity has been associated with a detri-

mental response contributing tomemory impairment in aMCI.58 All the

above suggestedmechanisms could explain the co-presence, of diffuse

cortical hypometabolism and MTL hypermetabolism in the HiS-CHy

subtype.

The HiCHy group showed cortical hypometabolism concomitant

with MTL hypometabolism. A longitudinal clinico-pathological study

found that typical AD-like hypometabolism can progress from the hip-

pocampus to the temporo-parietal and posterior cingulate cortices at

the MCI stage, with a variably lateralized pattern.51 The hippocam-

pal dysfunction and atrophymay trigger cortical degeneration through

the cingulatebundle59 and fornix60 tracts, interconnecting these struc-

tures. Consistently, we found that reduced hippocampal thickness was
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168 CAMINITI ET AL.

F IGURE 4 Brain hypometabolism differences between stable and converter aMCI subjects. A, The FDG-PET hypometabolism patterns
overlaid on a T1-MRI template image in the three aMCI-ADNI subtypes according to the clinical progression at follow-up. B, Scatterplots showing
Pearson’s correlation between the levels of hypometabolism expression in ADHR and p-tau/Aβ42 ratio significant at P< 0.05. Aβ, amyloid beta;
AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; aMCI, amnestic mild cognitive impairment; CSF, cerebrospinal fluid;
HiS-CHy, hippocampal-sparing with cortical hypometabolism (converters= 19, stable= 7); HiCHy, hippocampal and cortical hypometabolism
(converters= 6, stable= 5); HR, hallmark regions; MTLHy, medial temporal lobe hypometabolism (converters= 15, stable= 29); p-tau,
phosphorylated tau.

significantly associated with decreased FDG-PET signal in the PCC.

Moreover, a decreased functional connectivity between hippocampus

and PCC was found to co-localize with regions of highest tau and Aβ
deposition.61 Of note, theHiCHy subtype also showed the highest pro-

portionofAPOE ε4allele carriers, and theAPOE ε4allelewas associated
with the severity of MTL hypometabolism.62 This is consistent also

with evidence that APOE ε4 allele is associated with an amnestic phe-

notypeandmore severehippocampal atrophy.63 TheHiCHy, aswell the

HiS-CHy subtype, had the highest CSF p-tau and p-tau/Aβ ratio.
In contrast, the MTLHy showed the lowest conversion rate (34%)

and limited amount of CSF-AD pathology. The pure amnestic syn-

drome, associated with old age, and a slow or absent cognitive decline,

represents the clinical signatures of this condition, together with het-

erogeneous CSF biomarker abnormalities.26,27 The clinically benign

course over long follow-up periods has suggested the presence of dif-

ferent pathological substrates. Hippocampal sclerosis was suggested

as the main cause of memory loss in stable aMCI.64 Other possible

etiologies include primary age-related tauopathy, which lacks of patho-

logical amyloid load,65 and limbic-predominant age-related TDP-43

encephalopathy, a TDP-43 proteinopathywith orwithout concomitant

amyloidopathy.25 Previous studies by our group reported a consis-

tent rate of clinically stable aMCI, from 16% to 38% of the cohorts,

showing a selective MTL hypometabolism.26,27 This condition cannot

be attributed only to the AD spectrum, as recently reported,55 but

also to non-AD pathology with possibly more benign course.25,66 This

FDG-PET evidence in aMCI has undeniable prognostic and therapeu-

tic repercussions, also for the design of pharmacological clinical trials

of disease-modifying drugs, excluding no-AD individualswhowill never

develop AD dementia.

In our continuum model, the selective posterior vulnerability is

associated with increased AD-related CSF changes and higher risk

of conversion to dementia. In a gray area there was a percentage

of HiS-CHy (27%) and HiCHy (45%) with no progression to demen-

tia in the considered follow-up time. This indicates a possible wide

time range for clinical progression in aMCI even in cases with multiple

specific biomarker positivity.67 Other factors such as brain resilience,

cognitive-brain reserve, and compensation should be considered,68

and longer longitudinal studies are necessary. The algorithm also

 15525279, 2024, 1, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.13385 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [16/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



CAMINITI ET AL. 169

classified as MTLHy a percentage of subjects who progressed

to dementia, showing at individual level not only a severe MTL

hypometabolism, but also a limited, initial hypometabolism in the pos-

terior cortex. The additional presence ofAPOE ε4 allele inmost of them

leads us to consider those aMCI as a predominant limbic AD type.62

The HiS-CHy and HiCHy subtypes shared the presence of an

asymmetry of the hypometabolismpattern prevalent on the left. A left-

lateralizedhypometabolismpatternwas reported inearly stagesofAD;

it parallels distributions ofNFT69 andAβ plaques,70 and becomesmore

symmetrical as disease progresses.71,72

VBM MRI assessment revealed no significant cortical atrophy in

each subtype in the comparison to the reference control group, also

at individual level. Our findings in prodromal aMCI phase support

previous evidence in AD and other neurodegenerative diseases, that

synaptic dysfunction—as detected by FDG-PET—and neuronal death—

as measured by structural MRI—are measures of neurodegeneration

that occur at different times. Thus, the two measures should not

be considered interchangeable measures of neurodegeneration.14 On

the other hand, the evaluation of hippocampal volume and thick-

ness showed that atrophy was present, but more pronounced in

MTLHy than in the other two subtypes, even thoughwithout statistical

significance.

With an abundance of big data available, novel computational

approaches using AI represent an emerging field of interest. AI was

applied to FDG-PET data for the early diagnosis of AD, providing

86.4% accuracy in identifying MCI individuals who will convert to

AD dementia within 1 to 3 years.73 Another study aimed to use AI to

develop an age prediction model based on structural MRI and FDG-

PET in normal and neurodegenerative conditions.17 FDG-based brain

age prediction showed a better performance than MRI in predicting

chronological age, supporting the role of FDG-PET hypometabolism as

a more sensitive measure of aging trajectories.17 The main challenge

for the application of AI in the clinical routine is the overfitting that

arises when a model is too dependent on a training dataset and is not

able to provide good classifications in new clinical data.74 Further-

more, the population heterogeneity could affect the training dataset

and thus the performance of the algorithms.74 Our results, disentan-

gling aMCI heterogeneity and providing hypometabolic hallmarks,

at single subject level, for each identified subtype, might serve for

future diagnostic procedures, for example, innovative computational

pipelines.

5 CONCLUSIONS

This study reports the early metabolic changes in subjects with com-

parable amnestic-type MCI. The obtained results can guide the use of

FDG-PET brain hypometabolism as a diagnostic biomarker for aMCI

in clinical routine. The presence of FDG-PET hypometabolism in AD-

like HR, that is, superior, and inferior parietal lobule and precuneus,

confirms a more certain clinical diagnosis of AD, as it demonstrated a

relevant relationship with CSF measures and steeper progression to

dementia. Of note, MTL hypometabolism defines a clinically benign

course and non-AD condition, possibly not on a trajectory to demen-

tia. Our findings support the urgent need to capture heterogeneity

at the different levels of neurodegeneration expression and risk of

progression, in the early cognitive decline.
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