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Introduction

Mild cognitive impairment (MCI) represents a heteroge-
neous clinical condition, in which the interaction of mul-
tiple pathogenic mechanisms and risk factors ultimately
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Abstract

Objectives: Mild cognitive impairment presenting with an amnestic syndrome
(aMCI) and amyloid positivity is considered due to AD. Many subjects, how-
ever, can show an overall very slow progression relevant for differential diagno-
sis, prognosis, This study assessed PET biomarkers,
including brain glucose metabolism, tau, and amyloid load, in a series of com-
parable aMCI at baseline, clinically evaluated at follow-up. Methods: We
included 72 aMCI subjects from Geneva Memory Center (N = 31) and ADNI
cohorts (N = 41), selected based on available FDG-PET, tau-PET, amyloid-
PET, and clinical follow-up (2.3 years £ 1.2). A data-driven algorithm classified
brain metabolic patterns into subtypes that were then compared for clinical and
PET biomarker measures and cognitive decline. Voxel-wise comparisons were
performed both with FDG-PET and tau-PET data. Results: The algorithm clas-
sified three metabolic subtypes, namely “Hippocampal-sparing with cortical
hypometabolism” (Typel; N = 27), “Hippocampal and cortical hypometabo-
lism” (Type 2; N =23), and “Medial temporal hypometabolism” (Type 3;
N = 22). Amyloid positivity and tau accumulation in the medial temporal and
neocortical regions characterized Type 1 and Type 2, whereas Type 3 showed
no significant tau pathology, variable amyloid positivity, and stability at follow-
up. All tau-positive patients, independently of the FDG-based subtype, showed
faster cognitive decline. Interpretation: aMCI subjects can differ in metabolic

and treatment.

patterns, tau and amyloid pathology, and clinical progression. Here, we comple-
mented with PET tau biomarker the specific brain hypometabolic patterns at
the individual level in the prodromal phase, contributing to the patient’s classi-
fication. Tau PET is the most accurate biomarker in supporting or excluding
the AD diagnosis in aMCI across metabolic subtypes and also predicting the
risk of decline.

leads to distinct clinical manifestations and outcomes.
MCI subjects may convert to Alzheimer’s disease (AD)
and other neurodegenerative dementias, otherwise, they
can remain stable or even revert to normal cognition.'
Previous evidence showed the existence of individuals
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with amnestic MCI (aMCI) condition older (typically
around 75) and with an overall slow disease course. Path-
ological studies linked these features to limbic-
predominant age-related TDP-43 encephalopathy (LATE),
either with or without hippocampal sclerosis.” LATE has
been associated with a progressive amnestic syndrome
that can mimic AD clinical syndrome. The differentiation
between LATE and AD is possible only postmortem as no
validated in vivo biomarkers specific for TDP-43 pathol-
ogy exist that would allow the detection of LATE neuro-
pathological changes.

In AD, neuropathology and neuroimaging studies
have consistently identified three subtypes’ >: the
“hippocampal-sparing” subtype, characterized by atrophy,
extensive cortical glucose hypometabolism, and in vivo
and postmortem evidence of extensive neurofibrillary tau
tangles (NFT) in the associative cortex, with a malignant
AD clinical phenotype; the “Typical AD” subtype charac-
terized by atrophy, hypometabolism, and NFT involving
both the medial temporal structures and associative corti-
ces; and the “limbic” subtype characterized by atrophy,
hypometabolism, and high NFT only in the MTL, with
low cerebrospinal fluid (CSF) tau levels, older age at
onset, and slow clinical progression. Although all these
subtypes are usually attributed to AD,> the limbic sub-
type characterized by a hypometabolism in medial tempo-
ral structures, striking resembles the pattern described in
pathologically confirmed patients with LATE pathology,’
thus, leading to an uncertain diagnosis.3 “* Moreover, the
limbic-predominant pattern has been associated with the
presence of TDP-43 pathology at postmortem.” Limbic-
predominant hypometabolism pattern was also associated
with clinical stability in aMCI, hampering progression to
AD.® However, given the borderline distinction between
limbic-predominant AD and patients with LATE pathol-
ogy, biomarkers able to discriminate would be of great
relevance, especially in the prodromal phases. Despite the
increasingly validated role of tau-PET,™'* only one cases
study'' focused specifically on the contribution of tau-
PET in differentiating between non-AD and AD subtypes
in a homogeneous AD-mimicking amnestic population in
the prodromal disease stage. We hypothesized that inde-
pendent of the brain hypometabolic patterns, the presence
of diffuse tau pathology could support AD diagnosis and
predict cognitive decline. On the other hand, a negative
tau-PET result would confirm a non-AD neurodegenera-
tive etiology in aMCI subjects.

This study aims to capture the possible brain metabolic
heterogeneity during the aMCI prodromal phase by
applying a data-driven algorithm based on FDG-PET'? to
define hypometabolism-based subtypes in clinically com-
parable aMCI subjects, and subsequently compare them
in terms of tau and amyloid biomarkers assessed by PET,
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and clinical follow-up. This classification could usefully
inform subject selection in disease-modifying treatments.

Methods

Participants

Subjects with aMCI were retrospectively included from
the memory center of Geneva University Hospitals
(HUG), and the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) database, screening the ADNI-3 phase with
tau PET available. ADNI is a US public-private partner-
ship launched in 2003 and led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has
been to collect data on MCI subjects and AD patients, as
well as on healthy controls, evaluating the combined
prognostic value of several AD biomarkers and clinical
and neuropsychological assessments. For up-to-date infor-
mation, see https://adni.loni.usc.edu.

We applied strict inclusion criteria for our sample:
(i) aMCI diagnosis according to Petersen criteria’; (ii) Mini-
Mental State Examination (MMSE), (iii) an FDG-PET scan
performed at baseline and analyzed using the optimized SPM
procedure’ showing brain hypometabolism in the typical
AD-like structures, namely the hippocampal structures and/
or the temporoparietal associative cortex'? (iv) a tau-PET
scan and (v) a structural MR, both within a year from FDG-
PET. Thus, subjects with completely negative FDG-PET scans
or non-AD FDG-PET hypometabolic features were excluded.
Other exclusion criteria were (i) presence of neoplastic or
significant cerebrovascular lesions; (ii) neurosurgery or other
neurological conditions, including epilepsy, encephalitis, or
stroke (iii) clinically relevant psychiatric disorders, in accor-
dance with DSM-1V criteria; (iv) current or a recent history
of drug or alcohol abuse/dependence.

Considering the above strict inclusion criteria, 31 and
41 aMCI subjects from the HUG memory clinic and
ADNI cohorts, respectively, participated in the study,
resulting in a final whole sample of 72 individuals. 48 out
of 72 participants also underwent amyloid-PET within a
year from FDG-PET and 57 out of 72 had a follow-up
MMSE at 2.3 £ 1.2 years.

The local Ethics Committee approved the imaging
studies, which have been conducted under the principles
of the Declaration of Helsinki and the International Con-
ference on Harmonization Good Clinical Practice. Each
subject or their relatives provided voluntary written
informed consent to participate in the studies.

Imaging acquisition and processing

Regarding aMCI subjects from the Geneva memory clinic,
all PET scans using '®F-labeled tracers were performed at
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the Nuclear Medicine and Molecular Imaging division at
HUG with Biograph128mCT, Biographl28 Vision 600
Edge, Biograph40 mCT, or Biograph64 TruePoint PET
scanners (Siemens Medical Solutions, Malvern, PA, USA).
All scanners were thus from the same vendor and of the
same generation, harmonized regarding their performance
and reconstructions, and cross-calibrated. For all tracers,
data were acquired in list mode and were reconstructed
using 3D OSEM, corrected for randoms, dead time, nor-
malization, scatter, attenuation, and sensitivity, and aver-
aged after motion correction. A 2-mm Gaussian filter at
full width at half maximum (FWHM) was applied result-
ing in images with 400 x 400 matrix with 1.01 mm iso-
tropic voxels.

FDG-PET

FDG-PET acquisition at HUG was performed according
to the European Association of Nuclear Medicine
(EANM) guidelines.'* ADNI acquisition procedures are
detailed in the “ADNI PET technical procedures manual,
version 9.5”(https://adni.loni.usc.edu/methods/pet-analysis-
method/pet-analysis/). Only the last three 5-min frames
of FDG-PET images were retrieved from the database
and combined to obtain a single 15-min static image. In
such a way, we ensured uniform acquisition procedures
for all FDG-PET images, independently of the acquisition
site.'”

A visual quality check of the images was performed to
identify potential artifacts (e.g., acquisition issuesand
excessive patient motion) and issues related to technical
characteristics, such as the use of compatible reconstruc-
tion algorithms. Then, all FDG-PET images were each
normalized to the optimized FDG-PET template,'® using
SPM12 (https://www.filion.ucl.ac.uk/spm/). They were
then scaled to the global mean of the activity within the
brain and finally smoothed with an isotropic 3D Gaussian
kernel (8 mm full-width half maximum), according to
the validated pipeline proposed for our single-subject
SPM-based analysis."” This kind of smoothing is required
for the random field theory to be applicable. It is also
effective in reducing the number of multiple comparisons
to be performed. Each FDG-PET single-subject scan was
tested for brain hypometabolism by applying a two-
sample t-test comparison with a validated FDG-PET data-
base of healthy controls (HC; N = 112) on a voxel-by-
voxel basis, including age as a covariate.”” The p-value of
the single-subject hypometabolism maps was set at
p < 0.05 uncorrected at cluster level, with a cluster-
forming threshold of n = 100 voxels, based on previous
literature."> The SPM-based single-subject procedure has
been demonstrated not to be affected by different scan-
ners used for acquisitions.'” For subsequent statistical
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comparisons, the SPM-t hypometabolism maps were con-
verted into the normal z-like distribution (SPM-z maps)
with MATLAB R2021b (Mathworks Inc., Sherborn, MA,
USA). Low z-scores (<0) indicated more severe regional
hypometabolism compared to HC. Moreover, REX tool-
box (https://www.nitrc.org/projects/rex/) was used to
extract the mean metabolism values from the hippocam-
pus, entering as sources the scaled FDG-PET images of
patients and HC.

Tau-PET

[18F] flortaucipir (*®F-AV1451) was used for the tau-PET
scans in both HUG and ADNI Regarding HUG, the
tracer was synthesized at the Center for Radiopharmaceu-
tical Sciences in Villigen, Switzerland, under license from
the intellectual property (IP) owner (Avid subsidiary of
Lilly, Philadelphia, PA, USA). Subjects received 180 MBq
of '"®F-AV1451, with image acquisition performed 75 min
after injection (acquisition time 30 min). Each emission
frame was reconstructed in 6 x 5-min frames. ADNI
sample followed a similar acquisition procedure according
to ADNI 3 PET protocols (https://adni.loni.usc.edu/
methods/pet-analysis-method/pet-analysis/) and the six 5-
min frames were retrieved from the ADNI database and
combined to obtain a single static image. For all scans,
processing was performed using Statistical Parametric
Mapping (SPM12, Wellcome Trust Centre for Neuroim-
aging, London, UK), running in MATLAB R2018b Ver-
sion 9.5 (MathWorks Inc., Sherborn, MA, USA). MRI 3D
T1 images were aligned to a reference plane passing
through the anterior commissure, segmented into gray
matter, white matter, and cerebrospinal fluid tissue com-
partments, and normalized to the Montreal Neurologic
Institute (MNI) space using tissue probability maps. All
PET images were aligned to the subject’s respective T1
MRI scan and normalized to the MNI space using the
transformation matrix that was generated during the reg-
istration of the MRI images to the standard space. Tau
distribution was visually assessed by two expert nuclear
medicine physicians (VG, DP), according to published
recommendations,'® describing regions of increased ['®F]
flortaucipir uptake. Tau status was defined based on
visual assessment, where negativity was defined as stage 0,
MTL-limited as stages I-III, and positivity was defined as
stages IV-VL.' The standardized uptake values (SUVr)
were calculated from the regions of interest (ROIs) of the
automated anatomic labeling atlas 3,”° using the cerebellar
crus as a reference region. We also calculated the global
SUVr from the entorhinal cortex, lateral occipital cortex,
inferior temporal cortex, and amygdala.®' Intensity-
normalized PET images
analyses.

were saved for voxel-wise
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Amyloid-PET

Amyloid-PET images were acquired using ['*F] florbeta-
pir (FBP) (HUG and ADNI), or [*®F] flutametamol
(FMM) (HUG) tracers. FBP late images were acquired
50 min after the intravenous administration of
210 £ 18 MBq (3 x 5-min image frames). FMM late
images were acquired 90 min after the intravenous
administration of 166 + 16 MBq (4 X 5-min image
frames). ADNI FBP images were acquired at 50-70 min
post-injection of 370 MBq (10.1 mCi) £+ 10%, (4 x 5-
min frames), according to ADNI protocols (https://adni.
loni.usc.edu/methods/pet-analysis-method/pet-analysis/).
Images were then averaged into a single 20-min frame.
The same processing pipeline used for tau-PET images
was applied to all amyloid-PET images. SUVr was calcu-
lated using the whole cerebellum as the reference region.
SUVr was extracted from the Centiloid volume-of interest
(VOI) and converted into Centiloid units as recom-
mended by Klunk.”* A Centiloid value of 19 was used as
the cutoff point to define amyloid positive versus negative
individuals.”> All amyloid-PET images were also visually
assessed by two expert nuclear medicine physicians (V.G.,
D.P.) applying the standard operating procedures
approved by the European Medicines Agency (https://
www.ema.europa.eu/documents/product-information/
vizamyl-epar-product_information_en.pdf;  https://www.
ema.europa.eu/documents/product-information/amyvid-
epar-product_information_en.pdf) and classified into
“A+” or “A—-

FDG-PET subtypes classification

Classification of FDG-PET subtypes was performed
according to a procedure recently validated in another
large sample of aMCL'? Briefly, the procedure consists of
a three-step classification algorithm that combines infor-
mation from the typical AD-like and limbic-like patterns
and related hallmark regions (HR). The patterns and HRs
were constructed using the automated anatomical label-
ling atlas (AAL) of functional anatomical regions.24 REX
toolbox (https://www.nitrc.org/projects/rex/) was used to
extract the number of hypometabolic voxels from AD-like
and limbic patterns and HRs from single-subject SPM-z
hypometabolic maps (see FDG-PET section).

In the first step, we counted the hypometabolic voxels
within the AD-like and limbic-like patterns, and we bina-
rily classified each individual. In the second step, we per-
formed the same procedure for AD and limbic HR to
obtain the HR classification. In the third step, we com-
bined the pattern and HR classifications to identify the
following subtypes: (1) “Hippocampal-sparing with
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cortical hypometabolism” (Type 1) subtype with relatively
high values of AD cortical pattern and HR; (2) “Hippo-
campal and cortical hypometabolism” (Type 2) subtype
with relatively high values of both AD pattern and limbic
HR or limbic pattern and AD HR; (3) “Medial temporal
cortex hypometabolism” (Type 3) subtype with relatively
high values of limbic pattern and HR.

Statistical analyses

Baseline demographics, clinical, cognitive, and biomarkers
differences among FDG-PET subtypes were assessed using
a Kruskal-Wallis rank sum test for continuous variables
and a proportion test for categorical variables. Biomarkers
differences were tested in terms of binary status and, also,
tau and amyloid loads (global tau SUVr, tau SUVr in the
hippocampus and in the inferior temporal gyrus, and cen-
tiloid). Differences in hippocampal metabolism were also
tested. To investigate the cognitive trajectories of FDG-
PET subtypes over time we applied linear mixed-effects
models with random intercepts and slopes using longitu-
dinal MMSE as a dependent variable, adjusting for age,
sex, and education. We applied the same longitudinal
model to examine differences in cognitive decline between
groups stratified according to tau.

All analyses were performed using R, version 4.0.2
(https://www.r-project.org/). A p-value of 0.05 was con-
sidered the significance threshold for all analyses.

Voxel-wise analyses

A voxel-wise SPM t-test analysis was applied to compare
each aMCI subtype with a set of HC subjects (N = 112)
to assess brain metabolism at the group level. A voxel-
wise analysis was applied to assess tau accumulation in
each aMCI subtype compared to a pool of HC (N = 43,
recruited from HUG and ADNI). Voxel-wise differences
in metabolism and tau accumulation between subtypes
were also tested. The statistical threshold was set at
p = 0.005, FWE-corrected for multiple comparisons. Only
clusters containing more than 100 voxels were deemed to
be significant.

Results

FDG-PET subtypes

27 aMCI subjects were classified as “Hippocampal-sparing
with cortical hypometabolism” Type 1; 23 aMCI as “Hip-
pocampal and cortical hypometabolism” Type 2; 22 as
“Medial temporal cortex hypometabolism” Type 3. Exam-
ples of individual cases are reported in Fig 1.
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| TYPE1 CASES |

aMCI subject (69y, F)

TAU-PET FDG-PET

aMCI subject (69y, M)

TAU-PET FDG-PET

TAU-PET FDG-PET

TAU-PET FDG-PET

TAU-PET FDG-PET

TAU-PET FDG-PET

Figure 1. Individual examples of brain hypometabolic patterns and tau distribution for each subtype. The single-subject FDG-PET hypometabolic
patterns resulted from statistical parametric mapping (SPM) single-subject analysis versus 112 controls; significance was set at uncorrected
p < 0.05 at the voxel level with k > 100 voxels. Yellow/red scales represent hypometabolism severity (p < 0.05, k = 100). For tau-PET, SUVr
images are displayed and green-to-pink scales represent tau load severity. Type 1 corresponds to the hippocampal-sparing subtype with cortical
hypometabolism; Type 2 to the typical AD subtype with hippocampal and cortical hypometabolism; Type 3 to the limbic subtype with medial

temporal cortex hypometabolism.

The three subtypes differed in global cognition and
biomarkers’ status, but not in other variables (Table 1).
The patients with Type 1 and Type 2 were all amyloid-
and tau-positive.

Type 3 showed significantly higher MMSE and MOCA
scores compared to the other two subtypes (p < 0.05). A
higher percentage of tau-negative including negative scans
(78%) or MTL-limited (18%) and amyloid-negative
(50%) individuals were found in Type 3 compared to the
other groups (p < 0.001 and p = 0.02, respectively).

Differences in tau and amyloid were further confirmed
by the comparison of tau SUVr and amyloid Centiloid,

where Type 3 showed significantly lower values than both
Type 1 and Type 2, who, however, did not differ between
each other (Fig. 2).

Voxel-wise brain hypometabolism and tau
accumulation

Fig 3 shows the hypometabolism and tau patterns in the
three subtypes. Type 1 showed significant cortical hypo-
metabolism in the angular gyrus, precuneus, middle
occipital gyrus, posterior cingulate cortex, supramarginal
gyrus, middle temporal gyrus, and inferior temporal

1240 © 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 1. Demographic, clinical, and biomarker features of amnestic
MCI subtypes: hippocampal-sparing with cortical hypometabolism
subtype (Type 1), hippocampal and cortical hypometabolism subtype
(Type 2) and medial temporal cortex hypometabolism (Type 3).

Type 1 Type 2 Type 3
N =27 N =23 N =22 p-Values
Age, y 72 + 4.7 74 £ 5 74 + 5.1 0.57
Sex, female % 53.3% 48.8% 31.8% 0.24
Education, y 14 +£ 45 15+32 16+17 0.31
MMSE score at 26 + 2.6 26 £3.1 28+17 0.01°
baseline
MMSE score at 22 £ 5.1 24 + 4 26 + 2.7 0.001°
follow-up
MoCA score 204£66 21 +£35 24+27 0.03?
CDR 054+02 05+0 0.5+ 0.2 0.576
RAVLT immediate 21 + 13 23+ 11 29 + 14 0.15
recall
RAVLT delay recall 7.9 +48 6+5 8 4+ 4.1 0.354
Amyloid status, 100% 100% 50% 0.02°
positivity (+)
Tau status, 92% 100% 4% <0.001°
neocortex +
MTL + / / 18%

Continuous variables are reported as mean =+ standard deviation, cat-
egorical variables as percentages. p-Values are obtained by Kruskal—
Wallis test for continuous variables and the proportion test for
frequencies.

Abbreviations: CDR, clinical dementia rating; MMSE, mini-mental state
examination; MOCA, montreal cognitive assessment; MTL, medial
temporal lobes; N, number; RAVLT, rey auditory verbal learning test;

y, year.
“Type 3 is significantly different from Types 1 and 2.

gyrus, when compared to the HC group. In this group,
the tau pattern widely involved similar regions, such as
medial and lateral temporal and parietal regions, includ-
ing the precuneus and the posterior cingulate. Type 2
showed also cortical hypometabolism, however less
extended, involving the left angular gyrus, left middle
temporal gyrus, left superior temporal gyrus, posterior
cingulate cortex, and precuneus. Of note, the medial tem-
poral structures, particularly the hippocampus, were
involved as well. Type 1 and Type 2 tau patterns were
comparable, involving neocortical and medial temporal
regions. Type 3 showed severe hypometabolism in the
amygdala, hippocampus, and superior temporal gyrus,
bilaterally. The tau pattern was negative at the group
level, with a very limited uptake in the hippocampus
driven by only a few cases (N = 4). Examples of individ-
ual cases are reported in Fig 1.

Of note, the direct comparison between Type 1 and
Type 2 showed more severe hypometabolism in the infe-
rior and superior parietal lobules (p < 0.001) in the for-
mer. Type 3 showed significantly lower hippocampal
metabolism than Type 2 (p = 0.013).

Tau-PET in Amnestic MCl Subtypes

In addition, Type 1 showed increased metabolism in
the hippocampus than HC (p < 0.001). This group was
the only one showing hippocampal hypermetabolism
compared to the other two subtypes (p < 0.005).

The direct voxel-wise comparison of tau load between
Type 1 and Type 2 showed no differences. In particular,
although the hippocampus was not hypometabolic in
Type 1, it had a comparable load of tau as Type 2
(p = 0.13).

Longitudinal cognitive trajectories among
subtypes

Linear mixed effect models indicated that Type 1 (stan-
dardized S [stb] of interaction with time in
years = —2.05, p < 0.001) has a faster decline over time
on MMSE compared to Type 3 (reference) group (Fig. 4).
Type 2 showed a flat slope in the range of follow-up time
(23 + 1.2).

Considering different tau status, we found that tau-
positive individuals (stb = —1.2, p = 0.008) showed a fas-
ter cognitive decline over time compared to the tau-
negative ones, independently from FDG-PET patterns
(Fig. 4).

Discussion

MCI is a heterogeneous condition from the clinical and
prognostic points of view.® FDG-PET represents an estab-
lished neurodegeneration biomarker able to reveal charac-
teristic and progressive brain hypometabolism at the
prodromal and preclinical neurodegenerative disease
phases.”?® This study describes three different aMCI sub-
types based on FDG-PET hypometabolism patterns and
tau deposition. Despite the comparable amnestic clinical
phenotype at baseline, the brain metabolism subtypes dif-
fered in the tau accumulation, as assessed by PET, leading
to different courses of cognitive decline over time. Type 1
and Type 2 showed extensive and comparable tau accu-
mulation and clinical progression over time, with the for-
mer presenting the fastest cognitive decline (Fig. 4). On
the contrary, Type 3 had no tau accumulation or was
very limited to the MTL, and clinical stability, advocating
for non-AD etiologies.” These findings underline the key
role of the combination of brain metabolism and tau bio-
markers for diagnosis and prognosis in aMCI. The pre-
sent classification of individual FDG-PET patterns in
prodromal aMCI confirms the existence of distinct hypo-
metabolic subtypes, as previously shown in another aMCI
cohort using FDG PET'? or in AD dementia series using
FDG-PET* and MRIL> However, there is still an ambigu-
ous interpretation and consequent classification of the
limbic-predominant pattern within the AD spectrum.’
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Figure 2. Amyloid and tau differences between subtypes. Boxplots show the distributions of tau SUVr and amyloid centiloids among FDG-based
subtypes. The p-values, obtained from Kruskal-Wallis test with post hoc comparison, for each comparison are reported in the graphs. Type 1
corresponds to the hippocampal-sparing subtype with cortical hypometabolism; Type 2 to the typical AD subtype with hippocampal and cortical
hypometabolism; Type 3 to the limbic subtype with medial temporal cortex hypometabolism.
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FDG-PET
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Tau PET

Figure 3. Topographical distribution of brain hypometabolism (FDG-PET) and tau load (tau-PET) at group level for each subtype. Topographical
distributions of brain hypometabolism and tau load are obtained by SPM group analysis obtained by statistically comparing each group with
healthy controls database (see text for details). Only brain regions showed significant differences from healthy controls are depicted yellow/red
and light blue/pink color scales. Yellow/red and light blue/pink scales represent hypometabolism and tau load severity, respectively (p < 0.05,
k =100). Type 1 corresponds to the hippocampal-sparing subtype with cortical hypometabolism; Type 2 to the typical AD subtype with
hippocampal and cortical hypometabolism; Type 3 to the limbic subtype with medial temporal cortex hypometabolism.

Here, we complemented with tau PET biomarker the spe-
cific hypometabolic patterns at the individual level in pro-
dromal phase, contributing to patient’s classification.
Type 1 represented 40% of our sample characterized by
a posterior temporoparietal hypometabolism with sparing
of hippocampal structures (Fig. 3). The hippocampal-
sparing subtype in AD has been consistently proven,” >’
however, the mechanisms behind the vulnerability of the

associative cortices without involvement of the MTL are
still unclear. In our prodromal sample, Type 1 was char-
acterized by PET amyloid- and tau-positivity and a fast
cognitive decline, thus representing the most malignant
AD subtype. This finding is consistent with MRI studies
in AD dementia patients which identified a malignant
subtype characterized by great atrophy in the associative
cortices and the worst cognitive progression®>*” and with
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Figure 4. Longitudinal cognitive trajectories. The graph on the left shows different cognitive trajectories of MMSE scores over time in the
different FDG-based subtypes. The graph on the right shows different cognitive trajectories of MMSE scores over time in tau-positive and -
negative patients. Type 1 corresponds to the hippocampal-sparing subtype with cortical hypometabolism; Type 2 to the typical AD subtype with
hippocampal and cortical hypometabolism; Type 3 to the limbic subtype with medial temporal cortex hypometabolism.

our previous FDG-PET study, showing a comparable hip-
pocampal sparing subtype with high positivity of AD-CSF
biomarkers and the highest level of cognitive decline and
progression to AD dementia (73%).'> Contrary to the
clinical comparability of our subtypes, previous studies
reported more commonly atypical AD non-amnestic pre-
sentations such as posterior cortical atrophy (PCA), logo-
penic primary progressive aphasia (LPPA), and the
frontal variant of AD in hippocampal-sparing than in
typical and limbic-predominant AD*** that can possibly
explain the faster longitudinal cognitive decline in this
subtype. Moreover, dysexecutive AD has been recently
clinically described initially presenting as a progressive
and predominant degradation of core executive functions
in the absence of prominent behavioral features and, from
the imaging side, patients usually report hypometabolism
and tau deposition in posterior parietal cortices and vari-
ably in the frontal cortices with the MTL sparing in most
patients.®*!

Type 2, on the other hand, included 30% of the whole
sample and showed the AD hypometabolic pattern in the
medial temporal and temporoparietal cortices, however
with less cortical involvement than Type 1 (Fig. 3). All
Type 2 cases were amyloid- and tau-positive. Of note,
Type 1 and 2 subtypes did not differ in amyloid and tau
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accumulation loads (Fig. 2) and tau topographic pattern
(Fig. 3). Tau pathology involved the MTL in both groups,
although this structure was hypometabolic only in Type
2, whereas Type 1 showed relative hypermetabolism pos-
sibly reflecting the relatively spared metabolism of this
structure. The concept of hippocampal-sparing subtype of
AD could challenge the widely accepted model of NFT
spreading from the entorhinal to the associative cortices.””
Instead, a less common pathway affecting first multi-
modal association cortices with a late limbic involvement
can be advocated.” Of note, we found MTL relative
hypermetabolism in Type 1 in the presence of tau pathol-
ogy. A reported tau-associated hypermetabolism in tem-
poral regions was suggested as an early sign of brain
dysfunction associated with AD pathology.>* The associa-
tion between FDG-PET hypermetabolism and reduced
memory performances has been also reported,”*® as well
as an association with a decrease of intrinsic connectivity
between the hippocampus and precuneus.”’ Whether a
hypermetabolic phase drives amyloidosis and/or tauopa-
thy or is a consequence remains an open question. The
most compelling hypothesis is that microglial responses
follow the earliest amyloid fibrillization, leading to
inflammatory glucose hypermetabolism and facilitating
subsequent tau increases in early AD.”® Thus, glucose
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hypermetabolism can be associated with neuroinflamma-
tion in line with activated microglia consuming high
levels of glucose.”® Again, the hippocampal hypermetabo-
lism was considered a detrimental rather than a beneficial
compensatory reaction in cognitively impaired subjects.’
Moreover, in MCI, soluble TREM2 as a measure of
microglia activation was positively associated with hippo-
campal metabolism that was higher compared to healthy
controls and able to predict conversion to dementia.’
Our results also argued in favor of a detrimental effect of
relative hypermetabolism in the hippocampus, possibly
favoring tau deposition and fast spreading beyond the
MTL, leading to a worse cognitive decline in Type 1 than
other subtypes (Fig. 4).

Type 3 was the most benign subtype with significantly
higher scores in global cognition at baseline (Table 1) and
clinical stability over time (Fig. 4). This subtype showed a
severe hypometabolism limited to the MTL structures.
The presence of the amnestic phenotype with MTL hypo-
metabolism has previously led to considering it as an AD
limbic subtype.”® However, the limbic-predominant
hypometabolic pattern showed a striking resemblance
with the FDG-PET pattern of pathologically confirmed
patients with MCI and dementia due to TDP-43 pathol-
ogy and/or hippocampal sclerosis, as previously
described.®*® This specific pattern was able to distinguish
the autopsy-confirmed cases with comorbid TDP-43 from
AD.® Moreover, a recent study reassessed the LATE-asso-
ciated FDG-PET pattern in an independent autopsy
cohort confirming its clinical utility in differentiating
LATE and AD etiologies in dementia patients.*” The
importance of our study relies on the detection of this
FDG-PET pattern plus the associated negative tau-PET
scan in the prodromal MCI stage.

In our work, the possibility of non-AD pathological
substrates was further supported by the clinically benign
course over time in Type 3, in line with previous studies
reporting a consistent rate of clinical stability (from 16%
to 38%) in aMCI subjects with limbic-predominant
hypometabolism.>*' The absence of tau pathology as
shown here, advocates non-AD conditions. Hippocampal
sclerosis has been proposed as the main cause of memory
loss in patients with stable aMCI and preservation of
other cognitive functions,*” together with the primary
age-related tauopathy (PART), which lacks pathological
amyloid load,*® and the LATE, with or without concomi-
tant amyloid.” Despite the amyloid positivity in 50% of
the cases, Type 3 had negative tau scans (78%) or very
limited tau in hippocampal structure (18%) (according to
current US Food and Drug Administration guidelines, the
increased tracer uptake in MTL is considered nonsignifi-
cant for AD (negative scans)**). We found only four cases
with a minimal tau load in MTL, likely due to age-related
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changes.*>*® The association between amyloid positivity
and a diagnosis of AD dementia becomes weaker with
aging,"” and there is autopsy evidence for significant amy-
loid deposition in aged brains of people without antemor-
tem dementia.*® Concerning tau, our results fit with
Botha et al. which demonstrated a negative tau-PET scan
associated with a temporolimbic FDG-PET pattern in old
amnestic  subjects with  autopsy-confirmed LATE
pathology.® A more recent study showed pathological
suprathreshold values of p-taul8l in the CSF of patients
with a LATE-like FDG-PET pattern.** However, CSF p-
taul81 increases may not necessarily indicate NFT
pathology.*” Thus, the null or limited tau in Type 3 sub-
jects hampers an AD etiology, that is instead strongly
supported in both Type 1 and Type 2 by tau-PET uptake
in medial and temporoparietal regions. A potential source
of clinical challenges is the limbic AD variant, which
localizes to the limbic system. In this scenario, the visual
assessment of tau-PET can help in determining which
pathology drives clinical symptoms. Thus, we further con-
firm that in the case of FDG-PET hypometabolism lim-
ited to limbic structures, a negative tau-PET would rule
out an AD etiology.

Finally, when we split the sample into tau-positive and
tau-negative subjects, tau status was able to discriminate
between different cognitive trajectories supporting the key
role of tau-PET in identifying stable or decliner subjects
due to AD (Fig. 4).>'° However, stratifying according to
FDG-PET subtypes, we found a significantly steeper cog-
nitive decline of Type 1 compared to other subtypes
(Fig. 4). The cognitive decline of Type 2 was less malig-
nant than Type 1 (Fig. 4), possibly because of a less
severe cortical hypometabolism in these individuals
(Fig. 3) and/or also the limited follow-up durations.
Other factors such as brain resilience, cognitive reserve,
and compensation could contribute to explaining the cog-
nitive trajectories in Type 2 that might decline later.”
The steeper progression to dementia associated with the
Type 1 hypometabolic pattern highlights the potential of
FDG-PET to identify a more malignant subtype with
more severe neurodegeneration likely due to the combi-
nation of other drivers. Our results highlight the impor-
tance of establishing tau positivity in participants with
amnestic phenotype and neurodegeneration to confirm
that their neurodegeneration is due to AD.'"' The ability
of tau-PET in identifying aMCI subjects with a malignant
or benign course has undeniable prognostic and therapeu-
tic repercussions since the design of clinical trials should
include proper AD cases and avoid enrolling individuals
who will not develop AD dementia.

The novelty of this study is the demonstration of how
tau assessed by PET differs in FDG-defined aMCI sub-
types, supporting AD and non-AD diagnosis and
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predicting fast cognitive decline. More importantly, in the
development of disease-modifying therapies, tau-PET has
a potential role in the accurate selection of AD patients
that will benefit most from already-developed drugs and
tau-targeting therapeutics. Moreover, as tau-PET is not
largely available, FDG-PET, as a more widely accessible
technique, can also help to identify AD cases and the
more malignant subtype among them. Notably, recent
advancements have demonstrated that FDG-PET scans
contain sufficient data to allow for the accurate synthesis
of tau-PET scans through artificial intelligence’’ and they
also harbor additional crucial data for diagnosing and
understanding a broader range of neurodegenerative dis-
orders beyond AD, such as frontotemporal dementia
(FTD) and dementia with Lewy bodies (DLB).>?

Among the limitations, we acknowledge a relatively
small sample size that was longitudinally evaluated with a
short follow-up period. Second, we are aware that no
absolute consensus on the cutoff point for amyloid status
definition is to date available but we applied here a
threshold previously validated.'®* Lastly, the main limi-
tation of our study is the lack of postmortem examina-
tion, which hampers a conclusive etiology explanation.
Nevertheless, our findings imply major clinical remarks
for diagnosis and prognosis given that the limbic hypo-
metabolism pattern is quite frequent in the aMCI popula-
tion corresponding to 30% of the present and previous
analyzed samples,>'' and separating the non-AD limbic
cases is of utmost importance. Longitudinal imaging stud-
ies will provide further insight into the evolution of the
different subtypes.
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