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Abstract.

Background: Alzheimer’s disease (AD) diagnosis is difficult, and new accurate tools based on peripheral biofluids are
urgently needed. Extracellular vesicles (EVs) emerged as a valuable source of biomarker profiles for AD, since their cargo is
disease-specific and these can be easily isolated from easily accessible biofluids, as blood. Fourier Transform Infrared (FTIR)
spectroscopy can be employed to analyze EVs and obtain the spectroscopic profiles from different regions of the spectra,
simultaneously characterizing carbohydrates, nucleic acids, proteins, and lipids.

Objective: The aim of this study was to identify blood-derived EV's (bdEVs) spectroscopic signatures with AD discriminatory
potential.

Methods: Herein, FTIR spectra of bdEVs from two biofluids (serum and plasma) and distinct sets of Controls and AD cases
were acquired, and EVs’ spectra analyzed.

Results: Analysis of bdEVs second derivative peaks area revealed differences between Controls and AD cases in distinct
spectra regions, assigned to carbohydrates and nucleic acids, amides, and lipids.

Conclusions: EVs’ spectroscopic profiles presented AD discriminatory value, supporting the use of bdEVs combined with
FTIR as a screening or complementary tool for AD diagnosis.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
form of dementia worldwide, expected to exponen-
tially increase in the upcoming years [1, 2]. Despite
efforts of the last decades, AD pathophysiology is not
completely understood and no effective cure able to
revert cognitive decline was identified thus far. Like-
wise, no general blood-based diagnostic tool has been
approved for clinical use [3, 4]. Diagnosing AD is
challenging since clinical symptoms arise decades
after onset of neuropathological alterations and may
overlap with other dementia types. Currently, the gold
standard molecular AD diagnostic tool available is
the cerebrospinal fluid (CSF)-based neurochemical
diagnosis that monitors amyloid-B (AB), tau, and
phospho-tau 181. However, CSF collection involves
a lumbar puncture, an invasive outpatient procedure
[5, 6]. Ideally, CSF results are combined with brain
imaging techniques and cognitive tests to establish
a more accurate AD diagnosis [7, 8]. Neuroimag-
ing techniques are useful to assess brain structure or
track amyloid deposition but imaging equipment is
expensive, limiting its wide access [9]. Therefore, a
test based on blood biomarkers, would be ideal to
diagnose AD, representing a less invasive and more
accessible tool. Several relevant biomarker candi-
dates have been tested in blood, among them A3 and
tau species [10-14] but none have been introduced
in routine clinical practice. This is mainly due to
their low abundance, which require the use of expen-
sive highly sensitive methodologies, and to some data
discrepancies between studies.

Fourier Transform Infrared (FTIR) spectroscopy
is a technique often employed in disease diagnosis,
highly reproducible, easy to perform and possible to
run with small sample volumes. The obtained infrared
spectrum provides, simultaneously, metabolic infor-
mation on carbohydrates, nucleic acids, proteins and
lipids, being particularly useful for multifactorial
diseases, among them cancer and neurodegenera-
tive conditions [15-19]. The value of FTIR in AD
diagnosis has been explored, by analyzing blood or
CSF spectral signatures associated to proteins, lipids
and nucleic acids, which exhibited good to high dis-
ease discriminatory potential [18, 20-25]. However,
the use of extracellular vesicles (EVs) isolated from
peripheral biofluids can be advantageous. In a pre-
vious study from our group, FTIR spectra of serum
and serum-derived EVs with exosome-like charac-
teristics, of non-demented Controls and AD cases
from two cohorts, were obtained and analyzed in

the spectroscopic region of 1200-900 cm™!. Results
showed that EVs spectra presented a higher discrim-
inatory potential for AD than serum per se. This
spectroscopic region corresponds mainly to carbohy-
drates and nucleic acids absorbances [26], supporting
the relevance of those biomolecules in AD diagno-
sis. Herein, these pilot data were confirmed in EVs
obtained from a distinct biofluid (plasma) and differ-
ent participants groups, and innovatively other FTIR
spectra regions were likewise analyzed in the context
of AD.

This study aims to compare and assess the diagnos-
tic potential of FTIR and blood-derived EVs (bdEV5s),
isolated either from serum or plasma, as an AD dis-
criminatory tool. Spectra of bdEVs from Controls and
ADs were analyzed through both multivariate and
direct spectral analysis. Three FTIR spectral regions
were studied: 1200-900cm™!, 1720-1490 cm™!, and
30502800 cm™! in serum- and plasma-derived EVs
of two independent sample groups, reinforcing the
value of this approach for AD diagnosis.

MATERIALS AND METHODS

Study groups

Serum and plasma samples were obtained from the
biobank at the Universitat Medizin Gottingen and
their use was approved by the ethics committee of
this institution (9/2/16). Two distinct sets of individu-
als were studied, each one comprising non-demented
Controls and individuals diagnosed with AD. The
serum group comprised 12 Controls and 12 AD cases
and the plasma group included 14 Controls and 14 AD
cases. Demographics and clinical data of both groups
is available in the Supplementary Table 1. AD diag-
nosis was established following the 2011 McKhann
criteria, namely cognitive tests, supported by CSF-
neurochemical diagnosis (total-tau, phospho-tau 181,
and APB1-42/1-40) and/or PET imaging [27, 28]. All
procedures were run in accordance with the Decla-
ration of Helsinki and all individuals give informed
consent before collection of samples.

Blood collection, extracellular vesicles isolation,
and characterization

Blood samples from Controls and AD cases were
collected in gel-free or EDTA gel tubes, centrifuged
at 2000 g, for 10 min, to obtain serum or plasma,
respectively. Further, these samples were aliquoted
and frozen at —80°C. Both serum and plasma
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samples were used for isolation of EVs with exo-
some like-characteristics, using a precipitation-based
methodology and following the protocol previously
described [26]. In brief, 125 pL of serum or plasma
was centrifuged, further, supernatant was mixed
with ExoQuick Serum Exosome Precipitation Solu-
tion (System Biosciences), incubated at 4°C during
30 min, and centrifuged to obtain EV pellets. These
were resuspended in PBS, for EVs characteriza-
tion by transmission electron microscopy (TEM) and
nanoparticle tracking analysis (NTA), or lysed in
RIPA buffer (Sigma-Aldrich) with protease inhibitors
for FTIR spectroscopy analysis and western blot.
EVs suspensions were aliquoted and frozen prior to
analyses. TEM and NTA analysis also followed pro-
cedures previously described by the group [26, 29].
TEM images were obtained using a STEM Hitachi
HD 2700 microscope at 100kV. NTA analyses of
all samples were performed using the NanoSight
NS300 (Malvern Instruments) and video analysis was
performed with NTA software version 3.2. Particle
concentrations obtained were multiplied by the dilu-
tion factor, prior to statistical analysis.

Protein concentrations of plasma-derived EVs
samples lysed in RIPA were determined by BCA
protein assay and 50ug of total protein was
loaded for each sample in a 5-20% SDS-PAGE,
followed by protein transfer to nitrocellulose mem-
branes. Membranes were blocked with 5% non-fat
dry milk and incubated with anti-CD63 (1:500)
(sc-5275; Santa Cruz Biotechnology), anti-RAB11
(1:500) (610657; BD Transduction Laboratories)
and anti-Calnexin (1 :200) (ADI-SPA-860-J; Enzo).
Further, membranes were incubated with anti-mouse
IgG, HRP-linked antibody (1:2000) (7076 S; Cell
Signaling Technology) or anti-rabbit IgG, HRP-
linked antibody (7074 S; Cell Signaling Technology).
Protein bands were detected using the chemilumi-
nescence reagent ECL Select (GE Healthcare Life
Sciences™) and images were captured with the
ChemiDoc™ gel imaging system (Bio-Rad).

FTIR spectra acquisition and pre-processing

FTIR spectra of bdEVs were acquired in
mid-infrared range (4000-600cm™"), using Alpha
Platinum ATR FTIR spectrometer and OPUS 7 soft-
ware (Bruker Corporation), as previously described
[26]. The resolution used was 8cm™' with 64 co-
added scans. Five microliters of EVs were placed
on diamond crystal, air dried for 20 min and spectra
acquisition was performed at 23°C and 35% humid-

ity, as described in [22]. Three replicates from each
EV sample were acquired and background measure-
ments were performed with empty crystal between
samples FTIR spectra acquisition.

Unscrambler X v10.4 (CAMO) software was used
to pre-process and analyze spectra. Spectra were
divided in 3050-2800cm™!, 1720-1490cm™! and
1200-900 cm™! regions and, further, baseline cor-
rected, and area normalized. Second derivative was
calculated for these regions using Savitzky-Golay
algorithm with 3 smoothing points. The use of second
derivative is crucial for resolving peaks in complex
blood or EVs samples.

Peak area analysis

Second derivatives of EVs spectra were factored
by —1 [30, 31] and peak area calculated, using peak
analyzer tool of Origin 2017 software (OriginLab
Corporation). A schematic representation of the pro-
cedures employed is presented in Fig. 1.

Statistical analysis

Statistical analysis was performed using Graph-
Pad 9 software. Shapiro-Wilk was used to evaluate
data distribution. EVs particles size or concen-
trations were compared using the unpaired #-test.
Non-parametric Mann-Whitney test was applied to
compare peak area between Controls and AD cases.
All spectra replicates (3 technical replicates for each
EVs samples) were considered for the statistical anal-
ysis of peaks area and represented on graphs. Only
p-values < 0.05 were considered significant.

RESULTS
Blood-derived EVs characterization

Serum and plasma-derived EVs were isolated from
Controls and AD cases and the nature of these EVs
preparations, with exosome-like characteristics, was
evaluated by TEM, NTA and Western blot (Supple-
mentary Figure 1 and previous work [26]). TEM
analysis revealed the presence of small EVs with
round-shape. Both TEM and NTA detected the pres-
ence of nanovesicles with a diameter mode of around
110 nm, as expected. No significant differences were
found between the particle concentration or diameter
mode between Controls and AD. To further assess the
nature of the nanovesicles, western blot analysis was
performed using pools of EVs samples isolated from
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Fig. 1. Workflow for FTIR analysis of serum- and plasma-derived
EVs. EVs were isolated from serum or plasma of two distinct
sets of individuals (Controls and AD cases). Blood-derived EVs
were characterized by transmission electron microscopy (TEM),
nanoparticle tracking analysis (NTA) and western blot (WB) anal-
ysis. FTIR spectra was acquired from serum- and plasma-derived
EVs and pre-processed in the 1200-900 cm™", 1720-1490 cm™!
and 3050-2800 cm™! regions. A univariate analysis consisting in
the calculation of the second derivative peak area was carried out.
Serum-derived EVs characterization and univariate analysis results
for the 1200-900 cm™! spectral region, mainly assigned to car-
bohydrates and nucleic acids have been previously published by
us [26]. AD, Alzheimer’s disease; C, controls; EVs, extracellu-
lar vesicles; FTIR, Fourier Transform Infrared; NTA, nanoparticle
tracking analysis; TEM, transmission electron microscopy; WB,
western blot.

Controls or AD cases. EV markers CD63 and RAB11
were detected in the nanovesicles isolated while the
negative exosome marker calnexin was not detected.

Comparative analysis of serum- and
plasma-derived EVs spectra

FTIR spectra of serum- and plasma-derived EVs
were compared and their potential for AD discrim-
ination from Control individuals evaluated. The
FTIR spectroscopic regions analyzed were 1200-
900cm™!, mainly assigned to carbohydrates and
nucleic acids [16, 22, 26, 32-34], 1720-1490 cm~!
associated to the content and conformation in
proteins [16, 22, 32, 35], and 3000-2800cm™!,
1770-1720cm™"  and  1490-1430cm™  mainly
assigned to lipids [16, 22, 32-35]. In general, spectra
profile of serum- and plasma-derived EVs were
similar, sharing the same peaks (Fig. 2). However,

when comparing absorbances between spectra of
Controls and AD cases some distinct patterns could
be found at distinct spectra regions (1200-900 cm™",
1720-1490 cm™!, 3050-2800cm™") and these were
here further analyzed.

Analysis of peak area in 1200-900 cm™"
spectroscopic region

The spectroscopic 1200-900cm™' region is
mainly assigned to carbohydrates and nucleic acids.
Our group had previously reported differences in this
region for serum and serum-derived EVs [26]. In
the present study, the diagnostic potential of EVs
and FTIR duo were evaluated by univariate analysis,
including another biofluid, the plasma, and a new set
of samples from distinct individuals. Second deriva-
tive of plasma-derived EVs spectra was obtained and
the area of 4 peaks was calculated, 3 of which iden-
tified in the previous study [26], and an additional
peak herein identified: 1011 cm™! (v(C-0) in osidic
and protein structures; vs of dianionic phosphate
monoester (nucleic acids, DNA)) [22], 1039 cm™!
(v(C-0) in ribose in RNA) [33], 1064 cm™! (sym-
metric stretching vibration (vg) (C—O-C) of ester
(phospholipids); v(C-O) in ribose (nucleic acids))
[22] and 1146cm™" (Glycogen; stretching vibra-
tion (v)(C-O) and v(C-C); C-O-H deformation
(carbohydrates)) [33]. Among these, 3 peaks area
(1039cm™, 1064cm™" and 1146cm™!) were sig-
nificantly decreased in plasma-derived EVs spectra
of AD cases (Supplementary Figure 2B-E). Of
note, decreases in the areas of peaks 1039 cm™!
and 1064 cm™! were consistent with previous data
obtained for serum-derived EVs from AD cases [26].
The 1146cm™" peak area was not addressed in our
previous study, but since clear differences could
now be observed in the second derivative spectra of
plasma-derived EVs, this peak area was likewise ana-
lyzed in serum-derived EVs. A significant decrease
in this peak area was also found for AD cases when
compared to serum-derived EVs of Controls (Supple-
mentary Figure 3). Due to the potential value of this
FTIR region and bdEVs duo in AD, the discrimina-
tory value of other spectroscopic regions was further
studied.

Analysis of peak area in 1720-1490 cm™!
spectroscopic region

FTIR spectra of EVs isolated from both biofluids
(serum and plasma) was also analyzed in the region
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Fig. 2. Serum- and plasma-derived EVs FTIR spectra. Average pre-processed spectra of the 4000-600 cm™! region. Boxes highlight the
regions analyzed: 3050-2800 em™!, 1720-1490 cm™!, 1200900 cm™!. AD, Alzheimer’s disease; A.U., arbitrary units; C, controls; EVs,

extracellular vesicles.

of 1720-1490cm™!, which is characterized by the
prominent amide I and II bands. Major differences
could be observed in 1636 cm™!, assigned to v(C = 0)
of parallel 3-sheet, v(C—N) and (N-H) bending vibra-
tion [22, 34-38], and in the 1628 cm™! peak, assigned
to v(C=0) band of parallel B-sheet or non-native
intermolecular [3-sheets, suggesting the presence of
protein aggregation [22, 35, 36]. These two peaks
were consistently increased in serum- and plasma-
derived EVs of AD cases (Fig. 3A). Peak 1682 cm™!
can be assigned to B-turn [34] and peak 1693 cm™!
is assigned to antiparallel 3-sheet [34].

Peaks area of second-derivative spectra were
calculated to further analyze alterations in pro-
teins secondary structure. Antiparallel 3-sheets by
B-sheets sum ratio (1693 em /(1693 cm™
1682cm™! T 1628cm™)) (Fig. 3B, C) and
intermolecular [(3-sheets by [-sheets sum ratio
(1628 cm™'/(1693 cm™' + 1682cm™" T 1628 cm™))
(Fig. 3D, E) were calculated [39-44], and opposite
patterns were identified. While antiparallel (3-sheets
by B-sheets sum ratio decreased, the intermolecular
B-sheets by B-sheets sum ratio increased, for both
serum- and plasma-derived EVs of AD cases when
compared to Controls.

Analysis of peak area in 3050-2800 cm™"
spectroscopic regions

The FTIR spectral region between 3050-
2800cm™! reflect changes in lipid content. This

region was also addressed in serum- and plasma-
derived EVs and differences could be observed
in second derivative spectra profiles between
Controls and AD cases (Fig. 4A). This was par-
ticularly noticed in 2851cm™' and 2922cm™!
peaks assigned to vs(C—H) or asymmetric stretching
(vas)(C-H) of methylene (CH>), respectively [22].
Peak area at 2868cm™! and 2956cm™' are asso-
ciated to vs(C-H) or vu(C-H) of methyl (CHj3),
respectively [22]. A ratio including these peak area
(2851 ecm™ 72922 cm™1)/(2956 cm™! + 2868 cm ™))
can be informative of acyl chain length [31] and,
thus, it was also calculated (Fig. 4B, C). A decrease
in acyl chain length was found for both serum- and
plasma-derived EVs spectra of AD cases.

DISCUSSION

The combination of FTIR spectroscopy and bdEVs
can be a powerful approach to assist AD diagno-
sis since it combines the use of an easy, and highly
reproducible strategy to monitor EVs’ specific spec-
tra signatures, related to the disease. Additionally,
EVs can be isolated from blood following simple and
fast protocols [45], an advantage for future imple-
mentation in clinical practice. Highly relevant, our
group showed that FTIR spectra of serum-derived
EVs discriminated Controls from AD cases in the
1200-900 cm™" region (mainly assigned to carbohy-
drates and nucleic acids spectroscopic signals), better
than serum per se [26], thus supporting the clini-
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Fig. 3. Analysis of second derivative peak area in 1720—1490 cm™! region of serum- and plasma-derived EVs spectra. Mean second derivative
of serum-derived EVs of Controls and AD cases (n=12 samples per group, 3 replicates were analyzed for each sample) or plasma-derived
EVs spectra of Controls and AD cases (n=14 samples per group, 3 replicates were analyzed for each sample) (A) in 1720-1490 cm™!
region and peak area analysis of FTIR spectra for serum- and plasma-derived EVs (B-E). **p <0.01; **p <0.001; ***p <0.0001. AD,
Alzheimer’s disease; A.U., arbitrary units; C, controls; EVs, extracellular vesicles.

cal value of the combined use of EVs and FTIR in in a new set of Controls and AD cases. Both serum-
disease diagnosis. This prompted us to analyze the and plasma-derived EVs spectra discriminated Con-
same region using a distinct biofluid, the plasma- trols from ADs cases, in different spectra regions. In

derived EVs, and employing univariate approaches, 1200-900 cm™! region, mainly assigned to carbohy-
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Fig. 4. Analysis of second derivative peak area in 3050-2800 cm™! region of serum- or plasma-derived EVs spectra. Mean second derivative
of serum- or plasma-derived EVs spectra of Controls and AD cases (A) in 3050-2800 cm™! and peak area analysis of FTIR spectra for serum-
and plasma-derived EVs (C-D). Three replicates were analyzed for each sample. *p < 0.05; ****p <0.0001. AD, Alzheimer’s disease; A.U.,

arbitrary units; C, controls; EVs, extracellular vesicles.

drates and nucleic acids, second derivative peak area
of distinct peaks 1146cm™", 1064cm™", 1039 cm™!
and 1011 cm™! were significantly decreased in EVs
spectra of AD cases, being that the three former
peak area differences were common to both biofluids.
Data obtained showed that both plasma- and serum-
derived EVs spectra performed similar in discrimi-
nating Controls from AD cases. Furthermore, FTIR
analysis was run in a distinct study group, reinforc-
ing the discriminatory value of this FTIR region and
bdEVs duo in AD.

The 1146 cm™! peak is mainly assigned to the con-
tent in carbohydrates and, here it was decreased in
either serum- or plasma-derived EVs from AD cases.
This observation can relate with metabolic modifi-
cations resulting, e.g., from alterations in glucose

metabolism which are commonly observed in AD,
as brain hypometabolism. Glucose and glycogen are
the main source of energy in the brain and it has been
hypothesized that these are decreased in AD brains
[46, 47]. Moreover, in EVs, carbohydrates (in the
form of glycans) were found conjugated with pro-
teins or lipids, at EVs surface and these may promote
arole in these vesicles recognition by recipient cells
[48]. Of note, it was also shown that glycans at gly-
cosphingolipids from EVs surface are required to A3
binding to EVs [49] and others shown that glycans
composition at surface of platelet-enriched serum-
derived EVs from AD patients differed from Controls
[50].

Additionally, the peaks 1064 cm ' and 1039 em™!,
mostly assigned to nucleic acids cargo, were found
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decreased in both serum- and plasma-derived EVs
from AD cases, while peak 1011 cm™! was found
decreased only in EVs isolated from serum [26].
These changes may result from nucleic acids degra-
dation by oxidative stress linked to the disease [51,
52], being consistent with the reported changes in this
FTIR spectra region.

These promising alterations lead us to further
explore other regions of FTIR spectra. The Amide
I region was thus further analyzed in serum- and
plasma-derived EVs spectra from Controls and AD
cases. For AD cases, while an increase in intermolec-
ular -sheets was found, a decrease in antiparallel
B-sheets was evident; supporting an increase in pro-
tein aggregation towards a decrease in oligomeric
structures [53]. In agreement with our FTIR spec-
tra observations for bdEVs, altered patterns in the
Amide I region were also reported for human blood,
blood peripheral mononuclear leukocytes or CSF,
particularly an increase in peaks intensity assigned
to B-sheets in AD cases [18, 23-25, 54]. The EVs’
role in AD is still not fully understood but it is certain
that EVs transport several AD pathogenic proteins
such as A3 and tau species, in oligomer or aggregated
forms [55-58], composed of stable B-sheets [59].
Data here presented support that EVs can be involved
in protein aggregated forms spreading. Nonetheless,
it would be relevant to determine the EVs proteome
aggregates to improve the understanding of disease
pathogenesis.

Distinct FTIR spectra profiles were also obtained
for lipids characteristic peaks, namely CH; and CHj3
bonds. Beyond being components of cell and EVs
membranes, lipids are involved in cell homeostasis
and represent almost 50% of dried brain weight. Lipid
metabolism dysfunction has also been reported in
AD brains [60—62]. In particular, brain tissue-derived
EVsof AD cases had lower levels of glycerophospho-
lipids but higher levels of sphingolipids [61]. Since
EVs can cross the blood-brain barrier, reported alter-
ations in brain-derived EVs and brain tissue lipid
composition may be reflected in bdEVs content, as
observed here by distinct peak profiles. A decrease
in peaks assigned to the methylene or methyl, sym-
metric or asymmetric stretching vibrations of fatty
acids (3050-2800 cm™! region) was observed for
ADs spectra. This is in accordance with previous
spectroscopy studies that reported lipid decreased
intensity of plasma or CSF spectra peaks [18, 23]. Of
note, diminished amounts of total membrane lipids
(e.g. phospholipids and sphingomyelin) were found
in brain, perhaps due to synapse loss and neurode-

generation, and also in CSF [63-67]. The decrease in
acyl chain length associated with FTIR spectra of AD
cases may reflect a breakdown of lipid acyl chains,
resulting in the production of shorter chain lipid
products [68]. The observed acyl chain length differ-
ences between Controls and AD cases seem sharper
for serum-derived EVs than for plasma-derived EVs.
This may be explained by the differences in the col-
lection and processing of serum or plasma biofluids
which can render in matrices with distinct metabolic
profiles. To our knowledge, bdEVs lipidome is still
not characterized in AD context but it is certainly a
matter that deserves further investigation.

In summary, FTIR spectra profile of both serum- or
plasma-derived EVs presented discriminatory poten-
tial between Controls and AD cases. These data
also support the results previously obtained for the
1200-900 cm™" spectra region, mainly assigned to
carbohydrates and nucleic acids, for peaks 1039 cm™!
and 1064 cm™, in serum-derived EVs and in plasma-
derived EVs from a different set of patients. Unique
profiles associated with AD pathogenesis for the
Amide I and lipid region could also be found,
reflecting disease alterations at these levels. Future
experiments should enroll a higher number of
individuals, including bdEVs from mild cognitive
impairment cases and other types of dementia, as
frontotemporal dementia, to address the differential
diagnostic value of this combined EVs and FTIR
approach. Nonetheless, FTIR spectroscopy analysis
of bdEVs proved to be useful in discriminating AD
from non-demented individuals, supporting its poten-
tial as a first screening or complementary tool for AD
clinical diagnosis.
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