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Abstract

Background: Early-onset Alzheimer’s disease (EOAD) is characterized by young age of onset (< 65 years), severe
neurodegeneration, and rapid disease progression, thus differing significantly from typical late-onset Alzheimer’s
disease. Growing evidence suggests a primary role of neuroinflammation in AD pathogenesis. However, the role of
microglia activation in EOAD remains a poorly explored field. Investigating microglial activation and its influence on
the development of synaptic dysfunction and neuronal loss in EOAD may contribute to the understanding of its
pathophysiology and to subject selection in clinical trials. In our study, we aimed to assess the amount of
neuroinflammation and neurodegeneration and their relationship in EOAD patients, through positron emission
tomography (PET) measures of microglia activation and brain metabolic changes.

Methods: We prospectively enrolled 12 EOAD patients, classified according to standard criteria, who underwent
standard neurological and neuropsychological evaluation, CSF analysis, brain MRI, and both ['®F-FDG PET and [''Cl-
(R)-PK11195 PET. Healthy controls databases were used for statistical comparison. ['®F1-FDG PET brain metabolism in
single subjects and as a group was assessed by an optimized SPM voxel-wise single-subject method. [''C]-PK11195
PET binding potentials were obtained using reference regions selected with an optimized clustering procedure
followed by a parametric analysis. We performed a topographic interaction analysis and correlation analysis in AD-
signature metabolic dysfunctional regions and regions of microglia activation. A network connectivity analysis was
performed using the interaction regions of hypometabolism and [''C]-PK11195 PET BP increases.

Results: EOAD patients showed a significant and extended microglia activation, as [''C]-PK11195 PET binding
potential increases, and hypometabolism in typical AD-signature brain regions, i.e,, temporo-parietal cortex, with
additional variable frontal and occipital hypometabolism in the EOAD variants. There was a spatial concordance in
the interaction areas and significant correlations between the two biological changes. The network analysis showed
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Microglia activation

a disruption of frontal connectivity induced by the metabolic/microglia effects.

Conclusion: The severe microglia activation characterizing EOAD and contributing to neurodegeneration may be a
marker of rapid disease progression. The coupling between brain glucose hypometabolism and local immune
response in AD-signature regions supports their biological interaction.

Keywords: Positron emission tomography, Early-onset Alzheimer's disease, ['®F-FDG PET, [''CI-(R)-PK11195 PET,

Introduction

The pathological hallmarks of Alzheimer’s disease (AD)
include the extracellular beta-amyloid plaques and the
intracellular neurofibrillary tangles, associated with neur-
onal and synaptic loss [1]. In the last decade, neuroinflam-
mation mediated by microglia has been recognized to play
a significant role in neurodegeneration and in AD patho-
genesis [2]. However, whether neuroinflammation occurs
as a causative or consequential factor in neurodegenera-
tive processes is still an unsolved question [3].

Early-onset Alzheimer’s disease (EOAD) is an AD sub-
type characterized by onset of symptoms before the age of
65 years, which accounts for about 5% of AD cases [4].
The clinical and pathological features of EOAD signifi-
cantly differ from those of late-onset AD (LOAD), thus
suggesting a possible distinct pathophysiology [5-7].
EOAD patients have a greater clinical severity and a faster
disease progression than LOAD [8-11]. EOAD clinical
presentation is atypical in more than one third of cases,
manifesting with impairment of executive functions,
visuo-spatial abilities, or language, in addition to the char-
acteristic episodic memory impairment [12]. Clinical
symptoms reflect the presence of more extensive path-
ology, including a higher number of amyloid and tau de-
posits, greater synaptic loss, and brain atrophy [13-15].

Positron emission tomography (PET) imaging allows
an in vivo evaluation of both neurodegeneration and
neuroinflammation, thus providing evidence for patho-
physiology in neurodegenerative diseases. ['*F]-Fluoro-
deoxyglucose (FDG) PET is a topographical marker of
brain glucose metabolism well representing the pattern
of neurodegeneration in AD, in AD variants, and other
neurodegenerative conditions [16—18], even in the pro-
dromal phases [19-22]. The characteristic brain hypo-
metabolism involving the associative temporo-parietal
cortices, the precuneus and posterior cingulate cortex, is
the distinctive dysfunctional pattern of AD since the
early stage of the disease. In EOAD, ['*F]-FDG PET im-
aging studies showed, at a comparable level of clinical
severity, a greater brain hypometabolism than in LOAD
[5, 23-25] and an extension of the hypometabolism in
frontal and occipital regions in atypical presentations
[26, 27]. More recently, [**F]-FDG PET measures have
been used for the evaluation of brain metabolic

connectivity [28]. [®F]-FDG PET brain glucose consump-
tion reflects neuronal communication signaling, both lo-
cally and between distant brain regions, and is closely
associated with functional connectivity [29]. Metabolic
connectivity analysis relies on the assumption that regions
whose metabolism is correlated are functionally intercon-
nected [30]. The study of metabolic connectivity in AD
has provided insights into the early changes in synaptic ac-
tivity, by showing specific metabolic disconnections in AD
dementia as well as in the prodromal phases [31, 32].
EOAD and LOAD showed distinct network features in
comparison with healthy controls, with EOAD character-
ized by a more extensive and progressive alterations of
connectivity [33].

Several tracers allow the in vivo study of neuroinflam-
mation and, among these, the most used and validated is
["'C]-(R)-PK11195 (1-(2-chlorophenyl)-N-methyl-N-(1-
methylpropyl)-3-isoquinoline carboxamide). MC]-(R)-
PK11195 PET provides measures of microglial activation
associated with mitochondrial overexpression of the 18
kDa translocator protein (TSPO), formerly known as
peripheral benzodiazepine receptor [34]. Microglia are
the resident immunocompetent cells of the central ner-
vous system, activated in response to a variety of stimuli
and in different pathological conditions, including neu-
rodegeneration [35]. [MC]-(R)-PK11195 PET has been
adopted in several studies involving AD cohorts, show-
ing an increased tracer binding especially in the
temporo-parietal, occipital, and cingulate cortex [36].
The relationship between microglia activity and glucose
metabolism in AD was investigated combining MCl-(R)-
PK11195 and ['®*F]-FDG PET imaging, reporting a sig-
nificant correlation between increased microglia activa-
tion and reduced glucose metabolism, both at baseline
and over time. This finding suggests that neuroinflam-
mation throughout the AD pathogenetic process is asso-
ciated with synaptic dysfunction and glucose
hypometabolism [37, 38]. Notably, studies employing a
second generation TSPO tracer, [''C]-PBR28, in both
EOAD and LOAD, reported a significantly higher tracer
binding in frontal and parietal regions at baseline and
over time, correlating with clinical severity [39], as well
as a greater annual [11C]-PBR28 binding increase in
temporo-parietal regions [40].
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To date, the relationship between microglia activation
and glucose hypometabolism in EOAD has not been in-
vestigated. Assessing the relationship between neuroin-
flammation and synaptic dysfunction in EOAD may
contribute to the understanding of its pathophysiology
and, possibly, to the selection of subjects for clinical trials.
In our study, we hypothesized that microglia activation
may play a significant role in EOAD neurodegeneration.
Thus, we measured the correlation between microglia ac-
tivation and glucose hypometabolism by using both [*'C]-
(R)-PK11195 and [**F]-FDG PET in single EOAD patients
and comparing the results with a normal control database.
Crucially, we also investigated the effect of metabolism-
microglia spatial interaction in the modulation of network
metabolic connectivity in the EOAD group.

Methods

Participants

Twelve patients with dementia, aged less than 65 years at
disease onset, entered the study. They were admitted in
the period from 2015 to 2017 to the Departments of
Neurology and the Department of Rehabilitation and
Functional Recovery, San Raffaele Hospital, Milan, Italy.
All participants underwent a standard neurological evalu-
ation by neurologists expert in evaluating dementia. Mini
Mental State Evaluation (MMSE) and standard neuro-
psychological tests assessing memory, executive functions,
language, and visuo-spatial abilities were obtained in all
patients. Participants underwent blood analysis, lumbar
puncture for cerebrospinal fluid analysis, brain MRI, and
both ['*F]-FDG PET and [''C]-(R)-PK11195 PET. The
PET scans were performed at the Nuclear Medicine Unit,
San Raffaele Hospital, Milan, Italy.

The study was approved by the San Raffaele Hospital
Ethical Committee. We obtained informed written con-
sent from patients and patient designated informants in
accordance with the Declaration of Helsinki.

PET imaging acquisition
The [*®F]-FDG PET studies were acquired with a Discov-
ery STE (GE Medical System, Milwaukee, W1I) multi-ring
PET tomography (PET-CT) system. Before radiopharma-
ceutical injection, patients were fasted for at least 6 h and
their blood glucose level was < 120 mg/dl. Scans were ac-
quired in resting state, in a dark set with patients lying
with closed eyes, starting 45 min after injecting 185-250
MBq of [**F] FDG via a venous cannula. Image recon-
struction was performed using an ordered subset expect-
ation maximization (OSEM) algorithm. PET images were
corrected for attenuation with a low-dose CT acquired
contextually. Scatter correction was performed on all
scans with the integrated software.

[''C]-(R)-PK11195 PET scans were performed on
multi-ring PET homographs, either PET-CT Discovery
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LS or Discovery 690 general electric medical system
(GEMS), injecting a dose of 380 + 37 MBq of ["'C]-(R)-
PK11195. ['!C]-(R)-PK11195 synthesis was performed in
the Cyclotron Unit of the Nuclear Medicine of the San
Raffaele Hospital as previously described [41], obtaining
a radiochemical and chemical purity >95%. Acquisition
protocol included a dynamic PET scan of 15 frames last-
ing 58 min (6x 30s/2x 1min/1x 3 min/3x 5min/2x 10
min/1x 15min). PET data were corrected for attenu-
ation artifacts, radioactive decay, and scatter. For each
scan, movement correction was executed by realigning
individual frames over time using the Statistical Para-
metric Mapping (SPM) 5 software (http://www.fil.ion.
ucl.ac.uk/spm/software). ['C]-(R)-PK11195 PET scans
of nine healthy controls (HC) (mean age 43.6 + 11.2
years) were included for statistical comparison.

Imaging processing and data analysis

["®F]-FDG-PET data processing

Data analysis was performed according to standardized
and validated procedures [17, 42]. [®F]-FDG PET images
were normalized at a single subject level using a dementia
specific SPM FDG PET template [42], then smoothed with
8 mm full width at half maximum (FWHM) Gaussian ker-
nel. Each patient scan was tested for relative hypometabo-
lism by means of a two-sample ¢ test implemented in
SPM12, based on validated procedure in which the single
image is compared on a voxel-by-voxel basis with a large
normal database (N'=112) of [°F]-FDG PET images [17],
including age as covariate. We operated proportional scal-
ing to eliminate inter-subject global variation in PET inten-
sities. In the resulting SPM t-maps, a threshold was set at
P<0.05 family wise error (FWE) corrected for multiple
comparisons at the voxel level, considering significant clus-
ters containing more than 100 voxels. We assessed EOAD
hypometabolism pattern at the group level considering the
same group of controls used for the single-subject analysis,
performing a two-sample ¢ test (EOAD group vs. HC
group) covarying for age as a nuisance factor, setting sig-
nificant threshold at 0.001 uncorrected, and considering
significant clusters containing more than 100 voxels.

["'CJ-(R)-PK11195-PET data processing

[C]-(R)-PK11195 binding potentials (BP;) were estimated
adopting a receptor parametric mapping (RPM) procedure,
requiring a pre-set reference region [43]. Given the hetero-
geneous distribution of [1C]-(R)-PK11195 across the whole
brain, hindering the delineation of a defined reference re-
gion, clustering methods have been proposed for PET stud-
ies of microglial activation. In our study, all the images
were analyzed using the curve distance clustering algorithm
(CDCA) [44], an adaptation of the validated SuperVised
Clustering Algorithm [45]. The CDCA estimates the simi-
larity of the time activity curve (TAC) of each voxel with
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four predefined TACs (tracer delivery in blood, white
matter, grey matter with non-specific binding and high
specific binding), allowing the selection of a cluster of
voxels where the tracer kinetic is devoid of specific up-
take. This pseudo-reference region can be used for the
subsequent parametric analysis [44]. The clustering
maps obtained with the CDCA method were warped to
the standard Montreal Neurological Institute (MNI)
space, then smoothed with 8 mm full width at half max-
imum (FWHM) Gaussian kernel. We explored voxel-
wise statistical differences between the EOAD group
and 9 healthy controls group at single-subject and
group levels. Analyses were run with SPM12 covarying
for age as a nuisance factor setting statistical threshold
at P<0.01 (uncorrected for multiple comparisons),
considering significant those clusters containing more
than 100 voxels.

Interaction analysis
To estimate the spatial interaction between hypometabo-
lism and activated microglia, we considered binary
masks of brain regional hypometabolism and microglial
activation obtained from EOAD group vs. control groups
in the voxel-wise comparisons. We obtained an inter-
action mask with IMcalc in SPM software applying the
following formula:

Interaction mask = [**F]-FDG hypometabolism x -
(R)-PK11195 microglial activation

We extracted cerebral glucose metabolic rate (fCMRGl1c)
uptake and [1C]-(R)-PK11195 BP from the interaction
mask for each EOAD patient.

Correlation analysis

Correlation between ['®F]-FDG hypometabolism and
[1'C]-(R)-PK11195 BP was investigated using Spearman’s
rho correlation (P <0.05). Statistical analysis was per-
formed using IBM SPSS 22 (Statistical Package for Social
Sciences software, IBM, Armonk, NY, USA).

Brain network analysis

A recent study investigating the association between
[MC]-(R)-PK11195 binding increase and functional
connectivity in AD patients showed a strong associ-
ation between higher levels of neuroinflammation and
abnormal connectivity, correlating with worse cogni-
tive dysfunction [46]. To examine whether the spatial
interaction between hypometabolism and microglia
activation might affect large-scale metabolic connect-
ivity in EOAD, we performed seed-based intercorrel-
ation analysis, a validated method to explore
metabolic connectivity using ['8F]-FDG PET [47]. We
used the interaction mask, previously obtained (see
the “Interaction analysis” section), as the seed volume
of interest in order to perform the SPM voxel-wise

Page 4 of 10

interregional correlation analysis. Metabolic connectivity
analysis was also performed in a group of 20 age- and sex-
matched healthy controls (mean age 61.3 + 3.5 years) for
comparison.

Results

Twelve patients met clinical diagnostic criteria for prob-
able early-onset AD [48]. Considering clinical, neuro-
psychological, imaging, and CSF data, four patients
fulfilled the criteria for typical AD (tAD), six patients
fulfilled the criteria for frontal AD (fAD) variant, and
two patients were diagnosed as posterior cortical atrophy
(PCA) variant [49]. Table 1 shows patients demographic
and neuropsychological data.

['8F]-FDG PET imaging findings

The single subject procedure showed a consistent pat-
tern of hypometabolism involving temporo-parietal re-
gions, mainly in the right hemisphere, in all patients,
with a variable involvement of occipital and frontal re-
gions. A specific hypometabolic pattern of distribution
was recognizable according to the clinical phenotype,
namely frontal involvement in fAD patients and occipital
hypometabolism in PCA patients (see Fig. 1). The single
case presentation is included in the Additional file. The
['®F]-FDG PET group analysis confirmed the presence of
marked hypometabolism in temporo-parietal regions
(see Fig. 2).

[''CI-(R)-PK11195-PET imaging findings
The evaluation of the single subject [''C]-(R)-PK11195
BP maps showed a variable and significant BPs increases
in all EOAD patients, with major clusters of activation
in temporal, parietal, occipital, and frontal regions (see
Fig. 1). At a group level, there was a significant differ-
ence between regional [''C]-(R)-PK11195 uptake in
EOAD compared to HC bilaterally, in the middle infer-
ior temporal gyrus, in the superior frontal gyrus, in the
occipital gyrus, in the left precentral gyrus and left cal-
carine cortex, and in the right angular gyrus and right
precuneus (see Fig. 2).

The single case presentation of clinical features, ["*F]-FDG
PET imaging findings, and increased [MC]-(R)-PK11195 BPs
are detailed in the Additional file.

Interaction analysis

The interaction analysis identified a spatial overlap in
the right hemisphere temporo-parietal regions, namely
in the inferior temporal gyrus, the precuneus, the an-
gular gyrus, and the inferior parietal lobule.
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Fig. 1 Patterns of ['®F]-FDG PET brain hypometabolism and [''CJ-PK 11195 PET binding potential in single individuals. tAD, typical Alzheimer
disease; fAD, frontal AD variant; PCA, posterior cortical atrophy variant. Color scales for FDG and PK levels of significance
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Fig. 2 ['®F]-FDG PET and [''CJ-PK 11195 PET group analysis. The commonalities in the group comparison between early-onset Alzheimer's disease
(EOAD) patients and healthy controls. a The pattern of brain hypometabolism and b the increased [''CJ-(R)-PK11195 binding potentials in the
EOAD group. Results thresholded at p < 0.01 uncorrected. Color scales for ['®F]-FDG and [''CJ-PK 11195 levels of significance
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between the two measures, meaning that higher microglia activation correlates with higher level of regional hypometabolism in the
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Correlation analysis

A higher microglial activation correlated with more
severe hypometabolism in the same interaction re-
gions (r=0.667, p 0.018) (see Fig. 3).

Network analysis

Selecting as seed a region including the temporo-parietal
interaction areas (see above), we identified an altered
network in EOAD, mostly involving loss of connectivity

between seed region and frontal cortex, in comparison
with healthy subjects (see Fig. 4).

Discussion

This is the first study evaluating the relationship of brain
glucose hypometabolism with microglia activation in a
group of EOAD patients, using both [**F]-FDG and ['C]-
(R)-PK11195 PET. We showed a significant and widespread
microglial activation in EOAD compared to controls, which

surface-based map

Connection Strength

Fig. 4 Network analysis. a The brain network connectivity within the temporo-parietal and frontal regions in healthy controls (HC) and b the
brain network connectivity in EOAD patients showing the frontal disconnection. Connection strength bar represents the t-values obtained by
means of statistical parametric mapping (SPM) interregional correlation analysis (see text for details). The network connectivity is overlaid on a
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had a spatial concordance with hypometabolism, mainly in
AD-signature regions, ie, the temporo-parietal cortices,
but involving also frontal and occipital regions. The latter
finding might be related to the presence of frontal and
occipital variants in our EOAD series. Consistent with pre-
vious data in EOAD, ['®F]-FDG PET imaging analysis
showed a typical hypometabolism involving temporo-
parietal region in all patients, with a variable involvement of
frontal and occipital regions according to the clinical
phenotype [24-26]. Coherently, in all fAD patients, there
was also an involvement of frontal and prefrontal cortices,
while PCA patients showed a hypometabolic pattern in-
volving extensively the occipital regions.

Several PET studies using the radiotracer [11C]-(R)-
PK11195 showed that microglia activation may be an
early phenomenon in AD [38, 50-52] and that an in-
creased uptake of [''C]-(R)-PK11195 is related to the
distribution of AD hypometabolism, involving in par-
ticular temporo-parietal and posterior cingulate regions
[50, 52]. Moreover, a recent in vivo study showed higher
microglia activity in EOAD than in LOAD [40]. The role
of microglial activation in EOAD, however, remains a
scarcely explored field. In this study, we showed an in-
creased [MC]-(R)-PK11195 uptake in temporo-parietal,
occipital, and frontal regions, as the common inflamma-
tory pattern within the group. The increased [''C]-(R)-
PK11195 uptake showed an inter-subject variability in
the single-subject analysis (Fig. 1). Notably, the frontal
regional involvement in patients with fAD variant, and
the posterior regions in the patients with PCA variant,
suggest that a different pattern of neuroimmune activa-
tion may exist according to the clinical phenotype, as
reported also in a previous work using [''C]-PBR28, a
second generation TSPO tracer [53].

The precise role of microglia in AD pathogenesis is still
debated. In normal function, microglia activity is crucial
in protection against pathologic protein accumulation,
e.g., favoring also amyloid clearance [54]. On the other
hand, a chronic activation of microglia is likely to contrib-
ute to neurodegeneration [3]. Although the mechanisms
inducing a detrimental microglial activation and subse-
quent neurodegeneration are not fully understood, synap-
tic dysfunction and neuronal loss may be due to different
pathologic processes, such as the failure in clearance of
amyloid plaques and cellular debris, the release of pro-
inflammatory cytokines [55] or to a direct neuronal dam-
age and phagocytosis, which has been reported in living
neurons of a mice model of tauopathy [56].

In our study, all patients showed a spatial concord-
ance/interaction between microglial activation and hypo-
metabolism in AD-signature regions, peaking in the
right temporo-parietal cortex. Previous studies in AD
showed a correlation between microglial activation and
markers of neurodegeneration, such as glucose brain
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hypometabolism and atrophy, or AD pathology markers,
such as amyloid load [37, 38, 51]. The positive correl-
ation between [''C]-(R)-PK11195 BPs and hypometabo-
lism SPM maps and the spatial interaction between the
two biological markers support the hypothesis of a rela-
tionship between microglial activation and neuronal syn-
aptic dysfunction. Previous findings support the role of
increased ["'C]-(R)-PK11195 BPs in neuronal damage,
given its correlation with global cognitive severity [51].

Considering as seed the regional interaction of micro-
glial activation and hypometabolism, we found a long-
distance loss of connectivity between temporo-parietal
seed and frontal cortex, in comparison with the integrity
of the same network relating parietal, occipital, and
frontal regions in healthy controls. Regional microglial
activation might negatively affect long-distance network
organization, thus representing a relevant pathological
event contributing to the neuronal damage and faster
clinical progression typical of EOAD. A recent study in-
vestigating microglial activation and functional connect-
ivity in AD suggested that neuroinflammation may be
involved in pathophysiological changes in network func-
tion underlying cognitive deficits [46]. Our study con-
firms these only findings, suggesting that microglial
activation may represent an early detrimental response
in EOAD, underpinning an ongoing pathology in func-
tionally connected regions in addition to the local dam-
age, all driven by the neuroinflammation processes.

Our findings are limited by the small number of patients
and by the inability of [''C]-(R)-PK11195 PET to distin-
guish among different microglia populations. Nevertheless,
[*'C]-(R)-PK11195 PET has been widely used in neurode-
generative conditions, showing consistent results [36].

Conclusions

Previous studies showed that EOAD patients have more
severe clinical manifestations than LOAD [9] and a
greater hypometabolism and connectivity dysfunction
[27]. Our study crucially adds that microglial activation
may strongly contribute to neuronal damage in EOAD,
providing new insights in the understanding of the
underlying pathophysiology processes. In our sample, all
EOAD patients show a coupled microglial activation and
reduced glucose hypometabolism in key neurodegenera-
tion regions for AD, with correlations between the two
biological markers. Hypometabolism and neuroinflam-
mation may thus act in a dynamic way, priming a vicious
circle leading to faster clinical decline.
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