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Abstract
Activated microglia have been reported to play an important role in Parkinson’s disease (PD). A more rapid cognitive decline has
been associated with deposits of β-amyloid. In this study, the aim was to evaluate the role of brain β-amyloid and its relationship
with activated microglia in PD patients with normal and impaired cognition. We studied 17 PD patients with normal cognition
(PDn), 12 PD patients withmild cognitive impairment (PD-MCI), and 12 healthy controls (HCs) with [11C] Pittsburgh compound
B (PIB) to assess the impact ofβ-amyloid deposition in the brain onmicroglial activation evaluated using the translocator protein
18-kDa (TSPO) radioligand [18F]-FEPPA. [11C] PIB distribution volume ratio was measured in cortical and subcortical regions.
[18F]-FEPPA total distribution volume values were compared for each brain region between groups to evaluate the effect of PIB
positivity while adjusting for the TSPO rs6971 polymorphism. Factorial analysis of variance revealed a significant main effect of
PIB positivity in the frontal lobe (F(1, 34) = 7.1, p = 0.012). Besides the frontal (p = 0.006) and temporal lobe (p = 0.001), the
striatum (p = 0.018), the precuneus (p = 0.019), and the dorsolateral prefrontal cortex (p = 0.010) showed significant group × PIB
positivity interaction effects. In these regions, PD-MCIs had significantly higher FEPPAVT if PIB-positive. Our results indicate
an interaction between amyloid-β deposition and microglial activation in PD. Further investigations are necessary to evaluate if
amyloid deposits cause neuroinflammation and further neurodegeneration or if increased microglia activation develops as a
protective response.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder, presenting with progressive motor
symptoms as well as cognitive impairment and dementia [1].
It has been suggested that the decline of cognition in PD may
derive from a progressive dysfunction of different cortical

regions related to the extension of the alpha-synuclein (α-
syn) pathology to the cortex and/or the presence of neuritic
plaques (β-amyloid deposition) [2] in association with
n e u r o i n f l amm a t o r y m e c h a n i sm s [ 3 ] . T h e s e
neuroinflammatory mechanisms, such as activated microglia,
are believed to play a critical role in the pathophysiology of
PD [3]. Microglia are resident phagocytes of the central ner-
vous system (CNS). They are ubiquitously distributed in the
brain and get activated by neuronal cell death or protein ag-
gregation. Upon activation, they express increased levels of
the translocator protein 18 kDa (TSPO) on the outer layer of
their mitochondria.

The development of biomarkers in positron emission to-
mography (PET) enables us to measure in vivo abnormal β-
amyloid deposition and microglial activation using the well-
established radiotracer [11C] Pittsburgh compound B (PiB)
and [18F]-FEPPA, a second-generation 18-kDa TSPO radio-
tracer, respectively.

To date, a significant increase in [18F]-FEPPA total distri-
bution volume (VT) has been observed in Alzheimer’s disease
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(AD) patients [4], and studies using the radioligand [11C]-
PK11195, a first-generation biomarker of microglia, have de-
tected neuroinflammation in primarily cortical regions in more
severe cases of PD with dementia (PDD) [5].

While the presence of β-amyloid is a characteristic feature
of AD [6], it has also been observed in PD [7]. To date, studies
with [11C]-PIB in PD have shown a prevalence of elevated
binding significantly lower [8] than what has been reported in
cognitively normal elderly population [9]. Yet, increased
amounts of amyloid have been observed in PDD, especially
in patients with dementia with Lewy bodies (DLB) [10].
Further, the presence of amyloid has been associated with a
more rapid cognitive deterioration in PD patients [11].

To this point, the role of microglial activation and its rela-
tion with amyloid accumulation remains unclear. Activated
microglia are present around β-amyloid plaques in AD [12];
however, it is uncertain whether β-amyloid develops as a
response to neuroinflammatory processes or vice versa, amy-
loid deposits cause further microglial activation [5].

In this dual-tracer PET study, the aim was to evaluate the
role of brain β-amyloid and its relationship with activated
microglia in PD patients with normal cognitive function
(PDn) and mild cognitive impairment (PD-MCI).

Methods

Participants

Twenty-nine patients meeting the UK Brain Bank criteria
for the diagnosis of idiopathic PD and twelve healthy
age-matched controls participated in our study. All par-
ticipants were assessed for their cognitive performance
using the Montreal Cognitive Assessment (MoCA) and
their level of depression using the Beck Depression
Inventory—II (BDI-II). The diagnosis of MCI was made
according to current clinical guidelines [13]. A cut-off
score of 26 was used to distinguish PD patients with
(PD-MCI) and without (PDn) cognitive impairment.
Further, MCI diagnosis was established when cognitive
decline was reported by either the patient or informant or
observed by the clinician. Cognitive deficits were not
sufficient to interfere significantly with functional inde-
pendence, as reported by patients or their informant. In
total, our cohort consisted of 17 PDn and 12 PD-MCI
patients. PD patients were also assessed for motor sever-
ity of the disease using the motor subset of the Unified
Parkinson Disease Rating Scale (UPDRS-III). Exclusion
criteria for all participants were (1) any history of head
injury, psychiatric, or other neurological diseases, (2) al-
cohol or drug dependency or abuse, (3) contraindications
for MRI scanning, and (4) use of nonsteroidal anti-
inflammatory drugs. All participants underwent PET

and structural MRI scans. All participants provided writ-
ten informed consent following full explanation of the
study procedures. The study was approved by the
Centre for Addiction and Mental Health Research
Ethics Board (127/2015).

PET Data Acquisition

Each participant underwent a 125-min [18F]-FEPPA and a 90-
min [11C]-PIB PET scan using a 3D High-Resolution
Research Tomography (HRRT) scanner (CS/Siemens,
Knoxville, TN, USA), which measures radioactivity in 207
slices with an inter-slice distance of 1.22 mm. The detectors
of the HRRT are an LSO/LYSO phoswich detector, with each
crystal element measuring 2 × 2 × 10 mm3. Before the acqui-
sition of the emission scan, a transmission scan with a single-
photon point source, 137Cs (t1/2 = 30.2 years, Eγ = 662 keV),
was acquired. [18F]-FEPPA images were reconstructed into a
series of 34 time frames, including 1 frame of variable length,
followed by frames comprising 5 × 30 s, 1 × 45 s, 2 × 60 s, 1 ×
90 s, 1 × 120 s, and 22 × 300 s. Prior to the start of the PET
scans, a custom-fitted thermoplastic mask was made for each
participant to minimize head movement. The radiosyntheses
of [18F]-FEPPA [14] and [11C]-PIB [15] have been described
in detail elsewhere. For [18F]-FEPPA, an intravenous saline
solution of 5.03 ± 0.26 (mean ± SD) mCi was administered as
a bolus. An automated blood sampling system (ABSS, model
#PBS-101 from Veenstra Instruments, Netherlands) was used
tomeasure arterial blood radioactivity continuously at a rate of
2.5 ml/min for the first 22.5 min of the PET scan. In addition,
manual arterial samples were obtained at 2.5, 7, 12, 15, 30, 45,
60, 90, and 120 min after injection of the radiotracer. The
arterial samples were used to generate an input function of
unmetabolized radioligand in the plasma for kinetic analysis,
as previously described [16].

For [11C]-PIB, an intravenous saline solution of 9.68 ±
0.83 mCi was administered as a bolus. Images were recon-
structed into a series of 34 frames comprising 4 × 15 s, 8 ×
30 s, 9 × 60 s, 2 × 180 s, 8 × 300 s, and 3 × 600 s.

MRI Acquisition

MR images for all the participants were acquired for
coregistration with the corresponding PET images and the
anatomical delineation of the regions of interest (ROIs).
Proton density (PD)-weighted MR images were chosen for
better identification of ROIs [17]. 2D oblique PD-weighted
MR images were acquired with a General Electric Discovery
3.0 T MRI scanner (slice thickness = 2 mm, repetition time
(TR) = 6000 ms, echo time (TE) =min full, flip angle = 90°,
number of excitations (NEX) = 2, acquisition matrix = 256 ×
192, and field of view = 22 cm).
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ROI-Based PET Image Analysis

Both PET images, [18F]-FEPPA and [11C]-PIB, were
preprocessed, and ROIs were automatically generated using
in-house software, ROMI, as previously described [17]. To
obtain a quantitative measure of [18F]-FEPPA uptake, data
were analyzed using the 2-tissue compartment model
(2TCM) with total distribution volume (VT) as the outcome
measure, as previously validated [16]. VT is a ratio at equilib-
rium of the radioligand concentration in tissue to that in plas-
ma (i.e., specific binding and non-displaceable uptake, which
includes non-specifically bound and free radioligand in tis-
sue). In addition, we measured the percentage of the coeffi-
cient of variation (%COV = 100% × standard error / mean),
where standard error was estimated from the diagonal of the
covariance matrix of nonlinear least-square fitting [16]. Gray
matter ROIs known to be affected in PD and PD-MCI were
examined, including the frontal, prefrontal, and temporal cor-
tices, precuneus, and striatum. From the different ROIs, we
included VT with %COV of ≤ 20, which assured less noisy
data. Therefore, the effective sample size for each ROI varied
between 37 and 41. To address the potential issues of bias
from the volume loss in older participants, [18F]-FEPPA time
activity data for all participants were corrected for the effect of
partial volume error (PVE) using the Mueller-Gartner partial
volume error correction algorithm as implemented in
Bencherif et al. [18]. [11C]-PIB retention was measured using
the Logan plot with the cerebellum as a reference region to
yield distribution volume ratio (DVR), as this method has
been shown to provide stable and robust results in several
ROIs [19]. The average DVR of cortical regions and the stri-
atumwas calculated, and a cut-off of 1.2 was set to divide each
brain region into PIB-positive or PIB-negative [20]. The ki-
netic analysis of the radioligands was performed using PMOD
3.6 modeling software (PMOD Technologies Ltd., Zurich,
Switzerland). It is important to note that PIB positivity status
was defined for each region separately; however, for the sake
of simplicity, we refer as PIB-positive and PIB-negative
groups within the manuscript.

For the [11C]-PIB activity, we decided to focus on the non-
PVE-corrected DVR to avoid potential inaccuracies resulting
from uncertainties in image registration and segmentation as
previously reported [21]. However, for exploratory purposes,
we investigated our findings after applying PVE-corrected
DVRs; please see the “Results with PVE-Corrected DVR”
section.

DNA Extraction and Polymorphism Genotyping

Genomic DNA was obtained from peripheral leukocytes by
using high salt-extraction methods [22]. The TSPO polymor-
phism rs6971 was genotyped as previously reported [23].
Based on their genotype, the participants were classified as

high-, mixed-, and low-affinity binders (HAB, MAB, and
LAB, respectively), as described elsewhere [23]. [18F]-
FEPPA is not quantifiable in LABs [23]; therefore, we did
not include any LAB participants in our study.

Statistical Analysis

Analysis for Demographic Data

Normality assumptions of data were assessed using the
Kolmogorov–Smirnov test. Significant differences in means
of normally distributed continuous demographical as well as
clinical variables were tested by using factorial analysis of
variance (ANOVA). If variables did not satisfy the assump-
tion, the Kruskal–Wallis test was applied. Difference in pro-
portions (i.e., gender, handedness, TSPO genotype, and
symptom-dominant side) was assessed by chi-squared tests.

Analysis for PET Data

For each brain region, [18F]-FEPPAVT values were compared
between the three groups to evaluate the effect of PIB positiv-
ity using ANOVA. For this analysis, TSPO rs6971 polymor-
phism was added as a covariate to control the effect of differ-
ent binding affinities. In a secondary analysis, our PD sample
was split into two sub-groups with a shorter (< 5 years) and
longer disease duration (> 5 years). To assess the effect of
disease duration on VT values, we conducted a 2 × 2 factorial
ANOVA with PIB positivity (PIB positive vs. PIB negative)
and disease duration (short vs. long) as between-factors and
TSPO polymorphism as a covariate in cortical as well as sub-
cortical brain regions. Partial correlation was performed to
explore the relationship between microglial activation (as
measured by [18F]-FEPPAVT) and β-amyloid (measured by
[11C]-PIB DVR) in each disease duration sub-group while
correcting for the TSPO polymorphism. Partial correlation
was also used to explore relations between [18F]-FEPPA VT

and clinical characteristics while controlling for the TSPO
genotype. Correlations between clinical measures and [11C]-
PIB DVR were investigated using Pearson’s correlation tests.
All statistical analyses were performed using SPSS Statistics
version 20.0, with a significance level set at the threshold of
p < 0.05. Bonferroni’s correction was applied to counteract the
problem of multiple comparisons for the number of assessed
ROIs (p < 0.007).

Results

Demographic and Clinical Characteristics

Demographical and clinical measures are displayed in Table 1.
The factorial ANOVA as well as the Kruskal–Wallis test
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showed that there were no significant differences in all demo-
graphical and clinical measures and PET parameters between
groups. As expected, PD-MCIs had significantly lower
MoCA scores than HCs and PDns (p < 0.001). Chi-squared
tests showed that there were no significant differences in the
composition of gender and handedness across groups or in the
composition of symptom-dominant side between PDns and
PD-MCIs. There was a significant difference in the composi-
tion of TSPO genotype between groups (p = 0.021). There
were also no significant differences in UPDRS III, disease
duration, or total levodopa equivalent daily dose (LEDD) be-
tween PDns and PD-MCIs.

Overall, a total of 8 participants were PIB-positive in the
HC group, 8 PIB-positive in the PD-Ns, and 4 PIB-positive in
the PD-MCI group.

The Influence of β-Amyloid Deposition on Microglial
Activation

The factorial ANOVA analyses revealed a significant main
effect of PIB positivity in the frontal lobe (F(1, 34) = 7.1, p =
0.012) (Fig. 1). There was a significant interaction between
PIB positivity and subject groups in the frontal (p = 0.006) and

temporal lobes (p = 0.001), striatum (p = 0.018), precuneus
(p = 0.019), and dorsolateral prefrontal cortex (DLPFC) (p =
0.010) (Fig. 1 and Fig. 2). In these regions, the PD-MCI group
had significantly higher [18F]-FEPPA VT if PIB-positive. In
the frontal lobe, this difference was also seen in the PDn group
(p = 0.009). Further, PIB-positive PD-MCIs showed signifi-
cantly higher FEPPAVT than PIB-positive HCs in the frontal
(p = 0.028) and temporal lobes (p = 0.002), striatum (p =
0.017), and DLPFC (p = 0.046), as well as significantly higher
VT than PIB-positive PDns in the striatum (p = 0.023) and
temporal lobe (p = 0.009). In the temporal lobe (p = 0.043)
and DLPFC (p = 0.024), PIB-negative HCs had significantly
higher FEPPAVT than PIB-negative PD-MCIs. When apply-
ing multiple-test correction (p < 0.007) for the number of
assessed ROIs, interaction effects between PIB positivity
and groups in the frontal (p = 0.006) and temporal lobes
(p = 0.001) remained significant.

The Influence of Disease Duration on Microglial
Activation

A total of 15 PD patients were in the short disease duration
group and 14 PD patients were in the long disease duration

Table 1 Demographics and clinical characteristics of study participants

Total (n = 41) HC (n = 12) PDn (n = 17) PD-MCI (n = 12)

Age, mean (SD) 65.1 (6.80) 64.0 (7.85) 63.9 (6.16) 68 (6.19)

Gender (M:F) 25:16 4:8 13:4 8:4

TSPO genotype 29 HAB, 12 MAB 11 HAB, 1 MAB* 13 HAB, 4 MAB* 5 HAB, 7 MAB

Handedness (R:L:both) 34:6:1 11:0:1 13:4:0 10:2:0

YOE, mean (SD) 15.6 (3.31) 16.1 (3.03) 16 (3.69) 14.5 (3.01)

MoCA, median (IQR) 27.0 (25–28) 28 (27.3–28.8) 27 (26–28) 24 (20.3–25)*

BDI II, median (IQR) 6 (3.5–10.5) 3.5 (0–7.8) 8 (4–10.5) 7 (4.3–15.8)

SDS (R:L) 10:7 5:7

UPDRS III, median (IQR) 23 (17.5–31) 27.5 (21.3–49)

Disease duration, median (IQR) 5 (2–7.5) 7 (3.5–11)

Total LEDD, median (IQR) 592.5 (234.03) 702 (405.61)

[18F]-FEPPA, mean (SD)

Amount injected (mCi) 5.0 (0.26) 4.9 (0.20) 5.1 (0.30) 5.0 (0.26)

Mass injected (μg) 1.1 (0.92) 1.0 (0.60) 1.2 (1.02) 1.3 (1.48)

Specific radioactivity (mCi/μmol) 2670.8 (1559.56) 2563.5 (1537.97) 2418.7 (1455.02) 3219.0 (2261.61)

[11C]-PIB, mean (SD)

Amount injected (mCi) 9.7 (0.83) 9.7 (1.05) 9.6 (0.83) 9.7 (0.63)

Mass injected (μg) 1.7 (1.01) 1.5 (0.67) 1.8 (1.00) 1.8 (1.31)

Specific radioactivity (mCi/μmol) 1893.4 (877.42) 2100.0 (1029.69) 1732.4 (827.2) 1914.8 (810.50)

*Significantly different

Values are expressed as mean (SD) or as median (IQR) where applicable

YOE, years of education; SDS, symptom dominant side; UPDRS-III, Unified Parkinson’s Disease Rating Scale III; MoCA, Montreal Cognitive
Assessment; BDI-II, Beck Depression Inventory—II; LEDD, Levodopa Equivalent Daily Dose; HAB, High-Affinity Binders; MAB, Mixed-Affinity
Binders; SD, standard deviation; IQR, interquartile range
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group. Factorial ANOVA analyses revealed significant main
effects of PIB positivity (F(1, 24) = 7.7, p = 0.010) and disease
duration (F(1, 24) = 4.3, p = 0.048) in the precuneus (Fig. 2). In
this region, the short disease duration group had significantly
higher [18F]-FEPPAVT if PIB-positive. Similar findings were
also observed in the temporal lobe (F(1, 24) = 6.9, p = 0.015). In
the frontal lobe, there was a significant main effect of PIB
positivity (F(1, 24) = 20.4, p < 0.001) and disease duration
(F(1, 24) = 6.0, p = 0.022), with an interaction effect (F(1, 24) =
4.7, p = 0.040). In this region, patients had significantly higher
[18F]-FEPPAVT if PIB-positive, with PIB-positive patients in

the short disease duration group having significantly higher
FEPPAVT than PIB-positive patients in the long disease du-
ration group (p = 0.022) (Fig. 3).

Associations Between β-Amyloid Deposition,
Microglial Activation, and Clinical Characteristics

Partial correlation analyses in the PD-MCI group revealed a
significant, positive association between [18F]-FEPPAVT and
[11C]-PIB DVR in the ventrolateral prefrontal cortex
(VLPFC) (r = 0.669, p = 0.034), medial prefrontal cortex
(MPFC) (r = 0.668, p = 0.030), DLPFC (r = 0.648, p =
0.031), and striatum (r = 0.777, p = 0.005), suggesting higher
β-amyloid deposition was associated with increased
microglial activation (Fig. 4 and Fig. 5). Partial correlation
analyses remained significant in the striatum after correcting
for multiple comparisons. There were no significant correla-
tions between [18F]-FEPPAVTand [11C]-PIB DVR in the PD
normal and HC group (p > 0.05). In the patient group, there
was a negative correlation between the MoCA sub-category
“attention” and [11C]-PIBDVR in the frontal (r = − 0.373, p =
0.046) and temporal lobes (r = − 0.481, p = 0.008), implying
β-amyloid deposition in these regions was associated with
poor attention performance. Further, there was a positive cor-
relation between disease duration and [11C]-PIB DVR in the
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Fig. 1 [18F]-FEPPA total distribution volume (VT) in regions of interest
with partial volume error correction (pvec). PIB+, PIB positive; PIB−,
PIB negative
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MPFC (r = 0.501, p = 0.006), temporal lobe (r = 0.408, p =
0.028), frontal lobe (r = 0.369, p = 0.049), and precuneus
(r = 0.507, p = 0.005), suggesting β-amyloid deposition in-
creased with duration of the disease. Positive correlations be-
tween disease duration and [11C]-PIB DVR in the MPFC and
precuneus remained significant after applying Bonferroni’s
correction.

Results with PVE-Corrected DVR

The Influence of β-Amyloid Deposition on Microglial
Activation

The influence of β-amyloid deposition on microglial activa-
tion remained significant after applying PVE-corrected DVR

in the temporal lobe, VLPFC, and striatum. There was a
significant interaction between PIB positivity and patient
groups in the temporal lobe (p = 0.009) and striatum (p =
0.004) (Fig. 6). In these regions, the PD-MCI group had
significantly higher [18F]-FEPPA VT if PIB-positive. In the
striatum, PIB-positive PD-MCIs showed significantly higher
FEPPA VT than PIB-positive HCs (p = 0.025) and PIB-
positive PDns (p = 0.002). In the temporal lobe, PIB-
positive PD-MCIs showed also significantly higher FEPPA
VT than PIB-positive PDns (p = 0.010). There was a signif-
icant main effect of PIB positivity in the VLPFC (F(1, 32) =
9.1, p = 0.005) (Fig. 6). In this region, PD patients and con-
trols showed significantly higher [18F]-FEPPA VT when
PIB-positive.
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Fig. 4 Positive correlations between [18F]-FEPPA and [11C]-PIB in
regions of interest shown in PD-MCI while controlling for the TSPO
genotype. VLPFC, ventrolateral prefrontal cortex; MPFC, medio-
prefrontal cortex
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The Influence of Disease Duration on Microglial
Activation

There was no significant effect between disease duration and
PIB positivity.

Associations Between β-Amyloid Deposition,
Microglial Activation, and Clinical Characteristics

Partial correlation analyses in the PD-MCI group revealed a
significant, positive association between [18F]-FEPPAVTand
[11C]-PIB DVR in the in the striatum (r = 0.708, p = 0.015),
suggesting higher β-amyloid deposition was associated with
increased microglial activation (Fig. 7).

In the patient group, there was a negative correlation be-
tween the MoCA sub-category “attention” and [11C]-PIB

DVR in the temporal lobe (r = − 0.386, p = 0.038), implying
β-amyloid deposition in these regions was associated with
poor attention performance. Further, there was a positive cor-
relation between disease duration and [11C]-PIB DVR in the
inferior parietal lobe (r = 0.418, p = 0.024), temporal lobe (r =
0.381, p = 0.042), and precuneus (r = 0.619, p < 0.001), sug-
gesting β-amyloid deposition increased with duration of the
disease (Figs. 6 and 7).

Discussion

This is the first dual-tracer PET study exploring the relation-
ship between microglial activation and β-amyloid
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Fig. 5 Positive correlations between [18F]-FEPPA and [11C]-PIB in
regions of interest shown in PD-MCI while controlling for the TSPO
genotype. DLPFC, dorsolateral prefrontal cortex
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accumulation in PDwith normal and impaired cognition using
a second-generation TSPO radiotracer. For the first time, our
results revealed significant interactions between β-amyloid
and neuroinflammation, particularly in patients with cognitive
deficits. As previously mentioned, β-amyloid is a characteris-
tic feature of AD [6]; however, it is also present to a lesser
extent in PD [7]. It has been proposed that β-amyloid, in
combination with neuroinflammatory mechanisms and α-
syn pathology, may play a role in the cognitive decline in
PD [24]. In this regard, it is well-known that α-syn and β-
amyloid deposition can induce microglial activation and neu-
roinflammation [24]. Our current findings are in line with this
hypothesis, since we observed that the presence of amyloid
was associated with higher microglial activation in various
cortical and subcortical regions. This effect was most promi-
nent in PD-MCIs, whereas an interaction between “PIB-pos-
itivity” and neuroinflammation was less consistent in PD with
normal cognition. Further, in the PD-MCI group, we observed
a positive correlation between [18F]-FEPPA and [11C]-PIB
binding in striatal and prefrontal regions (i.e., DLPFC,
VLPFC, and MPFC), thus suggesting this association may
influence cortical areas involved in executive functions and
decision-making processes. In fact, β-amyloid has been
shown to correlate with cognitive performance [8, 25], and
we found that β-amyloid deposition in the frontal and tempo-
ral lobes was also associated with poor attention performance
in PD patients.

It has been proposed that β-amyloid may contribute to
chronic microglial activation resulting in a sustained produc-
tion of pro-inflammatory mediators [12], which ultimately
may lead to further neurodegeneration and disease progres-
sion. This observation is consistent with previous reports

showing a relationship between first-generation biomarkers
of microglia ([11C]-PK11195) and [11C]-PIB binding in AD
and PD patients with dementia [26].

However, the exact role of microglial activation in PD
is still not clear, as earlier investigations have been incon-
clusive. While some studies detected increased neuroin-
flammation in PD patients compared to HCs [27], others
have not [28]. Interestingly, for the first time, our dual-
tracer PET study revealed that PIB-positive PD patients
with shorter disease duration had significantly higher
[18F]-FEPPA uptake than patients with a longer disease
duration, thus possibly suggesting a neuroprotective/
reparative function [29] of microglia activation during
early stages of disease. This is consistent with previous
findings in AD studies [30] where microglial activation
appeared more evident at the prodromal and possibly at
the preclinical stage of AD. Thus, one possible interpreta-
tion is that increased microglial activation in earlier stages
might play a beneficial and neuroprotective role in the clinical
progression of the disease. However, chronic overactivation
and concomitant pathologies, such as abnormal protein accu-
mulation, may cause microglia to exhibit their neurotoxic phe-
notype [29] with further neurodegeneration and amyloid ac-
cumulation, as our patients showed a positive association be-
tween disease duration and amyloid deposition in various
frontal and temporal regions.

Consistent with other studies, no correlations were detected
between [18F]-FEPPA uptake and antiparkinsonian medica-
tion, disease severity, and duration [27].

Our study has a few limitations. Overall, exploration and
quantification of TSPO expression remains a challenge, con-
sidering the rs6971 polymorphism and the need for calculat-
ing the plasma free fraction (fp) values for TSPO tracers.

Another important limitation is to consider the lack of spec-
ificity of TSPO binding for activated microglia, since TSPO is
also expressed on astrocytes [31]. Further, we cannot differ-
entiate between the two phenotypes of microglia (i.e., M1 and
M2), which exhibit pro-inflammatory and anti-inflammatory
properties [29].

Conclusion

To our knowledge, this is the first dual-tracer study to
explore the relationship between microglial activation
and β-amyloid accumulation in patients with PD using a
second-generation TSPO radiotracer. Given the methodo-
logical limitations of previous investigations, we quanti-
fied activated microglia by using a novel radioligand
exhibiting optimal chemical and pharmacokinetic proper-
ties, as well as a full kinetic model with an arterial input
function. We demonstrate, for the first time, significant
interactions between beta-amyloid and activated microglia

Fig. 7 Positive correlations between [18F]-FEPPA and [11C]-PIB in the
striatum shown in PD-MCIs while controlling for the TSPO genotype and
using partial volume error corrected distribution volume ratios (DVRs)
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affecting cognitive performance in PD. Cognitive compli-
cations are increasingly recognized as important contrib-
utors to long-term disability in PD; however, exact path-
ophysiological mechanisms are still unknown. The use of
in vivo imaging biomarkers could allow early detection of
functional hallmarks, enabling therapeutic interventions to
prevent fur the r neurodegenera t ion and d isease
progression.

Current findings suggest that elevated microglial activation
early in the disease onset may be neuroprotective and failing
to appropriately adapt to amyloid accumulation might be an
underlying mechanism for further neurodegeneration.
However, increased microglial activation at earlier stages of
the disease could also drive other pathogenic mechanisms that
become more independent of inflammation later with disease
progression. Studies in preclinical PD cohorts, such as patients
with idiopathic REM sleep behavior disorder, observed in-
creased microglia activation in the substantia nigra [32] and
occipital lobe [33]. These findings suggest that early dysreg-
ulated microglial activation may contribute to the develop-
ment of PD pathology. The concept of an early inflammatory
response in the development of PD has important implications
for preventive and therapeutic strategies for PD as recent find-
ings revealed a significant reduction of TSPO binding in PD
patients after being treated with an inhibitor of microglial ac-
tivity [34].

Further studies will be needed to identify the exact role of
microglial activation in the development and progression of
PD and if amyloid deposits cause neuroinflammation and fur-
ther neurodegeneration or if increased microglia activation
develops as a protective response.
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