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Abstract

Increasingly, evidence implicates an important role of neuroinflammation in neurodegeneration progression. Yet, brain imag-
ing has not reached a consistent conclusion that neuroinflammation is involved in the pathogenesis of Parkinson's disease
(PD). We aimed to review the evidence to quantitatively assess the existence and spatial distribution of neuroinflammation
in the brain of PD patients. We systematically searched literature databases for case—control studies which used positron
emission tomography to detect neuroinflammation represented by translocator protein (TSPO) levels in PD patients compared
with healthy controls (HC). Standardized mean differences (SMD) were selected as effect sizes and random-effects models
were used to combine effect sizes. Subgroup analyses for separate brain regions were conducted. Fifteen studies comprising
455 (HC =198, PD =238) participants and 19 brain regions were included. Compared to HC, PD patients had elevated TSPO
levels in midbrain, putamen, anterior cingulate, posterior cingulate, thalamus, striatum, frontal, temporal, parietal, occipital,
cortex, hippocampus, substantia nigra, pons, cerebellum, and caudate when using 1st-generation ligands. TSPO levels were
elevated in the midbrain of PD patients when 2nd-generation ligands were used. We discussed the possible explanations of
contrasting difference between these outcomes.
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Introduction a-synuclein, LRRK2, PINKI, parkin, and DJ-1 are related to

the pathogenesis of PD [4].

Parkinson's disease (PD) has the fastest-growing incidence
among neurological disorders and is characterized by move-
ment disorder[1]. Beyond motor symptoms, non-motor
symptoms are present already at disease onset and some
even precede motor symptoms[2]. Characteristic neuropa-
thology of PD includes dopaminergic neurons loss in sub-
stantia nigra and widespread intraneuronal a-synuclein accu-
mulation named Lewy bodies [3]. PD is considered to be a
disease with a genetic component, and some genes including
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The phenomenon of a-synuclein-induced neuronal loss
accompanied by inflammatory changes in the brain has been
gradually revealed in the last decade [5]. Thus, neuroinflam-
mation may play an important role in PD. Neuroinflamma-
tion may not only be a trigger for the onset, but may also
promote the progression of PD [6]. Furthermore, clarify-
ing the profile of neuroinflammation offers the possibility
to develop neuroprotective therapies and immunotherapy
targets [7]. Microgliosis is the hallmark of neuroinflamma-
tion and receives more and more attention. It is supported
by fluid biomarker, brain imaging and post-mortem studies
that microglia have capacity to mediate immunity and initi-
ate neuroinflammation in PD. A meta-analysis showed that
PD was accompanied by the increased cerebrospinal fluid
inflammatory cytokines, including TGF-p1, IL-6, and IL-1p
[8]. Multiple post-mortem analysis found that a-synuclein
accumulation and neurodegeneration were accompanied by
microglial activation [9]. And positron emission tomography
(PET) imaging provides evidence to confirm the ongoing
microglial activation in PD [10].
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The translocator protein (TSPO) is a mitochondrial
translocator protein and has minimal levels in the normal
brain [11]. The expression of TSPO is greatly enhanced
in neuroinflammation and therefore widely regarded as a
suitable biomarker of activated microglia [10]. Thus, PET
imaging based on TSPO and its ligand is applied to meas-
ure in vivo microglia-mediated neuroinflammation (e.g.,
multiple sclerosis [12] and Alzheimer's disease [13]).
There are mainly two generations of ligands that can be
used for quantitative imaging of TSPO. [11C]PK11195 is
the first PET ligand of TSPO and the most widely used.
However, in vivo PET applications of the [11C]PK11195
ligand are technically challenged, because high lipo-
philicity of this molecule hampered its specific binding
[14]. Compared to 1st-generation ligands, 2nd-generation
ligands have improved signal-to-noise ratio and lower non-
specific binding. 2nd-generation ligands show different
affinities for TSPO in brain tissue from different subjects,
including high-affinity binders, low-affinity binders, and
mixed affinity binders (HABs, LABs, and MABs) [15].
Although numerous studies have used TSPO PET in PD
patients, they are often limited by relatively few subjects
and conflicting results [16]. Therefore, integration of pre-
vious independent studies would increase the credibility
of the findings and reveal the role of neuroinflammation
in the pathogenesis of PD.

Based on the current state of research described above,
we performed the first meta-analyses to investigate TSPO
levels in controls and PD to systematically assess spatial
progression patterns of neuroinflammation in brain.

Methods
Search strategy

All methods were conducted in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) guidelines [17]. We searched peer-
reviewed English-language articles from PubMed, Web
of Science, The Cochrane Library, EBSCO, and Embase,
up to 20st July 2021. The database search terms were as
follows: ("positron emission tomography" OR "PET")
AND ("TSPO" OR "translocator Protein" OR "18 kDa"
OR "neuroinflammation" OR "microglia" OR "benzo-
diazepine") AND ("Parkinson’s disease” OR "Parkin-
son disease"). To find additional relevant references, we
also manually searched the reference articles included
in the retrieved articles. A standardized review protocol
(CRD42020218445) has been published in PROSPERO
(https://www.crd.york.ac.uk/PROSPERO).

Eligibility criteria

The following criteria were applied to include studies in the
meta-analysis: (1) studies were written in English; (2) PET
was used to measure TSPO binding; (3) participants were
stratified into PD and healthy controls (HC) groups; (4) stud-
ies must perform regional analysis; (5) TSPO levels were
reported.

Studies should be excluded if they: (1) contained a dupli-
cate study population; (2) did not perform a regional analy-
sis; (3) were an interventional study design.

Data extraction

The following data were extracted from each included study:
(1) the sample size in each group; (2) brain regions with data
available; (3) the mean value and standard deviation (SD)
for TSPO levels in each group; (4) the mean age of subjects
in each group; (5) the TSPO ligand used; (6) the outcome
used to measure TSPO levels; (7) the proportion of male
subjects in each group; (8) the average Unified Parkinson
Disease Rating Scale motor (UPDRS-III) scores of subjects
in PD group.

Where studies reported separate results for both hemi-
spheres [18-20], results were averaged across hemispheres.
When studies reported results in graphical format [21-23],
mean and SD values were estimated using the measurement
tool (WebPlotDigitizer-4.2). Where multiple studies utilized
the same study population, we selected the study containing
the larger study population for inclusion and excluded the
duplicate population. When the data were given in terms
of median and interquartile spacing, we used an online cal-
culator (http://www.math.hkbu.edu.hk/~tongt/papers/media
n2mean.html) edited by Professor Tie-Jun Tong to convert
the data. Because MABs and HABs differ in TSPO binding
[24], we extracted data from patients with HABs and MABs
separately to explore the effect of genotype on second-gen-
eration ligand analysis.

Quality assessment

We used the Newcastle—Ottawa quality assessment scale for
case—control studies to assess the quality of included stud-
ies. A maximum score of 9 can be awarded, whereby studies
with > 7 points are generally considered to be of high quality.

Statistical analysis
Meta-analysis was performed using Stata 16, when there

were > 2 studies for the same region. Effect sizes (ES)
were primarily generated from sample size and mean (SD)
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values. Since TSPO levels were determined using different
PET ligands and analytical methods, effect sizes were cal-
culated as standardized mean differences (SMD) between
controls and PD groups. A positive result indicates higher
TSPO levels in the PD, compared to the HC. Results were
meta-analyzed using a random-effects model and reported
as SMD and 95% confidence intervals (CI). If significant
heterogeneity is found in the studies analyzed, the ran-
dom-effects model will produce a wider 95% CI than the
fixed-effects model [25]. Thus, the random-effects model
is regarded as a more conservative approach. The TSPO
ligand used in PET studies predominantly included 1st-
generation or 2nd-generation ligands. As these have differ-
ent characteristics, we conducted separate meta-analyses
of these ligands.

Statistical heterogeneity across studies was assessed by
Cochrane Q test and I statistic. I? statistics of 0.25, 0.50,
and 0.75 indicated small, moderate, and high heteroge-
neity, respectively. To investigate the potential source of
heterogeneity, we performed subgroup analysis according
to the genotype of TSPO. Sensitivity analysis was under-
taken to assess the stability of the result in those regions
of statistical heterogeneity. Specifically, the leave-1-out
method was applied to investigate the potential effect of
single study on the outcome. Egger regression test was
performed to test publication bias when the number of
studies > 2 in same region. Publication bias was further

tested using trim-and-fill analysis, which can impute pos-
sible missing studies and correct funnel plot asymmetry.

Results
Study selection

The initial search identified 998 articles, of which 176 were
excluded after removal of duplicate results. 789 articles were
excluded after scanning of titles and abstracts. The full text
of 33 articles was examined. Following this, 18 articles were
excluded because they did not meet our inclusion criteria: 8
articles are ongoing clinical trials, 3 articles lack of control
group, 4 articles contain a duplicate population, and 3 arti-
cles did not report outcomes. In final, a total of 15 articles
were included in the meta-analyses (Fig. 1).

Study characteristics

The overall study characteristics, including sample sizes,
mean age of subjects, proportion of male subjects, the type
of PET ligand used, outcome measures, and subject UPDRS-
III scores for each included study is presented in Table 1.
Quality scores of the included studies were between 5 and
9 points (see Supporting Information Appendix 2), and the
majority them are high quality (>7 points).

Fig. 1 Flowchart showing the
inclusion of studies for the
meta-analysis

Articles identified through database and reference searching
PubMed n=137, EMBASE n=467 , Web of Science n=239,

The Cochrane Library n=14, EBSCO n=195
Total n=1038

l

Articles after duplicates removed
(n=736)

A

4

Articles screened Article§ excluded by screening
(n=1736) titles and abstracts
y (n=706)
\ 4
4 N
Full-text articles
assessed for eligibility
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Full-text articles excluded (n = 18)
iy —|  -Ongoing clinical trials (n =8)
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. In total, there were 19 available regions for meta-analy-
é sis. These regions are as follows: midbrain, putamen, ante-
2 rior cingulate (including: cortex and gyrus), posterior cin-
‘;3 gulate (including: cortex and gyrus), thalamus, striatum,
£ o frontal (including: cortex and lobe), temporal (including:
g '§ cortex and lobe), medial temporal lobe, parietal (includ-
é E ing: lobe, cortex, and lateral), occipital (including: cortex,
f% _% lobe, medial, and lateral region), cortex (including: whole
g g cortex and cortical), amygdala, hippocampus, substantia
2 = = nigra, pons, cerebellum, precuneus, caudate.
g :g Seven brain regions were unavailable for meta-analysis
E _‘.;“ = because there was only one study in same region. These
E 'é’ g brain areas include precentral gyrus pallidum, dorsal lat-
eral prefrontal cortex, insula, gray matter, white matter,
g ~ nucleus accumbens, and limbic cortices.
£ e
= |o|S
2~~~ Studies using 1st-generation ligands
25 S
5«23
ES estimates pooled by random-effects models demon-
S s strated that PD subjects had significantly higher TSPO
2 ol e . levels compared to HC subjects in midbrain, putamen,
E T s anterior cingulate, posterior cingulate, thalamus, striatum,
= (2" frontal, temporal, parietal, occipital, cortex, hippocampus,
= = substantia nigra, pons, cerebellum, and caudate (Fig. 2).
é o 5 E The largest effects were seen in temporal. In contrast,
3 9 medial temporal lobe and amygdala yielded nonsignifi-
g ) E cant ES estimates (Fig. 2). Significant heterogeneity was
E - z detected in 7 of 18 regions. Medial temporal lobe, amyg-
3‘3 g ; % dala, and substantia nigra showed high levels of heteroge-
@ al o f‘g neity, whereas putamen, anterior cingulate, temporal, and
%A :: o dt:E) caudate showed moderate levels of heterogeneity (Sup-
AEIE|Q a porting Information Appendix 3). Sensitivity analysis was
g used to investigate sources of heterogeneity. For medial
& temporal lobe, the quantities of studies were limited. So,
= % we mainly investigated heterogeneity in models of puta-
£ 2 men, anterior cingulate, temporal, amygdala, substantia
o g '2 nigra, and caudate. Sensitivity analysis through leave-1-
g %" g out found the results in anterior cingulate and temporal
g .E f;, were stable. In contrast, a single study could influence the
~ statistically significant difference in putamen, amygdale,
E Eﬁ substantia nigra, and caudate. Importantly, single study
< % could explain the significant heterogeneity in putamen,
"{% ; % anterior cingulate, temporal, amygdale, and caudate (Sup-
5“ = % porting Information Appendix 6). There was no significant
2 publication bias in all brain regions. Analyses by trim-
§ and-fill showed that one missing study was required for
&) z _; midbrain. and one missing study for posterior cingulate,
g = = D two studies for frontal, four studies for temporal, three
g g i go %ﬁ QQ‘ studies for parietal, four studies for hippocampus. In addi-
: @ % i, g g tion, after imputing potential missing studies, effects did
o 2 g S . . .
% E é § 523 é g not change (Supporting Information Appendix 8).
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Regions Studies HC PD SMD [95% CI]
temporal 4 37 45 F----- m----- - 1.320.47-2.17]
pons 2 21 27 F------4 1.29[0.65-1.92]
striatum 3 29 46 F----H 1.28 [0.77-1.80]
substantia nigra 3 41 44 - a-------- | 1.2410.11-2.37]
anterior cingulate 5 38 44 F----E----4 1.23[0.52-1.95]
occipital 4 37 45 - 1.21[0.72-1.70]
frontal 5 48 63 k- - 1.17 [0.73-1.62]
posterior cingulate 5 38 44 F-J- 1.09 [0.67-1.50]
putamen 4 48 49 b ---—- I 0.98 [0.17-1.78]
parietal 5 48 63 k- .— -1 0.98 [0.57-1.38]
cortex 2 18 28 F------A 0.94 [0.31-1.57]
thalamus 7 50 45 -l 0.86 [0.40-1.32]
cerebellum 3 41 44 - - - 0.84 [0.38-1.29]
caudate 4 50 45 F--—-E----- | 0.80 [0.08-1.52]
hippocampus 4 46 46 - 0.64 [0.21-1.06]
midbrain 4 39 51 F---- 0.45 [0.03-0.88]
amygdala 3 38 37 b --B------- 1 0.42 [-0.67-1.52]
medial temporal lobe 2 16 20 F------—— - - — - - 0.16 [-1.70-2.02]
I I I I I I I

-1.5 -1

05 0 05 1 15 2 2.5

Standardised mean differences

Fig.2 Overall standardized mean difference for each region in the comparison between HC and PD subjects was measured by 1st-generation

ligands. Results are organized by regional effect size

Studies using 2nd-generation ligands

ES estimates pooled by random-effects models demonstrated
that PD subjects had significantly higher TSPO levels com-
pared to HC subjects in midbrain (Fig. 3). In contrast, puta-
men, thalamus, frontal, temporal, parietal, occipital, cer-
ebellum, precuneus, and caudate yielded nonsignificant ES
estimates (Fig. 3). Significant heterogeneity was detected
in 4 of 10 regions. Precuneus showed high levels of het-
erogeneity, whereas putamen, parietal, and caudate showed
moderate levels of heterogeneity (Supporting Information
Appendix 4). Subgroup analysis was performed based on the
genotype of TSPO in models of putamen, temporal, occipi-
tal, cerebellum, and caudate. Results showed that the effect
of heterogeneity was reduced in most models (Fig. 4). Sensi-
tivity analysis through leave-1-out found the results in pari-
etal and caudate were stable. In contrast, a single study could

influence the statistically significant difference in putamen
and precuneus. Furthermore, single study could explain the
significant heterogeneity in putamen, parietal, and caudate
(Supporting Information Appendix 7). There was no evident
publication bias in the included brain regions. Analyses from
trim-and-fill showed that two missing studies were required
for midbrain. After imputing potential missing studies,
effects did not change (Supporting Information Appendix 9).

Discussion

To the best of our knowledge, this study is the first meta-
analysis to investigate neuroinflammation in PD, relative
to controls. We found significant elevated levels of neuro-
inflammation in most brain regions of PD patients when

@ Springer
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Regions Studies HC PD SMD [95% CI]
midbrain 2 37 31 F---l--- 1.30[0.77-1.84]
parietal 2 37 31 Fr------ m------- I 0.90 [-0.10-1.89]
precuneus 2 24 40 ittt sl - | 0.62 [-1.32-2.56]
occipital 3 59 6l F---l--- 0.51 [-0.01-1.03]
cerebellum 3 50 57 F------ 0.46 [-0.09-1.01]
putamen 5 91 93 F--1--- 0.4510.00-0.90]
temporal 4 71 90 H--I--- 0.36 [-0.08-0.80]
caudate 5 91 93 F-1 - 0.18 [-0.29-0.65]
thalamus 3 63 66 -l 0.14 [-0.21-0.49]
frontal 3 59 79 F- - 0.14 [-0.21-0.49]

I I I I I I I I
-1.5 -1 -05 05 1 15 2 2.5

Standardised mean differences

Fig.3 Overall standardized mean difference for each region in the comparison between HC and PD subjects was measured by 2nd-generation

ligands. Results are organized by regional effect size

using 1st-generation ligands, but only the midbrain showed
significant differences when using 2nd-generation ligands.
It is now well established that the main clinical features of
PD are caused by damage to dopamine neurons in the mid-
brain. Our study found significantly elevated TSPO levels
in midbrain, suggesting a close interrelationship between
microglia activation and PD pathology. On the one hand,
aggregates of a-synuclein promote microglial activation
in the early stage of disease. a-synuclein acts as a chem-
oattractant in migration of microglia [26]. And microglia
interacting with different forms of a-synuclein show differ-
ent phenotypes and display different functional status [27,
28]. Microglia bridge neuroinflammation and a-synuclein-
induced neuronal injury, which has profound consequences
in the progression of PD [29]. On the other hand, microglia
are regarded as the main cell for the removal of extracellu-
lar a-synuclein [30]. Phagocytosis of microglia prevents the
spread of pathology in brain. However, impaired microglia
phagocytosis in PD patients exacerbates the aggregation of
pathological a-synuclein, leading to neurodegeneration [31].
This meta-analysis did not find elevated TSPO binding
in medial temporal lobe, amygdala, and precuneus. How-
ever, some previous studies were inconsistent with our find-
ings. Extensive activation of microglia in amygdala was
observed in PD animal models and PD patients [32-34],
and activated microglia were significantly associated with
a-synuclein pathology [32]. The lack of TSPO signal in
these regions may be explained by limited sample size and

@ Springer

number of studies. This study also found that the cerebellum
of PD subjects showed significantly elevated TSPO bind-
ing when using 1st-generation ligands. The cerebellum had
been selected as the best reference region when TSPO PET
images were analyzed in AD subjects [35]. This approach
has also been used for PET images of PD patients [20, 36].
Based on our findings, the cerebellum is not recommended
as an appropriate reference region, which is supported by
other study [37].

The heterogeneity across brain regions ranged from 0
to 90.9%. In this meta-analysis, we combined sensitivity
analysis with subgroup analyses to quantify the sources of
heterogeneity. The sensitivity analysis suggested that Ian-
naccone S et al. (2013) partially explained the heterogeneity
in Ist-generation ligands group. The reason could be that
the PD patients in this study were on average much older
compared to the control group. For 2nd-generation ligands
group, subgroup analysis suggested that different binding
patterns between TSPO and ligands were main source of
heterogeneity. Sensitivity analysis showed that Terada T.
et al. [19] did not group patients by genotype, which had a
significant impact on heterogeneity. However, it should be
noted that heterogeneity may also come from other clini-
cal variables, including duration and severity of disease and
medication history. Because most of the included studies did
not provide detailed information on these clinical variables,
this limited our further analysis. Nevertheless, these limita-
tions highlight the value of continuing research to investigate
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Subgroups SMD [95%CI] 12 (%) Weight (%)
Putamen
HAB 0.54 [0.1-0.98] 0 45.98
MAB 0.08 [-0.71-0.87] 63.8 43.18
Mixed 1.57[0.62-2.51] 0 10.84
Overall 0.45 [0-0.9] 53.7 100
Temporal
HAB 0.22 [-0.32-0.77] 0 35.13
MAB 0.3[-0.88-1.48] 712 30.13
Mixed 0.64 [-0.56-1.84] 78 34.74
Overall 0.36 [-0.08-0.80] 43.6 100
Occipital
HAB 0.2 [-0.36-0.76] 39 43.59
MAB 0.35 [-0.26-0.96] 0 38.89
Mixed 1.6 [0.65-2.55] 0 17.52
Overall 0.51 [-0.01-1.03] 47.7 100
Cerebellum
HAB 0.42 [-0.2-1.03] 0 40.22
MAB 0.00 [-0.61-0.62] 0 40.62
Mixed 1.46 [0.53-2.39] 0 19.16
Overall 0.46 [-0.09-1.01] 47.5 100
Caudate
HAB 0.03 [-0.52-0.58] 35.6 45.62
MAB -0.03 [-0.54-0.48] 16.5 43.81
Mixed 1.72 [0.75-2.69] 0 10.57
Overall 0.18 [-0.29-0.65] 58 100

T T T
-1 05 0

0.5

T T T T
1 1.5 2 2.5

Standardised mean differences

Fig.4 Overall and subgroups standardized mean difference for putamen, temporal, occipital, cerebellum, and caudate measured by 2nd-genera-

tion ligands

neuroinflammation levels in PD after controlling for relevant
clinical variables. Another challenge is that some regional
analyses contained relatively few studies, which limits the
power of these analyses and limits the detection of publica-
tion bias. Obviously, additional studies are warranted, espe-
cially those covering more regions.

The result differences between groups using 1st-genera-
tion ligands and 2nd-generation ligands could be explained
by several influencing factors. First, 2nd-generation ligands

display different uptake from [11C]-PK11195 in healthy
elderly individuals. Some studies observed no significant
relationship between age and [11C]-PK11195 binding [38,
39]. However, the binding of [11C]-DPA713 showed a sig-
nificant increase in the elderly participants compared with
the young participants [40]. Thus, healthy elderly people
may not be a useful benchmark for PD patients when using
2nd-generation ligands. Second, the difference in 2nd-gener-
ation ligands binding affinity is induced by single-nucleotide
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polymorphism rs6971 [41]. And rs6971 polymorphism can
result in a nonconservative alanine to threonine substitution
at position 147 in the TSPO protein, which has been shown
to affect the biological functions of TSPO [42, 43]. Lastly,
although 1st-generation ligands showed maximal binding in
histopathological brain, there was also increased binding on
microglia outside the histopathologically defined boundaries
[44].

In this study, there are several limitations that need to
be disclosed. A major weakness of current PET studies on
TSPO is that the ligands used only show the overall level
of microglia activation and do not distinguish between the
anti-inflammatory and pro-inflammatory states of microglia.
With the development of PET imaging techniques, there is a
need for ligands that have the ability to differentiate between
different inflammatory states. These ligands will be useful
to clarify the relationship between neuroinflammation and
disease progression and provide further potential for thera-
peutic monitoring. Second, considering the availability of
data, the average level of TSPO in bilateral brain regions was
used in this study. Although one study showed no significant
difference in binding between the healthy and affected side
[19], it remains a potential limitation of the present study.
In addition, although SMD somewhat avoids bias from dif-
ferences in measurement scales, it does not eliminate bias
from variability between study populations [45].

This is the first comprehensive meta-analysis to investi-
gate microglia-mediated neuroinflammation in PD. Taken
together, our study indicated that neuroinflammation is
widely distributed in various brain regions of PD patients
when 1st-generation ligands were used for the assay. When
2nd-generation ligands were used, there were significant dif-
ferences only in the midbrain. To fully understand the spati-
otemporal sequence of neuroinflammation, the development
of better quality TSPO ligands and further PET longitudinal
studies are needed.
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