


association with microglial activation. AD patients showed increased TSPO-PET tracer uptake bilaterally in the anterior
medial temporal lobe compared to controls, and higher TSPO-PET uptake was associated with cognitive impairment
and dementia severity in a disease stage-dependent manner.
Interpretation: Microglial activation distributes preferentially along highly connected brain regions, similar to tau
pathology. These findings support the important role of microglia in neurodegeneration, and we speculate that pathol-
ogy spreads throughout the brain along vulnerable connectivity pathways.

ANN NEUROL 2022;00:1–14

Extracellular amyloid β (Aβ) plaques and intracellular

neurofibrillary tau tangles are the pathological hallmarks

of Alzheimer disease (AD), leading to a cascade of brain

changes resulting in cognitive decline and dementia.1 Recent

genetic, molecular, and clinical evidence suggests that

neuroimmune mechanisms are associated with AD risk and

contribute to disease progression.2,3 Patients with symptomatic

AD show alterations in cerebrospinal fluid (CSF) and blood

pro- and anti-inflammatory proteins,4,5 including the soluble

triggering receptor expressed on myeloid cells 2 (sTREM2), a

marker of activated microglia,6 typically surrounding Aβ

plaques as the brain’s main innate immune response.7 This

suggests that neuroinflammation and microglial activation play

a key role in the pathogenesis of AD.

In vivo, microglial activation can be measured with

positron emission tomography (PET) tracers targeting the

mitochondrial 18 kDa translocator protein (TSPO), located

on the outer mitochondrial membrane and overexpressed

on activated immune cells.8 Increased microglial activation

is apparent on TSPO-PET scans in different neurodegener-

ative disorders, including AD, corticobasal syndrome, and

progressive supranuclear palsy.3,9,10 Neuroinflammation,

extracellular Aβ plaques, and intracellular tau neurofibrils

seem to be linked closely. Within the microglia population,

two distinct expression profiles were recently identified,

associated with either Aβ load or tissue phosphorylated tau

(ptau).11 Colocalization of tau and activated microglia was

demonstrated,12,13 and Aβ plaque-dependent microglia was

identified.14 Furthermore, TSPO-PET binding correlates

with increasing Aβ accumulation in AD mouse models,15

and microglial activation may also act as a link between Aβ

and tau pathology.16

Several studies in AD have demonstrated that changes

in functional magnetic resonance imaging (fMRI) connectiv-

ity are associated with hallmark protein aggregations. Highly

connected hub regions show increased tau accumulation on

PET imaging, accelerated by Aβ pathology,17 supporting a

model of transneuronal spread of tau molecules.18,19 Increas-

ing evidence indicates that the spread of tau tangles in the

neocortex is accompanied by microglial activation,13,20 with

both types of pathologies seemingly following a Braak-stage-

like distribution pattern along an activated network of

microglia, suggesting that Aβ and microglia together initiate

tau spreading across the brain.21,22

The main aim of the present study was to explore

whether connected brain regions show correlated TSPO-

PET tracer uptake patterns, to identify the brain structural

and functional network connectivity correlates of the cere-

bral neuroimmune response against AD. We used data,

including TSPO-PET microglial activation, diffusion tensor

imaging (DTI) structural connectivity, and MRI functional

connectivity, from the prospective Activity of Cerebral

Networks, Amyloid and Microglia in Aging and Alzheimer’s

Disease (ActiGliA) study to address our hypotheses. We

speculate that microglial activation in AD spreads along con-

nected brain areas, similar to a pattern observed for the

prionlike spatial propagation of tau pathology.

Subjects and Methods

Study Design and Participants
The data used in this study originate from the baseline dataset of

the ActiGliA study, a prospective, longitudinal, observational,

single-center study of the Munich Cluster for Systems Neurology

at Ludwig Maximilian University of Munich (LMU), initiated in

2017. Participants were recruited through specialized outpatient

clinics at the LMU hospital Department of Psychiatry and Psycho-

therapy, Department of Neurology, Institute of Stroke and

Dementia Research, and the Department of Psychiatry and

Psychotherapy of the Technical University of Munich. ActiGliA

comprises comprehensive neurocognitive, clinical, and lifestyle

assessments based on the German Center for Neurodegenerative

Disorders (DZNE) Longitudinal Cognitive Impairment and

Dementia study23; MRI and PET imaging using tracers for Aβ

and TSPO; and fluid biobanking, including CSF, plasma, serum,

saliva, DNA, RNA, and peripheral blood mononuclear cells.

Patients with early AD (subjective cognitive impairment, mild cog-

nitive impairment, and mild AD dementia) and corticobasal syn-

drome (CBS)24 and age-matched cognitively normal controls were

included after providing written informed consent in line with the

declaration of Helsinki. The study was approved by the ethics

committee of LMU (project numbers 17-755 and 17-569).

Of 140 ActiGliA participants, all consecutive cases meet-

ing the inclusion criteria for the present analyses were included,

resulting in a cohort of n = 32 early AD patients and n = 18

cognitively normal controls. Ninety participants were not consid-

ered for the present analysis due to a diagnosis of CBS (n = 50)

or other non-AD disorder (n = 23). Sixteen participants were

excluded because of missing neuropsychological test results, and

1 participant was excluded because of extensive white matter

lesions (Supplementary Figure 1). Cognitively normal controls
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were defined as participants without cognitive impairment

(Clinical Dementia Rating [CDR] global score = 0, Consortium

to Establish a Registry for Alzheimer’s Disease Neuropsychologi-

cal Battery [CERAD-NB] total score ≥ 69,25 and no indication

of Aβ pathology on PET [negative visual read] and/or CSF

examination [normal Aβ42/40 ratio as defined below]). AD con-

tinuum was defined as CDR global score ≥ 0.5, CERAD-NB

total score ≤ 84, and presence of Aβ pathology on PET and/or

CSF examination.

Clinical Assessments
The CDR, CERAD-NB,26 and Mini-Mental State Examination

(MMSE)27 were conducted by trained psychologists at the LMU

hospital memory clinic. Using the CERAD-NB, a total score was

created as shown previously, comprising the 6 subtests semantic

fluency (animals/60 seconds), modified Boston Naming Test,

Word List Learning, Constructional Praxis, Word List Recall,

and Word List Recognition Discriminability, with higher scores

indicating better performance (maximum total score = 100).25

Genetic Polymorphisms
TSPO and apolipoprotein E (APOE) genotyping was performed at

the Departments of Psychiatry and Psychotherapy of University of

Regensburg and LMU, respectively. Genomic DNA was extracted

from whole blood using a SQ Blood DNA kit fromOmega Bio-Tek

(Norcross, GA) according to the manufacturer’s protocol. DNA

quality was assessed by optical absorbance and gel electrophoresis.

TaqMan quantitative polymerase chain reaction assays were used for

amplification and Sanger method for sequencing.

Binding affinity of the [18F]GE-180 TSPO ligand is

affected by the codominant rs6971 (Ala/Thr) single nucleotide

polymorphisms (SNPs) of the TSPO gene and needs to be con-

sidered in the imaging analysis.28 High-affinity binders (HABs)

are Ala/Ala carriers, low-affinity binders (LABs) are Thr/Thr car-

riers, and mixed-affinity binders (MABs) are Ala/Thr carriers.

Only HABs and MABs were included in the PET analyses, with

6 LABs excluded. All TSPO-PET analyses were adjusted for

binding status. The exclusion of LABs is justified by previous

findings by our group, where we demonstrated a significant

lower binding of [18F]GE-180-PET in LABs compared to

TABLE: Sociodemographic, Clinical, and Biomarker Characteristics of the Cohort

Characteristic CN AD Patients p

Age, yr (SD) 69.22 (7.53) 71.31 (7.52) 0.35

Sex, F (%) 10/18 (56%) 18/32 (56%) 0.60

Weight, kg (SD) 76.39 (17.23) 69.50 (13.78) 0.13

Education, yr (SD) 14.83 (3.97) 14.81 (4.13) 0.99

CDR SOB (SD) 0.06 (0.16) 3.16 (1.73) <0.001

CERAD-NB (SD) 86.42 (5.93) 58.53 (14.05) <0.001

MMSE (SD) 29.28 (1.07) 24.25 (3.17) <0.001

CSF Aß42, pg/ml (SD) 1,060.41 (482.93) 465.96 (167.51) <0.001

CSF Aβ42/40 ratio (SD) 7.48 (1.01) 3.58 (0.96) <0.001

CSF ptau181, pg/ml (SD) 49.75 (17.39) 102.17 (46.78) <0.001

CSF ttau, pg/ml (SD) 230.37 (105.57) 635.21 (606.34) 0.009

CSF sTREM2, ng/ml (SD) 10.35 (3.00) 11.31 (3.49) 0.37

TSPO-PET SUVR (SD) 0.94 (0.04) 1.08 (0.08) <0.001

APOE ε4 allele carriers (%) 4/18 (22%) 23/29 (79%) <0.001

rs6971 binding status (%) 15/18 (83%) MAB

3/18 (17%) HAB

6/30 (20%) LAB

15/30 (50%) MAB

9/30 (30%) HAB

0.041

AD = Alzheimer disease; APOE = apolipoprotein E; Aβ42 = amyloid β 42; Aβ42/40 ratio = ratio Aβ42 to Aβ40; CDR SOB = Clinical Dementia

Rating Sum of Boxes; CERAD-NB = Consortium to Establish a Registry for Alzheimer’s Disease Neuropsychological Battery total score;

CN = cognitively normal controls; CSF = cerebrospinal fluid; F = female; HAB = high-affinity binder; LAB = low-affinity binder; MAB = mixed-

affinity binder; MMSE = Mini-Mental Status Examination; PET = positron emission tomography; ptau = phosphorylated tau protein;

SD = standard deviation; sTREM2 = soluble triggering receptor expressed on myeloid cells 2; SUVR = standardized uptake value ratio;

TSPO = mitochondrial 18 kDa translocator protein; ttau = total tau protein.
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MABs and HABs.29 Furthermore, data in this study showed

higher [18F]GE-180-PET binding in HABs compared to MABs,

although not significantly. To avoid possible confounding, we

controlled our analysis for HAB and MAB binding status. The

two SNPs rs429358 and rs7412 defining the APOE ε2, ε3, and

ε4 alleles were analyzed to determine the APOE genotype.

Sequencing data were analyzed using SnapGene software (GSL

Biotech; www.snapgene.com). Participants were dichotomized

into carriers versus noncarriers of the ε4 allele.

CSF Analyses
CSF peptide measures were generated from aliquoted samples

using commercially available (Fujirebio, Malvern, PA) enzyme-

linked immunosorbent assays (ELISAs). Aβ positivity was

defined as a CSF Aβ42/40 ratio of <5.5%, as suggested previ-

ously.30 Concentrations of total tau (ttau) and ptau181 were

measured in CSF using the Innotest htau-Ag, and Innotest P-tau

(181P) ELISA assays (Fujirebio Europe, Ghent, Belgium). The

CSF sTREM2 concentrations were measured at the DZNE

Munich based on previously established in-house ELISA proto-

cols using duplicate samples.31 Average measurements of the

duplicates were used for the statistical analyses after applying

method and plate-specific correction procedures.

MRI Acquisition and Preprocessing
MRI data for the entire ActiGliA cohort were acquired at the

Department of Radiology of LMU on a 3TMagnetom Skyra MR sys-

tem (Siemens Healthineers, Erlangen, Germany). A 0.8cm isovoxel

high-resolution T1-weighted structural MRI sequence (repetition time

[TR] = 2060 milliseconds, echo time [TE] = 2.17 milliseconds, flip

angle [FA] = 12�, field of view [FoV] = 240mm), a diffusion-

weighted imaging MRI sequence with a multiband acceleration factor

of 3 (TR = 3,800 milliseconds, TE = 104.8 milliseconds, b-

value = 2,000 s/mm2, 108 diffusion directions, FA = 90�,

FoV = 240mm), and a 2.5mm, 10-minute 32-second resting-state

fMRI sequence with multiband acceleration factor of

6 (TR = 780 milliseconds, TE = 33 milliseconds, FA = 50�,

FoV= 210mm)were acquired.

FIGURE 1: (A) Voxelwise group comparisons between Alzheimer disease (AD) and cognitively normal controls (CN; p < 0.001).
Scatterplot shows individual and mean differences between patients and CN in mitochondrial 18 kDa translocator protein (TSPO)
standardized uptake value ratio (SUVR). (B) Distribution of the mean SUVR TSPO-PET binding pattern within the AD group. L,
left; R, right.
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Resting-state functional connectivity was analyzed using

the CONN fMRI functional connectivity toolbox (v17, www.

nitrc.org/projects/conn) in MATLAB (MathWorks, Natick,

MA). Preprocessing comprised visual inspection, volume-based

fMRI analyses including realignment, slice-time correction, seg-

mentation, and structural and functional normalization, artifact

detection tools-based outlier detection, and functional smoothing

using a 6mm kernel. The pipeline details can be found elsewhere

(https://web.conn-toolbox.org/fmri-methods/preprocessing-

pipeline). All DTI images were visually inspected. Preprocessing

was performed using ExploreDTI,32 a MATLAB toolbox,

including motion correction and eddy current correction and

correction for echo planar imaging distortions.

PET Acquisition and Preprocessing
Patients were scanned at the Department of Nuclear Medicine of

LMU on a Biograph 64 PET/computed tomography

(CT) scanner (Siemens Healthineers). Prior to PET acquisition,

FIGURE 2: Figurative analysis workflow overview. (1) After preprocessing, individual mitochondrial 18 kDa translocator protein
(TSPO)–positron emission tomography (PET) standardized uptake value ratio (SUVR)mapswere parcellated based on the Brainnetome
(BN) atlas. (2) Next, the parcellation based TSPO-PET SUVR for each subject was concatenated, vectorized, and z-transformed to
remove intersubject differences of the tracer uptake, (3) followed by a pairwise interregional correlation to calculate a TSPO-PET
covariance adjacencymatrix for each diagnostic group. (4) To predict TSPO-PET covariance from structural/functional connectivity, the
TSPO-PET and the resting state functioncal magnetic resonance imaging and diffusion tensor imaging magnetic resonance imaging-
derived mean adjacency connectivity matrices were vectorized, and a linear regression analysis was performed. (5) A mean TSPO
vector was calculated and (6) correlated with the mean adjacency matrix of functional and structural connectivity matrix. (7) In a linear
regression analysis, the association between TSPO-PET and the correlation vector between functional/structural connectivity and
TSPO SUVR was tested. (8) Identification of the TSPO-PET hot and cold spot regions by rank sorting the mean TSPO SUVR uptake
vector for the 246 BN regions. (9) Analysis of the associations between TSPO-PET uptake in functional/structural connectivity target
regions and the functional/structural connectivity in hot spot and cold spot seed areas by regression analysis between TSPO-PET
uptake in all target regions and functional/structural connectivity in the identified hot spot/cold spot region. ROI= region of interest.
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a low-dose CT scan was acquired for attenuation correction.

Emission data were acquired dynamically over 90 minutes or

statically (time frame after tracer injection to calculate the stan-

dardized uptake value was 60–80 minutes) starting with the

injection of 189 � 12MBq [18F]GE-180 as an intravenous

bolus. The specific activity was on average 1.714 � 523GBq/

μmol at the end of radiosynthesis, and the injected mass was

0.13 � 0.05nmol (based on n = 5 syntheses). Images were

reconstructed using a 3-dimensional ordered subsets expectation

maximization algorithm (16 iterations, 4 subsets, 4mm Gaussian

filter) with a matrix size of 336 � 336 � 109 and a voxel size of

1.018 � 1.018 � 2.027mm. Standard corrections for attenua-

tion, scatter, decay, and random counts were applied.

TSPO-PET scans were coregistered to the subject’s indi-

vidual T1-weighted structural MRI scan, and skull-stripped using

FMRIB Software Library Brain Extraction Tool. Nonlinear spa-

tial normalization parameters to the Montreal Neurological Insti-

tute (MNI) standard space were estimated using Advanced

Normalization Tools. The obtained spatial normalization param-

eter estimations were subsequently used to normalize the TSPO-

PET scan to the MNI space. To obtain standardized uptake

value ratios (SUVRs), the TSPO-PET scans were intensity-nor-

malized using the inferior cerebellar gray matter as reference

region.33 Follow-up acquisitions of the ActiGliA study include

tau-PET imaging with PI-2620. For PI-2620, it was shown that

an inferior cerebellar reference tissue reduced sources of spill over

when compared to whole cerebellum.34 To align reference tissues

across tracers for upcoming analyses, we decided to stick to a

unified reference tissue.

Analysis of TSPO-PET Differences between
Diagnostic Groups
Differences between the diagnostic groups were estimated in a

voxelwise analysis using SPM12 (Wellcome Centre for Human

Neuroimaging, London, UK). MNI-normalized TSPO-PET

images were spatially smoothed using an 8mm full width at half

maximum kernel. In an atlas-based analysis, the individual TSPO

tracer uptake was calculated in the regions of the Brainnetome

(BN) atlas, a multimodal connectivity-based parcellation framework

atlas based on a 246-region brain parcellation, including 210 cortical

and 36 subcortical subregions.35

Analysis of the Structural and Functional
Connectomes and Their Associations with
TSPO-PET Covariance
The BN atlas was used to determine the individual in vivo con-

nectivity architecture when assessing structural and functional

connectivity. Group differences in functional and structural

FIGURE 3: Associations of dementia severity and cognitive impairment with anterior medial temporal lobe mitochondrial 18 kDa
translocator protein (TSPO)–positron emission tomography (PET) uptake in the whole study cohort and associations between
cerebrospinal fluid soluble triggering receptor expressed on myeloid cells 2 (sTREM2) concentration and anterior medial
temporal lobe TSPO-PET uptake in Alzheimer disease. CDR SOB = Clinical Dementia Rating Sum of Boxes; CERAD-
NB = Consortium to Establish a Registry for Alzheimer’s Disease Neuropsychological Battery total score; MMSE = Mini-Mental
Status Examination; SUVR = standardized uptake value ratio.
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connectivity between AD and control subjects were assessed

using the CONN toolbox and GraphVar.36 The associations

between TSPO-PET tracer uptake and functional and structural

connectivity were analyzed using in-house MATLAB scripts for

z-scaling, covariance calculation, and linear regression analysis. A

figurative analysis workflow overview is presented in Figure 2.

Statistical Analyses
Group differences in functional connectivity were tested in a

general linear model using individual adjacency matrices of the

BN atlas-based 246-region parcellation in a region of interest

(ROI)-to-ROI analysis in the CONN toolbox. All results were

adjusted for age, sex, and education with false discovery rate

FIGURE 4: (A) Mitochondrial 18 kDa translocator protein (TSPO)–positron emission tomography covariance matrix of cognitively
normal controls (CN) and Alzheimer disease (AD) patients. (B) Mean adjacency matrix of functional connectivity. (C) Mean
adjacency matrix of structural connectivity. DA = dorsal attention network; DMN = default mode network; FPN = frontoparietal
network; LN = limbic network; SMN = sensorimotor network; VA = ventral attention network; VN = visual network.
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correction for multiple comparisons, with a significance level of

p < 0.05. Differences in structural connectivity between the diag-

nostic groups were tested in a general linear model using the

individual DTI-derived adjacency matrices of the number of

tracts comprising the 246 BN atlas-based regions in the

GraphVar toolbox adjusted for age, sex, and education. Associa-

tions between clinical scores and TSPO-PET uptake were tested

using a quadratic regression analysis in SPSS (SPSS Statistics for

Windows, v26.0; IBM, Armonk, NY) assuming a disease stage-

dependent microglial activation pattern, as shown previously.15

To assess the association between MRI functional/structural

connectivity and microglial activation on PET, the Fisher r-to-z trans-

formedmatrices of functional connectivity and the z-transformedDTI-

derived number of tracts matrices for each subject were used. First, the

BN atlas-based TSPO-PET SUVR for each subject was concatenated,

vectorized, and z-transformed to remove intersubject differences of the

tracer uptake,37 followed by a pairwise interregional correlation to calcu-

late a TSPO-PET covariance adjacency matrix for each diagnostic

group. We vectorized the TSPO-PET covariance matrix and the mean

functional and structural connectivity adjacency matrices and

performed a linear regression analysis to predict TSPO-PET

covariance from connectivity. Due to skewed distribution, the

vectorized structural connectivity was log-transformed for further

analysis. The DTI-derived connectivity matrix exhibited a certain

degree of sparsity with some brain regions not connected by fibre

tracts, these brain regions were excluded. Second, we tested how

depending on the TSPO-PET uptake in a seed region connectiv-

ity was associated with TSPO-PET uptake in the target regions.

To this end, we first calculated the mean adjacency matrix of

functional and structural connectivity, followed by correlating

each mean matrix with the TSPO SUVR vector to obtain a corre-

lation vector. Subsequently, in a linear regression analysis, we

tested how the TSPO-PET SUVRs were associated with the cor-

relation vectors between functional/structural connectivity and

TSPO SUVR. Finally, the association between TSPO-PET

uptake in functional/structural connectivity target regions and

the functional/structural connectivity in hot spot and cold spot

seed areas of TSPO-PET uptake was assessed. The mean TSPO

FIGURE 5: (A) Associations between functional connectivity and mitochondrial 18 kDa translocator protein (TSPO)–positron
emission tomography (PET) microglial activation. (B) Associations between structural connectivity and TSPO-PET microglial
activation. AD = Alzheimer disease; CN = cognitively normal controls; Log = logarithm.
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SUVR uptake was sorted discerningly in all 246 BN regions for

each diagnostic group to define a hot and a cold spot region. Sub-

sequently, in consequent regression analyses, the TSPO-PET

uptake in all target regions was predicted by the functional/

structural connectivity of the hot spot and cold spot. Visualiza-

tions of the results were performed using the R package ggplot2.

Results

Differences in sociodemographic and clinical data between

the diagnostic groups are presented in the Table. There

were no differences in age, sex, body weight, and years of

education. Compared to cognitively normal controls, AD

subjects had significantly (p < 0.001) worse cognitive per-

formance (CERAD-NB and MMSE) and higher CDR

Sum of the Boxes (SOB) ratings. As expected, AD patients

showed more pathological CSF biomarker concentrations

compared to the control group (lower Aβ42 and Aβ42/40

ratio, higher ptau181 and ttau). sTREM2 levels were

higher in AD compared to controls, but this numerical dif-

ference did not reach statistical significance in an analysis of

variance adjusted for age, sex, and education (see Table ).

We analyzed the association between TSPO-PET uptake

and the CSF sTREM2 concentration. AD patients revealed

a significant quadratic association between TSPO-PET

tracer uptake in the above regions, identified as AD-specific

sites of microglial activation, and CSF sTREM2

(R2 = 0.39, p < 0.02); no association between the two vari-

ables was found for the cohort as a whole (R2 = 0.05,

p < 0.49) and in normal controls separately (R2 = 0.12,

p < 0.48; Fig 3).

FIGURE 6: Connectivity is associated with mitochondrial 18 kDa translocator protein (TSPO)–positron emission tomography (PET)
uptake in the target regions depending on TSPO-PET uptake in a seed region. The mean TSPO-PET uptake in the
246 Brainnetome (BN) regions of interest are shown on the x-axis, and the correlation between connectivity and TSPO-PET
uptake in the 246 BN regions is shown on the y-axis. We tested in this analysis whether the level of microglial activation in a
given region (seed) was predictive of microglial activation in a connected region (target). For regions with high microglial
activation (seed) a higher functional connectivity was associated with higher microglial activation (target) and vice versa.
(A) Associators for functional connectivity. (B) Associators for structural connectivity. AD = Alzheimer disease; CN = cognitively
normal controls; DAN = dorsal attention network; DMN = default mode network; FPN = frontoparietal network; LN = limbic
network; SAL= salience network; SMN = sensorimotor network; SUVR = standardized uptake value ratio; VN = visual network.
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Differences between Patients and Controls on
Imaging and Clinical Variables
Supporting the notion of increased microglial activation

in AD, the Aβ-positive patient group showed increased

TSPO-PET tracer uptake compared to Aβ-negative

healthy control subjects in the bilateral anterior medial

temporal lobe (p < 0.001; Fig 1A). In line with previous

reports,38,39 other than elevated TSPO-PET uptake

levels in the inferior temporal gyrus/mesiotemporal,

(pre)cuneus, and posterior cingulate regions, the mean

TSPO-PET uptake was highest in the occipital region.

In line with the view of AD as a network disorder,

structural and functional connectivity were decreased

on the whole brain level and within the default mode

network comparing AD patients with healthy controls

(results not shown). To link microglial activation with

clinical outcomes, we analyzed how TSPO tracer uptake

in the anterior medial temporal lobe was associated with

dementia severity and cognitive impairment. Our analy-

sis revealed a quadratic association between anterior

medial temporal lobe TSPO-PET SUVR and CDR

SOB (R2
= 0.39, p < 0.001), CERAD-NB total score

(R2
= 0.20, p < 0.017), and MMSE score (R2

= 0.15,

p = 0.049; see Fig 3), suggesting an AD stage-

dependent activation of the brain’s immune system.

Associations between Functional and Structural
Connectivity and TSPO-PET
To address our main hypothesis of a connectivity-based

distribution of neuroinflammation, we assessed whether

interconnected brain regions show covarying levels of

microglial activation in AD patients. To this end, we

obtained adjacency matrices of functional and structural

connectivity using the 246 BN regions generated for the

control and AD patient groups (Fig 4B, C). Using the

same regions, TSPO-PET-derived covariance matrices

were calculated for cognitively normal controls and AD

patients (see Fig 4A). For comparison, the mean TSPO-

PET SUVR binding pattern within the AD group is

shown in Figure 1B. In a subsequent regression analysis,

the associations of functional and structural connectivity

with TSPO-PET tracer uptake covariance were assessed.

Supporting our hypothesis, we found that more strongly

interconnected brain regions showed a greater covariance

in TSPO-PET in AD (β = 0.35, p < 0.001) and in the

control group (β = 0.47, p < 0.001). Adjusting the analy-

sis for sTREM2 concentration did not change the results

(Fig 5A). For structural connectivity, a weak association

with TSPO-PET covariance was shown for AD patients

(β = 0.06, p < 0.001) and control subjects (β = 0.06;

p < 0.001; see Fig 5B).

FIGURE 7: (A) Associations between mitochondrial 18 kDa translocator protein (TSPO)–positron emission tomography
(PET) tracer uptake and functional connectivity in TSPO-PET hot spot in temporo-occipital (Brainnetome [BN] region 190)
and TSPO-PET cold spot in the caudate nucleus/basal ganglia (BN regions 227/228). (B) Structural connectivity in TSPO-
PET hot spot in temporo-occipital (BN region 190) and TSPO-PET cold spot in the caudate nucleus/basal ganglia (BN
region 227/228). Functional connectivity of the hot spot and cold spot region with all remaining regions of the BN atlas is
shown on the x-axis, and TSPO uptake in each region is shown on the y-axis. AD = Alzheimer disease; CN = cognitively
normal controls; DAN = dorsal attention network; DMN = default mode network; FPN = frontoparietal network;
LN = limbic network; Log = logarithm; SMN = sensorimotor network; SUVR = standardized uptake value ratio;
VN = visual network.
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Network Connectivity Prediction of TSPO-PET
Tracer Uptake
We explored whether TSPO-PET tracer uptake in a partic-

ular region is predictive of the TSPO levels in a connected

region, following a similar approach proposed recently for

the association between functional connectivity and tau

PET.40 For seed regions with higher levels of TSPO-PET

uptake, functional connectivity was associated with higher

levels of TSPO-PET uptake in the target regions and vice

versa in the AD group (β = 0.83, p < 0.001) and healthy

controls (β = 0.57, p < 0.001; Fig 6A). A somewhat wea-

ker association was shown for structural connectivity in

both groups (AD: β = 0.36, p < 0.001; controls:

β = 0.37, p < 0.001; see Fig 6B).

We analyzed how functional connectivity in seed

regions with high TSPO-PET tracer uptake and in seed

regions with low TSPO uptake was associated with the

TSPO-PET uptake in all target regions. The target regions

were defined by all other regions in the BN atlas except the

hot spot and cold spot. The hot spot seed regions analysis

revealed strong positive associations in cognitively normal

controls (β = 0.79, p < 0.001) and AD patients (β = 0.74,

p < 0.001), whereas in the cold spot seed regions analyses, a

negative association was shown for both groups (cognitively

normal controls: β = �0.22, p < 0.03; AD patients:

β = �0.25, p = 0.002; Fig 7A). The same analysis based

on structural connectivity did not reveal any significant pos-

itive or negative associations (see Fig 7B).

Discussion

Microglial activation is increasingly considered the third

pathological hallmark of AD, in addition to Aβ and tau

deposition.41 The main objective of our study was to

explore whether connectivity is associated with the pat-

terns of microglial activation in patients with early AD

and healthy control subjects, using the third-generation

TSPO-PET tracer [18F]GE-180. Our two key findings are

that functional connectivity is associated spatially with

microglial activation and we speculate that microglial acti-

vation spreads along pathways of highly connected brain

regions, similar to the propagation pattern of tau pathol-

ogy. We also show that microglial activation is increased

in early AD subjects compared to healthy controls, pre-

dominantly in the temporal lobe, and that the association

of TSPO-PET tracer uptake with clinical disease severity

varies with disease stage, supporting a stage-specific role of

the brain immune system. These findings are in line with

several previous studies reporting early neurodegenerative

and inflammatory changes in the medial temporal

lobe,42,43 overlapping with the earliest sites of tau pathol-

ogy accumulation.22 An AD stage-dependent behavior was

earlier suggested for sTREM2 in CSF, another marker of

microglial activation with an inverse U-shaped association

with AD severity.31,44 For TSPO-PET, this stage-dependent

association was shown in a mouse model overexpressing the

Aβ precursor protein.15

A growing body of evidence supports a model of

prionlike tau spreading with progressing neurodegeneration,

presumably promoted by neural activity.18,40,45 We

hypothesize that not only tau, but also microglial activation

follows a distribution along functional connectivity path-

ways, in line with a spatial pathological colocalization. We

report that brain areas with higher microglial activation

show increased functional connectivity within the same

region and with other regions with activated microglia. Pre-

vious research indicates that microglial activation is related

to tau propagation and colocalization with tau pathology in

a Braak stage-like fashion; furthermore, microglial activation

was found to precede tau pathology.20,21,46 Although

the present study did not explore directly the spatial

colocalization of microglial and tau tracer uptake on PET,

the Braak stage-like pattern of neuroinflammatory response

in early AD still suggests a close relationship between both

pathologies. In support of this hypothesis, a recent multi-

modal study suggested a strong spatial overlap between tau

and microglial PET as well as gray matter atrophy.42

We also observed that regions with low microglial

activation showed decreased functional connectivity,

supporting the hypothesis that not only tau but also acti-

vated microglia distributes along functionally connected

brain areas. Because we observed weaker associations for

structural connectivity, we argue that regions of neu-

roinflammation are connected by neural activity rather than

simply by structural connections. Interestingly, the associa-

tion between functional connectivity and microglial activa-

tion was somewhat weaker but similar in the AD group

and in the normal controls. An inflammatory profile of the

aged human brain has been demonstrated by molecular

analysis, CSF, neuroimaging, and histological studies,

suggesting enhanced microglial activation in healthy aging

independently from Aβ pathology.47 Furthermore, TSPO-

PET uptake was shown to be associated with age, with

increased uptake in healthy older participants.48–50 In the

analysis of the association between functional connectivity

and microglial activation in the hot spots and cold spots,

we observed a significant positive beta in the hot spot and a

significant negative beta in the cold spot area; this is in line

with the other analysis, suggesting that regions with low

microglia activation are sparsely connected with other brain

regions exhibiting lower microglial activation, whereas

regions with high microglia activation seem to be highly

connected with other regions exhibiting high microglia

activation. These results further support the hypothesis

of a connectivity-based distribution pattern. The observed
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connectivity-based distribution pattern of microglial activa-

tion highlights the importance of an improved mechanistic

understanding of spatial distribution of different pathologies

across the brain, not limited to Aβ and tau. Strategies to

reduce the neural activity-dependent propagation of AD

pathology may be a promising avenue for future disease-

modifying interventions. It remains to be shown that tau is

the leading factor in this process of connectivity-dependent

pathology spreading across the brain, followed by a reactive

activation of microglia in the same regions. Microglia

phagocytose tau and therefore might play an important role

in spreading of tau pathology throughout the brain.51,52

There is also evidence that an interaction between micro-

glial activation and Aβ triggers the dissemination of tau

across the Braak stages.21 Another speculative mechanism

of the observed associations between functional connectivity

and microglia activation refers to synaptic pruning, an

essential mechanism in healthy brain development.53 Askew

pruning in AD and age-related diseases by microglia, nor-

mally confined to brain development, might result in syn-

aptic loss during adulthood and drive the observed

connectivity changes.54,55 Recently, it has been shown that

microglia is directly involved in the regulation of neural

activity, providing a negative feedback mechanism operating

similarly to inhibitory neurons.56 One might speculate that

failure in this direct regulation of neural activity by

microglia results in the observed changes in functional con-

nectivity associated with microglial activity. Further studies

including both tau and microglia PET should address the

question of possible differences in the sequence of tau and

inflammation distribution. The 18-month follow-up assess-

ments of the ActiGliA participants include [18F]PI2620

tau-PET, allowing us to address this question in our cohort

in the future.

There are potential limitations of this study. A rela-

tively small sample size restricts the statistical power of

some of the analyses, but previous studies relied on

cohorts of comparable size,57 and the presented data are

of explorative nature and should be confirmed in indepen-

dent datasets. The small sample size may also be the

reason for the nonsignificant group differences for CSF

sTREM2. However, to the best of our knowledge, the

assessed cohort is the largest and best characterized dataset

of its kind with both TSPO and amyloid PET, CSF

biomarkers, and resting-state fMRI available for all partici-

pants. No pathological verification was available to con-

firm the clinical diagnoses; however, a careful biomarker-

based stratification and in-depth phenotyping minimizes

the likelihood of diagnostic misclassification. Limited

blood–brain barrier passing of [18F]GE-180 needs to be

acknowledged, but our previous data indicated strong

agreement with immunohistochemistry in AD models58

and patterns matching known topology of microglial acti-

vation in neurodegenerative diseases.10,59 The low back-

ground signal of [18F]GE-180 appears to facilitate

sensitive detection of alterations as a specific surrogate of

microglial activation.60,61 As a limitation of the quantifica-

tion approach of TSPO-PET, we note that late static

SUVRs were calculated with an intracerebral reference tis-

sue. Although late static SUVRs showed suitability for

TSPO-PET quantification,62 this method was inferior to

scaling by a late-tissue-to-blood ratio. Thus, we acknowl-

edge that our quantification approach may be subject to

some bias by cerebral blood flow alterations and attenua-

tion of a polymorphism effect. Lastly, AD patients were

predominantly in an early disease stage, and group differ-

ences of microglial activation may have been diluted in

the cross-sectional analysis if several activity peaks exist as

AD progresses.63 Despite lack of a significant difference in

sTREM2 between the two diagnostic groups, a quadratic

association between sTREM2 concentration and TSPO-

PET uptake was revealed. A similar pattern was found in

our previous study in 4-repeat tauopathies,10 where we

interpreted these observations as an indication of a func-

tional burnout of microglia with increasing activity.

The same hypothesis may apply here but needs further

verification in longitudinal analyses.

To conclude, the results of our study suggest that

neuroinflammation is related to microglial activation in

AD and we speculate that it spreads along highly con-

nected brain regions. It remains to be explored whether

this pattern reflects a consequence of transneuronal tau

spreading or whether neuroinflammation itself promotes

tau distribution. We confirm that clinical expression of

AD pathology is affected by neuroinflammation, and our

findings raise the important question of whether anti-

inflammatory treatments could modify transneural trans-

mission, emphasizing the need for further comprehensive

research integrating mechanisms on the molecular and

macro-scale brain network levels.
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