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Objective: To examine whether early β–amyloid (Aβ) accumulation and metabolic risk 
factors are associated with neuroinflammation in elderly individuals without dementia. 

Methods: We examined 54 volunteers (mean age 70.0, 56% women, 51% APOE ε4 carriers) 

with a TSPO-tracer [11C]PBR28 to assess neuroinflammation and with [11C]Pittsburgh 

compound B (PiB) to assess cerebral Aβ accumulation. [11C]PBR28 and [11C]PiB 

standardized uptake value ratios (SUVRs) were quantified in six regions of interests by using 

the cerebellar cortex as a pseudo-reference/reference region, respectively. Fasting venous 

glucose, insulin, and high sensitivity C-reactive protein (hs-CRP) values were determined. 

Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated. A subset of 

individuals (n=11) underwent CSF sampling, and Aβ40, Aβ42, total-tau, phospho-tau, 

soluble TREM2 and YKL-40 levels were measured.  

Results: Among the whole study group, no significant association was found between 

[11C]PiB and [11C]PBR28 SUVR composite scores (slope 0.02, p=0.30). However, higher 

[11C]PiB binding was associated with higher [11C]PBR28 binding among amyloid negative 

([11C]PiB composite score ≤1.5) (TSPO-genotype, age and sex adjusted slope 0.26, p=0.008) 

but not among amyloid positive participants (slope: -0.004, p=0.88). Higher CSF sTREM2 (rs 

0.72, p=0.01) and YKL-40 (rs=0.63, p=0.04) concentrations were associated with a higher 

[11C]PBR28 composite score. Higher body mass index, HOMA-IR, and hs-CRP were 

associated with higher [11C]PBR28 binding in brain regions where Aβ accumulation is first 

detected in Alzheimer’s disease (AD). 

Conclusions: While there was no association between amyloid and neuroinflammation in the 

overall study group, neuroinflammation was associated with amyloid among the subgroup at 

early stages of amyloid pathology. 

 

Introduction 

 

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.  

 



 

Neuroinflammation, i.e., activation of microglia and astrocytes, seems to play an important 

role in the pathogenesis of Alzheimer’s disease (AD) and other diseases leading to 

dementia1,2. Metabolic risk factors, including obesity and insulin resistance, have been linked 

to cognitive decline and dementia3–5. However, only little is known about the possible 

relationship among chronic low-grade inflammation, metabolic risk factors, 

neuroinflammation, and the neuropathology of AD.         

Activated microglia overexpress 18kDa translocator protein (TSPO), and thus PET-imaging 

with tracers binding to TSPO are used to assess neuroinflammation6,7. TREM2 is an innate 

immune receptor that is selectively expressed by microglia in the CNS. Its soluble variant 

(sTREM2)8, as well as YKL-40, a glycoprotein expressed by reactive astrocytes and 

microglia in the CNS, can be measured from the CSF9. Studies have suggested that both of 

these markers of neuroinflammation are increased in the early stage of AD8,10,11. 

Based on previous literature12,13, we hypothesized that increased TSPO expression would 

associate with Aβ accumulation in the cerebral cortex, and that both TSPO expression and Aβ 

accumulation would associate with CSF biomarkers of neuroinflammation and AD. Previous 

reports have shown that midlife metabolic risk factors predict brain Aβ accumulation14,15, and 

dementia16,17. Therefore, we hypothesized that insulin resistance, obesity and chronic low-

grade inflammation measured by hs-CRP would associate with increased neuroinflammation.  

To test these hypotheses, we examined 54 elderly volunteers without dementia with brain 

PET imaging using a TSPO radioligand [11C]PBR28, and Aβ radioligand [11C]PiB. 

Additionally, we performed CSF analyses on a subset of the study population.  

 

Materials and methods 
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The study participants took part in a neuroimaging study carried out at the Turku PET Centre 

in 2014–2016. The study was conducted to investigate the associations between midlife 

insulin resistance, inflammation, and late-life brain Aβ accumulation, neuroinflammation, 

cerebrovascular lesions and cognition. The results concerning Aβ accumulation, cognitive 

performance and cerebrovascular lesions have been published previously15,18. The study 

participants were recruited from a nationwide Finnish health examination survey, the Health 

2000 survey, according to their insulin sensitivity and APOE genotype in 2000. The 

recruitment process has been described in detail previously15,18.  

 

The Health 2000 survey 

The Health 2000 survey is a Finnish nationwide, population-based study carried out in 2000–

2001, conducted by the Finnish Institute for Health and Welfare. 8028 over 30-year-old 

individuals were randomly selected from the Finnish population register. 6354 volunteers 

(79% participation rate, mean age 55.4 years) attended the health examination proper. A 

thorough physical examination was performed, body mass index (BMI) was determined, and 

venous blood samples including fasting insulin and glucose, and hs-CRP were drawn.19,20 

APOE genotype was defined by using the MassARRAY System (Sequenom, San Diego, CA, 

USA) with a modified protocol.21 HOMA-IR was calculated using the equation fasting 

insulin (µU/ml) times fasting glucose (mmol/l) divided by 22.5.22 

 

The study participants and the recruitment process in 2014 

In 2014, we recruited 60 participants from those who had attended the Health 2000 survey to 

attend further examination in Turku PET Center according to their HOMA-IR values in 2000 

and their APOE genotype. All participants were community-dwelling individuals who did not 
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require help with their activities of daily living. We recruited thirty participants who had 

insulin resistance in 2000 (IR+ group, HOMA-IR in the highest tertile [>2.17] of the Health 

2000 study population) and 30 controls with normal insulin sensitivity (IR- group, HOMA-IR 

in the lowest tertile [<1.25] of the Health 2000 study population). Both groups were enriched 

for APOE ε4 carriers, to obtain 15 APOE ε4 carriers in both groups. Based on a telephone 

interview, individuals with a history of a major stroke, a previous dementia diagnosis, any 

other major neurological disorder, type 2 diabetes in 2000, and type 2 diabetes after the year 

2000 for the insulin sensitive group, were excluded. Additional exclusion criteria were any 

contraindication for a PET or MRI scan. 

The participants’ genotypes for TSPO binding were determined prior to [11C]PBR28 imaging 

because of the large interindividual variability in the binding affinity of [11C]PBR28 due to 

the rs6971 polymorphism of the TSPO gene23. TSPO genotyping was performed in London, 

UK (Imperial Molecular Pathology Laboratory, Hammersmith Hospital). DNA was extracted 

from peripheral blood using the Qiagen QIAamp DNA blood mini kit. TSPO genotyping was 

performed using a TaqMan Allelic Discrimination assay. Among the 60 participants there 

were five low affinity binders. They all were excluded from the present study leaving 55 

eligible participants. In addition, one individual was excluded because of not being able to 

finish the 70 minutes of [11C]PBR28 scanning.  

 

Standard protocol approvals, registrations, and patient consents 

The Finnish Health 2000 study was approved by the Ethics Committee for Epidemiology and 

Public Health in the hospital district of Helsinki and Uusimaa, Finland. The follow-up study 

was approved by the Ethics Committee of the Hospital District of Southwest Finland. Written 

informed consent was obtained from all of the participants. Separate written consent for CSF 

sampling was obtained from all participants who agreed to undergo a lumbar puncture. All 
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study procedures were conducted according to Good Clinical Practice guidelines and the 

Declaration of Helsinki. 

 

Laboratory examination at time of PET scans in 2014–2016  

The laboratory examinations were performed within 4 months of the [11C]PBR28 scan. 

Venous blood samples were drawn after an overnight fasting (minimum 10 hours) in 2014–

2016. Serum insulin and glucose were determined as previously described18. HOMA-IR was 

calculated22. Hs-CRP was determined by immunonephelometry with a BN ProSpec System 

(Siemens Healthcare GmbH, Marburg, Germany).  

A subset of 11 participants gave permission to obtaining CSF samples. The samples were 

centrifuged within 30 minutes and stored at -70°C. The samples were sent to University of 

Gothenburg for further analysis. CSF YKL-40 concentration was measured using an YKL-40 

ELISA kit (R&D Systems, Minneapolis, MN, USA). CSF Aβ40 and Aβ42 concentrations 

were measured using electrochemiluminescence technology and the MS6000 Human Abeta 

3-Plex Ultra-Sensitive Kit (Meso Scale Discovery, Rockville, MD). CSF total tau (T-tau) and 

phosphorylated tau (P-tau) concentrations were measured using commercially available 

INNOTEST sandwich ELISAs (Fujirebio Europe, Ghent, Belgium). CSF sTREM2 

concentration was measured using an in house ELISA as previously described24. All CSF 

biomarker measurements were performed using one batch of reagents in one round of 

experiments by board-certified laboratory technicians who were blinded to clinical data. 

Intra-assay coefficients of variation of quality control samples were below 10%. 

 

MRI and PET-scanning using TSPO radioligand [11C]PBR28 and [11C]PiB 
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In order to obtain anatomic reference and to be able to exclude potential structural 

abnormalities, the study volunteers underwent MRI with a 3T PET-MRI scanner (Philips 

Ingenuity TF PET-MR device, Philips Healthcare, the Netherlands).  

[11C]PBR28 PET imaging was performed to assess microglial activation, and [11C]PiB PET 

imaging to assess Aβ accumulation in the brain. The dynamic 70-minute [11C]PBR28 PET 

and the dynamic 90-minute [11C]PiB PET scans were both performed using a brain-dedicated 

high-resolution PET scanner, the ECAT HRRT (Siemens Medical Solutions, Knoxville, TN, 

USA). An individually shaped thermoplastic mask was used to minimize head movement.  

[11C]PBR28 was manufactured as previously reported25. An anesthesiologist performed 

arterial catheterization before imaging for those who did not have any contraindication 

(anticoagulant therapy) for arterial cannulation (n=44). The participants received the 

[11C]PBR28 as a rapid intravenous bolus (mean dose 496 MBq, SD 19). Arterial blood 

samples measuring radioactivity and metabolites were collected. The additional details of 

[11C]PBR28 PET data acquisition, reconstruction, arterial blood sampling, and 

radiometabolite analysis have been presented previously25. The [11C]PiB PET scanning 

protocol has been described earlier15. 

PET images were realigned and coregistered to individual T1 weighted MRI images using 

SPM12 software (Wellcome Trust Centre for Neuroimaging, London, UK) running in 

MATLAB (The Mathworks, Natick, MA). Automated region of interest (ROI) generation 

was conducted for both [11C]PBR28 and [11C]PiB data using FreeSurfer software (version 

5.3.0, http://freesurfer.net/) and T1 weighted MRI data as input. Six ROIs were formed 

(parietal cortex, prefrontal cortex, anterior cingulum, posterior cingulum, precuneus, lateral 

temporal cortex), based on regions where Aβ accumulation typically begins in AD26. 

(Specific FreeSurfer regions [all bilateral]: parietal cortex: inferior parietal, superior parietal, 

and supramarginal cortex; prefrontal cortex: caudal middle frontal, lateral orbitofrontal, 
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medial orbitofrontal, pars opercularis, pars orbitalis, pars triangularis, rostral middle frontal, 

and frontal pole cortex; anterior cingulum: caudal anterior cingulate, and rostral anterior 

cingulate cortex; posterior cingulum: isthmus cingulate, and posterior cingulate cortex; 

precuneus: precuneus cortex; lateral temporal cortex: inferior temporal, middle temporal, 

superior temporal, temporal pole, and  transverse temporal cortex.) 

For the analysis of regional and voxel-by-voxel [11C]PBR28 (n=54) data we used a SUVR 

from 30 to 70 min with respect to cerebellum pseudo-reference region, which has been 

validated previously27. Additionally, distribution volume (VT) was calculated for those with 

arterial blood data (n=44) using Logan analysis within 30–70 min interval, after which 

distribution volume ratios (DVR) were calculated by dividing the target ROI VT by the 

cerebellar cortex VT. We used a two-sample t-test to ensure that the standardized uptake 

values (SUVs), and VT’s of the cerebellar cortex did not differ between the amyloid negative 

and amyloid positive groups. Regional and voxel-by-voxel [11C]PiB SUVs were calculated 

using imaging data from 60 to 90 min after the tracer injection. SUVRs were obtained by 

using the cerebellar cortex as a reference region. A composite cortical [11C]PBR28 and 

[11C]PiB  SUVR scores were calculated as a volume weighted average [11C]PBR28 SUVR 

and [11C]PiB SUVR over all six ROIs. The [11C]PiB -PET scan was considered amyloid 

positive when the [11C]PiB composite SUVR score was > 1.5 based on previous studies on 

cognitively healthy elderly populations28,29. 

 

Statistical analyses  

The associations between explanatory variables ([11C]PiB SUVRs/BMI/HOMA-IR/hs-CRP) 

and [11C]PBR28 SUVR composite score, [11C]PBR28 SUVRs of the six cortical ROIs, and 

also [11C]PBR28 DVRs of the same ROIs (n=44) were studied with multivariable linear 

models. The explanatory variables were adjusted for age, sex and TSPO genotype because 
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previous studies have shown that they can affect [11C]PBR28 binding23,25,30, and that SUVR 

levels might be paradoxically lower in high-affinity binders (HABs) than mixed affinity 

binders (MABs) for TSPO genotype27. To achieve a normal distribution a logarithmic 

transformation was performed for HOMA-IR and hs-CRP. Normality assumption for the 

analyses were checked from the residuals. Bonferroni correction for multiple comparisons 

was performed for the analyses of individuals ROIs (uncorrected p-values were multiplied by 

the number of ROIs studied i.e. 6). 

The association between the CSF proteins and [11C]PiB and [11C]PBR28 SUVR composite 

scores were performed using nonparametric Spearman’s correlation because the parameters 

were not normally distributed.  

Two-sided statistical significance was set at p < 0.05. The statistical analyses were performed 

with SAS JMP Pro 14 (SAS Institute, Cary; NC, USA). Voxel-by-voxel associations between 

[11C]PBR28 SUVRs and [11C]PiB SUVRs were assessed with Statistical Parametric Mapping 

(SPM12; Wellcome Trust Centre for Neuroimaging, London, UK) by using normalized 

SUVR images in MNI space. The images were smoothed 3D Gaussian 8mm FWHM filter to 

ensure normality before the statistical analysis. 

 

Data Availability 

Anonymized data is available upon reasonable request for a study that has been approved by 

a local ethical committee. 

 

Results 
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Demographics 

The characteristics of the study population according to amyloid status are shown in Table 1. 

The mean age of the participants was 70.0 years (range 65–80 years). The average BMI was 

26.6 kg/m2 (range 19.7–38.8 kg/m2). There were 25 MABs and 29 HABs. 25 participants 

(46%) were amyloid positive. There were no differences between amyloid negative and 

amyloid positive participants on age, sex, BMI, fasting glucose, hs-CRP, or total cholesterol. 

Amyloid positive individuals were more often APOE ɛ4 carriers. Amyloid positive 

participants tended to have a lower CERAD total score, as expected, but this difference was 

not statistically significant (p=0.06). One individual (amyloid positive, MAB) had 

exceptionally high [11C]PBR28 SUVR values in all ROIs ([11C]PBR28 SUVR composite 

score 1.40), and an exceptionally high BMI (38.8kg/m2) and HOMA-IR value (21.4) among 

the study population. This outlier was excluded from all analyses.  

CSF samples were obtained from 11 individuals (mean age 68.1 years), of which 6 were 

women. There were 5 MABs and 6 HABs. 5 individuals (46%) were APOEε4 carriers. The 

mean BMI was 26.1 kg/m2. Only 3 of the participants who underwent CSF sampling were 

classified as amyloid positive. (Table 2). 

 

Higher [11C]PBR28 binding associated with higher [11C]PiB   binding in amyloid 

negative participants 

Among all participants (amyloid negative and amyloid positive), no significant association 

was found between [11C]PiB and [11C]PBR28 SUVR composite scores (slope 0.02, p=0.30) 

or between [11C]PiB SUVRs and [11C]PBR28 SUVRs in any of the ROIs (all p-values ≥0.21). 

(Data not shown). 
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To evaluate if the association between [11C]PiB and [11C]PBR28 SUVR composite scores 

would be modulated by amyloid status based on [11C]PiB PET scans, we analyzed the 

interaction of ‘[11C]PiB composite score × amyloid positivity’ for predicting [11C]PBR28 

SUVR composite score. TSPO genotype was added into the analysis as an explanatory 

variable. The interaction for ‘[11C]PiB composite score × amyloid positivity’ was statistically 

significant (p=0.02) and thus, the analyses were stratified according to amyloid positivity. 

A higher [11C]PiB SUVR composite score was associated with a higher [11C]PBR28 SUVR 

composite score among amyloid negative participants (slope 0.26, p=0.008). Among amyloid 

positive participants no association between [11C]PiB and [11C]PBR28 SUVR composite 

scores was found (slope -0.004, p=0.88). (Fig. 1). 

 

Voxel level analysis of the association between [11C]PiB  and [11C]PBR28 binding 

To evaluate the association between [11C]PiB and [11C]PBR28 without pre-defined 

assumptions of specific ROIs, we performed voxel level analysis on 53 participants (outlier 

excluded). TSPO genotype was added as an explanatory variable in the analyses. Among 

amyloid negative participants [11C]PiB binding showed a positive association with 

[11C]PBR28 binding especially in the parietal cortex, but also in the frontal cortex, in the 

precuneus, and in the posterior cingulum, reflecting cortical regions of early Aβ accumulation 

in AD (Fig. 1, false discovery rate (FDR) corrected p-value <0.05). A positive association 

was found between [11C]PiB and [11C]PBR28 in the FDR corrected voxel level analysis in the 

entire study population as well (data not shown). However, the association was explained by 

the amyloid negative subgroup; no association was found between [11C]PiB and [11C]PBR28 

for the amyloid positive participants.  
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CSF sTREM2 and YKL-40 associated with [11C]PBR28, and CSF Aβ42 and 

Aβ42/Aβ40 ratio associated with [11C]PiB  

We used the CSF results to support our results from the PET scans by measuring proteins 

related to AD and inflammation and evaluating the correlation between CSF proteins and 

[11C]PiB and [11C]PBR28 binding. The results of the CSF analysis are presented in Table 2. 

All the participants had T-tau and P-tau levels within the normal range. 

A higher CSF sTREM2 value as well as a higher CSF YKL-40 value was associated with a 

higher [11C]PBR28 SUVR composite score (Fig. 2, Table 3). A lower CSF Aβ42 level, and a 

lower CSF Aβ42/Aβ40 ratio but not Aβ40 was associated with a higher [11C]PiB SUVR 

composite score (Table 3). 

 

Metabolic risk factors measured at time of PET scans in 2014–2016 associated 

with [ 11C]PBR28 

A higher BMI was associated with a higher [11C]PBR28 SUVR composite score (p=0.006). A 

positive association between BMI and [11C]PBR28 SUVR was found in the parietal cortex 

(Bonferroni corrected p<0.0006), and in the precuneus (Bonferroni corrected p=0.002). In 

other ROIs no significant association between BMI and [11C]PBR28 SUVRs was found (all 

uncorrected p-values ≥0.10). (Table 4, Fig. 3). 

HOMA-IR or hs-CRP did not associate with [11C]PBR28 composite score (HOMA-IR: 

p=0.21; hs-CRP: p=0.29). The associations between HOMA-IR and hs-CRP, and 

[11C]PBR28 SUVRs are shown in Table 4. The association between HOMA-IR and 

[11C]PBR28 SUVR in the parietal cortex remained significant even after Bonferroni 

correction (Bonferroni corrected p=0.005) (Table 4, Fig. 3). 
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Additional analyses were performed using [11C]PBR28 DVRs based on the arterial data 

instead of SUVRs (n=44). The results were almost similar to the ones obtained using SUVRs. 

BMI was associated with [11C]PBR28 DVR composite score (p=0.03). Significant 

associations were found between BMI and [11C]PBR28 DVR in the parietal cortex 

(p<0.0006) and the precuneus (p=0.049), and between hs-CRP and [11C]PBR28 DVR in the 

parietal cortex (p=0.03) after Bonferroni corrections (data not shown). 

A higher BMI in midlife predicted microglial activation measured by [11C]PBR28 

PET imaging 15 years later 

To evaluate if midlife risk factors would associate with late-life neuroinflammation, we 

analyzed the associations between metabolic variables measured in the 2000 and [11C]PBR28 

SUVRs in 2014-2016. A higher BMI in midlife associated with a higher [11C]PBR28 SUVR 

in parietal cortex (uncorrected p=0.002), and in the precuneus (uncorrected p=0.03). Only the 

association between BMI and [11C]PBR28 SUVR in parietal cortex was significant after 

Bonferroni correction (Bonferroni corrected p=0.01). Neither baseline HOMA-IR nor hs-

CRP associated with [11C]PBR28 SUVRs in any of the ROIs (all uncorrected p-values 

≥0.07). As expected, there was a strong correlation between midlife and late-life BMI 

(r=0.77, p<0.0001). (Data not shown). 

 

Discussion  

Contrary to our original hypothesis, no association was seen between amyloid and 

neuroinflammation among the whole study group. However, we found neuroinflammation 

might be associated with the early stages of Aβ accumulation in elderly individuals without 

dementia. The association between [11C]PiB and [11C]PBR28 SUVR composite scores was 
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seen among amyloid negative participants only. In addition, higher levels of metabolic risk 

factors (BMI, HOMA-IR, and hs-CRP) were associated positively with neuroinflammation 

measured with [11C]PBR28 PET in brain regions where Aβ accumulation is first detected in 

AD. The results are supported by the finding that CSF sTREM2 and YKL-40 – two 

previously established markers for neuroinflammation – were positively associated with our 

main outcome, the [11C]PBR28 SUVR composite score.  

To date, few studies have used second-generation TSPO ligands to assess the relationship 

between neuroinflammation and AD. Most of the previous studies evaluating the role of 

neuroinflammation in the AD pathological process have been performed with a traditional 

TSPO ligand, [11C](R)PK11195. It has been suggested that [11C](R)PK11195 has limited 

sensitivity and specificity31, whereas second-generation TSPO ligands might have higher 

specific TSPO binding32. However, no head-to-head study has compared [11C]PBR28 and 

[11C](R)PK11195 PET in AD, and thus, there is no convincing evidence suggesting that one 

ligand would be more sensitive than the other.7 A recent meta-analysis of 28 PET studies (of 

which four had been performed with [11C]PBR28) indicated that patients with AD have 

increased TSPO levels compared to healthy controls especially within fronto-temporal 

regions33. According to one of the studies included in the meta-analysis, [11C]PBR28 binding 

was higher in cortical brain regions among AD patients compared to controls, but there was 

no difference between patients with mild cognitive impairment (MCI) and controls34. 

However, another study showed higher [11C]PBR28 uptake in amyloid-positive MCI subjects 

compared to healthy controls35. In a longitudinal study (mean follow-up time 2.7 years), 

patients with AD had a greater increase in TSPO binding in temporoparietal regions than 

controls36. Studies focusing on neuroinflammation in elderly individuals at risk for AD are 

scarce. 

Neuroinflammation is assumed to be both beneficial and detrimental, depending on the stage 

of AD pathogenesis7. Presumably, the initial microglial activation would be protective, but it 
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would become unfavorable with disease progression.37,38. A [11C]PBR28 study demonstrated 

that there could be two microglial activation peaks in the AD pathogenesis: an early 

protective peak and a later pro-inflammatory peak13. In line with previous TSPO-PET 

studies2,7, also our results suggest that neuroinflammation occurs at early stages of the AD 

pathogenesis. A previous [11C]PBR28 study found a correlation between Aβ load measured 

with [18F]flutemetamol and [11C]PBR28 binding12. Interestingly, the correlation was stronger 

among MCI subjects than AD patients12. A TSPO-PET study with [18F]DPA-714 found an 

increase of TSPO binding in patients with AD, especially at the prodromal stage, compared to 

controls38. In addition, they found higher TSPO binding in slow decliners than in fast 

decliners, with no difference in Aβ accumulation, indicating that microglial activation might 

have a protective role38. However, in a longitudinal study the same study group showed that 

the subsequent increase in [18F]DPA-714 binding among AD patients was associated with 

disease worsening39. In the present study, we found an association between Aβ accumulation 

and [11C]PBR28 among amyloid negative participants but not among amyloid positive 

participants suggesting that neuroinflammation might be associated with early stages of Aβ 

accumulation.  

Contrary to a previous study which found higher TSPO binding (measured with 18F-DPA-

714) among amyloid positive controls compared to amyloid negative controls38, we did not 

find any group difference in microglial activation between amyloid negative and amyloid 

positive participants. However, the control groups in the previous study (6 amyloid positive 

and 20 amyloid negative controls) were smaller than our study groups, and the quantification 

was performed without arterial blood samples.  

Interestingly, we found that higher CSF sTREM2 and YKL-40 levels were associated with 

higher [11C]PBR28 binding in the cerebral cortex. According to a meta-analysis CSF 

sTREM2 and YKL-40 levels are higher in both MCI and AD patients compared to healthy 
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controls.40 Another meta-analysis showed that CSF YKL-40 is associated with clinically 

diagnosed AD, but the relationship seems to be notably weaker than that of the core 

biomarkers Aβ42, T-tau, and P-tau.41 To date, the association between CSF markers of 

neuroinflammation and TSPO binding in PET imaging has been studied insufficiently. A 

study investigating neuroinflammation in treated HIV-positive individuals did not find any 

associations between CSF chemokines and [11C]PBR28 binding.42 Our finding on a positive 

association between CSF sTREM2 and YKL-40 levels and [11C]PBR28 SUVRs strengthens 

the assumption that the [11C]PBR28 SUVRs might serve as a measurement of 

neuroinflammation.    

We found that metabolic risk factors (higher BMI and insulin resistance) and low-grade 

inflammation (hs-CRP) associated positively with [11C]PBR28 SUVR in brain regions where 

Aβ accumulation is first detected in AD, although the results concerning hs-CRP did not 

survive correction for multiple comparisons. Our findings are supported by epidemiological 

studies showing that chronic low-grade inflammation43,44, obesity16, and insulin resistance3–5 

are associated with cognitive decline. It has been suggested that environmentally modifiable 

risk factors of cognitive decline, such as chronic inflammation and obesity, would impact the 

risk through a sustained neuroinflammatory drive1. Epidemiological studies have suggested a 

link between nonsteroidal anti-inflammatory drugs (NSAIDs) and reduced risk of clinically 

diagnosed AD45,46. However, most of the randomized controlled trials assessing the use of 

NSAIDs in AD treatment have yielded negative results, and thus they are not recommended 

for the prevention of AD47. We have previously shown that midlife insulin resistance predicts 

Aβ accumulation in the brain15, and midlife obesity has been shown to independently predict 

late-life brain Aβ accumulation14. In the present study no association was found between 

midlife insulin resistance or low-grade inflammation and neuroinflammation, possibly 

reflecting that neuroinflammation is a dynamic process whereas brain Aβ accumulation 

presumably begins already decades prior to the onset of the first symptoms of AD. Our study 
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suggests that the association between metabolic risk factors and neuroinflammation is seen in 

brain regions where Aβ is first accumulated in AD. However, our results concerning 

metabolic risk factors are to be considered preliminary and warrant further investigation. 

Contrary to our findings regarding the association between BMI and [11C]PBR28 binding, a 

multicenter study on healthy control subjects from our center and two other centers found a 

negative correlation between BMI and [11C]PBR28 VT values in gray matter, thalamus and 

hippocampus, by using arterial plasma curves as an input function in kinetic modeling.25 

Most likely these contrasting results are emerging because in the present study a cerebellar 

gray matter pseudo-reference region was used as a model input instead of plasma input 

function. The previous study focused on [11C]PBR28 binding in healthy controls across 

different age groups whilst the present study focused on neuroinflammation that would be 

related to AD pathology. Since AD pathological changes are rarely seen in the cerebellar 

cortex, we used the cerebellar cortex as a pseudo-reference region in the analyses, consistent 

with previous reports on AD.27,36 

Our study had limitations. TSPO quantification by PET is challenging partly because of the 

large interindividual variability in the binding affinity of [11C]PBR28 due to the rs6971 

polymorphism23. Also, there is no true reference region in the brain for [11C]PBR28 imaging. 

TSPO expression is seen throughout the brain and blood vessels – there is no brain region 

totally devoid of specific TSPO binding sites27. Traditionally, analysis of [11C]PBR28 PET 

binding requires arterial blood sampling. However, a study group has previously validated a 

SUVR method in [11C]PBR28-PET imaging in AD patients.27 The cerebellum is used as a 

pseudo-reference region in the method27, based on the findings that the cerebellar cortex is 

typically devoid of neuropathological changes typical for AD, including inflammation48,49. 

The study group also confirmed that cerebellar SUV values did not differ between AD and 

MCI patients and controls. Further, the SUVR method may have greater sensitivity compared 

to the gold standard method in which VT is calculated using the 2-tissue-compartment model 
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with the arterial input function27. We did not have arterial blood sampling data on all 

participants which can be considered a limitation. However, we performed our analyses both 

with the SUVR method (n=54) using cerebellum as a pseudo-reference region and with the 

DVR method using the arterial data (n=44). Both analysis methods yielded similar results, 

confirming previous reports on that SUVR can be used to detect cortical [11C]PBR28 binding 

to detect AD-related neuroinflammation27,36. We did not perform partial volume corrections, 

but the partial volume effect was minimized by using a high-resolution PET scanner. 

Moreover, the participants in our study did not have dementia or significant brain atrophy. 

Nevertheless, lack of partial volume correction could be regarded as a limitation. According 

to a recent post-mortem study, TSPO is expressed not only in microglia, but also in 

astrocytes, endothelial cells and vascular smooth muscle cells50. Thus, PBR28 binding can be 

influenced by also other cell types than microglia. The main advantage of this study is the 

possibility to combine [11C]PBR28 and [11C]PiB PET results in elderly individuals without 

dementia. A strength is that we used the CSF results to support our results from the PET 

scans, even if the CSF samples were obtained from 11 participants only, which limits firm 

conclusions based on the CSF results. Additional benefits are the arterial blood sampling in 

[11C]PBR28 PET imaging from the majority of the study population and the long follow-up 

time (15 years) in terms of the metabolic risk factors.  

In conclusion, while neuroinflammation was not associated with amyloid among all 

participants, this study suggests that neuroinflammation may be associated with the early 

stages of brain Aβ pathology. We also demonstrate that metabolic risk factors (higher BMI, 

insulin resistance, and chronic low-grade inflammation) are associated with 

neuroinflammation in brain regions where Aβ accumulation is first detected in AD. We 

propose that the association between metabolic risk factors and clinically diagnosed AD seen 

in epidemiological studies could be mediated at least partly through neuroinflammation. It 

should be noted, however, that the early stages of Aβ accumulation in elderly individuals 
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with normal cognition might not lead to symptomatic AD. Larger studies with longitudinal 

protocols are needed to understand the complex relationship between metabolic risk factors, 

neuroinflammation, brain Aβ accumulation, and AD, and particularly to detect the time-

course of neuroinflammation in the pathogenesis of AD. Our on-going follow-up study on the 

same study population will provide insights on the longitudinal associations among 

neuroinflammation, amyloid accumulation and cognitive performance. Future studies 

combining CSF analyses with TSPO imaging as well as amyloid- and tau-PET imaging could 

provide new targets to develop novel therapies for AD. 
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Table 1  

The study population characteristics according to amyloid positivity  

 

 
 

Amyloid 
negative (PiB 
SUVR ≤ 1.5)  

 
N=29 

 

Amyloid 
positive (PiB 
SUVR > 1.5)  

 
N=25 

 

p-value 

age, mean (SD) 
 

69.8 (3.8) 70.2 (2.4) 0.59 

women, n (%) 
 

16 (55) 15 (60) 0.72 

APOE ɛ4 genotype, n (%) 
 

6 (20.7) 21 (84) <0.0001 

BMI (kg/m2), mean (SD) 
 

26.5 (4.2) 26.7 (3.8) 0.87 

HbA1c (mmol/mol), median (Q1, Q3)) 
 

36 (34-39) 34 (32-35) 0.19 

fasting glucose (mmol/l), median (Q1, Q3) 
 

5.7 (5.4-6.1) 5.5 (5.3-6.2) 0.85 

fasting insulin (mU/l), median (Q1, Q3) 
 

9 (6.5-12) 10 (6.5-16) 0.11 

HOMA-IR, median (Q1, Q3) 
 

2.3 (1.6-3.1) 3.0 (1.5-4.5) 0.17 

hs-CRP, median (Q1, Q3) 
 

1.1 (0.5-2.8) 1.1 (0.7-1.8) 0.80 

serum total cholesterol, mean (SD) 
 

5.0 (1.1) 5.1 (0.8) 0.79 

CERAD total score, median (Q1, Q3) 
 

91 (87-95) 85 (72-93) 0.06 

[11C]PiB SUVR composite score, median 
(Q1, Q3) 

 

1.31 (1.27-1.37) 1.84 (1.64-2.27) <0.0001 

TSPO genotype MAB, n (%) 
 

12 (41) 
 

13 (52) 0.44 

TSPO genotype HAB, n (%) 
 

17 (59) 
 

12 (48) 0.44 

[11C]PBR28 SUVR composite score, 
median (Q1, Q3) 

 

1.06 (1.04-1.11) 1.08 (1.05-1.15) 0.08 

 

P-values for differences between amyloid negative and amyloid positive individuals assessed 
with Student’s t-test or Wilcoxon rank sums test (Cerad total score and [11C]PiB SUVR 
composite score) for continuous variables and with Pearson’s Chi-Squared test for categorical 
variables. A logarithmic transformation is used for HbA1c, fasting glucose, fasting insulin, 
HOMA-IR, and hs-CRP in order to achieve normal distribution.  
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MAB = mixed affinity binder, HAB = high-affinity binder, hs-CRP = high sensitivity CRP, 
SUVR = standardized uptake value ratio, Q1, Q3 = interquartile range. [11C]PiB -PET scan 
was considered amyloid positive when [11C]PiB SUVR composite score was >1.5. Composite 
[11C]PBR28 and [11C]PiB SUVR scores were calculated as the average SUVR over all six 
ROIs. 
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Table 2   

The study population characteristics in 2014-2016 in the subset of individuals with CSF data  

 

 
 

N=11 
 

age, mean (SD) 
 

68.1 (2.2) 

women, n (%) 
 

6 (54.5) 

APOE ɛ4 genotype, n (%) 
 

5 (45.5) 

BMI (kg/m2), mean (SD) 
 

26.1 (3.5) 

HbA1c (mmol/mol), median (Q1, Q3)) 
 

34 (33–34) 

fasting glucose (mmol/l), median (Q1, Q3) 
 

5.6 (5.3–5.9) 

fasting insulin (mU/l), median (Q1, Q3) 
 

9 (4–12) 

HOMA-IR, median (Q1, Q3) 
 

2.32 (0.98–3.15) 

hs-CRP, median (Q1, Q3) 
 

0.8 (0.6–2.6) 

serum total cholesterol, mean (SD) 
 

5.7 (0.73) 

CERAD total score, median (Q1, Q3) 
 

94 (85-95) 

[11C]PiB SUVR composite score, median (Q1, Q3) 
 

1.37 (1.30–1.58) 

amyloid positive, n (%) 
 

3 (27.3) 

TSPO binding genotype MAB, n (%) 
 

5 (45.5) 

TSPO binding genotype HAB, n (%) 
 

6 (54.5) 

[11C]PBR28 SUVR composite score, median (Q1, Q3) 
 

1.05 (1.02–1.12) 

Aβ40 (pg/ml), median (Q1, Q3) 
 

7798 (5627–8355) 

Aβ42 (pg/ml), median (Q1, Q3) 
 

633.4 (475.5–1048.2) 

Tau (pg/ml), median (Q1, Q3) 
 

233.0 (202.3–323.3) 

phosphorylated Tau (pg/ml), median (Q1, Q3) 
 

40.8 (33.6–53.8) 

YKL-40 (ng/ml), median (Q1, Q3) 
 

133 (111–155) 

sTREM2 (pg/ml), median (Q1, Q3) 3647 (3370–4502) 
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MAB = mixed affinity binder, HAB = high-affinity binder, hs-CRP = high sensitivity CRP, 
SUVR = standardized uptake value ratio, Q1, Q3 = interquartile range. [11C]PiB -PET scan 
was considered amyloid positive when [11C]PiB SUVR composite score was >1.5. Composite 
[11C]PBR28 and [11C]PiB SUVR scores were calculated as the average SUVR over all six 
ROIs. 
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Table 3  

 
The associations between CSF biomarkers and [11C]PBR28 SUVR composite score and 
between CSF biomarkers and [11C]PiB SUVR composite score (n=11) assessed with 
Spearman’s correlation.  
 
 

 
[11C]PBR28 SUVR 

composite score 
 

[11C]PiB SUVR composite 
score 

CSF biomarker 
 

r s p-value rs p-value 

YKL-40 
 

0.63 0.04 -0.31 0.36 

sTREM2 
 

0.72 0.01 -0.06 0.85 

Aβ40 
 

0.69 0.02 -0.27 0.42 

Aβ42 
 

0.12 0.73 -0.85 0.001 

Aβ42/Aβ40 ratio 
 

-0.26 0.43 -0.87 0.0005 

total-Tau 
 

0.47 0.14 -0.21 0.54 

phosphorylated Tau 
 

0.59 0.06 -0.34 0.31 

 

SUVR = standardized uptake value ratio. 
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Table 4  

Association between metabolic variables measured in 2014–2016 at time of PET scans and 
[11C]PBR28 standardized uptake value ratios (SUVRs). 

 

Region of 
interest  

prefrontal  
cortex 

parietal 
cortex 

lateral 
temporal 
cortex 
 
 

precuneus anterior 
cingulum 

posterior 
cingulum 

composite 
score 

Age, sex and TSPO genotype adjusted slope (95 % CI) 
 
 
BMI 0.0035 

(-0.00067 
to 0.0077) 
 

0.011*** 
††† 
(0.0066 to 
0.014) 
 

0.00034 (-
0.0030 to 
0.0037) 

0.0094*** 
†† 
(0.0044 to 
0.014) 

-0.0009 
(-0.0063 
to 0.0044) 

0.0033 
(-0.0013 
to 0.0079) 

0.0048** 
(0.00152 
to 0.0082) 

HOMA-IR 0.0017 
(-0.020 to 
0.024) 
 

0.040*** 
†† 
(0.017 to 
0.062) 
 

-0.0043 
(-0.021 to 
0.013) 

0.030* 
(0.0020 to 
0.058) 

-0.035** 
(-0.060 to 
-0.0090) 

-0.0043 
(-0.028 to 
0.020) 

0.011 
(-0.068 to 
0.030) 

hs-CRP 0.00022 
(-0.015 to 
0.016) 
 

0.022* 
(0.0054 to 
0.039) 

0.0015 
(-0.011 to 
0.014) 

0.0094 
(-0.011 to 
0.030) 

-0.0054 
(-0.025 to 
0.014) 

-0.0045 
(-0.022 to 
0.012) 

0.0069 
(-0.0061 
to 0.020) 

 

The results are shown as slope (95 % confidence interval). The associations between BMI 
and [11C]PBR28 SUVR, HOMA-IR and [11C]PBR28 SUVR and hs-CRP and [11C]PBR28 
SUVR are analyzed in separate linear models. [11C]PBR28 SUVR composite score is 
calculated as the average [11C]PBR28 SUVR over all six ROIs. A logarithmic transformation 
is used for HOMA-IR and hs-CRP in order to achieve normal distribution. 

* p<0.05, ** p<0.01, *** p<0.001 

Bonferroni corrected p-values (uncorrected p-values * 6, correction performed for single ROI 
analyses, but not for the analyses concerning the [11C]PBR28 composite score) 

† p<0.05, †† p<0.01, ††† p<0.001 
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Figure 1 

The association between [11C]PiB and [11C]PBR28 binding.  

(A) Voxel-level analysis showing statistically significant partial correlation coefficients (ρ) 

between higher [11C]PiB uptake and higher [11C]PBR28 uptake among amyloid negative 

participants. Subcortical regions were excluded from the analysis and TSPO genotype was 

used as a control variable. Correction for multiple comparisons was carried out using false 

discovery rate (FDR) with significance level of p<0.05. (B) The association between [11C]PiB 

SUVR composite score and [11C]PBR28 SUVR composite score. Amyloid negative 

participants are marked with blue and amyloid positive participants with red. 
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Figure 2 

The association between CSF sTREM2 (A) and YKL-40 (B) concentration and [11C]PBR28 

SUVR composite score  

[11C]PBR28 SUVR composite score is calculated as the average SUVR over six ROIs. HABs 

are marked with red dots and MABs with blue dots. MAB = mixed affinity binder, HAB = 

high-affinity 
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Figure 3 

Associations between metabolic variables and [11C]PBR28 binding in the parietal cortex  

A logarithmic transformation is used for HOMA-IR and high sensitivity CRP. [11C]PBR28 

binding is reported as SUVR. High-affinity binders (HABs) are marked with red dots and 

mixed affinity binders (MABs) with blue dots. Age, sex and TSPO genotype adjusted p-

values for the association between BMI (kg/m2) and [11C]PBR28; HOMA-IR and 

[11C]PBR28; and high sensitivity CRP and [11C]PBR28 assessed with multivariable linear 

models, uncorrected for multiple comparisons. 
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Glossary:  

Aβ = amyloid–β 

FDR = the false discovery rate 

HAB = high-affinity binder 

HOMA-IR = Homeostatic model assessment of insulin resistance 

hs-CRP = high sensitivity C-reactive protein 

MCI = mild cognitive impairment 

MAB = mixed affinity binder 

NSAID = nonsteroidal anti-inflammatory drug 

P-tau = phosphorylated tau 

[11C]PiB = [11C]Pittsburgh compound B 

ROI = region of interest 

SUV = standardized uptake value 

SUVR = standardized uptake value ratio 

T-Tau = total tau 

TSPO = translocator protein  
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