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Abstract 

The clinical syndromes of frontotemporal dementia are clinically and neuropathologically heterogeneous, but 

processes such as neuroinflammation may be common across the disease spectrum.  We investigated how 

neuroinflammation relates to the aggregation of Tau and TDP-43 in frontotemporal dementia, and to the 

heterogeneity of clinical disease.  We used positron emission tomography in vivo with (a) [
11

C]PK-11195, a marker of 

activated microglia and a proxy index of neuroinflammation, and (b) [
18

F]AV-1451, a radioligand with increased 

binding to pathologically affected regions in tauopathies and diseases associated with TDP-43 protein aggregation, 

and which is used as a surrogate marker of non-β-amyloid protein aggregation. We assessed 31 patients with 

frontotemporal dementia (10 with behavioural variant frontotemporal dementia, 11 with the semantic variant of 

primary progressive aphasia and 10 with the non-fluent variant of primary progressive aphasia), 28 of whom 

underwent both [
18

F]AV-1451 and [
11

C]PK-11195 PET, and matched controls  (14 for [
18

F]AV-1451 and 15 for [
11

C]PK-

11195).  We used univariate region-of-interest analyses, and multivariate analysis of the distribution of binding that 

explicitly control for individual differences in ligand affinity for TDP-43 and different Tau isoforms.  We found 

differences between patients and controls in frontotemporal regions for both neuroinflammation and protein 

aggregation, and a strong positive correlation between these two processes in all disease groups.  Despite this 

regional co-localisation, the multivariate distribution of [11C]PK-11195 binding related better to clinical heterogeneity 

than did the distribution of [
18

F]AV-1451: distinct spatial modes of neuroinflammation were associated with different 

frontotemporal dementia syndromes and supported accurate group classification of participants.  These in vivo 

findings indicate a close association between neuroinflammation and protein aggregation in frontotemporal 

dementia. The inflammatory component may be important in shaping the clinical and neuropathological patterns of 

the diverse clinical syndromes of frontotemporal dementia.  
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Introduction 

Frontotemporal dementia (FTD) encompasses a clinically and pathologically heterogeneous group of 

neurodegenerative conditions, including the behavioural variant (bvFTD) (Rascovsky et al., 2011), non-fluent variant 

primary progressive aphasia (nfvPPA) and semantic variant primary progressive aphasia (svPPA) (Gorno-Tempini et 

al., 2011).  In recent years, attention has focused on understanding the pathogenic role of protein misfolding and 

aggregation, which is a cardinal feature of the post mortem diagnostic criteria for frontotemporal lobar degeneration 

(MacKenzie et al., 2010). However, there are several different pathological proteins and aggregation morphologies in 

FTD, with generally weak correlations between clinical syndrome and the type of pathological protein (Seelaar, 

Rohrer, Pijnenburg, Fox, & van Swieten, 2011) (with the exception of svPPA, which is strongly associated with TDP-43 

type C neuropathology (Spinelli et al., 2017)). However, other neuropathological processes may be present in 

common across these diverse clinical syndromes and present potential therapeutic targets. In particular, there is 

converging evidence for the role for neuroinflammation in neurodegenerative dementias, including FTD, from 

genetic associations (Broce et al., 2018; Guerreiro et al., 2013; Rayaprolu et al., 2013), cerebrospinal fluid (Sjogren, 

Folkesson, Blennow, & Tarkowski, 2004; Woollacott et al., 2018), epidemiology (Miller et al., 2013, 2016), post 

mortem tissue (Lant et al., 2014; Venneti, Wang, Nguyen, & Wiley, 2008) and animal models (Bhaskar et al., 2010; 

Yin et al., 2010; Yoshiyama et al., 2007).  Both the intensity of neuroinflammation, and its distribution across the 

brain, may be relevant determinants of the clinical syndrome.   

Positron emission tomography (PET) allows the topographic quantification of specific molecules using radioligands.  

In this study, we measured neuroinflammation and protein aggregation in vivo in patients with bvFTD, svPPA and 

nfvPPA, to answer key questions regarding the relationship of these pathophysiological processes.  [11C]PK-11195, 

which binds to the translocator protein (TSPO) that is expressed on the outer mitochondrial membrane of activated 

microglia, is a robust and sensitive marker of microglial activation with an established role as a proxy for 

neuroinflammation in neurodegenerative diseases (Stefaniak & O’Brien, 2015).  [18F]AV-1451 was originally 

developed to bind to paired helical filament Tau in Alzheimer’s disease (Chien, Bahri, Szardenings, Walsh, & Mu, 

2013; Xia et al., 2013; W. Zhang et al., 2012), and has been extensively used in Alzheimer’s and non-Alzheimer’s 

diseases.  Elevated in vivo binding is seen in tauopathies characterised by straight filaments (W. Richard Bevan-Jones 

et al., 2016; Jones et al., 2018; Luca Passamonti et al., 2017; Smith et al., 2017), albeit with generally lower binding 

affinity than in Alzheimer’s disease, and also in TDP-43 related disease (R. W. Bevan-Jones et al., 2018; William 

Richard Bevan-Jones et al., 2017; Makaretz et al., 2017). It also has low affinity for beta-amyloid and alpha-synuclein 

(Xia et al., 2013). Therefore, although the molecular interpretation of increased binding is incompletely understood 

(Marquié et al., 2015; Sander et al., 2016), this elevated in vivo binding suggests [18F]AV-1451 may represent a proxy 

index of aggregated non-β-amyloid pathological proteins across the FTD spectrum.  

Given the evidence for differences in affinity of [18F]AV-1451 for different Tau and TDP-43 conformational targets, 

our analysis strategy concentrates on the relative topographical distribution of binding across regions within each 

individual, rather than the simple magnitude of binding. In this way we explicitly control for difference in binding 

affinity between syndromes and protein strains within each syndrome.    

We test the hypotheses that, in FTD, neuroinflammation and protein aggregation are both increased in 

frontotemporal regions compared to controls, and that neuroinflammation and protein aggregation co-localise in 

each FTD syndrome, consistent with the syndrome-specific neuropathological distributions (e.g., co-localization of 

neuroinflammation and protein aggregation in the temporal pole of patients with svPPA).  We use data driven 

approaches to elucidate the spatial modes of neuroinflammation associated with FTD, and machine learning based 

on multi-dimensional scaling of distributional dissimilarities, to investigate whether the cortical distribution of 

neuroinflammation and protein aggregation can accurately discriminate diagnostic groups thereby illustrating their 

mechanistic importance. 

Materials and methods 

As part of the NIMROD study (W Richard Bevan-Jones et al., 2017), 31 patients (10 with bvFTD, 11 with svPPA and 10 

with nfvPPA) underwent PET scanning with [18F]-AV1451.  28 of the 31 (9 with bvFTD, 9 with svPPA and 10 with 

nfvPPA) also underwent a PET scan with [11C]PK-11195.  The order of scans was randomised. Fourteen healthy 

control participants underwent [
18

F]AV-1451 PET and, to minimise radiation exposure in healthy individuals, a 
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different group of 15 healthy participants underwent [11C]PK-11195 PET scanning.  Genetic and amyloid status (by 

PET or cerebrospinal fluid biomarkers) for patients were tested if clinically indicated.   

PET with [18F]AV-1451 and [11C]PK-11195 was performed on a GE Discovery 690 PET/CT (GE Healthcare) with a low 

dose CT for attenuation correction or on a GE Advance PET scanner (GE Healthcare) with a 15-min 68Ge/68Ga 

transmission scan for attenuation correction.  The PET scan itself used dynamic imaging for 90 ([
18

F]AV-1451)  and 75 

([
11

C]PK-11195) minutes respectively. All radioligands were prepared at the Wolfson Brain Imaging Centre (WBIC), 

University of Cambridge, with high radiochemical purity (>95%). Each subject underwent contemporaneous 3T 

magnetic resonance imaging (MRI) using a Siemens Magnetom Skyra, Verio or Tim Trio (www.medical.siemens.com). 

A high-resolution T1 weighted sequence was acquired (176 slices of 1.0 mm thickness, TE= 2.98 ms, TR = 2300 ms, 

flip angle =9°, acquisition matrix 256x240; voxel size = 1x1x1 mm3) and used for tissue segmentation (grey and white 

matter along with CSF), and for non-rigid registration of standard space regions of interest.   For both ligands, non-

displaceable binding potential (BPND) was calculated in 83 regions of interest, defined by a Hammers atlas modified 

to include the midbrain and the dentate nucleus of the cerebellum, by kinetic modelling using a simplified reference 

tissue model, with cerebellar grey matter as reference region for [18F]AV-1451 (Luca Passamonti et al., 2017) and 

supervised cluster analysis used to define the [11C]PK-11195 reference region (Yaqub et al., 2012). Prior to kinetic 

modelling all region of interest data were corrected for cerebrospinal fluid contamination of the region (i.e. partial 

volume corrected) through division by the mean region grey plus white matter fraction, determined using tissue 

probability maps smoothed to PET spatial resolution. 

Four data analysis approaches were used, each designed to answer a different focused question and to explicitly 

control for expected between-subject and between-region differences in ligand affinity.   

As a first-stage data exploration of between-group differences, a repeated-measures ANOVA was performed across 

the 83 regions, including age as a covariate and Greenhouse-Geisser penalisation of degrees of freedom to correct 

for non-sphericity.  Post hoc t-tests were then performed between each group, corrected for false discovery rate 

(FDR) over regions.   

Second, to examine the relationship between neuroinflammation and protein aggregation in each disease group, a 

correlation between the regional BPND of each ligand was performed. PET scanning with any ligand characteristically 

results in a general pattern of lower BPND in brain regions such as temporal lobe and higher BPND in deep brain nuclei. 

We were concerned that such non-specific effects might drive apparent correlations, and weak correlations were 

observed between our cohorts of controls for each ligand (supplementary figure 1). To control for this, we examined 

the between-ligand correlation within each disease group both with and without subtraction of the control mean 

BPND for each of the 83 regions of interest.  

Third, to elucidate the topographical patterns of inflammation and protein aggregation in FTD, we entered the BPND 

of each ligand in each of the 83 regions of interest into a principal component analysis.  Components were retained 

by Cattell’s criterion (i.e. to the elbow of the Scree plot) and then tested for group differences across diagnosis in a 

repeated measures ANOVA.  Post hoc t-tests examined group differences in the expression of each topographical 

pattern. These first three analyses were performed in SPSS Statistics version 25 (IBM). 

Finally, we undertook an analysis of the relative distribution of ligand binding potential for each ligand for every 

individual.  This used previously published non-parametric methods (W. Richard Bevan-Jones et al., 2016), that were 

explicitly designed to control for between-subject differences in the scaling of each ligand, such as might result from 

differences in the affinity of [18F]AV-1451 for different conformations of Tau or TDP-43, as well as spatial 

dependence between adjacent regions in PET data due to signal spread.  These methods can be conceptualised as 

analogous to multi-voxel pattern analysis techniques for fMRI (Kriegeskorte, Mur, & Bandettini, 2008), but rather 

than attempting to classify observed stimuli within an individual on the basis of their representational similarity, 

here we are attempting to classify individuals on the basis of the similarity of relative ligand BPND distributions within 

their brain, blinded to overall differences in binding affinity. To do this, for each ligand and every individual 

separately, the parcellated data were converted to 83-element linear vectors.  For each ligand separately, the 

resultant vectors were non-parametrically correlated (Spearman’s rho) pairwise between individuals, resulting in 

two matrices that represented the similarity of each individual's scan to each other individual for that ligand. The 

inverse of these matrices (i.e. the between-individual dissimilarities) were used to calculate a two-dimensional 
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scaling for each disease sub-group pair, using the squared metric stress distance criterion of the ‘mdscale’ function in 

Matlab R2017b (Mathworks). The resulting locations in two-dimensional space formed the inputs to a ten-fold cross-

validated linear support vector machine (CV-SVM) for between-group classification based on each ligand separately. 

Statistical significance of the classification was assessed by comparison of the loss function of the CV-SVM against a 

null distribution of loss functions created by 1000 repetitions of the same procedure for identical data but shuffled 

group assignment labels. For those individuals who underwent scanning with both ligands, the CV-SVM process was 

repeated on multi-modal, four-dimensional scaling. 

Results 

Summary demographics are outlined in table 1, and neuropsychological test scores, motor features, genetic and CSF 

status for each participant are provided in table 2.  Within the bvFTD group, two patients were positive for 

pathogenic mutations in the microtubule associated protein tau (MAPT) and three for expansions in C9 open reading 

frame 72 (C9orf72).  One of the nfvPPA group had a mutation in progranulin (GRN).  CSF or PET amyloid status was 

assessed in 6 participants (4 with svPPA, and 2 with nfvPPA), all of whom were negative.   

Group comparisons of frontotemporal dementia with controls 

The repeated-measures ANOVA of regional [11C]PK-11195 binding across the FTD groups and controls demonstrated 

a significant interaction between region and diagnosis (F(39.5, 500.6)=9.2, p<0.0001).  T-maps from the post-hoc 

pairwise comparisons between the control group and each disease group are shown in figure 1.  After correction for 

FDR, regions with significantly elevated binding were: in the bvFTD group; bilateral superior frontal gyri and 

putamen, right nucleus accumbens, left posterior orbital gyrus, inferior frontal gyrus and middle frontal gyrus.  In the 

svPPA group; left insula, middle and inferior temporal gyri, right superior parietal gyrus, middle and inferior temporal 

gyrus, bilateral postcentral gyri, superior temporal gyrus, parahippocampal and ambient gyri, amygdala, inferior 

lateral anterior temporal lobe, medulla, nuclei accumbens, medial anterior temporal lobe, fusiform gyri.  In the 

nfvPPA group no differences survived FDR correction but the peak t-score was in left inferior frontal gyrus 

(t(23)=2.17, uncorrected p=0.04), which would be expected a priori to be the disease epicentre (Rogalski et al., 

2011).  

The repeated measures ANOVA of regional [18F]AV-1451 binding across the FTD groups and controls showed a 

significant interaction between region and diagnosis (F(33.4, 445.1)=10, p<0.0001).  T-maps from the post-hoc 

pairwise comparisons between the control group and each disease group are shown in figure 1.  After correction for 

FDR, significantly elevated binding was seen in svPPA, in the following regions; left amygdala, fusiform, medial 

anterior temporal lobe, middle and inferior temporal gyri and superior temporal gyrus, bilateral inferolateral 

anterior temporal lobes.   

Correlation of [
11

C]PK-11195 with [
18

F]AV-1451 in frontotemporal dementia 

Regional control adjusted group mean [11C]-PK11195 BPND was strongly correlated with regional group mean [18F]-

AV1451 BPND in each group both before and after the subtraction of the control group values in every region: svPPA 

(r(81) = 0.727, p<0.0001 before, r(81) = 0.883, p<0.0001 after), bvFTD (r(81) = 0.582, p<0.0001 before, r(81) = 0.499, 

p<0.0001 after), and nfvPPA (r(81) = 0.427, p<0.0001 before, r(81) = 0.589, p<0.0001 after) (figure 2). 

Principal component analysis of [
11

C]PK-11195 and [
18

F]AV-1451 

Four principal components were detected in the [
11

C]-PK11195 BPND data before the elbow of the scree plot, which 

together explained 64% of the variance in the data (figure 3).  Component 1 reflected whole brain binding. 

Component 2 was strongly weighted to the bilateral anterior temporal lobes.  Component 3 primarily comprised 

frontal binding with a right sided predominance. Component 4 was not strongly loaded onto any single region but 

was weighted towards motor cortex.  In a repeated measures ANOVA including these 3 principal components, there 

was a main effect of diagnosis (F(3, 39)=20.8, p<0.0001) and a significant interaction between principal component 

weighting and diagnosis (F(5.307, 68.99)=9.885, p<0.0001).  Post hoc t-tests between individual disease groups and 

controls showed svPPA was associated with an increase in component 2 (t(10.2)=8.3, p<0.0001), bvFTD associated 

with both increased component 2 (t(9.297)=3.37, P=0.008) and component 3 (t(8.85)=3.95, p=0.003) and nfvPPA 

associated with increased component 3 (t(23)=2.68, p=0.013) (figure 3). Components 1 and 4 did not significantly 

differ between controls and patient groups. 
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Five principal components were detected in the [18F]AV-1451 BPND data before the elbow of the scree plot, which 

together accounted for 76% of the variance in the data.  Component 1 again reflected global binding but less marked 

in the temporal poles, which were loaded onto component 2 (left) and component 4 (right).  Component 3 was 

weighted asymmetrically towards frontal lobe binding. Component 5 was not strongly loaded onto any single region 

but was weighted towards bilateral superior temporal poles.  In a repeated measures ANOVA including these 5 

principal components, there was a main effect of diagnosis (F(3, 41)=5.43, p=0.003) and a significant interaction 

between principal component weighting and diagnosis (F(11, 150.6)=3.68, p<0.0001).  The bvFTD group had 

increased weightings in component 3 (t(22)=2.345, p=0.28) and component 4 (t(11.575)=3.284, p=0.007), and svPPA 

had increased weightings in component 2 (t(15.005)=6.819, p<0.0001) and component 4 (t(12.9)=2.475, p=0.028) 

(figure 3).  There were no significant post hoc differences between nfvPPA and controls. Components 1 and 5 did not 

significantly differ between controls and patient groups. 

Non-parametric analysis of [
11

C]PK-11195 and [
18

F]AV-1451 distributions 

The principal component analyses suggest that a large amount of the variance between-subjects relates to whole 

brain PET signal. While this might reflect global differences in protein aggregation and neuroinflammation, it could 

also be explained by variations in radioligand affinity for different protein pathologies or other non-specific 

influences discussed below. We therefore performed an analysis of the relative distribution of PET signal for each 

individual scan, blinded to differences in overall signal magnitude by non-parametric rank-order statistical methods. 

Multi-dimensional scaling plots of the non-parametric similarity between ligand distributions, for each sub-group 

pair and for all groups combined, are shown in figure 4. The CV-SVM classification accuracy and permutation-based 

statistical significance are indicated next to each plot. Classification was significantly better than chance in all cases, 

except for the finding that the non-parametric distribution of [18F]AV-1451 was unable to distinguish between bvFTD 

and nfvPPA.  

For those FTD participants that underwent scanning with both ligands, the classification procedure was repeated 

after combining the multi-dimensional scaling data such that the CV-SVM operated on four dimensions rather than 

two. This resulted in an improvement in the differentiation of bvFTD and svPPA compared to either ligand alone 

(88.9% classification accuracy, p<0.001). Multimodal nfvPPA vs svPPA classification accuracy matched the 

performance of [11C]-PK11195 at 100%, p<0.001, but bvFTD vs nfvPPA classification performance was intermediate 

compared to each ligand alone, at 73.7%, p=0.033. 

Discussion 

This in vivo study provides insights into complementary pathophysiological processes of frontotemporal dementia. 

Taken as a whole, our findings support an important role for neuroinflammation across the FTD spectrum, 

corroborating suggestions from epidemiological (Lant et al., 2014; Venneti et al., 2008), genetic (Broce et al., 2018; 

Guerreiro et al., 2013; Rayaprolu et al., 2013), imaging (Cagnin, Rossor, Sampson, MacKinnon, & Banati, 2004; 

Miyoshi et al., 2010) and animal studies (Bhaskar et al., 2010; Yin et al., 2010; Yoshiyama et al., 2007). Using regional 

analysis of variance, we have shown that neuroinflammation (indexed by [11C]PK-11195) and protein aggregates (Tau 

or TDP43, as indexed by [18F]AV-1451) are elevated across the FTD spectrum (figure 1). Furthermore, 

neuroinflammation is highly co-localised with protein aggregation within the individual syndromes, including most 

strongly in svPPA, where the predominant aggregated protein inclusions are TDP-43 rather than tau (figure 2).  

Principal component analysis also revealed distinct spatial modes of neuroinflammation, with frontotemporal, 

temporal pole and global distributions (figure 3).  The weighting of these regional distributions differs between 

groups, supporting the regional differences in the pair-wise comparisons.  The spatial modes of protein aggregation 

(figure 3) similarly reflect the well characterised distributions of pathology and are likewise weighted towards 

specific groups. However, the distribution of protein aggregation appears to be less focal than neuroinflammation in 

nfvPPA.  To test the distinctiveness of inflammation and aggregation patterns, and to explicitly control for non-

specific, between-individual differences in ligand binding affinity, we used non-parametric multi-dimensional scaling 

and cross-validated linear support vector machines to classify patients. We demonstrated that the distribution of 

neuroinflammation can accurately distinguish each of the FTD syndromes from controls and from each other (figure 

4). Classification was often possible based on the distribution of protein aggregation, but with less accuracy.  The 

greater discriminatory ability of neuroinflammation emphasises its potential mechanistic relevance to the 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


pathophysiology of FTD.  Despite being strongly correlated at a regional level, the two PET tracers carry some unique 

information across these conditions, as illustrated by the improvement in distinguishing bvFTD from svPPA when 

multi-modal data were available to the classifier.  

The correlation between regional distributions of neuroinflammation and protein aggregation supports a close 

relationship between these processes in FTD, mirroring recent evidence from Alzheimer’s disease that 

neuroinflammation is correlated with tau aggregation (Dani et al., 2018), and extending this to TDP-43 associated 

diseases.  One interpretation of co-localised neuroinflammation and protein aggregation is that microglial activation 

is an early or initiating pathophysiological process, which promotes or accelerates abnormal protein misfolding and 

aggregation.  Whilst it was previously thought that inflammation in the brain only occurred in the context of direct 

infection or after breakdown of the blood brain barrier, it is now recognised that microglia play a key role in 

orchestrating the innate immune response of the brain. They can be activated by misfolded proteins, and mediate 

responses through inflammatory pathways, cytotoxicity and changes in plasticity (Nakajima & Kohsaka, 2001; Nayak, 

Roth, & McGavern, 2014).  In neurodegenerative diseases, this state of activation may become chronic, 

dysfunctional, and toxic, contributing to pathogenicity (Pasqualetti, Brooks, & Edison, 2015; Serrano-Pozo, Betensky, 

Frosch, & Hyman, 2016).   

There is evidence for inflammatory processes in FTD (Heneka, Kummer, & Latz, 2014), from genetic (Broce et al., 

2018; Guerreiro et al., 2013; Rayaprolu et al., 2013), cerebrospinal fluid (Sjogren et al., 2004; Woollacott et al., 

2018), epidemiology (Miller et al., 2013, 2016), post mortem (Lant et al., 2014; Venneti et al., 2008) and animal 

studies (Bhaskar et al., 2010; Yin et al., 2010; Yoshiyama et al., 2007).  It is well established that an innate immune 

response, characterised by activated microglia, is a feature of the neuropathology of FTD (Lant et al., 2014).  

Furthermore, mutations leading to haplo-insufficiency of progranulin, a growth factor that has peripheral immune 

and central microglial regulatory functions (Petkau et al., 2010; Pickford et al., 2011; Yin et al., 2010), leads to FTD 

syndromes characterised by TDP-43 pathology.  Expansions in C9orf72 have effects on microglial function as well as 

neurons (O’Rouke et al., 2016), and risk variants for FTD in TREM2 are associated with microglial activation (Giraldo 

et al., 2013).  Neuroinflammation is an early feature of pathophysiology in mouse models of tauopathy, where 

inflammatory changes precede the accumulation of aggregated tau (Yoshiyama et al., 2007) and pro-inflammatory 

molecules increase tau hyperphosphorylation and aggregation (Bhaskar et al., 2010).  In vivo PET studies in small 

samples have shown that neuroinflammation anticipates atrophy in clinically established FTD (Cagnin et al., 2004) 

and precedes both symptoms and the detectability of tau aggregation by PET in MAPT mutation carriers (W Richard 

Bevan-Jones et al., 2018; Miyoshi et al., 2010).  Although neuroinflammation appears early in the pathogenesis of 

FTD and other neurodegenerative disorders, it remains unclear whether it is an independently initiating factor or 

whether it is induced by oligomeric proteins or pre-tangles.  

Much of the evidence supporting the presence of inflammation in FTD comes from ex vivo studies.  The need to 

improve our understanding of this process during life has led to the development of PET radioligands for this 

purpose, but there is some controversy over the optimum ligand for imaging activated microglia.  PET ligands which 

target TSPO have long been the mainstay of imaging microglia.  However TSPO expression patterns in microglia are 

complex and the functional effects, i.e. deleterious versus protective, of different microglial phenotypes are 

incompletely understood (Gomez-Nicola & Perry, 2015).  Furthermore, TSPO is also expressed by other cell types, 

notably astrocytes (McCarthy & Harden, 1981).  However, in favour of the use of [11C]PK-11195 is its demonstrated 

selectivity for activated microglia over quiescent microglia and reactive astrocytes (Banati, 2002); its relative 

insensitivity to common polymorphisms in TSPO compared to second generation TSPO radioligands (Stefaniak & 

O’Brien, 2015; J. Zhang, 2015), and the fact it has well established methods of non-invasive kinetic analysis (L 

Passamonti et al., n.d.; Turkheimer et al., 2007).  [
11

C]PK-11195  has also been effectively used in studies of other 

neurodegenerative diseases and shown ability to reveal pathologically-related patterns of neuroinflammation 

(Edison et al., 2013; L Passamonti et al., n.d.; Stefaniak & Brien, 2015; Varley, Brooks, & Edison, 2015). There remain 

some disadvantages, including relatively high non-specific binding and low brain penetration. Whilst this signal to 

noise has been cited as an explanation for previous negative studies using [11C]PK-11195, it does not undermine 

positive findings such as those shown here, especially within our multi-variate analyses that explicitly control for 

differences in ligand penetration and affinity.  A further problem lies with interpreting the meaning of increased 

[
11

C]PK-11195 binding.  This must include consideration of the potential contribution of reactive astrocytes 

expressing upregulated TSPO, but also our incomplete understanding of the functional consequences of activated 
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microglia and reactive astrocytosis, and the potential effects of glial neuropathology on the immune/inflammatory 

component of pathophysiology.  Whilst it seems reasonable to determine that increased [
11

C]PK-11195 binding 

equates to immune activation or neuroinflammation, the functional consequences or causality of this cannot be 

assumed. 

In contrast to [
11

C]PK-11195, the [
18

F]AV-1451 binding provided a less clear signal despite such aggregation being an 

essential feature of FTD and many other dementias. We propose that [
18

F]AV-1451 binding is a proxy measure of 

aggregated non-β-amyloid protein.  In Alzheimer’s disease the sensitivity of in vivo imaging with [18F]AV-1451, and its 

affinity for Tau in neurofibrillary tangles, is well established and has contributed significantly to our understanding of 

its pathogenesis and progression.  However, the situation in FTD is more complex due to its pathological 

heterogeneity and our incomplete understanding of [18F]AV-1451 binding to the various morphologies of aggregated 

protein observed in FTLD-tau and FTLD-TDP43 pathologies.  This heterogeneity is problematic and although six of our 

patients have genetic mutations, and six others were amyloid biomarker negative (tables 1&2), we cannot 

definitively ascertain the majority of patients’ pathological type ante mortem.  In this context, the molecular targets 

for [18F]AV-1451 binding remain controversial.  Supporting our use of [18F]AV-1451 as a marker of non-β-amyloid 

protein aggregation, previous post mortem work has demonstrated some binding to FTLD pathologies, albeit at a 

lower magnitude than that seen with Alzheimer’s pathology (Lowe et al., 2016; Marquié et al., 2015; Mcmillan et al., 

2016; Sander et al., 2016).  This appeared to be corroborated by in vivo studies of patients with a straight filament 4-

repeat tauopathy and clinical FTD resulting from MAPT mutations, showing binding in areas typically affected in FTD 

and affected at post mortem (W. Richard Bevan-Jones et al., 2016; Smith et al., 2016), and by the elevated binding in 

the affected brain regions of patients with svPPA (William Richard Bevan-Jones et al., 2017; Makaretz et al., 2017) 

and bvFTD due to C9orf72 expansions (R. W. Bevan-Jones et al., 2018), who have TDP-43 rather than Tau pathology. 

However, even within genetically determined FTD binding affinity varies according to different Tau isoforms and 

strains (Jones et al., 2018) supporting varying affinity to different morphologies of Tau.   

Other non-Tau, non-TDP-43, targets may also account for this increased binding.  It is noted that this elevated 

[18F]AV-1451 binding is seen in a distribution that closely resembles that of neuropathology, suggesting potential 

binding to other proteins expressed by degenerating neurons or reactive glial cells, such as isoforms of monoamine 

oxidase (Vermeiren et al., 2018).  Monoamine oxidase subtypes are expressed by both neurons (monoamine oxidase 

A) and reactive astrocytes (monoamine oxidase B) (Ben Haim, Carrillo-de Sauvage, Ceyzériat, & Escartin, 2015; 

Fowler, Logan, Volkow, & Wang, 2005) which may contribute to the patterns of cortical binding seen.  Indeed, if 

[18F]AV-1451 binding were driven by ‘off target’ binding to reactive astrocytes, which are induced by activated 

microglia (Liddelow et al., 2017), this would only provide further evidence for the importance of neuroinflammation 

in FTD.  Further to this, upregulation of TSPO in reactive astrocytes could occur alongside that of MAO-B accounting 

for the regional correlation found between ligand binding.  However, the pre-symptomatic dissociation of [
11

C]PK-

11195 and [
18

F]AV-1451 binding (W Richard Bevan-Jones et al., 2018) argues strongly against such simple cross-

affinity.  

In the face of uncertainty about molecular targets and variations in affinity, it is important to emphasise that through 

our classification analysis we focus on distribution rather than quantification of binding, using a non-parametric 

method that is insensitive to absolute binding values and purely reflects the pattern of binding. This takes into 

account the potential differences in affinity of [18F]AV-1451 for different protein targets.  Overall, whilst it is clear 

that [18F]AV-1451 binding does not bind specifically to Tau aggregates, the distribution of binding co-localises and 

varies with that expected of aggregated protein in these diseases, and post mortem immunohistochemistry of Tau.  

Indeed, [18F]AV-1451 may provide a usefully non-selective marker of non-βamyloid aggregated protein, whether Tau 

or TDP-43, allowing in vivo examination across the spectrum of sporadic FTD syndromes. Whilst in the complex 

setting of FTLD we interpret [
18

F]AV-1451 binding as a non-specific marker of non-β-amyloid neuropathology, the 

biological relevance of elevated binding in non-AD neurodegenerative disease remains incompletely understood.  

Further work examining [18F]AV-1451 binding across large post mortem cohorts of FTLD pathology will be required to 

independently validate our hypothesis. 

The main limitation of this study is group size which, although larger than most previous PET studies in FTD, is still 

small for each individual diagnosis. The small sample size reduces the power of the study to find parametric group 

differences in binding, particularly given that both ligands have a degree of insensitivity to their target, as well as 
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limiting the ability to detect associations with clinical features and severity. Characterisation of the groups is also 

limited in that the genotyping and amyloid assays were based on clinical indications and consent: we did not directly 

examine amyloid status in all individuals and whilst there is a mix of both genetic and sporadic cases we did not 

genotype every participant. The inability to perform pathological subtyping in vivo makes interpretation of results 

more difficult in view of the generally poor relationship between phenotype and underlying neuropathology in FTD.  

Consequently, we cannot use the clinical diagnostic groups alone to draw conclusions about the relationship 

between microglial activation and specific forms of protein aggregation. We also are limited in the inferences about 

the predilection for immune dysregulation in a particular neuropathological subtype, such as the relationship 

suggested between immune dysfunction and FTLD-TDP-43 (Miller et al., 2013, 2016), except for the cases with 

genetic mutations.  

To conclude, we provide in vivo evidence for neuroinflammation in FTD, which has a close relationship with [
18

F]AV-

1451 binding, taken in this study to represent a marker of FTLD-tau or FTLD-TDP-43 neuropathology. PET 

measurement of inflammation provided a more accurate classification of syndromes than did protein aggregation 

emphasising its potential importance in shaping the clinical and neuropathological patterns of the diverse clinical 

syndromes of frontotemporal dementia.  A causal role for neuroinflammation in neurodegeneration would inform 

future drug targets and potential clinical trials in frontotemporal dementia. Our findings therefore warrant further 

longitudinal mechanistic investigation into the role of neuroinflammation in early-stage neurodegeneration, its 

relationship to specific protein aggregation and to clinical progression.  
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Figure 1: Unthresholded regional T-scores for each disease group compared to the control group for [11C]PK-11195 

BPND in the left column and [
18

F]AV-1451 BPND in the right column. 

Figure 2: Scatter plot of the regional mean BPND for [11C]PK-11195 against regional mean BPND of [18F]AV-1451 by 

disease group. For each disease group raw values are demonstrated in the left hand plot with adjusted values 

demonstrated in the right hand plot. 

Figure 3: First four principal components for [11C]PK-11195 in the left column and [18F]AV-1451 in the right column. 

[18F]AV-1451 component 5 was also retained by Cattell’s criterion but was not strongly weighted to any region and 

did not discriminate groups so is omitted here for parsimony.  The bottom row plots the estimated marginal means 

from the repeated measures ANOVA for each ligand, illustrating the association between principal component and 

diagnosis for each ligand. 

Figure 4: Pairwise classification accuracy for each ligand: [11C]PK-11195 on the left, [18F]AV-1451 in the middle, and 

using combined data on the right.  The graphs represent a two-dimensional projection of the between-individual PET 

signal distribution dissimilarity according to the squared metric stress criterion. A ten-fold cross-validated support 

vector machine was applied to each plot, and the classification accuracy compared to a null distribution of 1000 

randomisations for non-parametric significant testing.  For each comparison percentage classification and p-value is 

stated. 

Table 1: Summary demographics and neuropsychometry. 

Table 2: Demographics, neuropsychological testing, genetic/amyloid status and motor phenotype for each disease 

participant. 

Supplementary figure 1: Scatter plot of the raw regional mean BPND for [
11

C]PK-11195 against regional mean BPND of 

[18F]AV-1451 between the control groups. 
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Case Diagnosis Gene/amyloid 

status 

Sex Entry 

age 

Education 

years 

ACE-R 

/100 

MMSE 

/30 

FAB 

/18 

FTDRS Logit 

score 

Motor 

features 

1 nfvPPA Aβ-ve (CSF) M 55 14 93 29 15 3.35 - 

2 nfvPPA - F 67 16 88 28 13 2.19 - 

3 nfvPPA Aβ-ve (CSF) F 62 11 90 27 15 1.92 + 

4 nfvPPA - F 84 11 85 30 11 5.39 + 

5 nfvPPA - F 81 10 78 28 15 0.16 - 

6 nfvPPA - F 74 10 40 16 7 -0.8 - 

7 nfvPPA GRN M 66 10 76 22 9 -0.2 - 

8 nfvPPA - F 77 11 86 30 13 0.34 + 

9 nfvPPA - M 74 11 87 30 10 1.47 + 

10 nfvPPA - F 70 11 71 25 6 5.39 - 

11 svPPA - M 77 16 45 22 11 -1.27 - 

12 svPPA - M 69 16 77 28 11 -1.54 - 

13 svPPA Aβ-ve (CSF) M 61 15 79 30 16 -0.4 - 

14 svPPA Aβ-ve (PiB) F 65 18 72 27 16 - - 

15 svPPA Aβ-ve (CSF) M 67 17 71 27 17 2.49 - 

16 svPPA Aβ-ve (CSF) M 65 13 68 27 13 5.39 - 

17 svPPA - M 72 13 63 25 12 1.26 - 

18 svPPA - F 63 10 59 26 14 0.7 - 

19 svPPA - M 69 18 85 30 14 2.19 - 

20 svPPA - M 63 10 61 27 8 -0.8 - 

21 svPPA - M 72 9 9 3 0 -0.59 - 

22 bvFTD - F 63 12 79 29 11 -3.09 - 

23 bvFTD - M 61 11 47 15 5 -2.18 - 

24 bvFTD MAPT F 50 16 43 21 9 -3.8 - 

25 bvFTD - M 75 16 68 21 6 -0.4 + 

26 bvFTD MAPT F 70 16 38 14 7 -3.09 - 

27 bvFTD - F 67 11 71 28 8 -0.8 - 

28 bvFTD - M 51 14 81 29 11 -2.58 - 

29 bvFTD C9orf72 M 56 10 53 25 6 -1.03 + 

30 bvFTD C9orf72 F 51 10 41 16 7 -3.8 - 

31 bvFTD C9orf72 M 58 9 46 17 5 -3.8 - 

 

Table 2: Demographics, neuropsychological testing, genetic/amyloid status and motor phenotype for each disease 

participant.  Aβ-ve: negative tests for beta-amyloid by cerebrospinal fluid biomarkers (CSF) or Pittsburgh compound 

B PET scan. MAPT: microtubule associated protein tau. 
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Group Number M:F Mean 

age 

Education 

years 

ACE-R 

/100 

MMSE 

/30 

FAB 

/18 

FTDRS_Logit FTDRS_Percent 

/100 

nfvPPA 10 3:7 71 12 79 27 11 1.92 71.7 

svPPA 11 9:2 68 14 63 25 12 0.74 52.8 

bvFTD 10 5:5 60 13 57 22 8 -2.46 17.4 

Tau 

controls 

14 7:7 67 16 95 29 -- -- -- 

PK 

controls 

15 7:8 69 14 92 29 -- -- -- 

  b a, d a, b, d a, b, c, d a, d 

 

Table 1: Summary demographics and neuropsychometry: a=F test significant p<0.05 across all groups, b=p<0.05 

significant pairwise comparison nfvPPA vs combined control group, c=p<0.05 significant pairwise comparison svPPA 

vs combined control group, d=p<0.05 significant pairwise comparison bvFTD vs combined control group.  Pairwise 

comparisons are by t-test for each demographic except sex comparison by Chi-squared. 

 

 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


Case Diagnosis Gene/amyloid 

status 

Sex Entry 

age 

Education 

years 

ACE-R 

/100 

MMSE 

/30 

FAB 

/18 

FTDRS Logit 

score 

Motor 

features 

1 nfvPPA Aβ-ve (CSF) M 55 14 93 29 15 3.35 - 

2 nfvPPA - F 67 16 88 28 13 2.19 - 

3 nfvPPA Aβ-ve (CSF) F 62 11 90 27 15 1.92 + 

4 nfvPPA - F 84 11 85 30 11 5.39 + 

5 nfvPPA - F 81 10 78 28 15 0.16 - 

6 nfvPPA - F 74 10 40 16 7 -0.8 - 

7 nfvPPA GRN M 66 10 76 22 9 -0.2 - 

8 nfvPPA - F 77 11 86 30 13 0.34 + 

9 nfvPPA - M 74 11 87 30 10 1.47 + 

10 nfvPPA - F 70 11 71 25 6 5.39 - 

11 svPPA - M 77 16 45 22 11 -1.27 - 

12 svPPA - M 69 16 77 28 11 -1.54 - 

13 svPPA Aβ-ve (CSF) M 61 15 79 30 16 -0.4 - 

14 svPPA Aβ-ve (PiB) F 65 18 72 27 16 - - 

15 svPPA Aβ-ve (CSF) M 67 17 71 27 17 2.49 - 

16 svPPA Aβ-ve (CSF) M 65 13 68 27 13 5.39 - 

17 svPPA - M 72 13 63 25 12 1.26 - 

18 svPPA - F 63 10 59 26 14 0.7 - 

19 svPPA - M 69 18 85 30 14 2.19 - 

20 svPPA - M 63 10 61 27 8 -0.8 - 

21 svPPA - M 72 9 9 3 0 -0.59 - 

22 bvFTD - F 63 12 79 29 11 -3.09 - 

23 bvFTD - M 61 11 47 15 5 -2.18 - 

24 bvFTD MAPT F 50 16 43 21 9 -3.8 - 

25 bvFTD - M 75 16 68 21 6 -0.4 + 

26 bvFTD MAPT F 70 16 38 14 7 -3.09 - 

27 bvFTD - F 67 11 71 28 8 -0.8 - 

28 bvFTD - M 51 14 81 29 11 -2.58 - 

29 bvFTD C9orf72 M 56 10 53 25 6 -1.03 + 

30 bvFTD C9orf72 F 51 10 41 16 7 -3.8 - 

31 bvFTD C9orf72 M 58 9 46 17 5 -3.8 - 

 

Table 2: Demographics, neuropsychological testing, genetic/amyloid status and motor phenotype for each disease 

participant.  Aβ-ve: negative tests for beta-amyloid by cerebrospinal fluid biomarkers (CSF) or Pittsburgh compound 

B PET scan. MAPT: microtubule associated protein tau. 

 

 

 

 

 

 

 

 

 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/


Group Number M:F Mean 

age 

Education 

years 

ACE-R 

/100 

MMSE 

/30 

FAB 

/18 

FTDRS_Logit FTDRS_Percent 

/100 

nfvPPA 10 3:7 71 12 79 27 11 1.92 71.7 

svPPA 11 9:2 68 14 63 25 12 0.74 52.8 

bvFTD 10 5:5 60 13 57 22 8 -2.46 17.4 

Tau 

controls 

14 7:7 67 16 95 29 -- -- -- 

PK 

controls 

15 7:8 69 14 92 29 -- -- -- 

  b a, d a, b, d a, b, c, d a, d 

 

Table 1: Summary demographics and neuropsychometry: a=F test significant p<0.05 across all groups, b=p<0.05 

significant pairwise comparison nfvPPA vs combined control group, c=p<0.05 significant pairwise comparison svPPA 

vs combined control group, d=p<0.05 significant pairwise comparison bvFTD vs combined control group.  Pairwise 

comparisons are by t-test for each demographic except sex comparison by Chi-squared. 

 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/525642doi: bioRxiv preprint 

https://doi.org/10.1101/525642
http://creativecommons.org/licenses/by-nc/4.0/

