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Abstract

Introduction: Imaging studies indicated basal forebrain reduction in primary progres-

sive aphasia (PPA), which might be a candidate marker for cholinergic treatment.

Nucleus basalis of Meynert (nbM) neuronal loss has been reported, but a systematic

quantitative neuropathological assessment including the three clinical PPA variants is

lacking.

Methods:Quantitative assessment of neuronal density and pathology was performed

on nbM tissue of 47 cases: 15 PPA, constituting the different clinicopathological

phenotypes, 14 Alzheimer’s disease (AD), and 18 cognitively normals.

Results: Group-wise, reduced nbM neuronal density was restricted to AD. At the

individual level, semantic variant PPA with underlying AD neuropathological change

(ADNC) had lower neuronal densities, while those with frontotemporal lobar degen-

eration (FTLD) transactive response DNA binding protein 43 kDa (TDP-43) type C

pathology were unaffected. Higher Braak stages and increased numbers of nbM-

related pretangles were associated with nbMneuronal loss.

Discussion: nbM neuronal loss in PPA is related to ADNC. This study cautions against

overinterpretingMRI-based basal forebrain volumes in non-AD PPA as neuronal loss.
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1 INTRODUCTION

Primary progressive aphasia (PPA) is a rare language-based neurolog-

ical syndrome, with a prevalence of ∼ 10/100,000.1 PPA is typically

characterized by atrophy in perisylvian language areas on magnetic

resonance imaging (MRI),2 with a characteristic pattern for each clin-

ical variant, i.e., semantic variant (svPPA), nonfluent variant (nfvPPA),

and a logopenic variant (lvPPA).2,3 In addition, disease-specific vulnera-

bility of language areas,MRI-based volume loss has also been reported

in the basal forebrain (BF).4,5 This may suggest that a subset of PPA

patients might potentially be eligible for cholinergic treatment. After

the initial publication on BF atrophy in PPA,4 several independent in

vivo neuroimaging studies have reproduced the finding of BF volume

loss on MRI, both in svPPA as well as in nfvPPA.5–7 We showed that

BF volume loss in svPPA on MRI was, however, not associated with

cholinergic depletion as measured with the cholinergic marker [11C]-

PMP.7 This is an important factor as the integrity of the BF and its

largest part, the nucleus basalis of Meynert (nbM), is responsible for

cholinergic innervation of the brain.8,9 Known vulnerability of the nbM

to Alzheimer’s disease neuropathological changes (ADNC) has con-

sistently been reported.10–13 This vulnerability is suggested to occur

also in PPA patients with ADNC.14 A single study which stratified PPA

patients based on pathological diagnosis (PPA-ADNC) versus PPAwith

frontotemporal lobar degeneration (FTLD) applied a qualitative and

semi-quantitative assessment of neuronal loss andpathology.Quantifi-

cation in a subset of these cases suggested thatBF cholinergic neuronal

and axonal loss wasmost prominent in PPAwith ADNC.15

The primary objective of this post mortem study was to quan-

titively assess the association between nbM neuronal loss and a

range of pathological lesions (i.e., hyperphosphorylated tau (p-tau),

phosphorylated transactive response DNA binding protein 43 kDa

(pTDP-43), granulovacuolar degeneration (GVD),16 neuritic plaques,

amyloid phase, and Braak Lewy body disease (LBD) pathology stage)

across the three clinical variants of PPA (svPPA, nfvPPA, and lvPPA), as

well as in AD patients and cognitively normal cases. A second objective

was to assess whether neuronal loss in the nbM differs depending on

underlying pathological diagnosis, independent from clinical diagnosis.

2 METHODS

2.1 Study subjects

Human brain tissue of svPPA, nfvPPA, lvPPA, typical Alzheimer’s dis-

ease (AD) and normals was obtained from the University Hospitals

Leuven (UZ)/KU Leuven Brain BioBank, hosted at UZ Leuven (Leuven,

Belgium) as well as from Germany (Ulm, Bonn and Offenbach) (Suppl.

Material). Tissue of all cases was collected with a median post mortem

interval of 24 h (range: 4 to 120 h) (Table 1).

2.2 Neuropathological diagnosis of cases

Braak neurofibrillary tangle (NFT) stages,17 amyloid-β (Aβ) phases,18

medial temporal lobe amyloid-β phases (Aβ-MTL),19 neuritic plaque

RESEARCH INCONTEXT

1. Systematic Review: Basal forebrain reduction has been

reported in primary progressive aphasia (PPA) based on

magnetic resonance imaging (MRI). Neuropathologically,

neuronal loss in the nucleus basalis ofMeynert (nbM) has

been reported inPPA.However, a systematic quantitative

assessment in the three clinical variants of PPA, as well as

the relation to other neuropathological lesions is lacking.

2. Interpretation: Semantic variant PPA cases with under-

lying Alzheimer’s disease (AD) had lower nbM neuronal

densities, while no reduction was observed for patients

with transactive response DNA binding protein 43 kDa

(TDP-43) type C pathology. Increased Braak stage was

associated with nbM neuronal loss. Within the nbM,

neuronal loss was associated with the number of ptau-

positive pretangles.

3. Future Directions: Neuronal loss in the nbM in PPA is

related to AD-pathology. These findings caution against

interpretingMRI-based basal forebrain reduction of non-

AD PPA in terms of neuronal loss.

scores (Consortium to Establish a Registry for Alzheimer’s disease

[CERAD]),20,21 FTLD-tau: corticobasal degeneration (CBD),22 pro-

gressive supranuclear palsy (PSP),23 Braak LBD stage24 were deter-

mined by a board-certified neuropathologist (D.R.T.) (Suppl. Material)

(Table 1). Five different FTLD-TDP subtypes have been described (A-E)

that differ in lesion morphology25–27 (see Suppl. Material). FTLD-TDP

typeCconsists of longdystrophic neurites (DN)with very fewneuronal

cytoplasmic inclusions (NCI),mainly in cortical layer II and is associated

with the clinical syndrome of svPPA.25,26

2.3 Immunohistochemistry of the nbM

Sampling of the nbM was performed systematically at the poste-

rior/caudal level according to published nomenclature ofMesulam and

Geula (1988) and anatomical assessment criteria of Liu et al. 20158,28

(Figure 1A) (Suppl. Material). The immunohistochemical staining pro-

cedure for pTDP43andp-tauwas performed as previously published29

(Suppl. Material).

2.4 Quantitative analysis of neuronal density and
pathology within the nbM

For quantification of neuronal density in the nbM, all neurons visu-

alized on hematoxylin-stained sections were included, of which 90%

is identified as magnocellular cholinergic neurons.30 Immuno-labelled

sections were microscopically analyzed for each staining (i.e., p-

tau and pTDP-43 with hematoxylin counterstaining) in regions with

abundant pathology using a Leica DM2000 LED microscope. Images
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1442 SCHAEVERBEKE ET AL.

TABLE 1 Clinicopathological characteristics

Case nr

Clinical

diagnosis Pathology Age Sex PMI Aβ phase
Aβ phase
MTL

Braak NFT

stage CERAD PART

Braak LBD

stage CDR

1 svPPA ADTDP– 71 M - 5 4 6 2 0 0 2

2 svPPA ADTDP– 69 M 24 5 4 6 2 0 4 1

3 svPPA pTDP-43 type C 79 M 24 0 0 1 0 2 0 3

4 svPPA pTDP-43 type C 62 F 24 0 0 0 0 0 0 3

5 svPPA pTDP-43 type C 81 F 24 2 2 2 0 0 0 2

6 svPPA ADTDP+ 82 M 24 4 2 4 2 0 0 3

7 svPPA pTDP-43 type C 69 F 24 0 0 1 0 2 0 2

8 nfvPPA CBD 85 F 24 0 0 2 0 2 6 3

9 nfvPPA CBD 76 M 24 2 3 3 1 0 0 3

10 nfvPPA PSP 63 M 12 3 3 2 0 0 0 3

11 nfvPPA CBD 71 M 24 3 2 1 1 0 0 1

12 nfvPPA CBD 86 M 24 0 0 2 0 2 0 3

13 nfvPPA PSP 78 F 48 3 4 2 0 0 0 3

14 lvPPA ADTDP– 71 M 24 5 - 4 3 0 ALB -

15 lvPPA ADTDP– 83 F 24 5 4 5 2 0 6 3

16 symptomatic AD ADTDP+ 57 M 12 5 4 6 3 0 0 3

17 symptomatic AD ADTDP+ 87 M 12 5 4 6 2 0 0 2

18 symptomatic AD ADTDP+ 86 M 9 5 4 5 3 0 0 2

19 symptomatic AD ADTDP+ 55 F 24 5 4 6 3 0 0 3

20 symptomatic AD ADNC 82 M 12 4 3 2 1 0 0 3

21 symptomatic AD ADTDP+ 71 F 24 5 4 6 2 0 1 3

22 symptomatic AD ADTDP+ 71 M 12 5 4 5 3 0 0 3

23 symptomatic AD ADTDP+ 74 F 72 5 4 6 2 0 0 -

24 symptomatic AD ADTDP+ 74 M 72 5 4 6 2 0 1 2

25 symptomatic AD ADTDP+ 64 M 24 5 4 6 3 0 0 1

26 symptomatic AD ADTDP+ 86 F 24 5 4 4 2 0 0 2

27 symptomatic AD ADTDP– 79 F 48 4 3 4 2 0 0 -

28 symptomatic AD ADTDP+ 76 M - - 4 6 3 0 0 -

29 symptomatic AD ADTDP– 72 F 12 5 4 4 2 0 0 1

30 normal non-ND 78 M 24 0 0 2 0 2 2 0

31 normal non-ND 54 M 24 0 0 1 0 2 0 0

32 normal non-ND 68 M 4 0 0 1 0 2 0 0

33 normal non-ND 67 M 24 0 0 1 0 2 0 0

34 normal non-ND 63 F - 0 0 1 0 2 0

35 normal non-ND 70 F 120 0 0 1 0 2 0 0

36 normal non-ND 51 F - 0 0 1 0 2 0 0

37 normal non-ND 66 M - 0 0 1 0 2 0 0

38 normal non-ND 63 M - 0 0 1 0

39 normal non-ND 56 F - 0 0 1 0 2 0 0

40 normal non-ND 58 F - 0 0 1 0 2 0 0

41 normal non-ND 67 F - 0 0 1 0 1 0 0

42 normal non-ND 53 F - 0 0 1 0 2 0 0

43 normal non-ND 61 M 24 0 0 0 0 0 1 0

44 normal non-ND 69 F 24 0 0 0 0 0 0 0

(Continues)
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SCHAEVERBEKE ET AL. 1443

TABLE 1 (Continued)

Case nr

Clinical

diagnosis Pathology Age Sex PMI Aβ phase
Aβ phase
MTL

Braak NFT

stage CERAD PART

Braak LBD

stage CDR

45 normal non-ND 74 M 72 0 0 0 0 0 0 0

46 normal non-ND 55 M 96 0 0 0 0 0 0 0

47 normal non-ND 35 M 72 0 0 0 0 0 0 0

48 bvFTD pTDP-43 type C 72 F 24 4 4 3 1 0 1 3

49 atypical AD ADNC, pTDP-43

type C

85 M 48 5 4 5 2 0 0 2

Age is age at death in years. Abbreviations: Aβ phase, amyloid-β phase; note that in Aβ phase 3 the nbM contains amyloid-β pathology; ADNC, Alzheimer’s

disease neuropathological change; AD, clinically diagnosed Alzheimer’s disease; ADTDP+ , Alzheimer’s disease neuropathological changes with concomitant

TDP-43pathology; ADTDP–, Alzheimer’s disease neuropathological changeswithout concomitant TDP-43pathology; ALB, amygdala-predominant Lewybody

pathology; Braak LBD stage, Braak Lewy body disease pathology stage (range 0-6): stage 4 corresponds to LBD pathology in the nucleus basalis of Meynert;

Braak NFT stage, Braak neurofibrillary tangles stage (range 0-6): in Braak stage 1, a few NFTs might occur in the nbM; CDR, clinical dementia rating scale

(range 0-3): no dementia (CDR= 0), questionable dementia (CDR= 0.5), mild cognitive impairment (MCI) (CDR= 1), moderate cognitive impairment (CDR=

2), and severe cognitive impairment (CDR = 3); CERAD, consortium to establish a registry for AD, as index for neuritic plaque pathology; CBD, corticobasal

degeneration; bvFTD, behavioral variant frontotemporal dementia; pTDP-43 type C, transactive responseDNA-binding protein of 43 kDa;MTL, medial tem-

poral lobe; non-ND, non-neurodegenerative etiology; PMI, post mortem interval (hours); PART, primary age-related tauopathy (0-no PART, 1-possible PART

(Aß phaseMTL=1 or 2, BraakNFT stage>0), 2-definite PART (AßphaseMTL=0, BraakNFT stage>0); PSP, progressive supranuclear palsy; lvPPA, logopenic

variant primary progressive aphasia; nfvPPA, nonfluent variant primary progressive aphasia; svPPA, semantic variant primary progressive aphasia; F, female;

M, male.

(0.615 × 0.462mm) were taken with a Leica DFC7000 T camera (Leica

Microsystems), at 200xmagnification. Image analysiswas digitally per-

formed using Fiji ImageJ software version 1.53e (National Institutes of

Health) (See Suppl. Materials for quantification details). Neuronal den-

sity was expressed as cells per mm2 by dividing the absolute count by

the area of themicroscopic field. The average of each variablewas used

for statistical analyses. For pTDP-43 immunoreactivity, the following

lesions were counted: NCIs and DNs. No neuronal intranuclear inclu-

sions (NII) were observed. pTDP-43 staining additionally allowed to

visualize GVD. GVD consists of small granular inclusions in the cyto-

plasm, considered to contain the necrosome complex, and is typically

associated with ADNC.16 For p-tau immunoreactivity, NFTs, pretan-

gles, andDNswere counted separately permicroscopic field. Neuronal

cytoplasmic tau immunoreactivity without apparent formation of fib-

rillary structures were counted as pretangles.31 When DNs were

numerous, we applied an arbitrary cutoff of 50 DNs. All pathological

lesions, except DNs, were expressed as percentage immune-positive

signal per total neurons.

2.5 Statistical analyses

All standard statistical analyses were conducted with R version

4.1.2 (2021-11-01). Normality was assessed using Schapiro-Wilk and

outliers were assessed with the Grubb’s test. Analysis of variance

(ANOVA) and chi squared tests were used to respectively assess age

and sex differences between clinical groups. Linear regression analy-

ses across all cases investigated the effect of demographic variables on

nbM neuronal density (α< 0.05).

As primary statistical analysis, group-wise differences of nbM neu-

ronal density between clinical diagnosis (svPPA, nfvPPA, lvPPA, AD,

and cognitively normals) were assessed using Kruskal-Wallis analysis

of variance. Post hoc Dunn test was applied for which p-values were

Bonferroni corrected for the number of comparisons. Single case t

statistics for each patient were calculated in Matlab R2014b using an

in-house script comparing nbM neuronal densities against cognitively

normals (n = 17, excluding one outlier)[32]. This procedure has been

applied previously.7,33 The t-score cutoff of -1.74 corresponded to an

uncorrected p-value of 0.05 and reflects nbM neuronal loss.

As secondary statistical analysis, nbM neuronal density was

assessedbetweenpathological groups (AD,ADTDP+ , CBD,PSP, TDP-43

type C, and non-neurodegenerative etiology [non-ND]) using Kruskal-

Wallis and post hoc Dunn (Bonferroni corrected). Analyses were

repeatedwhile excluding groups withN< 3.

The associationbetweendifferent clinicopathologicalmeasures and

nbM neuronal density was assessed using Spearman correlation (nbM

neuronal density was not normally distributed) across the total patient

group (n = 29) using the R package ‘corrplot’ (https://github.com/

taiyun/corrplot). P values were two-tailed and uncorrected at α< 0.05.

In a subsequent analysis, variables that significantly correlatedwith

nbM neuronal density were entered as predictors in repeated k-fold

cross-validated support vector machine regression models using the

R package caret (http://topepo.github.io/caret/index.html)34 (n = 28

patients, excluding one case with missing amyloid phase). The param-

eter k, to randomly split the dataset, was set at 10 with three repeats.

Predictor variables were added stepwise, according to the strength of

the Spearman correlation. A good model was defined as decreasing

root mean squared error (RMSE) and increased R-squared as indicator

of variance of themodel explained, compared to the previous model.

To verify whether the same pattern was present within the PPA

group (n=15), Kruskal-Walliswith post hocDunnandSpearmancorre-

lationswere calculated for each significant predictor variable obtained

through the regressionmodels and its effect on nbMneuronal density.

Additionally, the R package for multi-model inference (https://cran.

r-project.org/web/packages/MuMIn/index.html) was applied (n = 28

patients) to make inferences about the various predictors of nbM

neuronal loss across all possible models, that is, taking their relative
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F IGURE 1 Nucleus basalis ofMeynert. (A) General overview of sampling position in the brain and corresponding coronal level. The black
rectangular shape denotes the location of where the nbM tissue block was sampled (nbM in red). A lowmagnification coronal section stained with
hematoxylin and eosin (H&E) is shown at the level of the posterior nbM from a svPPA case with preserved nbMneuronal density (case 3, Table 1).
The rectangular inset on H&E indicates the level of quantification, magnified in the inset, in relation to other brain structures: amy, amygdala; ins,
insular cortex; GP, globus pallidus; nbM, nucleus basalis ofMeynert. (B) Local pathology within the nucleus basalis ofMeynert in representative
cases. p-tau and pTDP-43 immunohistochemistry. Control refers to normal case 31; AD, clinical AD case 19with underlying ADTDP+; svPPA,
semantic variant primary progressive aphasia case 7; nfvPPA, nonfluent variant primary progressive aphasia case 12; lvPPA, logopenic variant
primary progressive aphasia case 15 (case numbers correspond to Table 1). Scale bars represent 50 µm

weights into consideration, as opposed to a single best model. This

package uses an automatic approach based on the Akaike information

criterion as well as the Akaike weight for a particular model, which can

be regarded as the probability that the model is the best model across

all possible models.35

All plots were designed in R ggplot2 using R studio v2021, pic-

tures were modified for color balance using CorelPhotopaint (Corel

Graphics, Ottawa, Canada).

3 RESULTS

Clinicopathological cohort characteristics are shown inTable 1. Clinical

groups significantly differed in age (F(4,42) = 5.25, p = 0.0016), with

cognitively normals being younger than nfvPPA (padj = 0.015) and AD

patients (padj = 0.0067). No differences were present for sex (Chi2 =

0.28, p= 0.99). Regression analysis showed that nbM neuronal density

was not significantly associated with age (β = -0.63, p = 0.32) (Figure

S1A), nor with sex (β = -15.4, p = 0.28). There was no effect of nbM

neuronal density on clinical dementia rating scores (CDR) (p = 0.85)

(Figure S1B).

3.1 nbM neuronal density across clinical groups

The level of the nbM sampling and nbM neurons of representative

cases are both shown in Figure 1.
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SCHAEVERBEKE ET AL. 1445

F IGURE 2 nbMneuronal density according to clinical diagnosis. Neuronal counts in a total of n= 47 subjects (n= number per group) are
expressed per quantified area (mm2). Colors denote the underlying neuropathological diagnosis. (A) Group-wise Kruskall-Wallis statistics with
post hocDunn tests at α= 0.05 Bonferroni corrected. (B) Single case Crawford based T scores for clinical diagnosis with associated
neuropathological diagnosis. The last two rows: ADTDP- and ADTDP+ are clinically typical AD patients. The dashed vertical line denotes the t-score
cutoff of -1.74, corresponding to a p-value of 0.05. AD, clinically diagnosed Alzheimer’s disease; ADTDP+, Alzheimer’s disease neuropathological
changes with concomitant TDP-43 pathology; ADTDP–, Alzheimer’s disease neuropathological changes without concomitant TDP-43 pathology;
CBD, corticobasal degeneration; lvPPA, logopenic variant primary progressive aphasia; nfvPPA, nonfluent variant primary progressive aphasia;
non-ND, non-neurodegenerative etiology; PSP, progressive supranuclear palsy; svPPA, semantic variant primary progressive aphasia; pTDP-43
type C, transactive response DNA-binding protein of 43 kDa type C

Group-wise statistical analysis of nbMneuronal density indicatedan

overall significant effect (KW Chi2 = 9.55; p = 0.0488). Post hoc test-

ing demonstrated that only AD patients had reduced nbM neuronal

density compared to cognitively normals (pcorr. = 0.0487) (Figure 2A).

NfvPPA and svPPA did not differ compared to cognitively normals on

nbMneuronal density at the group-level (Figure 2A). No other pairwise

comparisons reached significance (pcorr. > 0.89). Similar results were

obtained when removing lvPPA.

Single case t statistics revealed that within the svPPA group, cases

with ADNC, without TDP-43 copathology, had significantly lower nbM

neuronal density (Figure 2B) (svPPA-ADTDP–: t = -2.07, p = 0.027; t =

-2.28, p= 0.018), while svPPA-ADTDP+ was situated around the signif-

icance threshold of t = -1.74 (t = -1.63, p = 0.062) (Figure 2B). This

contrasts with the four svPPA-FTLD-TDP type C cases, who demon-

strated preserved nbM neuronal densities (Figure 2B). All six nfvPPA

cases, regardless of CBD or PSP pathology, had a relatively preserved

nbM (Figure2B). The two lvPPAcases,whobothhadADNC, showedno

significantly reducednbMneuronal density (Figure2B).Of thepatients

with a clinical diagnosis of AD, five out of 14 (36%), all ADTDP+, had

significantly lower nbM neuronal densities (Figure 2B).

3.2 nbM neuronal density across pathological
groups

Group-wise statistical analysis showed an overall significant effect of

neuropathological group on nbM neuronal loss (KW Chi2 = 16.7; p =

0.005). Post hoc testing indicated that cases with ADTDP+ had lower

nbM neuronal densities compared to non-ND normals (pcorr. = 0.038),

and compared to FTLD-TDP type C (pcorr. = 0.019) (Figure 3). No other

group comparisons reached significance (pcorr.>0.32). Similar results

were obtainedwithout PSP.

3.3 Spearman correlations between variables of
interest

A correlationmatrix was determined at Puncorr < 0.05 between the dif-

ferent variables of interest (Figure S2). Lower nbM neuronal density

was significantly associated with higher Braak NFT stage, higher amy-

loid phase, increased neuritic plaque load and higher Braak LBD stage.

Within the nbM, the correlationwith p-tau+DNswas no longer signifi-

cant whenDNs>50were removed (Figure S2). Reduced nbMneuronal

density was associated with increased levels of p-tau+ pretangle con-

taining nbM neurons (Figure 4). No correlation was found with p-tau+

NFTs. The latter also correlated significantly with BraakNFT stage and

amyloid phases. No effects were seen for any of the quantified pTDP-

43 lesions (NCIs andDN), nor ofGVDonnbMneuronal loss (Figure S2).

Similar associationswere foundwithin the groupofPPApatients, albeit

with reduced significance.

3.4 Support vector machine regression analysis of
pathological burden on nbM neuronal density

In a next step, variables that were significantly associated with neu-

ronal density were entered in a support vector machine regression

as predictors for nbM neuronal density. Considering pathology within

the nbM, 62% of the variance in nbM neuronal density was predicted

by p-tau+ pretangle containing neurons (β = -0.97, p = 0.017; (F(1,26)

= 6.52, p = 0.017)). This pattern was also confirmed within the PPA

group. 76.3% of the variance in nbM neuronal density was explained

by Braak NFT stage (β = -16.1, p < 0.001; model (F(1,26) = 33.5, p <

0.001)). Addition of amyloid phase did not improve the prediction of

nbM neuronal loss, as the variance only slightly increased to 77.9%,

while the error term RMSE increased from 27.3 to 28.1. Addition
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1446 SCHAEVERBEKE ET AL.

F IGURE 3 nbMneuronal density according to underlying pathological diagnosis. Neuronal counts in a total of n= 49 subjects are expressed
per quantified area (mm2). Colors denote the underlying clinical diagnosis. AD, clinically diagnosed Alzheimer’s disease; ADTDP+, Alzheimer’s
disease neuropathological changes with concomitant TDP-43 pathology; ADTDP–, Alzheimer’s disease neuropathological changes without
concomitant TDP-43 pathology; CBD, corticobasal degeneration; bvFTD, behavioral variant frontotemporal dementia; lvPPA, logopenic variant
primary progressive aphasia; nfvPPA, nonfluent variant primary progressive aphasia; non-ND, non-neurodegenerative etiology; PSP, progressive
supranuclear palsy; svPPA, semantic variant primary progressive aphasia; pTDP-43 type C, transactive response DNA-binding protein of 43 kDa
type C. Kruskall-Wallis statistics with post hoc Dunn tests at α= 0.05 Bonferroni corrected

F IGURE 4 Correlation plot for the association between p-tau+ pretangle containing neurons and nbMneuronal density. Data are shown
across pooled patient groups, excluding cognitively normal cases (total n= 29). The R value corresponds to the Spearman correlation coefficient, p
uncorrected. NFTs were not considered. AD, clinically diagnosed Alzheimer’s disease; ADTDP+, Alzheimer’s disease neuropathological changes
with concomitant TDP-43 pathology; ADTDP–, Alzheimer’s disease neuropathological changes without concomitant TDP-43 pathology; CBD,
corticobasal degeneration; lvPPA, logopenic variant primary progressive aphasia; nfvPPA, nonfluent variant primary progressive aphasia; PSP,
progressive supranuclear palsy; svPPA, semantic variant primary progressive aphasia

of neuritic plaque scores to the model containing Braak NFT stage,

improved the variance slightly from 76.3% to 77.1%, but the error

increased to 27.8. This pattern was confirmed within the PPA group,

for which patients who had significantly lower neuronal densities

showed a higher amyloid phase (KW Chi2 = 9.89; p = 0.042) and a

higher neuritic plaque score (KWChi2 =8.07; p=0.045) (Figure 5A, B),

while a nearly significant effectwas observed for BraakNFT stage (KW

Chi2 = 11.8; p= 0.067) (Figure 5C). Addition of Braak LBD stage to the

model containingBraakNFT stage and fitted across all patients, did not

improve model statistics. Within PPA patients, cases with lower nbM

neuronal densities did not show increased LBD pathology. However,

the svPPA-AD case (case 2) with Braak LBD stage 4 had reduced nbM

neuronal density. Both lvPPA cases showed LBD pathology in nbM

(Table 1).

3.5 Multi-model inference for nbM neuronal
density

Adata-drivenmulti-model inference approachwithnbMneuronal den-

sity as outcomeparameter, confirmed the relatively high importance of

Braak NFT stage based on the sum of the weights/probabilities for the

models in which Braak NFT stage appeared (cumulative Akaike weight

= 0.82) (Figure S3).

4 DISCUSSION

The current findings demonstrate that nbM neuronal loss is present in

svPPA patients with ADNC, but not in cases with FTLD-TDP type C.
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SCHAEVERBEKE ET AL. 1447

F IGURE 5 Lower nbM neuronal density in PPA is associated with increased AD pathology. (A) Amyloid phase according to Thal et al. 2002,18

(B) CERAD neuritic plaque score, (C) Braak NFT stage. CERAD, consortium to establish a registry for AD; NFT, neurofibrillary tangles.
Kruskall-Wallis statistics with post hoc Dunn tests at α= 0.05 Bonferroni corrected. Total n= 15

Overall, increased Braak NFT stage and nbM pretangles were associ-

atedwith nbMneuronal loss. No significant correlationwas foundwith

NFTs in our sample.

4.1 Selective vulnerability of the nbM to ADNC

This study quantitively assessed nbM neuronal loss as well as a range

of pathologies in the three clinical PPA variants. Single case statis-

tics demonstrated that in particular svPPA cases with ADNC had

lower nbM neuronal densities, while svPPA FTLD-TDP type C had

preserved neuronal densities. Selective vulnerability of the nbM to

ADNC in cases clinically diagnosed with PPA has previously been sug-

gested by two post mortem studies.14,15 The study of Mesulam applied

a semi-quantitative analysis in PPA pathological subtypes: 11 out of

14 (80%) PPA-ADNC cases showed moderate to severe nbM neu-

ronal loss.15 Additional quantitative assessment in a small subset of

PPA-ADNC cases (n = 5), revealed substantial loss of nbM-Ch4 neu-

rons and visually increased nbMNFTs compared to cognitively normal

cases. Interestingly, in PPAwith a non-ADdiagnosis, only 10%of FTLD-

TDP type C cases had nbM neuronal loss.15 This low percentage is

in line with our findings, albeit none of the FTLD type C patients

here had nbM neuronal loss, nor did we obtain a significant associa-

tion between quantified nbM TDP burden and neuronal density. This

suggests that the nbM is less vulnerable to TDP-43 type C than to

ADNC.

A strength of the current study is the quantitative assessment

of multiple neuropathologies in each case, which enabled to per-

form advanced statistical analyses across all patients: Support vector

machine regression indicated a strong association between higher

Braak NFT stage, CERAD neuritic plaque scores, and pretangles on

nbM neuronal density. Multi-model inference confirmed that Braak

NFT stage explained most of the variance in nbM neuronal density.

Interestingly, increased Braak NFT stage also correlated with pretan-

gles within the nbM. Pretangles are considered a less mature stage

of NFTs, which will eventually evolve to mature NFTs and ultimately

result in neuronal loss.31 A study in AD showed that the number of

tau-positive cells, rather than NFT burden, was associated with nbM

neuronal loss.36 Co-occurrence of hyperphosporylated tau aggregates

within the nbM together with increasing Braak NFT stage has previ-

ously been reported in AD.13 We now demonstrate that this effect is

not specific to clinical AD but also occurs in PPA.

For lvPPA, despite both cases presenting with underlying ADNC,

no statistically significant reduction in nbM neuronal density could be

observed, possibly due to the low sample size. Interestingly, both lvPPA

cases additionally showed nbM LBD pathology. The presence of sec-

ondary LBD pathology has been shown previously in 18% of lvPPA

cases.37 Variability within a disease might account for the broad range

of nbM neuronal densities as observed in the AD group, with only 36%

of cases showing nbM neuronal loss. Heterogeneity at the level of dis-

ease phenotype and disease stage might be an explanation for this

variabilitywithinADNC.36,38,39 Importantly, our study shows that nbM

cell loss can also occur in non-amnestic presentations of AD, similar to

previous findings in atypical AD cases.40,41

We show here that AD cases with comorbid TDP-43 had more

severe neuronal loss in the nbM than FTLD-TDP type C cases. It has

been shown before that up to 70% of cases with neuropathologically

confirmedAD can show comorbid TDP-43 pathology.42–44 This type of

TDP-43 pathology mainly consists of NCIs and NFT-like material45,46

and is sometimes referred to as limbic-predominant age-related TDP-

43 encephalopathy (LATE-NC).47 Interestingly, TDP-43 comorbid with

AD is associated with more severe neuronal loss in the hippocampal

sector CA1 and/or subiculum48 and with increased rates of hippocam-

pal atrophy.49 Previous studies showed co-existence of TDP-43 and

p-tau NFTs within the same neurons in AD.45,50–52 Our group has

recently shown evidence that TDP-43 physically interacts with p-tau

in NFT-like lesions of ADTDP+ cases,53 suggesting a synergy between

these proteins, which might accelerate neuronal cell death.54,55 The

presence of TDP-43 inADhas been shown to enhance tau-related neu-

rotoxicity, both dependent and independent of Aβ, as seen in in vitro

and in vivo studies.54,56,57 In FTLD-TDP type C, fibril formation is rela-

tively slow, explaining the longer disease duration seen in this subtype

compared to, for example, FTLD-TDP type A and B.58 FTLD-TDP type

C is eventually suggested to be neurotoxic due to disorganization of

nuclear envelope proteins.58 These observations might help explain

our differential findings of nbM selective vulnerability and its biologi-

cal meaning for p-tau pathology with comorbid TDP-43 lesions versus

FTLD-TDP type C.

 15525279, 2023, 4, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.12794 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [25/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1448 SCHAEVERBEKE ET AL.

4.2 nbM: translatability to clinical MRI findings

A strength of the current study is that stratificationwas done based on

both clinical diagnosis as well as pathological diagnosis, which allowed

to translate the current results to previously published MRI-based BF

volume findings.4–7 Using in vivo MRI, BF volume was reduced at the

group-level in svPPA and nfvPPA,4–6 while the sample size for lvPPA in

these previous studies was rather low to derive robust conclusions.5

One in vivo MRI study, which included information on pathological

diagnosis in a subset of cases, showed that patients with FTLD-TDP

type C had an 8% smaller in vivo MRI-based BF volume compared to

controls.6 One svPPA-FTLD-TDP case included in our clinical in vivo

MRI study of the BF had a reduction in BF volume in vivo,7 but had

preserved posterior nbM neuronal density (case 4; Table 1). The MRI-

based BF volume contains the entire BF, that is, anterior and posterior

sections, and includes the nbM (Ch4), as well as the septal nuclei (Ch1-

2) and thediagonal bandofBroca (Ch3).4,7 This differs from the current

study, for which neuronal loss was quantified only in posterior nbM.We

hypothesize that the observed MRI-based estimate of BF volume loss

might be due to intrinsic degenerative phenomena, from both neurons

as well as glial cells.59

4.3 Implications for cholinergic treatment

From a clinical perspective, neuronal loss in the nbM might provide a

rational basis for cholinomimetic therapeutic intervention given that

90% of neurons are cholinergic projection neurons.8 As of yet, regula-

tory approval of cholinomimetic drugs has been granted for amnestic

AD.60 In general, this study together with our previous findings7

does not provide direct support for the use of cholinomimetics in

svPPA without AD biomarker assessment. AChE activity appears to

be already naturally increased in the svPPA subtype compared to con-

trols based on [11C]-PMP PET.7 Cholinomimetics may be considered

off-label in clinical practice for PPA patients who are amyloid-positive

as suggested previously.15 A limited number of studies shows that

the use of cholinomimetics leads to a stabilization of language and/or

behavioral function,61,62 even though no stratification based on AD

biomarker status was applied in these studies. Future studies on

cholinergic treatment in PPA should take AD biomarker status into

account.

5 LIMITATIONS

One limitation of the current study is the semiquantitative assessment

of neuronal densities. A stereological quantification method would

have been able to provide an estimate of the total number of neurons

in the nbM. Since only diagnostic routine tissue blocks from posterior

nbM were available, stereology could not be applied. However, deter-

mination of neuronal density is a previously validated method, which

has also been used by, for example, Hanna Al-Shaikh et al. 2020.40

To avoid rater-related bias in our study, the neuronal densities were

determined by two independent and blinded raters, based on 2-4

pictures of two serial sections, sampled from the same tissue block.

A second limitation is the relatively low sample size, due to the low

prevalence of PPA.1 As group-wise statistical analyses in small samples

often lack power to detect effects, we applied single case statistics to

investigate our data, which is common practice in neuropsychology.32

A third limitation is that we could investigate only the left hemisphere.

Accordingly, we could not take the previously reported leftward

hemispheric asymmetry of nbM neuronal loss in PPA15 into account

by comparing nbM of left and right hemispheres. While we assessed

the impact of AD and FTLD-related tauopathy as well as FTLD-TDP

type C on nbM neuronal density, other pathologies associated with

PPA variants (e.g., Pick’s disease and FTLD-TDP type A and B) were not

studied here. A final limitation of this work is that a direct comparison

between MRI and post mortem histopathological assessment within

the same case was not possible, due to long clinical-diagnostic interval

prior to death. Future studies should aim at resolving these issues.

6 CONCLUSION

We assessed selective vulnerability of the nbM in PPA cases, con-

stituting the different clinicopathological phenotypes. Reduced nbM

neuronal density was observed in svPPA with ADNC, while those with

FTLD-TDP type Cwere unaffected. Higher Braak stages and increased

numbers of nbM-related pretangles were associated with nbM neu-

ronal loss, consistent with findings in AD63–65. Accordingly,MRI-based

BF volumes in non-AD PPA should be carefully interpreted towards

nbMneuronal loss. At least for FTLD-TDP typeC cases, other anatomi-

cal structures in or outside the respective BF region need to be studied

for their impact on local volume loss. For clinical practice, our results

suggest that the use of cholinesterase inhibitors may be useful only

in PPA cases with positive AD biomarkers, whereas in cases with

suspected TDP-43 pathology, its usemay be limited.
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