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Abstract

INTRODUCTION: Amyloid beta and tau pathology are the hallmarks of sporadic

Alzheimer’s disease (AD) and autosomal dominant AD (ADAD). However, Lewy body

pathology (LBP) is found in≈ 50% of AD and ADAD brains.

METHODS:Using an α-synuclein seed amplification assay (SAA) in cerebrospinal fluid

(CSF) from asymptomatic (n= 26) and symptomatic (n= 27) ADADmutation carriers,

including12with knownneuropathology,we investigated the timingof occurrence and

prevalence of SAA positive reactivity in ADAD in vivo.

RESULTS: No asymptomatic participant and only 11% (3/27) of the symptomatic

patients tested SAA positive. Neuropathology revealed LBP in 10/12 cases, primarily

affecting the amygdala or the olfactory areas. In the latter group, only the individual

with diffuse LBP reaching the neocortex showed α-synuclein seeding activity in CSF

in vivo.
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DISCUSSION: Results suggest that in ADAD LBP occurs later than AD pathology and

often as amygdala- or olfactory-predominant LBP, for which CSF α-synuclein SAA has

low sensitivity.

KEYWORDS

alpha-synuclein seed amplification assay, Dominantly Inherited Alzheimer Network, Lewy body
pathology, real-time quaking-induced conversion

Highlights

∙ Cerebrospinal fluid (CSF) real-time quaking-induced conversion (RT-QuIC) detects

misfolded α-synuclein in ≈ 10% of symptomatic autosomal dominant Alzheimer’s

disease (ADAD) patients.

∙ CSF RT-QuIC does not detect α-synuclein seeding activity in asymptomatic muta-

tion carriers.

∙ Lewy body pathology (LBP) in ADAD mainly occurs as olfactory only or amygdala-

predominant variants.

∙ LBP develops late in the disease course in ADAD.

∙ CSF α-synuclein RT-QuIC has low sensitivity for focal, low-burden LBP.

1 INTRODUCTION

Autosomal dominant Alzheimer’s disease (ADAD) is a rare form of

Alzheimer’s disease (AD) that arises from mutations in the genes

encoding presenilin 1 (PSEN1), presenilin 2 (PSEN2), or amyloid pre-

cursor protein (APP), all affecting APP processing.1 The hallmarks of

sporadic AD (sAD) and ADAD are the accumulation of extracellular

amyloid beta plaques and the aggregation of hyperphosphorylated tau

proteins inside neurons, leading to the progressive loss of synapses and

neurons.2 However, AD brains often exhibit co-pathologies, including

other abnormal protein aggregates, especially misfolded α-synuclein
(α-syn), forming intraneuronal Lewy bodies (LBs) and Lewy neurites.3

With increased frequency compared to age-matched non-AD individ-

uals, LB pathology (LBP) has been documented post mortem in 31% to

54% of sAD and 27% to 85% of ADAD patients’ brains, with significant

variability among studies.4–12

In AD brains, especially those with ADAD8 and early onset sAD, α-
syn immunoreactivity is often predominantly or exclusively detected

in the amygdala with limited associated accumulation in other limbic

areas and in the brainstem.4,6,7,11 These findings have been referred to

as the amygdala-predominant variant of LBP (Amg-LBP) inwhich α-syn
accumulation does not follow the typical pattern of topographic dis-

tribution associated with Parkinson’s disease (PD) and dementia with

Lewy bodies (DLB) described by the Braak staging.13 The strong link

with AD and the particular anatomical distribution suggest that Amg-

LBPmight occur secondarily toADpathology, the lattermodulating the

susceptibility of different brain regions to LBP.

Until recently, our knowledge of LBP in AD came from post mortem

studies. Consequently, the mechanisms underlying the connection

between AD and LB pathologies, the timing of α-syn accumulation, and

the specificities of α-syn–related pathology in ADAD compared to sAD

are poorly understood.

Thedevelopmentof seedamplificationassays (SAAs) ofmisfoldedα-
syn has recently provided a robust in vivo biomarker for LBP.14,15 SAAs

have demonstrated high specificity and sensitivity in detecting patho-

logical α-syn seeds in the cerebrospinal fluid (CSF) of patients with PD
and DLB, even during the prodromal (i.e., isolated rapid eye movement

sleep behavior disorder or mild cognitive impairment) or preclinical

stage.16–20

This study aimed to investigate the presence and timing of SAA

reactivity to detect LBP in ADAD in vivo. Initially, we investigated the

presence of LBP via SAA examinations of CSF in local cohorts of the

Dominantly Inherited Alzheimer Network (DIAN) in Germany, includ-

ing living asymptomatic and symptomatic ADAD patients as well as

healthy controls. Next, we tested the CSF of ADAD cases in a cohort

with post mortem semiquantitative assessment of LBP.

2 METHODS

2.1 Study participants

The first part of this study involved participants from Munich and

Tübingen DIAN study sites, including mutation non-carriers (n = 29),

asymptomatic (n = 26), and symptomatic (n = 15) mutation carri-

ers. Asymptomatic individuals were defined by having a global Clinical

Dementia Rating (CDR) score = 0, whereas symptomatic by a CDR

score > 0. The second part of the study included 12 symptomatic
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LEVIN ET AL. 3

individuals with neuropathological information available in addition to

the core DIAN dataset. All these cases were evaluated by the DIAN

observational study (DIAN-Obs, data freeze number 16), and their CSF

was provided by the DIAN-Obs biorepository (Washington University,

St. Louis, Missouri, USA). All cases with neuropathology were evalu-

ated by the DIAN-Obs Neuropathology Core (Washington University,

St. Louis, Missouri, USA). Among the symptomatic individuals, two

patients, labelled “converters,” were asymptomatic at baseline DIAN

assessment and became symptomatic (CDR > 0) during follow-up. In

this context, baseline is defined as the first clinical assessmentwithCSF

sampling.

2.2 Ethics approval

DIAN received approval from the ethics committees of Ludwig–

Maximilians–UniversityMunich and Eberhardt Karls University Tübin-

gen (371-13; 535/2011BO1, respectively), as well as the institutional

review board committee of Washington University in St. Louis, Mis-

souri, USA (201106339). In addition, permission to perform these

measurements was obtained from the ethics committee of Ludwig–

Maximilians-University (371-13). All participants provided written

informed consent for CSF donation for research purposes; similarly,

brain donations were obtained after acquiring written informed con-

sent from participants and/or their legal representatives in accordance

with applicable local laws and practices.

2.3 CSF collection and analysis

CSF samples were collected by lumbar puncture (LP) from living indi-

viduals and processed as previously described.1 CSF α-syn SAA (i.e.,

real-time quaking-induced conversion assay [RT-QuIC]), including the

recombinant wild-type human α-syn purification, was performed as

previously described,16 with minor modifications. We ran the same

positive and negative control samples throughout all experiments to

optimize the comparison among fluorescent signal responses in differ-

ent plates. As positive controls, we used samples from two patients

with normal pressure hydrocephalus forwhoma largeCSF volumewas

available, who consistently showed a 4 of 4 positive wells response

over at least 10 consecutive runs, indicating a high α-syn seeding activ-
ity. Conversely, the negative controls were CSF from individuals with

no clinical evidence of neurodegenerative disease consistently display-

ing a negative RT-QuIC response (0 of 4). To overcome batch-to-batch

variations and intrinsic plate-to-plate variability, we normalized the

relative fluorescent units for every time point to the median of the

maximum intensity (Imax) reached by four positive control replicates

within each plate and expressed it as a percentage. We then set the

threshold at 20% of the above parameter and the cut-off at 30 hours.

The rationale of the 20% choice stems from the observation that the

samples expected to be negative (e.g., CSF from patients lacking LB

pathology at neuropathologic examination) sometimes show a slight

increase in the fluorescence signal toward the end of the run (between

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using online resources such as PubMed, Web of Sci-

ence, and Scopus. We found several studies applying

the α-synuclein (α-syn) seed amplification assay (SAA)

to detect Lewy body pathology (LBP) in vivo in patients

with Parkinson’s disease, dementia with Lewy bodies and

sporadic Alzheimer’s disease (sAD), including prodromal

syndromes. However, we did not find publications on

autosomal dominant Alzheimer’s disease (ADAD).

2. Interpretation: In this study, we investigated the timing

of occurrence and prevalence of misfolded α-syn positiv-
ity as evidence of LBP, which is a frequent post mortem

finding in AD. Our findings suggest that in ADAD, LBP

occurs later thanADpathology and often as amygdala- or

olfactory-predominant LBP, for which cerebrospinal fluid

α-syn SAA has low sensitivity.

3. Future directions: Future studies should expand the in

vivo analysis of LBP by α-syn SAA to larger cohorts

of ADAD patients, stratified for the type of mutation.

Moreover, the prevalence of LBP detected by α-syn SAA

should be determined in sporadic early-onset AD. Finally,

the kinetic properties of brain misfolded α-syn should

be compared between individuals with typical LBD and

those with the amygdala-predominant variant.

TABLE 1 Characteristics of the asymptomatic study participants
from theMunich & Tübingen DIAN cohorts at baseline α-syn SAA
assessments and numbers of consecutive α-syn SAA assessments per
participant.

Asymptomatic

mutation

carriers

(n= 26)

Mutation

non-carriers

(n= 29) P value

Age, years (SD) 35.2 (10.1) 34.6 (9.3) 0.82

Parental AAO,median

years (interquartile

range)

53 (47.0–56.3) 48 (40.5–52.5) 0.14

EYO (SD) −16.6 (9.0) N/A N/A

Participants with 1/2/3/4

consecutive α-syn SAA
assessments, n

8/9/4/5 11/13/4/1 0.29

Abbreviations: AAO, age at onset; DIAN, Dominantly Inherited Alzheimer

Network; EYO, estimated years from symptom onset; N/A, not applicable;

SD, standard deviation; α-syn SAA, α-synuclein seed amplification assay.

20 and 30 hours). Therefore, reducing this threshold below the value

of 20%would have increased the risk of having false positive readings.

CSF sampleswere deemedpositivewhen at least two of four replicates

crossed the threshold as described.16
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4 LEVIN ET AL.

TABLE 2 Characteristics of the symptomatic study participants and converters at baseline α-syn SAA assessment, numbers of consecutive
α-syn SAA assessments per participant, and information if an autopsy was performed.

Participant #

α-syn SAA
result

Consecutive

α-syn SAA
assessments, [n] Sex

Time point of first and

last LP relative to

symptom onset, [years]

Affected

gene Autopsy

Symptomatic participants

1 Positive 1 m 7 PSEN1 no

2 Positive 4 m 5, 7 APP no

3 Positive 1 m 7 PSEN1 yes

4 Negative 1 m 2 PSEN1 no

5 Negative 1 m 7 PSEN1 no

6 Negative 1 m 4 PSEN1 no

7 Negative 1 f 3 PSEN1 no

8 Negative 3 m 3, 4 APP no

9 Negative 4 f 3, 8 PSEN1 no

10 Negative 4 m 3, 8 PSEN1 no

11 Negative 3 m 0, 3 APP no

12 Negative 2 f 2, 3 PSEN1 no

13 Negative 2 f 5, 6 APP no

14 Negative 2 f 5, 6 PSEN1 no

15 Negative 2 m 4, 6 APP no

16 Negative 1 m 6 PSEN1 yes

17 Negative 4 m 1, 4 PSEN1 yes

18 Negative 2 f 2, 3 PSEN1 yes

19 Negative 4 f 2, 7 PSEN1 yes

20 Negative 2 f 1, 2 PSEN1 yes

21 Negative 1 m 3 PSEN1 yes

22 Negative 2 m 7, 8 APP yes

23 Negative 2 f 2,3 PSEN1 yes

24 Negative 1 f 8 PSEN1 yes

25 Negative 1 m 5 PSEN1 yes

Converters

26 Negative 2 f –1, 1 APP no

27 Negative 2 f –1, 2 PSEN1 yes

Abbreviations: APP, gene encoding the amyloid precursor protein; f, female; LP, lumbar puncture; m, male; PSEN1, gene encoding presenilin 1; α-syn SAA,

α-synuclein seed amplification assay.

All CSF α-syn SAA analyses were carried out at theNeuropathology

Laboratory of the IRCCS Institute of Neurological Science of Bologna,

Italy, by personnel blinded to the participants’ clinical or genetic status.

2.4 Post mortem neuropathology

Neuropathologic assessment included a systematic evaluation of

the left hemibrain by experienced neuropathologists (RJP and NJC)

according to an established protocol8 andNational Institute on Aging–

Alzheimer’s Association consensus criteria for AD neuropathological

changes.21 LBP was assessed by immunohistochemistry using an

antibody against phosphorylatedα-syn (Phospho-α-synuclein[Ser129],
Cell Applications).

LBs were scored semi-quantitatively according toMcKeith et al.’s22

criteria (—= none; + = < 1 LB inclusion per 10x objective field;

++ = 1–3 LBs; +++ = 4–10 LBs; ++++ = > 10 or numerous LBs)

in the following regions: medulla oblongata, locus coeruleus, pon-

tine tegmentum, substantia nigra, basal forebrain including nucleus

basalis, olfactory cortex (with olfactory tract and peduncle when avail-

able), striatum, thalamus, pallidum, dentate gyrus, hippocampal areas

CA4-CA2, CA1, subiculum, parahippocampal gyrus, fusiform gyrus,

amygdala, anterior entorhinal cortex, anterior cingulate gyrus, superior

andmiddle temporal gyri, middle frontal gyrus, precentral gyrus (when
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LEVIN ET AL. 5

TABLE 3 Characteristics of Lewy body pathology in themost representative areas of the autopsied study participants.

Participant,

#

Time CSF

collection—

autopsy (years)a
α-syn immuno-

reactivity

Distribution of Lewy

body pathology

Burden of Lewy body pathology by area

OLF ctx ME/LC SN CA1/subic ENT ctx Amg aC NEO ctx

3 0.7 Yes Diffuse, mild in

brainstem

++++ + + +++ +++ ++++ + +
˟

16 2.4 Yes Olfactory only +++ – – – – – – –

17 3.1 No – – – – – – – – –

18 0.6 Yes Brainstem/limbic +/- – +++ – +/- ++ +/- –

19 1.1 Yes Amygdala

predominant

++ – – ++ – +++ – –

20 5.7 No – n.a. – – – – – – –

21 2.4 Yes Amygdala/limbic

predominant

++ – + + +++ +++ + –

22 2.2 Yes Amygdala

predominant

+++ – – – ++ +++ – –

23 2.9 Yes Olfactory only [+] – – – – – – –

24 3.1 Yes Olfactory only ++ – – – – – – –

25 4.9 Yes Amygdala only – – – – – +/++ – –

27 1.4 Yes Rare sparse Lewy

pathology

n.a. – [+] – – – + –

Note: α-syn immunoreactivity burden was scored as follows :— = none; +/– = very rare (< 3 LB in the area); + = rare/sparse (< 1 LB inclusion per x10 field);

++=moderate (1–3 LBs);+++= frequent (4–10 LBs);++++= numerous (> 10 LBs).

Abbreviations: aC, anterior cingulate cortex; Amg, amygdala; CA1, cornus ammonis sector 1 (hippocampus); CSF, cerebrospinal fluid; EC, entorhinal cortex;

LBs, Lewy bodies; LC, locus coeruleus; ME, medulla oblongata; n.a., not available; NEO ctx, neocortex; OLF ctx, olfactory cortex; SN, substantia nigra; subic,

subiculum.
aWe indicated the last lumbar puncture in cases undergoingmultiple assessments.
˟Represents an average score (from—or+ inmost cortical areas to+++ in superior temporal gyrus). Score in squarebrackets indicates that only Lewyneurites

were detected.

available), inferior parietal lobule, andoccipital cortex.WhereLBswere

rare or absent, Lewy neurites/grains were scored separately from LBs.

For each case, the stage of LBP was classified according to Braak

criteria for PD13 andMcKeith criteria for DLB only in cases with brain-

stem involvement.23 Other cases, as appropriate, were classified as

Amg-LBP6 or simply described by area(s) of involvement.

2.5 Statistical analyses

Values for continuous parameters were expressed as means ± stan-

dard deviations; categorical parameters, as absolute values (%) or as

median and interquartile range. The Student t test or Mann–Whitney

U test were used to compare continuous parameters. The chi-squared

test was used for the number of consecutive SAA assessments per

participant.

3 RESULTS

There were no significant differences in demographic features

between asymptomatic mutation carriers and non-carriers (Table 1).

All CSF α-syn SAA assessments in the asymptomatic cohort were

negative.

Details on the symptomatic ADAD participants, including the

mutated genes, are reported in Table 2. The results obtained in the

symptomatic/converter cohorts are shown together (n = 27, of which

n= 15 were DIAN participants fromMunich and Tübingen, and n= 12

were ADAD individuals who underwent neuropathological assess-

ment). The mean age of symptom onset was 43 ± 7.8 years. The range

between age at onset and age at first LP was 1 to 8 years (Table 2),

and the interval from the last LP to death in the autopsy-confirmed

cases ranged from 0.7 to 5.7 years (Table 3, Figure S1 in supporting

information).

The CSF α-syn SAA was positive in 3/27 (11.1%) symptomatic par-

ticipants. In one of them (participant #2), each of four consecutive CSF

samples taken longitudinally during 4 years of follow-up starting from

4 years after symptom onset gave a positive result. All six SAA-positive

CSF samples (i.e., three patients at baseline plus three longitudinal

analyses in one individual) showed α-syn seeding activity in all tested

replicates (i.e., 4 of 4). Compared to the positive controls, the positive

ADAD patients showed a longer time to the threshold (Lag phase) and

a tendency toward a lower Imax, suggesting a lower seeding activity

(Figure S2 in supporting information). Both clinical converters to mild
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6 LEVIN ET AL.

F IGURE 1 Representative LB pathology features in ADAD. The upper panel shows brainmaps of LB pathology distribution in the three
representative profiles (i.e., olfactory only, amygdala/limbic predominant, and diffuse) observed in the ADAD individuals at neuropathologic
examination. Color scale of the brainmaps represents themean semiquantitative scores in each profile. The lower panel shows LBP features in the
ADAD brains. A–C, Severe tomoderate/mild LB and neuritic pathology in the amygdala (A, LBP++++, case #3; B, LBP+++, case #21; C, LBP++,
case #18). D, Isolated syn immunoreactivity in a neuron of themedullary raphe, and (E) moderate LBP in the neocortex of the superior temporal
gyrus in the only brain with diffuse LBP (case #3). F, Abundant Lewy neurites and LB in the olfactory tract, and (G) scattered LBs in the olfactory
cortex of case #18.Magnification is x40 for all micrographs. ADAD, autosomal dominant Alzheimer’s disease; LB, Lewy bodies; LBP, Lewy body
pathology.

cognitive impairment tested negative by CSF α-syn SAA at baseline

(asymptomatic stage) and at 2 and 1 years after the development of

cognitive decline.

Of the 12 brain donors, all of whom had developed high levels of

AD neuropathologic changes, 10 (83%) also displayed LBP (Table 3,

Figure 1). However, only one of them (10%) showed positive seeding

activity by CSF α-syn SAA (Table 3). The brain of the α-syn SAA positive

donor (participant #3) showed the highest burden of LBP, and was the

only one with neocortical LBP (i.e., Braak stage 6; diffuse neocortical

stage according to McKeith et al.,23 although with an atypical distri-

bution due to the mild involvement of the brainstem). Time between

LP and death in this individual was relatively short, that is, 0.7 years.
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LEVIN ET AL. 7

Among the other 11 participants with neuropathologic data, all with

negative α-syn SAA results, one had substantial LBP within the amyg-

dala and substantia nigra (participant #18), four (33.3%) showed the

Amg-LBP variant pattern (#19, 21, 22, 25), three (25%) had immunore-

activity restricted to theolfactory area (piriformcortex, olfactory tract,

and peduncle; participants #16, 23, 24), two were negative (#17 and

20) and one virtually negative (#27).

The four individuals with Amg-LBP showed mild to moderate LBP

involvingonly the amygdala (n=1) or the amygdala togetherwithother

limbic structures, such as the entorhinal cortex and the hippocampus,

with sparse or no brainstem involvement (Table 3). The time between

LP and death in these four participants was 1.4, 2.4, 3.1, and 5.7 years,

respectively.

Notably, 53 out of 82 participants (64.6%) underwent at least two

consecutive α-syn SAA assessments using material of independent

LPs. All intraindividual consecutiveα-syn SAAassessments showed the

same result as at baseline, highlighting the complete consistency of

results within each participant.

4 DISCUSSION

The results of the present study, combined with those recently

obtained in sAD,20,24 shed new light on the association and patho-

genetic interaction between LBPandADpathology in the symptomatic

phase of AD. The significantly lower percentage of LBP we detected

via SAA in CSF of symptomatic patients with ADAD compared to sAD

patients (11% vs. 21%) suggests a lower prevalence of “typical” LBP

(i.e., following Braak staging) in ADAD compared to sAD most likely

due to the significantly lower mean age of patients with symptomatic

ADAD compared to those with sAD. Indeed, a positive association

between age and “typical” LBP has been documented in both non-AD

and AD-affected brains, especially between the presenile and senile

age.11,25

In contrast to “typical” LBP, the Amg-LBP variant, which almost only

affects patients with AD pathology, suggesting a secondary synucle-

inopathy, is more common in patients with early-onset AD than in

patients with late-onset AD.11 Consistent with these previously pub-

lished data, 4 of the 12 ADAD participants in our neuropathologically

verified cohort showed LBP compatible with Amg-LBP, whereas only

one had diffuse LBP reaching the neocortical areas. The low overall

detection sensitivity of the α-syn SAA for LBP in this ADAD cohort is

in line with the previously reported reduced sensitivity of these assays

for the Amg-LBP variants and other conditions in which the LBP is

only focally present (e.g., limited to the lower brainstem or the olfac-

tory areas) compared to the virtually full sensitivity in cases with a

neocortical or limbic stage of LB disease pathology.26,27,28 In line with

these findings, by applying the same SAA protocol to a cohort of 59

CSF and brain pairs, we have recently confirmed the 100% sensitiv-

ity of our assay in detecting the neocortical and limbic LBP stages.28

One might argue that the 100% sensitivity in “typical” LBD at the lim-

bic stage compared to the negative finding we obtained in this study in

the two participants with involvement of the limbic areas might repre-

sent a discrepancy. However, there is a profound difference in the LBP

load/burden between the limbic stage of typical LBD, characterized

by prominent involvement (corresponding to a score +++ / ++++ of

the present study) of the brainstem (and hypothalamus/basal forebrain

as well) and the ADAD participant with limbic predominant pathology

showing minimal or only focal pathology in those areas. Consequently,

the different overall burden of LB pathology might be sufficient to

explain the different sensitivity of our α-syn SAA between the two

patient groups. However, we cannot entirely dismiss the hypothesis

thatAmg-LBP inADADcouldbedue toadifferent strainofα-syn show-
ing a lower SAA reactivity as it was demonstrated for multiple system

atrophy.16,28,29

The range of intervals between CSF assessment and death in our

cohort may also have contributed to the low positivity rate of α-syn
SAA in this study. Indeed, given the focal and sparse nature of the LBP

in many of our patients with post mortem evaluation, it is plausible to

believe that some patients were free of misfolded α-syn deposition at

the timeof LP. The secondarynatureof theAmg-LBPvariant, likely trig-

gered or strongly modulated by AD pathology, also fits the idea of LBP

being a relatively late event in most ADAD brains.

A limitation of the present study concerns the low number of indi-

viduals with positive α-syn SAA not allowing a stratification according

to mutated gene (e.g., PSEN1 vs. APP). Moreover, the mean estimated

years to symptom onset (EYO) of −16.6 years in the cohort of asymp-

tomatic ADAD individuals suggests that in many cases, the amyloid

deposition was in very early stages as the amyloid deposition typically

starts ≈ −20 EYO.30 Finally, the timing between LP and death was

heterogeneous in the cohort with post mortem neuropathology.

In summary, in this relatively small but comprehensive cohort of

patientswithADAD, including asymptomatic carriers and symptomatic

patients with or without post mortem neuropathology, we show that

LBP can be detected as a CSF biomarker in symptomatic mutation car-

riers but at a lower rate than in sAD. This is likely due to the lower

incidence of “typical” transitional/limbic and neocortical/diffuse LBP

stages in presenile patients and the focal and late occurring nature of

Amg-LBP in ADAD.

While the clinical consequences of LBP in ADAD remain to be

fully understood, analyzing CSF biomarkers of LBP in vivo could

provide a better precision-medicine approach for the clinical manage-

ment of ADAD patients and for designing and interpreting data from

disease-modifying drug trials.
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