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Abstract

Background: We classified non-demented European Prevention of Alzheimer’s

Dementia (EPAD) participants through the amyloid/tau/neurodegeneration (ATN)

scheme and assessed their neuropsychological and imaging profiles.

Materials and methods: From 1500 EPAD participants, 312 were excluded. Cere-

brospinal fluid cut-offs of 1000 pg/mL for amyloid beta (Aß)1-42 and 27 pg/mL for

p-tau181 were validated using Gaussian mixture models. Given strong correlation of

p-tau and t-tau (R2
= 0.98, P< 0.001), neurodegenerationwas defined by age-adjusted

hippocampal volume. Multinomial regressions were used to test whether neuropsy-

chological tests and regional brain volumes could distinguish ATN stages.

Results: Age was 65 ± 7 years, with 58% females and 38% apolipoprotein E (APOE)

ε4 carriers; 57.1% were A–T–N–, 32.5% were in the Alzheimer’s disease (AD) contin-

uum, and 10.4% suspected non-Alzheimer’s pathology. Age and cerebrovascular bur-

den progressed with biomarker positivity (P< 0.001). Cognitive dysfunction appeared

with T+. Paradoxically higher regional graymatter volumeswere observed in A+T–N–

compared to A–T–N– (P< 0.001).

Discussion: In non-demented individuals along the AD continuum, p-tau drives cogni-

tive dysfunction. Memory and language domains are affected in the earliest stages.

KEYWORDS

Alzheimer’s disease (AD), amyloid beta, amyloid/tau/neurodegeneration (ATN) staging, cognition,
European Prevention of Alzheimer’s Dementia (EPAD), magnetic resonance imaging (MRI), neu-
rodegeneration, neuroimaging, tau

1 INTRODUCTION

Finding disease-modifying therapies for Alzheimer’s disease (AD), the

most prevalent cause of dementia, is an international priority. Themost

effective approach may be to slow or prevent AD progression prior to

dementia. Secondary prevention strategies aim to identify individuals

with evidence ofADpathology butwhohavenot (yet) developed symp-

toms, that is, at a preclinical stage.1

To provide a reference framework, an update on the biological defi-

nition of AD has been published, describing the disease solely in terms

of biomarkers.2 In the amyloid/tau/neurodegeneration (ATN) frame-

work, the AD continuum is defined by the deposition of amyloid beta

(Aβ) plaques in the brain. As the presence of amyloid seems to be nec-

essary but not sufficient for the development of AD dementia,3 a more

fine-grained description of the disease can be obtained through classi-

fication in terms of the additional presence of tau pathology and neu-

rodegeneration. Clinical characterization of these subgroups has been

limited. In addition, there is limited consensus on the operationaliza-

tion of these criteria.

To apply the ATN criteria, possibly for selection of at-risk indi-

viduals into trials, cut-off values must be defined. However, the def-

inition of cut-offs in a non-demented population such as ours has

proven challenging. Cut-offs are typically defined using populations

of symptomatic individuals, excluding the long pre-symptomatic phase

of AD.4,5 This has led to variability in proposed cut-off values, rang-

ing from 880 to 1100 pg/mL for cerebrospinal fluid (CSF) Aβ1-426–8

and from 19 to 27 pg/mL for CSF phosphorylated tau (p-tau) using

the Roche Elecsys assays.6,9 Differences in cut-offs for CSF Aβ1-42
may also be related to the use of different pre-analytical protocols for

CSF handling.10 Similarly, cut-off values for AD-specific neurodegen-

eration (N) markers vary considerably.11 Jack et al. proposed the use

of either CSF total tau (t-tau) or magnetic resonance imaging (MRI)

measures of atrophy as proxies for neurodegeneration.12 One possible

way to define AD-specific neurodegeneration is based on hippocampal

volume (HCV),13 as there is evidence that the hippocampus is one of

the earliest structures affected in AD and undergoes disproportionate

atrophy.14 HCV can be assessed using visual rating scales,15 or quanti-

fied through segmentation.16

The aim of the current study is to investigate the effect of ATN

staging on neuropsychological profiles and atrophy patternswithin the

European Prevention of Alzheimer’s Dementia (EPAD) cohort.1,17

2 MATERIALS AND METHODS

2.1 Study participants

We included baseline data of the first 1500 participants consented

in the EPAD cohort from 21 different European sites (Figure S1 in

supporting information).1,17 The study protocol has been reported

mailto:s.ingala@amsterdamumc.nl
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HIGHLIGHTS

∙ Cut-off values for cerebrospinal fluid (CSF) amyloid and

tauwere confirmed in a non-demented population.

∙ CSF t-taumaynot be optimal to define neurodegeneration

in non-demented cohorts.

∙ Cognitive performance drops when CSF p-tau reaches

abnormal levels.

∙ Cerebrovascular burden increases along the Alzheimer’s

disease continuum.

∙ Brain regional volumes might show bi-directional changes

in A+T–N–.

elsewhere.17 Participants≥50years of age,with at least 7 years of edu-

cation, and a study partner were included. Exclusion criteria were the

presence of conditions associated with neurodegeneration or affect-

ing cognition, Clinical Dementia Rating (CDR) ≥1, contraindications to

MRI or lumbar puncture, and cancer or history of cancer in the preced-

ing 5 years. After obtaining written informed consent, a screening visit

was conducted to check whether the study participants fulfilled these

criteria,18,19 and 144 participantswere excluded (Figure S2 in support-

ing information). Demographic details were collected. Each participant

underwent clinical and neurological assessment, brain MRI, a lumbar

puncture to evaluate biomarkers in the CSF, and neuropsychological

assessment. Participants with missing CSF or MRI data were excluded

(n = 168; Figure S2). The total remaining sample included 1188 study

participants.

2.2 Cerebrospinal fluid

CSF was obtained using a harmonized pre-analytical protocol. Anal-

yses were performed using the fully automatized Roche Elecsys

System in a single laboratory (University of Gothenburg).17 Concen-

trations of Aβ1-42, phosphorylated tau (p-tau181), and total tau (t-tau)
were determined according to themanufacturer’s instructions.

2.3 Neuropsychological evaluation

The EPAD Neuropsychological Examination (ENE) battery covers rel-

evant cognitive domains and was collected with standardized pro-

cedures on a tablet.20,21 Tests performed included the Mini-Mental

State Examination (MMSE),22 CDR,23 Advanced Instrumental Activi-

ties of Daily Living (AIADL), Geriatric Depression Scale (GDS),24 the

Repeatable Battery for the Assessment of Neuropsychological Status

(RBANS),25 the Four Mountains Test (4MT),26 and the Virtual Reality

Supermarket Trolley test (VRST).27 More information on the neuropsy-

chological tests is reported in the supporting information.

RESEARCH INCONTEXT

1. Systematic Review: The amyloid/tau/neurodegeneration

(ATN) framework provides a biological definition of

Alzheimer’s disease (AD)-related biomarker changes,

independent of cognitive performance. To understand

their significance in a non-dementedpopulation,weoper-

ationalized the ATN classification in the European Pre-

vention of Alzheimer’s Dementia (EPAD) cohort and

examined the associated neuropsychological and radio-

logical profiles.

2. Interpretation: Data-drivenmodels confirm that the pro-

posed cerebrospinal fluid cut-offs values for amyloid beta

(Aß)42 and p-tau181 are valid in a non-demented pop-

ulation. Moreover, our results show that (1) t-tau is not

appropriate for staging N; (2 cognitive dysfunction, espe-

cially within the delayed memory domain, coincides with

T positivity; (3) cerebrovascular burden parallels ATN

biomarker progression, and (4) regional atrophy mea-

sures show paradoxical higher volumes in the basal fore-

brain, putamen, postcentral, and middle occipital gyri,

early along the AD continuum and atrophy afterward.

3. Future directions: In a non-demented population, ATN

profiles convey important neuropsychological and struc-

tural information that may help identify subjects for

enrolment in secondary prevention trials.

2.4 MRI scans

Brain MRI scans were performed with standardized acquisition pro-

tocols, including 3D-T1, 3D-FLAIR, 2D-T2, and 2D-T2* sequences.

The images were centrally evaluated by experienced raters, blind

to the clinical and neuropsychological data. Visual assessment of

the scans included white matter hyperintensities,28,29 perivascular

spaces (PVS),30,31 microbleeds (CMBs),30 medial temporal lobe atro-

phy (MTA),32 and posterior cortical atrophy (PCA;33 supporting infor-

mation). Regional gray matter volumes were determined on 3D-T1

weighted images using a segmentation process based on atlas-

propagation with the Learning Embeddings for Atlas Propagation

(LEAP) framework.34

2.5 Biomarkers cut-offs

Following the recently published research framework,3 we classified

participants into different groups basedon the presence (+) or absence

(–) of abnormal CSFAβ1-42 values (labeled “A”), p-tau181 (labeled “T”),
and neurodegeneration or neuronal injury (labeled “N”).

We referred to CSF Aβ1-42 levels < 1000 pg/mL to define A+ and

CSF p-tau181 > 27 pg/mL to define T+, as suggested previously.7,10,11
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F IGURE 1 Gaussianmixturemodels of cerebrospinal fluid (CSF) amyloid beta (Aß)1-42 (A) and p-tau181 (B; Roche Elecsys assay).
Pathological component is indicated in red, normal in blue, other components in gray; the green line indicates cut-off values at the intersection
point of the two components. CSF Aß1-42 cut-off of 1000 pg/mL and p-tau181 cut-off of 27 pg/mLwere confirmed. C, Correlation between tau
proteins (Pearson’s correlation coefficient= 0.976, P-value< 0.001). D, Receiver operating characteristic (ROC) curves distinguishing A– Clinical
Dementia Rating (CDR)= 0 fromA+CRR= 0.5 groups with different neurodegenerationmarkers. E, Relation between age and hippocampal
volume (HCV). F, Concordance betweenmedial temporal atrophy (MTA) scores and normalized HCV. The left/right scoresMTA andHCVwere
averaged. Neurodegeneration was defined on the base of age-adjusted normalized HCVw-scores

These CSF cut-offs were validated for our sample using Gaussian mix-

ture models (GMMs). GMM analysis implements an expectation max-

imization algorithm assuming that data points are generated from a

mixture of Gaussian distributions, which were labeled as “normal,”

“pathological,” or “noise” based on visual inspection. The intersection

point between the normal and the pathological identified components

were used as cut-off points. The results of GMM analysis for Aβ1-42
and p-tau181 are shown in Figure 1. The three components identified

in Aβ1-42 were visually inspected and classified as normal, pathologi-

cal, and noise distributions. The intersection point between the normal

and the pathological components corresponded to 1007 pg/mL, close

to the reference published cut-point of 1000 pg/mL (Figure 1A). GMM

analysis for p-tau revealed two components, whose intersection point

was located at 27pg/mL (Figure1B). Thus,we consideredboth thepub-

lished cut-offs valid for our sample.

Potential neurodegeneration (N) markers were t-tau, MTA, HCV,

and volume of AD signature regions as defined by Jack et al. (enthori-

nal, inferior temporal, middle temporal, and fusiform cortices)34 and by

Dickerson et al. (medial and inferior temporal cortices, temporal pole,

angular gyrus, superior frontal gyrus, superior parietal lobule, supra-

marginal gyrus, and inferior frontal sulcus).35 HCV and AD signature

region volumes were divided by a normalization factor approximated

for original brain size. We compared how these potential neurodegen-

erationmarkers could distinguishA– individualswithCDR=0 fromA+

individualswithCDR=0.5 by generating receiver operating character-

istic (ROC) curves, as suggested in a recent work.11 The highest area

under the curve (AUC)was used to select the optimalmarker forN def-

inition.

A strong linear relationship was observed between p-tau and t-tau

(r= 0.98, P< 0.001), suggesting that thesemeasures could not be used

independently for T and N staging, respectively, in our population (Fig-

ure 1C). As HCV and AD signature regions have a known relationship

with age,3 weusedage-adjustedw-scores to account for this effect.We

confirmed a HCV decrease with age in our data (r = –0.39, P < 0.001;

Figure 2E) and then used age-adjusted w-scores to disentangle neuro-

denegeneration from normal aging36 (Figures 2E, 2F).

Results of the ROC curve analysis for the N marker definition are

shown in Figure 1D. ROC curves distinguishing A– individuals with

CDR = 0 from A+ individuals with CDR = 0.5 performed best for

HCV (AUC = 0.74; 95% confidence interval [CI]: 0.68–0.80) and MTA

(AUC = 0.73; 95% CI: 0.67–0.79), followed by AD signature regions

as defined by Jack et al.34 (AUC = 0.72; 95% CI: 0.66–0.78) and by
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amyloid/tau/neurodegeneration (ATN) classification scheme.We applied the ATN classification scheme using the following cut-offs: A+ if
participants demonstrated cerebrospinal fluid (CSF) amyloid beta (Aß)42 levels< 1000 pg/mL (A– otherwise); T+ if they showed CSF p-tau
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otherwise). Out of 1500 screened participant, n= 312 individuals were excluded from analyses because of they either did not fulfil EPAD eligibility
criteria (n= 144) or they hadmissing CSF ormagnetic resonance imaging (MRI) data (n= 168), reducing the total sample to n= 1188. A, Of these,
678 participants were classified as healthy controls (A–T–N–). Individuals with amyloid positivity (A+) were classified as in the AD continuum
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(n= 387 [25.7%], of which 261 [21.9%] A+T–N–; 40 [3.4%] A+T–N+; 65 [5.5%] A+T+N–; 21 [1.8%] A+T+N+). Finally, individuals negative to
amyloid but positive to other biomarkers were defined as suspected non-Alzheimer’s disease pathologic change (SNAP; of which 40 [3.4%]
A–T–N+; 77 [6.5%] A–T+N–; 6 [0.5%] A–T+N+). We then proceeded to stratify these groups on the base of Clinical Dementa Rating (CDR) global
score. B, A total of 975 study participants had a CDR score of 0. Of these, 592 (60.7%) were A–T–N–, 289 (29.6%) were in the AD spectrum (of
which 219 [22.5%] A+T–N–; 23 [2.4%] A+T–N+; 39 [4.0%] A+T+N-; 8 [0.8%] A+T+N+), and 94 (9.6%) were classified as SNAP (of which 31
[3.2%] A–T–N+; 61 [6.3%] A-T+N-; 2 [0.2%] A-T+N+). C, Out of the remaining 212 study participants with a CDR score of 0.5, 86 (40.6%) were
A–T–N-, 97 (45.8%) were in the AD spectrum (of which 41 [19.3%] A+T–N–; 17 [8.0%] A+T–N+; 26 [12.3%] A+T+N–; 13 [6.1%] A+T+N+), and 29
(13.7%) were classified as SNAP (of which 9 [4.2%] A–T–N+; 16 [7.5%] A–T+N–; 4 [1.9%] A–T+N+)

Dickerson et al.35 (AUC = 0.70; 95% CI: 0.64–0.76), and finally by t-

tau (AUC = 0.65; 95% CI: 0.58–0.72; Figure 1D). Because HCV was

normally distributed, precluding the use of GMM, N+ was defined for

individuals with HCV w-score < –1.5 standard deviations from the

mean.

In line with Jack et al.2, we defined A–T–N– as the reference group,

A+ individuals with or without positivity for T and N as in the AD con-

tinuum, and subjects with positivity for T and/or N but not for A as

suspected non-AD pathologic change (SNAP). Within the AD contin-

uum,A+T–N–were identified as a groupwithADpathological changes,

A+T+N- andA+T+N+ as groupswithAD, andA+T-N+ asADand con-

comitant suspected non-AD pathologic change (atypical AD).

2.6 Statistical analyses

The ATN groups were compared based on demographic, clinical, neu-

ropsychological, and radiological characteristics with nonparametric

tests, that is, Kruskal–Wallis test for continuous variables or Chi-

square tests for categorical variables. As the objective of EPAD is to

identify subjects at risk of AD dementia, SNAP and A+T-N+ (atypical

AD) groups were excluded from further analyses.

Based on the results of the Kruskal–Wallis tests, we selected as

potentially interesting the RBANS outcomes that could distinguish

among groups with a P-value < 0.001, and we proceeded to build

threemultinomial logistic regressionmodels to examine the predictive

value of RBANS scores for classification into the ATN groups. Depen-

dent variables were the ATN groups and predictors were RBANS total

scale for model 1, significant RBANS index scores (attention, imme-

diate memory, delayed memory) for model 2, and significant RBANS

subtests (coding, figure recall, list learning, list recall, list recognition,

semantic fluency, story memory, story recall) for model 3. All models

were adjusted for age, sex, years of education, family history of demen-

tia, and site of data collection.

Similarly, we compared regional volumes across the ATN groups

with Kruskal–Wallis tests. For brain regions detecting differences

among A–T–N– and the different stages of the AD continuumwith a P-

value< 0.001, we built amultinomial regressionmodel to test whether

such volumes could distinguish among the different ATN stages, after

adjusting for age, sex, family history of dementia, head size, and site of

data collection. We limited the interpretation of the model to findings

with a P-value < 0.01. The analyses were performed using R version

3.6.0 (https://www.R-project.org/).

3 RESULTS

3.1 Prevalence of ATN stages

The reference group (A–T–N–) comprised678 individuals (57.1%); 387

(32.5%) participants had abnormal amyloid, 169 (14.2%) abnormal p-

tau, and 107 (9.0%) abnormal HCV, based on a priori defined cut-off

values for the CSF markers6,9,10 and on age-adjusted HCV w-score.

Individuals classified as SNAP were 10.4%, showing positivity to T

(n = 77, 6.5%), N (n = 40, 3.4%), or both (n = 6, 0.5%; Figure 2A). Of

those in theAD continuum, 261 (21.9%)were classified as A+T–N–, 65

(5.5%)A+T+N–, 40 (3.4%)A+T–N+, and 21 (2.1%)A+T+N+. Individu-

als with a CDR= 0.5 (n= 212) showed increased positivity to biomark-

ers (Figures 2B, 2C).

3.2 ATN stages

We report in Table 1 an overview of our data from A–T–N– across

subjects in the ATN continuum. More than 99% of our study popula-

tion was White. Male-to-female ratio was slightly unbalanced, with a

predominance of males in the A+T+N+ group. There were no differ-

ences in years of education or handedness among the ATN groups. Age

significantly increased progressing in positivity along the ATN stages

(P < 0.001). Prevalence of apolipoprotein E (APOE) ε4 carriers also

increased with biomarker positivity along the AD continuum, being

29.8% for theA–T–N–, 46.8% for theA+T–N–, 66.7% for theA+T+N–,

and 75.0% for the A+T+N+ group. Groups showed significant differ-

ences inMMSE, CDR, AIADL, and RBANS total score (P< 0.001). Cog-

nitive domains that showed significant differences were RBANS com-

posite scores on attention, delayed memory, and immediate memory

(P < 0.001). PCA increased along the AD continuum although being

generally low (P < 0.001). Finally, increasing cerebrovascular burden,

as measured with Fazekas scale rating white matter hyperintensities

and Potter scale rating PVS, was shown progressing along the AD con-

tinuum (P< 0.001).

Comparison of demographics, clinical, neuropsychological, and radi-

ological data among the A–T–N– subjects in the AD continuum and

SNAP is reported in Table S1 in supporting information. Compared to

A–T–N–, SNAP were older, had a higher male prevalence, lower CDR

and RBANS total scores, and higher scores on the AIADL question-

naire. They had similar scores to individuals in the AD continuum at

RBANS domains and subtests, with a lower performance compared to
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TABLE 1 Descriptive characteristics of the study population by ATN staging

A–T–N–

(n= 678)

A+T–N–

(n= 261)

A+T+N–

(n= 65)

A+T–N+

(n= 40)

A+T+N+

(n= 21)

Total

(n= 1065) P

Demographics

Age 64.3± 6.7 65.2± 7.1 70.1± 5.5 70.5± 6.7 75.1± 5.1 65.3± 7.0 **<0.001

Sex, male 269 (39.7%) 112 (42.9%) 25 (38.5%) 29 (72.5%) 16 (76.2%) 451 (42.3%) **<0.001

Education (years) 14.6± 3.6 14.6± 3.8 13.7± 3.6 15.4± 3.6 14.2 (5.1) 14.5± 3.7 0.252

Handedness, right hand 630 (93.5%) 244 (93.8%) 61 (93.8%) 40 (100.0%) 19 (90.5%) 994 (93.8%) 0.532

Family history of dementia, positive 472 (69.6%) 174 (66.7%) 50 (76.9%) 30 (75.0%) 14 (66.7%) 740 (69.5%) 0.504

APOE ε4, carrier 191 (29.8%) 111 (46.6%) 42 (66.7%) 18 (48.6%) 15 (75.0) 377 (37.7%) **<0.001

Neuropsychological tests

MMSE 28.8± 1.4 28.8± 1.5 27.8± 2.0 28± 1.9 26.5 (3.9) 28.7 (1.6) **<0.001

CDR global score, 0.5 86 (12.7%) 41 (15.7%) 26 (40.0%) 17 (42.5%) 13 (61.9) 183 (17.2%) **<0.001

AIADL total score 0.31± 0.93 0.91± 3.11 2.25± 4.67 1.65± 2.82 5.75 (10.26) 0.74± 2.72 **<0.001

GDS 4.6± 4.4 5.2± 5.2 5.0 (4.4) 5.2± 4.4 5.6 (4.3) 4.8± 4.6 0.401

VR Supermarket Trolley Task 9.6± 3.6 10.2± 3.6 8.9± 3.8 8.0± 4.1 8.2± 4.2 9.6± 3.6 *0.001

FourMountains Task 9.7± 2.4 9.4± 2.7 7.9± 2.1 8.6± 3.4 7.3± 1.9 9.5± 2.5 *< 0.001

RBANS total scale 105.5± 12.4 104.7± 12.4 95.3± 16.2 98.4± 14.1 89.7± 14.8 104.1± 13.2 **<0.001

RBANS domains

RBANS attention index 101.2± 15.6 99.9± 16.3 92.3± 15.8 93.3± 16.3 90.2± 15.5 99.8± 16.1 **<0.001

RBANS delayedmemory index 104.4± 11.8 103.6± 13.5 94.5± 21.1 98.4± 14.6 82.5± 25.3 103.0± 14.0 **<0.001

RBANS immediatememory index 106.4± 12.6 105.8± 13.4 96.7± 18.2 98.6± 14.1 84.5± 19.3 104.9± 14.0 **<0.001

RBANS language index 99.5± 10.0 99.± 10.6 94.7± 12.1 98.7± 8.2 95.1± 9.1 99.0± 10.3 0.003

RBANS visuo-constructional index 108.9± 15.8 109.1± 14.5 104.2± 14.7 105.1± 18.3 108.4± 15.4 108.5± 15.5 0.100

RBANS subtests

RBANS coding 46.5± 10.5 44.4± 11.1 38.0± 11.4 38.0± 12.8 33.5± 11.3 44.9± 11.2 **<0.001

RBANS digit span 10.1± 2.4 10.3± 2.6 9.5± 2.5 9.4± 2.5 9.1± 2.2 10.1± 2.4 *0.024

RBANS figure copy 18.4± 2.3 18.3± 2.1 17.9± 2.1 17.8± 2.5 18.1± 2.3 18.3± 2.2 0.234

RBANS figure recall 14.3± 3.6 14.4.± 3.7 11.8± 5.3 12.1± 4.3 8.7± 5.5 14.0± 3.9 **<0.001

RBANS list learning 29.1± 4.3 28.8± 4.4 25.5± 6.3 25.0± 5.6 19.8± 6.7 28.5± 4.9 **<0.001

RBANS line orientation 18.0± 2.4 18.3± 1.8 17.5± 2.3 17.6± 2.3 17.7± 2.7 18.0± 2.3 *0.059

RBANS list recall 6.6± 2.1 6.1± 2.5 4.8± 2.8 4.5± 2.5 3.1± 2.8 6.2± 2.4 **<0.001

RBANS list recognition 19.4± 1.0 19.3± 1.1 18.6± 2.1 19.1± 1.2 17.6± 2.7 19.3± 1.2 **<0.001

RBANS picture naming 9.8± 0.9 9.8± 0.4 9.7± 0.7 9.9± 0.3 9.9± 0.3 9.8± 0.8 0.355

RBANS semantic fluency 20.6± 5.1 20.0± 5.7 17.6± 5.6 18.7± 4.9 16.2± 4.2 20.1± 5.3 **<0.001

RBANS storymemory 18.8± 3.0 18.8± 3.2 16.7± 4.4 17.6± 3.2 13.7± 4.3 18.5± 3.3 **<0.001

RBANS story recall 9.4± 1.7 9.2± 1.9 7.7± 3.2 8.9± 2.3 5.6± 3.7 9.1± 2.0 **<0.001

Radiological visual rating scales

Fazekas score deep 0.79± 0.67 0.92± 0.73 1.22± 0.80 1.20± 0.82 1.33± 0.80 0.88± 0.72 **<0.001

Fazekas score periventricular 0.42± 0.65 0.52± 0.69 0.86± 0.79 0.90± 0.93 1.19± 0.93 0.51± 0.71 **<0.001

ePVS basal ganglia 1.06± 0.44 1.16± 0.50 1.34± 0.67 1.20± 0.56 1.29± 0.64 1.11± 0.49 **<0.001

ePVS centrum semiovale 1.27± 0.78 1.34± 0.85 1.85± 0.97 1.65± 0.92 1.81± 0.93 1.35± 0.84 **<0.001

ePVS perivascular midbrain 0.56± 0.50 0.54± 0.50 0.58± 0.50 0.65± 0.48 0.71± 0.46 0.56± 0.50 0.424

CMBs, present 86 (12.8%) 34 (13.0%) 15 (23.1%) 8 (20.0%) 5 (23.8%) 148 (14.0%) 0.079

MTA average 0.29± 0.45 0.48± 0.53 0.58± 0.70 1.12± 1.03 1.02± 0.81 0.40± 0.56 **<0.001

PCA 0.49± 0.61 0.51± 0.59 0.63± 0.67 0.72± 0.85 1.05± 0.67 0.52± 0.63 **<0.001

(Continues)
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TABLE 1 (Continued)

A–T–N–

(n= 678)

A+T–N–

(n= 261)

A+T+N–

(n= 65)

A+T–N+

(n= 40)

A+T+N+

(n= 21)

Total

(n= 1065) P

VolumetricMRI analyses

Brain volume [cm3] 1341± 61.3 1329± 69.5 1319± 72.5 1249± 64.1 1229± 56.4 1331± 67.9 **<0.001

Hippocampal volume [mm3] 2992±

299.1

2919±

292.4

2921±

319.3

2330±

168.4

2258±

248.8

2930±

333.3

**<0.001

Notes: Values are expressed as mean ± standard deviation for continuous variables and number (percentage) for dichotomous variables. Significance value

was set at P-value< 0.05 and P-values were reported as follows.
*P< 0.05.

**P< 0.01.

Abbreviations: AIADL, Advanced Instrumental Activities of Daily Living; APOE, apolipoprotein E; CDR, Clinical Dementia Rating; CMBs, cerebral microb-

leeds; ePVS, enlarged perivascular spaces; GDS, Geriatric Depression Scale; MMSE, Mini-Mental State Examination; MTA, medial temporal atrophy; PCA,

posterior cortical atrophy; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; VR, virtual reality.

A–T–N– (P-value < 0.01 for attention, delayed, and immediate mem-

ory). Their vascular burden was similar to A–T–N–, while their atro-

phy profiles were similar to subjects in the AD continuum, showing

increased neurodegeneration compared to A–T–N– (P-value< 0.001).

3.3 Relationship between cognitive performance
and ATN stages

The results of multinomial regression analyses predicting ATN stage

based on ENE battery results are presented in Table 2. RBANS total

scale significantly distinguished A–T–N– fromA+T+N–, A+T–N+, and

A+T+N+ stages (P-values < 0.01); between individuals with only amy-

loid pathology (A+T–N–) andA+T+N–,A+T–N+, andA+T+N+ stages

(P-values<0.01); and betweenA+T–N+ andA+T+N+ (P-value<0.05);

but not between A–T–N– and individuals with only amyloid pathology

(A+T–N–), or between A+T+N– and A+T–N+ (model 1).

In the secondmodel, language could discriminate A+T–N+ fromA–

T–N–, A+T–N–, A+T+N– (P-values < 0.05), but not from A+T+N+.

Moreover, A+T–N+ performed significantly worse than A–T–N– at

attention tasks (P-value< 0.05). Immediate and delayed memory could

discriminate A+T+N+ from those with no tau pathology or neurode-

generation, that is, A–T–N– and A+T–N– (P-values< 0.05).

The third model demonstrated that the coding task was able

to differentiate between A–T–N– and A+T+N– and A+T-N+ (P-

value < 0.05), while list learning could discriminate between A–T–N–

and A+T+N+ and between A+T–N– and A+T+N+ (P-values < 0.05;

Table S3 in supporting information). Age was associated with ATN

stages in all models except while trying to discriminate between A–T–

N– and individuals with only amyloid pathology (A+T–N–; not shown).

3.4 Regional brain volumes across the ATN stages

The results of the exploratory tests to distinguish ATN stages based

on regional brain volumes are summarized in Table S4 in supporting

information. Basal forebrain, precentral gyrus, middle cingulate gyrus,

postcentral gyrus, middle occipital gyrus, amygdala, enthorinal cor-

tex, and deep gray matter regions (nucleus accumbens, putamen) dif-

fered among groups with a P-value ≤0.001. The results of the regres-

sion models distinguishing ATN stages based on regional volumetric

measures are reported in Table 3. Compared to A–T–N–, the A+T–N–

demonstrated higher volumes in the basal forebrain, postcentral gyrus,

middle occipital gyrus, and putamen and lower volumes of enthorinal

cortex and nucleus accumbens (P-value < 0.01). The A+T+N– group

had higher volumes in pre- and postcentral gyri compared to A–T–N

(P-value< 0.05), and lower volumes of the amygdala (P-value< 0.001),

enthorinal cortex, and nucleus accumbens (P-value < 0.05). Finally,

both A+T–N+ and A+T+N+ demonstrated lower volumes than A–

T–N– and A+T–N– in the amygdala, enthorinal cortex, and nucleus

accumbens (P-value < 0.01), but these values were not significantly

different between A+T–N+ and A+T+N– or between A+T+N+ and

A+T–N+. A lower volume of the middle cingulate gyrus was reported

in A+T+N+ compared to A+T+N– and A+T–N+ (P-value < 0.05).

The only region that was significantly different between A+T–N+ and

A+T+N– was the middle occipital gyrus, showing a lower volume in

A+T–N+ (Figure 3).

4 DISCUSSION

The goal of EPAD study was to create a deeply phenotyped cohort of

non-demented subjects to select potential participants for secondary

AD prevention trials.17 When classifying our dataset according to the

ATN criteria,2 the portion of potential trial-ready subjects, that is,

individuals in the AD continuum, was 32.5%, of which 21.9% were

A+T–N–, 3.4% A+T–N+ (atypical AD), 5.5% A+T+N–, and 1.8%

A+T+N+. Brain regional volumetric differences among A–T–N– and

A+T–N– were seen in the basal forebrain, postcentral and middle

occipital gyri, amygdala, entorhinal cortex, nucleus accumbens, and

putamen, while differences further along the AD continuum were

detected by RBANS neuropsychological tests, especially in the mem-

ory domain. SNAP showed neuropsychological and neurodegeneration

profiles similar to individuals in the AD continuum, but demonstrated

a higher male prevalence, lower prevalence of APOE ε4 carriers, and

lower cerebrovascular burden (similar to A–T–N–).
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F IGURE 3 Regional volumes able to distinguish between the different amyloid/tau/neurodegeneration (ATN) stages (P-value< 0.05). The
areas indicated in red show a higher volume, while those in blue show a lower volume compared to the reference (ref.) group. Reference group is
indicated at the top of the image. The regression coefficients and P-values are reported in Table 3

The percentage of EPAD participants in the AD continuum was

lower than other AD cohorts that are partially population-based such

as the Australian Imaging, Biomarker & Lifestyle Flagship Study of

Ageing (AIBL),37 or the Alzheimer’s Disease Neuroimaging Initiative

(ADNI;38 EPAD: 32.5%,AIBL: 45.2%,ADNI: 38.4%; Table S2 in support-

ing information). These differences might be explained by the younger

age (average age EPAD: 65 years; AIBL: 72 years; ADNI: 74 years)

and better cognitive status (EPAD CDR = 0.5: 17.9%; AIBL mild cog-

nitive impairment [MCI]: 18.5%, ADNI MCI: 60.8%) of EPAD partici-

pants. EPAD recruited a high portion of A–T–N– (57.1%); still, these

individuals often have a positive family history for AD, part of the pre-

screening process in EPAD,17–19 whichmight imply a greater chance of

developing AD pathology, and that the distribution of ATN groups may

shift upon longitudinal follow-up. This is currently being studied. The

prevalence of SNAP was 10.4%, generally lower than other cohorts,

showing that EPAD is successful in filtering out these subjects in the

pre-screening phase.

We confirmed the CSF cut-offs of Aβ1-42 and p-tau181,8 obtain-

ing values in line with literature findings.5–7,9,39 The prevalence dis-

tribution across ATN stages in our study deviated from that reported

by Weigand at al. on the ADNI population, especially with regard to

tau positivity.40 Such differences might be explained by the different

composition of the cohorts as well as the different methods used to

define tau positivity, that is, CSF p-tau in our case, positron emission

tomography (PET) 18F AV1451 in the report of Weigand et al. In fact,

a high rate of discordance between fluid and imaging biomarkers has

been reported, suggesting that they capture different aspects of tau

pathology.41

The definition of neurodegeneration remains more contentious, as

the guidelines propose to use CSF t-tau, MRI data, or fluorodeoxyglu-

cose (FDG)-PET (the latter of which was not available within EPAD

and thus not explored). According to our data, the high correlation

between p-tau and t-tau does not support the use of t-tau for defin-

ingN+within a non-demented population.We chose to defineNbased

on the hippocampus volume, a structure that shows high sensitivity to

neurodegeneration in AD.13,14 We used HCV rather than MTA, pro-

posed elsewhere,13 providing finer granularity and greater data vari-

ance (being a parametric as opposed to a ordinal measure) while keep-

ing in mind that MTA scores showed a high correlation with HCV val-

ues. The cut-off used relates well with the clinically used average MTA

score42 (Figure 2F). This definition of N had of course an impact on the

percentage of N+ individuals.36 Nevertheless, these cut-offs remain to

be validated with longitudinal data.

Other brain areas also show significant atrophy in AD.14,43 Our data

suggested that PCA, although generally low, was higher with increas-

ing biomarker positivity from A–T–N– along the AD continuum.More-

over, themiddle cingulate gyrus was the only region able to distinguish

between A+T–N+ and A+T+N+ stages, which otherwise showed very

similar imaging profiles. The importance of such regions in distinguish-

ing the ATN stages might be related to the age of our sample, as pari-

etal atrophy seems to be specific for young-onset AD. Interestingly,

A+T–N– showed higher regional volumes compared to A–T–N– in the
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basal forebrain, postcentral and middle occipital gyri, and putamen

(Table 3). This is in line with other literature findings44 and might be

due to microglia activation leading to inflammation45 or to leakage of

the blood-brain barrier.46

The amygdala and entorhinal cortex also could distinguish among

ATN stages, showing a lower volume in subjects with higher biomarker

positivity, in contrast with one study showing higher volume in A+

individuals.47 These differencesmight be partially explained by the dif-

ferent definition in amyloid positivity.

Neuropsychological findings demonstrated that one or a few tests

are insufficient for an exhaustive profiling of individuals within the AD

continuum, and that composite scores help in detecting initial subtle

changes in cognitive performance.48 Moreover, our data support the

lineof evidence claiming thatneurofibrillary tanglesdeposition is apre-

requisite for cognitive dysfunction. Indeed, RBANS total score could

differentiate betweenA–T–N–andT+ individuals independent of their

N status, but not between A–T–N– and A+T–N–, or between A+T+N–

and A+T+N+, although some reports in the literature show that early

cognitivedysfunction inA+ individualsmight bedetected.49 Moreover,

the SNAP group (mostly T+) showed neuropsychological profiles sim-

ilar to individuals in the AD continuum, confirming that T might drive

such changes.Our findings are in linewith literature, as individualswith

only amyloid pathology are expected to be at risk of cognitive decline

but the timeline remains unknown.3

The relationship betweenRBANS total score andATNgroups seems

to be driven by memory tasks in individuals with neurodegeneration,

although A+T-N+ could be best distinguished from other groups—

but not from A+T+N+—on the base of language tasks. It is not triv-

ial to detect insidious cognitive dysfunction due to early AD patholog-

ical changes, thus the RBANS battery seems appropriate for the EPAD

cohort. AlthoughRBANS tests arenot corrected for education, thiswas

irrelevant for our studyas theyearsof educationwerehighandapprox-

imately the same for all groups (on average 14 years), probably explain-

ing why our sample scored higher compared to the general population.

Our data confirmed that cerebrovascular disorders co-occur with

AD pathology. Although EPAD protocol restricted eligibility to individ-

ualswithnomajor cerebrovascular pathology (Figure S2), thedegreeof

small vessel diseasewashigher inA+ individuals. In linewith this, SNAP

showed a lower vascular burden compared to subjects in the AD con-

tinuum. The cross-sectional nature and the design of this study do not

allow for any causal inference regarding the link between cerebrovas-

cular disorders and AD pathology nor with regard to the extent of the

impact of concomitant cerebrovascular pathologyon the cognitive per-

formance of individuals along the AD continuum.50

Other than cerebrovascular disorders, wewere able to confirm sev-

eral well-known risk factors of AD-related pathology, including APOE

ε4 genotype, positive family history of dementia, and age. Specifically,

based on the prevalence of APOE ε4 carriers per ATN stage, we can

confirm that APOE ε4 seems to be a major driver of AD pathology, in

line with current evidence.51

Some methodological concerns should be addressed. EPAD is a

multicenter study, using slightly different recruitment strategies per

center. As in other cohorts, our sample is not totally representa-

tive of the general population, missing minorities such as individ-

uals with lower education and non-Whites. Cut-offs for ATN stag-

ing need to be validated with longitudinal data and with other non-

demented populations, investigating progression in cognitive decline

for each stage. Nevertheless, we believe that this study sets firm bases

for recruitment into clinical trials beyond simple neuropsychologi-

cal performance using multimodal biomarkers, including CSF-based

biomarkers, advanced neuropsychological findings, and radiological

outcomes.

To conclude, our findings show that, in a non-demented popula-

tion, t-tau is not appropriate for describing neurodegeneration and

cognitive dysfunction, especially in the memory domain, appears con-

comitantly to positivity to p-tau. Moreover, bi-directional regional vol-

umetric changes might be observed in the brain, possibly reflecting

neurodegenerative and inflammatoryprocesses. Finally, cerebrovascu-

lar burden increases together with biomarker positivity along the AD

continuum.
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