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Abstract 

Background Current AT(N) stratification for Alzheimer’s disease (AD) accounts for complex combinations of amyloid 
(A), tau proteinopathy (T) and neurodegeneration (N) signatures. Understanding the transition between these differ‑
ent stages is a major challenge, especially in view of the recent development of disease modifying therapy.

Methods This is an observational study, CSF levels of Tau, pTau181, pTau217, Aβ38/40/42, sAPPα/β, BACE1 and neu‑
rogranin were measured in the BALTAZAR cohort of cognitively impaired patients and in the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI). Biomarkers levels were related to the AT(N) framework. (A) and (T) were defined 
in BALTAZAR with CSF Aβ42/40 ratio and pTau217 respectively, and in ADNI with amyloid and tau PET. (N) was defined 
using total CSF tau in both cohorts.

Results As expected, CSF Aβ42 decreased progressively with the AD continuum going from the A‑T‑N‑ 
to the A + T + N + profile. On the other hand, Tau and pTau181 increased progressively with the disease. The final 
transition from A + T + N‑ to A + T + N + led to a sharp increase in Aβ38, Aβ42 and sAPP levels. Synaptic CSF biomark‑
ers BACE1 and neurogranin, were lowest in the initial A + T‑N‑ stage and increased with T + and N + . CSF pTau181 
and total tau were closely related in both cohorts.

Conclusions The early transition to an A + phenotype (A + T‑N‑) primarily impacts synaptic function. The appear‑
ance of T + and then N + is associated with a significant and progressive increase in pathological Alzheimer’s disease 
biomarkers. Our main finding is that CSF pTau181 is an indicator of N + rather than T + , and that N + is associated 
with elevated levels of BACE1 protein and beta‑amyloid peptides. This increase may potentially fuel the amyloid 
cascade in a positive feedback loop. Overall, our data provide further insights into understanding the interconnected 
pathological processes of amyloid, tau, and neurodegeneration underlying Alzheimer’s disease.
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edu). As such, the investigators within the ADNI contributed to the design 
and implementation of ADNI and/or provided data but did not participate in 
analysis or writing of this report. A complete listing of ADNI investigators can 
be found at: http:// adni. loni. usc. edu/ wp‑ conte nt/ uploa ds/ how_ to_ apply/ 
ADNI_ Ackno wledg ement_ List. pdf.

*Correspondence:
Sylvain Lehmann
s‑lehmann@chu‑montpellier.fr
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13024-024-00755-3&domain=pdf
http://orcid.org/0000-0001-6117-562X
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf


Page 2 of 14Lehmann et al. Molecular Neurodegeneration           (2024) 19:66 

Keywords Alzheimer’s disease, Amyloid, BACE1, Cerebrospinal fluid, Neurodegeneration, Neurogranin, Tau 
proteinopathy

Background
The [AT(N)] classification was proposed in 2018 by the 
National Institute on Aging and Alzheimer’s Association 
(NIA-AA). The system uses longitudinal imaging and 
biomarker studies of patients with cognitive decline or 
at risk of developing Alzheimer’s disease (AD) [1]. This 
classification refers primarily to the presence of amy-
loid (A) and tau (T) pathology, which are the hallmarks 
of AD. The presence of neurodegeneration (N) was also 
considered a marker for advanced pathologic state that 
could be employed for staging. ‘N’ was put into parenthe-
sis because neurodegeneration does “not map onto neu-
ropathologic findings used to diagnose AD” [1]. Recent 
revision of the NIA-AA clinical guidelines proposed 
retaining just ‘A’ and ‘T’ proteinopathy status for diag-
nosis and staging of AD. ‘N’ thus became a second-tier 
marker, along with ‘I’ (inflammation) and co-pathologies. 
The AT(N) classification is a very constructive frame-
work to model the sequential pathological events in AD 
and to dissect out biomarkers related to A, T and N.

The interaction between amyloid (A) and tau (T) 
pathology, and the initiating role of either one or the 
other, have been much debated. The amyloid hypothesis 
[2] proposes that AD initiates through the accumula-
tion of amyloid-beta (Aβ) peptides in the brain. Aβ pep-
tides are generated from the amyloid precursor protein 
(APP) and they build up in the brain due to an imbal-
ance between production and clearance [3]. Many factors 
could be responsible for an increase in Aβ metabolic dys-
regulation; first and foremost are mutations in the APP 
and γ-secretase genes. Indeed APP duplication and tri-
somy 21 both cause early-onset AD [4]. Dysregulation of 
β-site APP cleaving enzyme 1 (BACE1) by inflammatory 
factors, oxidative stress [5], hormone signalling (e.g. insu-
lin), mitochondrial dysfunction and altered lipid metab-
olism, can also increase Aβ production [6]. Otherwise, 
impaired degradation of Aβ might result from lower 
activity of enzymes, like neprilysin and insulin-degrad-
ing enzyme, or from impaired autophagy or proteasome 
activity [7].

Microglial activity also impacts amyloid deposition. 
Indeed, several genetic AD-risk factors are linked to 
microglial cell fate [8]. Clearance of Aβ peptides from the 
brain is affected by dysfunction in blood–brain barrier 
or glymphatic system [9]. Aging, but also sleep disrup-
tion [10], brain injury and trauma and other environmen-
tal factors can also influence these systems to reduce Aβ 
peptide clearance and thus increase AD risk.

It is still a matter of debate whether amyloid plaques 
or tau tangles are the dominant pathology in AD. Cer-
tainly, the earliest pathological biomarkers detected in 
the AD continuum appear to be amyloid [11]. It has 
also been established that anti-Aβ immunotherapies 
reduce biomarkers associated with both amyloid and 
tau tangle pathology [12]. In this context, amyloid rep-
resents a trigger for tau pathology [12–14]. Neverthe-
less, tau pathology can also occur without amyloid, as 
reported in cases of “suspected non-Alzheimer’s dis-
ease pathophysiology” (SNAP) [1, 15, 16] and “primary 
age-related tauopathy” (PART) [17]. Tau pathology is 
thus a parallel path to dementia that is closely linked 
to the classical AD symptoms of cognitive decline, 
neurodegeneration and synaptic dysfunction. The pro-
gress of these physiological parameters in AD can, in 
turn, be monitored by CSF levels of neurogranin (Ng) 
and base BACE1 or the ratio between the two [18]. 
The classic AD continuum can thus be defined as the 
transition from a healthy state (A-T-) to cerebral amy-
loidosis (A + T-), then to patients with a full AD profile 
(A + T +) [19], with isolated tau proteinopathy (A-T +) 
completing the spectrum. Understanding, predicting 
and controlling the transition between these differ-
ent states is a major challenge, especially in view of the 
recent development of disease modifying therapy.

CSF biomarkers can provide clues to AD pathophysi-
ology and many studies focus on the Aβ42 peptide or 
the Aβ42/40 ratio [20]. However, while these measure-
ments can indeed be used to monitor A + , they do not 
provide an adequate picture of Aβ metabolism within 
the AD continuum. Here we carefully monitor non-
amyloidogenic Aβ38 or Aβ40 peptides [21] along with 
associated sAPP fragments. In addition to amyloid and 
tau CSF biomarkers, we also measured levels of Ng and 
BACE1, as both have been proposed as synaptic bio-
markers relevant for AD cognitive decline [18, 22, 23]. 
As an enzyme, BACE1 cleaves the N-terminus of APP 
at different moieties, generating at least three different 
Aβ peptides after γ-secretase action: Aβ38, Aβ40 and 
Aβ42, and the corresponding soluble fragment sAPPβ 
[24]. We included all these biomarkers in our study, 
as well sAPPα which is link to the non-amyloidogenic 
metabolism of APP. These species are all known to cor-
relate with one another in physiological situations [21]. 
We observed that isolated A + has mainly a synaptic 
impact, then, combined with T + and N + , it contrib-
utes to the classic AD profile. In this progression, N + is 
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associated with a significant increase in pathological 
biomarkers but is also characterized by surprisingly 
high concentrations of Aß40 peptides and BACE1. This 
increase potentially fuelling the amyloid cascade, pro-
vides further clues to understanding the link between 
the amyloid and tau pathological processes underlying 
AD.

Methods
Baltazar study population
The study population corresponds to 209 participants of 
the BALTAZAR multicenter prospective cohort (Clini-
calTrials.gov Identifier #NCT01315639) [25] who under-
went lumbar puncture as part of the clinical protocol. All 
participants had clinical, neuropsychological, imaging 
and biological assessments. APOE was genotyped in a 
single centralized laboratory. Mild cognitive impairment 
subjects (MCI) were selected according to the Petersen’ 
criteria [26]. Participants had visits every six months for 
three years, where they were reassessed each time for 
cognitive decline [25].

Biological biomarker measurements in the Baltazar cohort
CSF samples were taken at the first visit, and to mini-
mize pre-analytical and analytical problems, identi-
cal collection tubes were used across centers. CSF 
aliquots were stored at -80 °C in low-binding Eppendorf® 
LoBind microtubes (Eppendorf, ref 022431064, Ham-
burg, Germany) until testing. Biomarker levels, of Tau, 
pTau181, Aβ40 and Aβ42, were determined with stand-
ardized commercially available ELISA Kits (Euroim-
mun β-amyloid 1–40 and 1–42 [27], Innotest hTau [28], 
and Innotest Phospho-Tau (181P) [29]). CSF pTau217 
was determine using the commercial MSD (Meso Scale 
Discovery, Rockville, MD, USA) S-PLEX Human Tau 
(pT217) Kit. CSF sAPPα, sAPPβ and Aβ38 were detected 
using multiplex MSD kits (ref: K11120E, K11148E). 
Detailed assay procedures, that were very similar to clas-
sical ELISA, but with a final quantitation on the MSD 
Sector Imager 6000 plate reader, are provided else-
where [21]. The immunoassay detecting protein levels 
of BACE1 is an ELISA further developed from a format 
described by Barao and colleagues [30], including mon-
oclonal antibodies ADx401 (clone 5G7) and ADx402 
(clone 10B8F1). BACE1 levels were measured according 
to the kit instructions, where concentrations were calcu-
lated via intrapolation (5PL curve fit; log (X)) based on 
the calibrator curve. To measure Ng, an adapted version 
of the originally described format [18] was used. In short, 
this assay includes two monoclonal antibodies, ADx403 
(clone ADxNGCI2) and ADx451 (clone ADxNGCT1), 
that specifically capture neurogranin C-terminally trun-
cated at proline 75 (P75), which is abundant in CSF [31]. 

BACE1 and Ng ELISA are commercialized by Euroim-
mun and include ready-to-use, lyophilized calibrators 
and a standardized protocol.

ADNI study population
Two sets of data, originating from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) (www. loni. ucla. 
edu/ ADNI), were used after the agreement of the sci-
entific committee. The first dataset ADNI 1, was gener-
ated using data from UPENNBIOMK_MASTER_FINAL 
that contains CSF data (AB40, ABETA, PTAU, TAU) 
measured with the Elecsys® platform combined with Aβ 
PET (UCBERKELEY_AMY_6MM) and tau PET data 
(UCBERKELEY_TAUPVC_6MM). We retained 512 CSF 
samples with Aβ and tau PET status determined within 
4 months of lumbar puncture (mean delay between lum-
bar puncture and PET was 16.6(± 22.4) days for Aβ PET 
and 20.7(± 28.4) days for tau PET). An ADNI subset is 
represented by the “Biomarkers Consortium Project 
BACE activity and sAPPβ measures as Novel Cerebro-
spinal Fluid” (n = 377). In this cohort, CSF BACE1 activ-
ity and sAPPβ were measured using validated methods 
described elsewhere [32]. Concentrations of amyloid 
and tau biomarker (ABETA, PTAU, TAU), measured 
with the Elecsys® platform were also retrieve from the 
UPENNBIOMK_MASTER_FINAL.

Stratification of the ADNI and BALTAZAR cohorts based 
on AT(N) status
In the ADNI cohort, we relied on PET analysis to deter-
mine the amyloid Aβ (A +) and tau (T +) status. The cut-
points for Aβ PET positive status (FBP: 1.11/20 CL, FBB: 
1.08/18 CL) and for tau status (1.26; temporal meta SUVr) 
are described in Landau et al. [33]. In the Baltazar cohort, 
A + status was based on well-established cutpoint for the 
CSF Aβ42/40 ratio (i.e. < 0.10) [27]. The Aβ42/40 ratio is 
known to robustly predict Aβ PET status [34]. In previ-
ous work from our teams [35, 36], as well as from oth-
ers [37–39], pTau181 was used to define T + status with a 
cutpoint of 60 ng/mL. However, since in the BALTAZAR 
cohort we also measured CSF pTau217, which performs 
significantly better than pTau181 for diagnosis [40] and 
to predict tau PET status [41], we thus relied on pTau217 
to determine (T) status with a cutpoint of 242  ng/mL. 
Neurodegenerative status (N) is commonly based on the 
value of the total Tau level in the CSF. We therefore used 
previously defined Tau cut-points of 400 pg/mL using the 
corresponding immunoassays [27, 42], in both cohorts.

Statistical analyses
General characteristics were analysed in the MCI Bal-
tazar populations with different ATN profiles. Cat-
egorical variables were analysed as percentage (%), and 

http://www.loni.ucla.edu/ADNI
http://www.loni.ucla.edu/ADNI
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continuous variables as mean and standard deviation (M 
(SD)) or as median (25–75 percentile) after testing for 
normal distribution by Shapiro–Wilk test. Comparisons 
were then made by χ2 test, T-test, or Wilcoxson test. Dif-
ferences in Kaplan–Meier biomarkers tertiles were calcu-
lated by Log rank test. The focus of the study is not on 
ApoeE4, and to avoid biases linked to this variable as well 
as to age and sex, statistical comparisons were adjusted 
with these three factors. For all analyses, a 2-sided α-level 
of 0.05 was used for significance testing. All analyses 
were performed using MedCalc (20·118) and R (Core 
Team 2019) software.

Results
Demographics and CSF biomarkers along the AD 
continuum: A‑T‑N‑, A + T‑N‑, A + T + N‑ to A + T + N + 
In the 209 MCI participants of the BALTAZAR cohort 
who had CSF analysis, 32.1% were A-T-N, 12.4% 
A + T-N-, 1.9% A + T + N- and 36.4% A + T + N + (Sup-
plementary Tables  1 and 2, Supplementary Fig.  1). 
In the ADNI cohort, which assembles AD and non-
AD patients, these numbers were 41.0%, 11.5%, 10.5% 
and 18.9%, respectively. The BATAZAR cohort shows 
higher values in the different ATN groups, as it rep-
resents MCI patients which are older and overall 
more advanced along the AD continuum than ADNI 
patients. These numbers differ significantly from the 
stratification of the cohorts based on the presence of 
one the AT(N) hallmarks (Supplementary Tables  1 
and 2). In both cohorts (Table 1), pathological subsets 
were slightly older than non-pathological A-T-N- par-
ticipants, with a higher percentage of ApoE4 carriers, 
faster cognitive decline, and a gender-equivalent dis-
tribution. We focused on group comparison based on 
the AD continuum: i.e. the acquisition of A + (A-T-
N- vs A + T-N-), T + (A + T-N- vs A + T + N-) and 
N + (A + T + N- vs A + T + N +) statuses. The appear-
ance of A + , determined using CSF Aβ42/40 in BAL-
TAZAR and amyloid PET in ADNI, was associated with 
an over-representation of ApoE4, cognitive decline, 
Aβ42, BACE1 and Ng decrease, and an increase of Tau, 
pTau181 and pTau217 (Table  1, Fig.  1). The arrival of 
T + , determined using CSF pTau217 in BALTAZAR 
and tau PET in ADNI, was only associated with a small 
decrease of Aβ42, Aβ42/40 and a small increase of 
BACE1 and pTau181. Hippocampal volume was signifi-
cantly decreased in the ADNI cohort, which includes 
both AD and non-AD patients. Major changes were 
observed with the addition of N + , determined using 
CSF Tau, with a further rise of all AD biomarkers, and 
a significant increase in BACE1 and metabolic amyloid 
biomarkers including Aβ38, Aβ40, sAPPα and sAPPβ 
(Table  1, Fig.  1). It should be noted that stratifying 

cohorts according to the presence or absence of one 
of the AT(N) features gives a general and less accurate 
picture of the impact of the AT(N) component on CSF 
biomarkers (Supplementary Table  3, Supplementary 
Fig. 2).

Demographics and CSF biomarkers in isolated 
T + (A‑T + N‑) and N + (A‑T‑N +) profiles
The number of patients with A-T + N- and A-T-N + pro-
files, that do not belong to the Alzheimer’s disease con-
tinuum, is limited (< 5%) (Supplementary Table  1 and 
Table  2). A-T + N-, defined with tau PET in ADNI or 
CSF pTau217 in BALTAZAR, was not associated with 
a significant increase of CSF total tau or pTau181 in 
either cohort, nor did it have a significant impact on 
amyloid biomarkers. A-T-N + defined with CSF total 
tau, is associated with high pTau181 but not with high 
pTau217. Importantly, A-T-N + is associated with Aβ40 
and BACE1 increased levels in both cohorts. This was 
also observed when global N + population were analysed 
(Supplementary Tables 3 and 4).

Relationship between CSF biomarkers in the BALTAZAR 
cohort
Table  3 revealed a high level of correlation (r > 0.6; 
P < 0.0001) of pTau217 with Aβ42 and Aβ42/40. Aβ38, 
Aβ40, sAPPα and sAPPβ are all correlated with each 
other (r > 0.4; P < 0.0001). BACE1 was correlated mainly 
with Aβ40 and this analyte with pTau181. Values of CSF 
Tau and pTau181 were highly corelated in both ADNI 
and BALTAZAR cohorts (r = 0.98 and r = 0.92 respec-
tively; supplementary Fig. 3AB) and they both correlated 
partially with pTau217. The relationship between CSF 
biomarkers and AT(N) status is illustrated in Fig. 2 using 
an unsupervised clustering approach. Negative and posi-
tive status clustered apart. The N + status was clearly dif-
ferential from the A + and T + that cluster together and 
similarly N- was separate from the A- and T- pairing. The 
CSF biomarkers form three distinct clusters. The first 
cluster contains Aβ42 and Aβ42/40 that reduce in AD 
stages. There were two clusters of markers that increase 
with the disease, one containing Ng, Tau, pTau181 and 
pTau217 and the other one with Aβ40 slightly separated 
from a group constituted of Aβ38, sAPPα, sAPPβ and 
BACE1.

Discussion
One of the challenges to understanding the Alzheimer’s 
Disease (AD) continuum is to link biomarker profiles 
with the pathophysiology of the disease. To explore this 
relationship, we used the NIA-AA AT(N) framework [1] 
in the BALTAZAR prospective cohort [25] composed 
of MCI participants and in the ADNI cohort. Amyloid 
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status A + was defined in the BALTAZAR cohort by the 
CSF Aβ42/40 ratio and in ADNI by amyloid PET. CSF 
total Tau was used to define neurodegeneration status 
N + in both cohorts.

Importantly, we realized that defining T + using CSF 
pTau181 was misleading, as CSF pTau181 corelates with 
CSF Tau (r > 0.9) (Supplementary Fig.  1) that is used to 
determined N + . Furthermore, CSF pTau181 does not 
correlate well with tau PET used to determined T + in 
the ADNI cohort. In our study, the use of pTau181 for 
stratification gave very similar results to the use of total 
tau which determines N + (Supplementary Tables  3 and 
5, Supplementary Fig.  3). This observation raises con-
cerns about the conclusion of numerus studies using CSF 
pTau181 to determine T + , including very recent ones 
using proteomics [16, 38, 43–47]. To define T + in BAL-
TAZAR we rather used CSF pTau217 which correlates 
with tau PET [48, 49]. As expected, A + is associated with 
a significant decrease in Aβ42 in CSF. This goes hand in 
hand with the formation of Aβ oligomers and their aggre-
gation in the brain parenchyma, leading to a reduction in 
soluble Aβ in CSF.

ApoE4, by reducing the clearance of Aβ or stimulating 
its production [50], strongly favours A + and it is not sur-
prising that its prevalence is therefore high in this group. 
Tau proteins increased in A + patients, with pTau217 in 
BALTAZAR having the highest fold change and correla-
tion with Aβ42/40. This is coherent with this biomarker 
being the best predictor of A + [51].

When we compare A-T-N- and A + T-N- cognition 
decline was not significant reminding therefore of cogni-
tive unimpaired population that are at risk for AD. In this 
isolated A + situation, we noticed a decrease in BACE1, 
which is present in the presynaptic membrane, and Ng, 
which is predominantly localized post-synaptically and 
plays a role in long-term potentiation and learning. This 
result recalls a previous study [37]. The origin of this 
decrease could be related to Aβ-induced synaptic depres-
sion [52], feedback enzymatic inhibition [53], or altera-
tion of synaptic structures [54]. Both biomarkers have 
similar expression patterns, with Ng showing a much 
stronger increase in the presence of neurodegeneration. 
The BACE1/Ng ratio, therefore, increases only in the 
later A + T + N + stage (Table 2), which is also associated 

Fig. 1 CSF biomarker levels in the AT(N) framework. Violin plot distribution of Aβ40 and Aβ42 CSF levels in the BALTAZAR (A, C) and the ADNI 
(B, D) cohorts, stratified by AT(N) classification showing median and quartiles. Aβ40 levels were statistically different between A‑T‑N‑ vs. 
A + T‑N‑ and between A + T + N‑ vs. A + T + N + . Aβ38 levels (F) showed also an statistically significant increase with the presence of N + . Aβ42 
levels as well as Aβ42/40 ratio (E) is used for A + stratification were much lower in A + T‑N‑ compared to A‑T‑N‑. sAPPs distribution (G, H) are similar 
to that of Aβ40. Ng (I), as a synaptic biomarker, is decreased in isolated A + T‑N‑ and increased in T + and N + . BACE1 (H) is also decreased in isolated 
A + T‑N‑, increased a little in T + and more in N + . P values of Wilcoxson test < 0.001 are indicated with ***, < 0.01 with ** and < 0.05, with *
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with significant cognitive decline. Based on this obser-
vation, our interpretation is that the BACE1/Ng ratio, 
identified as an excellent biomarker of cognitive decline 
[18], is more a conjunctural construction than an associa-
tion with pathophysiological significance, similar to the 
Aβ42/40 ratio. It will be interesting in future studies to 

examine other synaptic biomarkers [55], such as synap-
tosome-associated protein 25 (SNAP-25), growth-associ-
ated protein 43 (GAP-43), vesicle-associated membrane 
protein 2 (VAMP2) or neuronal pentraxin 2 (NPTX2), to 
see whether they show comparable variations as a func-
tion of ATN status.

Table 3 Correlation between CSF amyloid and tau biomarkers in the BALTAZAR cohort

Correlation table between CSF biomarkers in the BALTAZAR cohort. The Spearman rank correlation coefficient is indicated, with P values in parentheses

Aβ40 Aβ42 Aβ42/40 sAPPα sAPPβ Tau pTau181 pTau217

Aβ40 / 0.44 (< 0.0001) ‑0.11 (0.1132) 0.452 (< 0.0001) 0.508 (< 0.0001) 0.441 (< 0.0001) 0.556 (< 0.0001) 0.185 (0.0073)

Aβ42 0.44 (< 0.0001) / 0.826 (< 0.0001) 0.14 (0.0509) 0.194 (0.0065) ‑0.326 (< 0.0001) ‑0.23 (0.0008) ‑0.651 (< 0.0001)

Aβ42/40 ‑0.11 (0.1132) 0.826 (< 0.0001) / ‑0.122 (0.0875) ‑0.099 (0.1682) ‑0.614 (< 0.0001) ‑0.575 (< 0.0001) ‑0.811 (< 0.0001)

sAPPα 0.452 (< 0.0001) 0.14 (0.0509) ‑0.122 (0.0875) / 0.933 (< 0.0001) 0.317 (< 0.0001) 0.328 (< 0.0001) 0.221 (0.0019)

sAPPβ 0.508 (< 0.0001) 0.194 (0.0065) ‑0.099 (0.1682) 0.933 (< 0.0001) / 0.321 (< 0.0001) 0.317 (< 0.0001) 0.193 (0.0067)

Tau 0.441 (< 0.0001) ‑0.326 (< 0.0001) ‑0.614 (< 0.0001) 0.317 (< 0.0001) 0.321 (< 0.0001) / 0.927 (< 0.0001) 0.781 (< 0.0001)

pTau181 0.556 (< 0.0001) ‑0.23 (0.0008) ‑0.575 (< 0.0001) 0.328 (< 0.0001) 0.317 (< 0.0001) 0.927 (< 0.0001) / 0.748 (< 0.0001)

pTau217 0.185 (0.0073) ‑0.651 (< 0.0001) ‑0.811 (< 0.0001) 0.221 (0.0019) 0.193 (0.0067) 0.781 (< 0.0001) 0.748 (< 0.0001) /

Fig. 2 Unsupervised clustering of AT(N) status and CSF biomarkers in the BALTAZAR cohort. "In this representation, the individual biomarkers 
in each row are ordered based on their Euclidean distance, also illustrated by the dendrograms. Each column is ordered similarly and represents 
the A, T, N positive and negative situations (see supplementary Table 2). CSF biomarkers formed three distinct clusters. The first cluster grouped 
Aβ42 and Aβ42/40. The second cluster grouped Ng with Tau, pTau181, and pTau217. The third cluster grouped BACE1, Aβ40, Aβ38, sAPPα, 
and sAPPβ. ATN situations are also separated into positive and negative situations, with T and N closer together. The legend and the color gradient 
represent the variation of the biomarkers from low (blue) to high levels (red) in the different ATN subgroups
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The Alzheimer’s disease continuum, notably modelled 
by Jack et al. [11], suggests that the natural evolution of 
the disease starts with A + followed by T + and eventu-
ally N + . Comparison of the whole T- and T + popula-
tion revealed important differences in CSF biomarkers 
that corresponded well with those of AD: amyloidosis, 
increase in Tau isoforms, as well as in BACE1 and Ng, 
as already reported [56, 57]. However, if we focus on 
isolated T + (A-T + N-), we do not observe these modi-
fications, which confirms that this profile is related to 
SNAP and does not belong to the AD continuum [16, 
58, 59]. Taken together this suggest that T + only takes 
on its full pathological dimension when associated with 
A + . We however noticed that T + is associated with 
a small increase in BACE1 which could result from a 
direct activation mechanism by a truncated form of the 
Tau protein [60]. This truncated tau (1–368), generated 
by δ-secretase, which has also APP for substrate, results 
in BACE1 upregulation and Aβ production through 
binding to the transcription factor STAT1.

The addition of N + to A + T + represents the last step in 
Jack’s model and it is associated with all the hallmarks of 
AD (amyloid, tau, cognitive decline, increased Ng). How-
ever, contrary to the classic model we find a surprising 
association between N + and a coordinated increase in of 
BACE1, Aβ38, Aβ40, sAPPα and sAPPβ. The mechanism 
might be indirect, as BACE1 is regulated by oxidative 
stress, inflammation, insulin and interferon signaling and 
the receptor for advanced glycation end products [53, 61]. 
These factors and situations have been associated with 
tauopathy and could therefore account for the increased 
levels of BACE1, and subsequently, its metabolic prod-
ucts (Aβ38, Aβ40, sAPPβ). However, this does not explain 
the increase in sAPPα. Neurodegeneration itself could be 
another driving factor, as evidenced by the rise in total tau 
CSF levels and Ng levels (indicative of synaptic injury), 
which may be triggered by the activation of the injurious 
p75 neurotrophin receptor (p75) [62]. A recent study sug-
gests that the increase of various CSF proteins including 
Aβ40, could result from altered CSF dynamics [47] an 
interesting hypotheses that would need further investiga-
tion. The authors also suggest that CSF protein concen-
tration should be normalized with interindividual Aβ40 
levels. However, in our dataset, this would have altered 
our N + population and modify the AT(N) classification, 
making our analysis inconsistent with previous studies.

One limitation of our study is that it is observational 
and limited to the concentration of biomarkers in CSF. It 
does not include anatomopathological investigations or 
ex vivo experimental approaches linking amyloid and tau 
pathologies. The observations are nevertheless supported 
by the analysis of two independent cohorts and PET imag-
ing. There is a risk of circular thinking in the BALTAZAR 

cohort since we used CSF biomarkers for classification and 
analyzed the variation of CSF biomarkers. However, we 
were careful not to interpret the variation of the biomark-
ers used for each classification. Additionally, the fact that 
we reached similar conclusions using imaging biomarkers 
in the ANDI cohort adds to the robustness of our findings.

Conclusions
Finally, an interesting illustration of the relationship 
between AT(N) and CSF biomarkers is provided by the 
unsupervised hierarchical clustering in Fig. 2. This rep-
resentation shows, without a priori knowledge, that neu-
rodegeneration augments amyloid constituents, with the 
exception of Aβ42 whose level decreases earlier along 
with amyloidopathy. As illustrated in the diagram of 
AD pathogenic events (Supplementary Fig. 4), our study 
thus clarifies the relationship between AT(N) profiles 
and AD pathophysiology. Our main finding is that CSF 
pTau181 is an indicator of N + rather than T + , and that 
N + is also associated with elevated levels of cerebrospi-
nal fluid BACE1 protein and beta-amyloid peptides. This 
increase may potentially fuel the amyloid cascade in a 
positive feedback loop. Overall, our data provide further 
insights into understanding the interconnected patho-
logical processes of amyloid, tau, and neurodegeneration 
underlying AD.
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