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Abstract

Introduction: The association between cerebral amyloid-β accumulation and down-

streamCSF biomarkers is not fully understood, particularly in asymptomatic stages.

Methods: In 318 cognitively unimpaired participants, we assessed the association

betweenamyloid-βPET (Centiloid), and cerebrospinal fluid (CSF) biomarkers of several

pathophysiological pathways. Interactions by Alzheimer’s disease risk factors (age, sex

and APOE-ε4), and themediation effect of tau and neurodegeneration were also inves-

tigated.

Results: Centiloids were positively associated with CSF biomarkers of tau pathology

(p-tau), neurodegeneration (t-tau, NfL), synaptic dysfunction (neurogranin) and neu-

roinflammation (YKL-40, GFAP, sTREM2), presenting interactions with age (p-tau, t-

tau, neurogranin) and sex (sTREM2,NfL).Most of these associationsweremediated by

p-tau, except for NfL. The interaction between sex and amyloid-β on sTREM2 and NfL

was also tau-independent.
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Discussion: Early amyloid-β accumulation has a tau-independent effect on neurode-

generation and a tau-dependent effect on neuroinflammation. Besides, sex has a mod-

ifier effect on these associations independent of tau.
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1 BACKGROUND

The pathological hallmarks of Alzheimer’s disease (AD) are amyloid-

β (Aβ) plaques and neurofibrillary tau tangles. According to the amy-

loid cascade hypothesis, Aβ accumulation is the earliest pathological

event, which can start decades before symptoms, and it is followed by

tau accumulation and neurodegeneration.1 In addition, recent studies

have reported the involvement ofmanyother downstreampathophysi-

ological processes during the early stages of theAlzheimer’s continuum,

even in asymptomatic individuals, including neuroinflammation, synap-

tic dysfunction and neuronal injury.2,3

Recent advances in the development of novel biomarkers have

enabled us and others to track some of these processes through cere-

brospinal fluid (CSF) or plasma biomarkers.4–10 Studying the early

changes in these biomarkers and their relationship with the main

pathological hallmarks of Alzheimer’s disease (AD) would allow us to

better understand the role of these processes in the progression of AD.

Understanding these mechanisms, especially in the earliest stages, can

also be informative on novel possible drug targets for the prevention of

AD.

In a previous study, we found that after CSF Aβ42/40 becomes pos-

itive, there is a steep increase in tau-related (phosphorylated tau [p-

tau]) and synaptic dysfunction (neurogranin) CSF biomarkers and, to a

lesser extent, in axonal injury (neurofilament light [NfL] and total tau [t-

tau]) and glial biomarkers (soluble triggering receptor on myeloid cells

2 [sTREM2], YKL40, glial fibrillary acidic protein [GFAP]).11 Despite

the novelty of these findings, there were still important questions

to be addressed. First, to assess whether cerebral Aβ deposition, as

measured by Aβ PET, would also be associated with CSF biomarkers

of downstream pathophysiological mechanisms. To this regard, it is

important to note that Aβ measured in CSF and in PET probe differ-

ent pools of Aβ,12 and that aggregated Aβ (or Aβ load, as measured by

AβPET)may have a different effect than solubleAβ (asmeasure byCSF

Aβ42/40). Second, to investigate whether age, sex and APOE-ε4 status,
the main unmodifiable AD risk factors, had also a modulation effect

over the association between Aβ PET and the rest of CSF biomarkers.

Finally, since these CSF biomarkers show a high level of collinearity at

early asymptomatic AD stages, it remained to be determined to what

extent these associations represented unique downstream alterations

associated to Aβ or were driven by other correlated biomarkers. In this

respect, we hypothesized that CSF p-tauwouldmediate several associ-

ations between cerebral Aβ load and CSF biomarkers.

With this in mind, we aimed to analyze the relationship between

Aβ accumulation in the brain measured with [18F]flutemetamol Aβ
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (eg. PubMed) sources. Several stud-

ies have been recently published about the association

between novel CSF biomarkers for Alzheimer’s disease

(AD) and core AD biomarkers (ie. amyloid-β, t-tau and p-

tau). Relevant citations are appropriately cited.

2. Interpretation: Unlike previous studies, we studied a

wide range of biomarkers reflecting several pathophysi-

ological mechanisms, we focused in the very early stages

of the disease, and we assessed the modifier effects of

AD risk factors. Moreover, we tested how tau pathol-

ogy mediated the association between amyloid-β pathol-
ogy and downstream neurodegeneration and neuroin-

flammation.

3. Future directions: This is a cross-sectional study. We will

conduct a longitudinal study of these participants, which

will allow us to have a better understanding of the evolu-

tion of these biomarkers in the early stages of AD.

PET and multiple biological pathways measured in CSF in the early

Alzheimer’s continuum. We also studied whether these associations

were modified by the main risk factors for AD: age, sex and APOE-ε4
status. We hypothesized that Aβ PET is associated with several down-

stream pathophysilogical processes, and these association are modi-

fied by age, sex and APOE-ε4 status. Moreover, we assessed whether

these associations were mediated by biomarkers of tau pathology and

neurodegeneration. We hypothesized that CSF p-tau would mediate

several associations between cerebral Aβ load and CSF biomarkers. To

achieve these aims, we analyzed CSF biomarkers reflecting multiple

Alzheimer’s pathophysiological, including: tau pathology (CSF p-tau),

neuronal injury (CSF t-tau and NfL), synaptic dysfunction (CSF neu-

rogranin), inflammation and glial activation (sTREM2, YKL-40, GFAP,

S100b and interleukin 6 [IL-6]), and also total α-synuclein.2,4 All these
analyses were performed in a cohort of 318 cognitively unimpaired

participants. Remarkably, these participants had a relatively low mean

[18F]flutemetamol AβPET uptake, which allowed us to study very early
pathophysiological changes associated with a low load of cerebral Aβ
deposition.

2 MATERIALS AND METHODS

2.1 Participants

Participants of this study were part of the ALFA+ cohort, nested in

the ALFA (for ALzheimer’s and FAmilies) parent cohort.13 The ALFA

cohort was established as a research platform to characterize pre-

clinical AD in 2,743 cognitively unimpaired individuals, aged between

45 and 75 years old, and enriched for family history of sporadic AD.

ALFA+ participants were selected for a more comprehensive evalu-

ation including a lumbar puncture (LP) and a [18F]flutemetamol Aβ
PET. All ALFA+ participants were cognitively unimpaired with a Mini-

Mental State Examination (MMSE) above 26 and a Clinical Dementia

Rating (CDR) of zero and were enriched for APOE- ε4 allele carriership
and family history of AD. We also measured delayed free recall from

Free and Cued Selective Reminding Test (FCSRT, see Supplementary

Material).14 For this study, we included the first 318 consecutive par-

ticipants that had usable CSF and Aβ PET data acquired in less than a

year.

2.2 CSF sampling

CSF Aβ42 was measured using the Elecsys® β- amyloid(1-42),15 while

t-tau and p-tau were measured using the electrochemiluminescence

immunoassays Elecsys® Total-Tau and Phospho-Tau(181P) CSF on a

fully automated cobas e 601 instrument (Roche Diagnostics Interna-

tional Ltd., Rotkreuz, Switzerland). The rest of the biomarkers (Aβ40,
NfL, neurogranin, YKL-40,GFAP, sTREM2, S100b, IL-6andα-synuclein)
were measured with robust prototype assays as part of the Neuro-

ToolKit (Roche Diagnostics International Ltd., Rotkreuz, Switzerland)

on a cobas e 411 and e 601 instruments). All available CSF biomark-

ers were used in this study. All measurements were performed at the

Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital,

Mölndal, Sweden, by board-certified laboratory technicians who were

blinded to diagnostic and other clinical data.

2.3 Image acquisition

Imaging acquisition and preprocessing protocols have been described

previously.16 Briefly, all participants had a [18F]flutemetamol PET

scan and a T1-weighted MRI acquired within one year. PET imaging

was conducted in a Siemens Biograph mCT (Siemens, Munich, Ger-

many), following a cranial CT scan for attenuation correction. Partic-

ipants were injected with 185MBq (range 166.5 to 203.5 MBq) of

[18F]flutemetamol, and four framesof 5min eachwere acquired90min

post-injection. Finally, the T1-weighted 3D-Turbo field echo (TFE)

sequence was acquired in a Philips 3 T Ingenia CX scanner (Philips,

Amsterdam, Netherlands).

2.4 Image processing

PET images were pre-processed following the standard Centiloid

pipeline using Statistical parametric mapping (SPM12).17 In brief, PET

frames were first realigned and summed to obtain a unique PET image,

whichwas then co-registeredwith the available T1-weightedMRI scan

of the same participant. Then,MRIswere normalized to theMNI space,

and the same transformation was then applied to the PET image. All

PET images were visually inspected as a quality control procedure.
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The intensitynormalizationwasperformedusing thewhole cerebellum

as reference region, provided by the Centiloid working group on the

GAAIN website (http://www.gaain.org/centiloid-project). We quanti-

fied the global Aβ load using the standard Centiloid region of interest

(ROI) that can also be found on the GAAIN website. The ratio of stan-

dardized uptake values (SUVr) were transformed to Centiloids using a

previously validated linear regression.16 From T1-weighted images we

derived normalized hippocampal volumes as described in the Supple-

mentaryMaterials.

2.5 Statistical analyses

CSF biomarker determination were inspected before performing any

correlation studies with [18F]flutemetamol PET uptake. Extreme val-

ues in CSF were excluded as specified in11 (Supplementary Materials).

We tested for normality of the distribution for each biomarker using

the Kolmogorov-Smirnov test and visual inspection of histograms.

Those CSF biomarkers that did not follow a normal distribution log10-

transformed and Centiloid values were also log2-transformed. Cross-

correlation between all CSF biomarkers were calculated using Pear-

son’s correlation.

The first main analysis of this study aimed to assess the direct asso-

ciations between Aβ load in the brain and all CSF biomarkers available.

To this aim, we used each of the of the CSF biomarkers as variable of

interest (dependent variable), and Aβ load (ie. Centiloids) as the inde-

pendent variable in univariate general linear models (GLM). Age, sex,

educationandAPOE-ε4 statuswereaddedas covariates for all themod-

els as shown in the following equation:

CSF biomarker ∼ 1 + age + sex + education + APOE𝜀4 + log (CL)

We also tested interaction effects between global cerebral Aβ load
in the brain and main AD risk factors (ie, age, sex and APOE-ε4 status)

on each CSF biomarker. To test age interactions, we used a GLMmodel

including a newvariable that resulted from the product of age andCen-

tiloids. To display the results of this interaction we divided the popula-

tion in three age groups, using the tertiles of age, although this was not

used for any statistical analysis. To test sex andAPOE-ε4 status interac-
tions, we performed ANCOVAs using the same covariates as the previ-

ous models. The equations for the interaction are shown below:

CSF biomarker ∼ 1 + sex + education + APOE𝜀4 + age ∗ log (CL)

CSF biomarker ∼ 1 + age + education + APOE𝜀4 + sex ∗ log (CL)

CSF biomarker ∼ 1 + age + sex + education + APOE𝜀4 ∗ log (CL)

As a complementary analysis we repeated the previous analyses

replacing log(CL) by CSF Aβ42/40 ratio both only including the Aβ posi-
tive sub-group, as the association between CSF Aβ42/40 ratio and the

rest of CSF biomarkers showed a change of slope in the Aβ positivity
threshold (Figure S3).

Finally, we performed a mediation analysis between cerebral Aβ
load and each of the CSF biomarkers using p-tau and/or NfL as medi-

ators. The aim of this analysis was to understand whether the asso-

ciations previously found between Aβ deposition and the other CSF

biomarkerswerepartially, fully or not at allmediatedby thesebiomark-

ers. We used the PROCESS version 3.4.1 toolbox from SPSS (www.

processmacro.org)18 to perform these analyses. In each model, Cen-

tiloid valueswere included as independent variable, CSF biomarkers as

dependent variable, using the same covariates as in the previous anal-

yses. Both p-tau and NfL were included as mediators in all initial mod-

els (except the one studying NfL), but discarded if they did not show

a significant mediation effect. As a complementary analysis, we also

repeated mediation models using CSF Aβ42/40 ratio as independent

variable in the Aβ positive sub-group defined by CSF.
Finally, we repeated the main and interaction models including

the significant mediators as covariates in each of the models to see

whether these associations remained after adjusting by their media-

tors.

Other additional analyses regarding imaging biomarkers of neu-

rodegeneration (hippocampal volumes) and cognition (MMSE and

FCSRT) are presented in the Supplementary Materials, as well as Aβ
PET analyses including only Aβ positive participants. Statistical signifi-
cance was set at P < .05 without corrections for multiple comparisons

for all analyses.

2.6 Ethical statement

The ALFA+ study (ALFA-FPM-0311) was approved by the Indepen-

dent Ethics Committee “Parc de Salut Mar,” Barcelona, and registered

at Clinicaltrials.gov (Identifier: NCT02485730). All participants signed

the study’s informed consent form that had also been approved by the

Independent Ethics Committee “Parc de SalutMar,” Barcelona.

3 RESULTS

Participants’ demographics, CSF biomarker levels and PET measure-

ments are summarized in Table 1. Their mean age was 61.4 years old,

with a majority of women (62.6%) and more than half of the par-

ticipants were APOE-ε4 carriers (52.8%). The mean time difference

between PET and LP was 97 days. Mean Aβ deposition for the whole

cohort in the brainwas low (meanCL: 2.7, range:−23.9 to 81.6). Impor-

tantly, those considered to beAβ positive also have a lowAβ deposition
compared to other cohorts (mean CL: 16.4, n = 109, Table S4), show-

ing the early stage in the Alzheimer’s continuum of this population. This

can also be seen in the distribution of our participants in the A/T/(N)

classification (Table S1).19 All CSF biomarkers but sTREM2were log10-

transformed for following analyses as were not normally distributed.

CSF levels for the different biomarkers were highly correlated.

Except for CSF IL-6, the rest of CSF biomarkers showed a significant

correlation between themwith high values (Figure S1).

http://www.gaain.org/centiloid-project
http://www.processmacro.org
http://www.processmacro.org
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TABLE 1 Participants’ demographics and CSF and PETmeasures

N= 318 Mean (SD)

Demographics

Age (years) [range] 61.4 (4.6) [50.4 to

74.3]

Women, n(%) 199 (62.6)

Education (years) 13.4 (3.5)

APOE-ε4 carriers,
n(%)

168 (52.8)

Time difference LP

- PET (days)

96.7 (67.4)

MMSE 29.2 (1.0)

FCSRT - Delayed

free recall

11.6 (2.1)

CSFmeasures

Aβ1-42 (pg/mL)

[range]

1328 (569) [307 to

3595]

Aβ1-40 (ng/mL) 17.6 (5.0)

p-tau (pg/mL) 16.1 (6.3)

t-tau (pg/mL) 198 (68)

NfL (pg/mL) 81.5 (26.8)

Neurogranin

(pg/mL)

805 (323)

GFAP (ng/mL) 7.5 (2.3)

YKL-40 (ng/mL) 148 (53)

sTREM2 (ng/mL) 7.9 (2.3)

S100b (ng/mL) 1.01 (0.22)

IL-6 (pg/mL) 3.8 (1.4)

α-synuclein
(pg/mL)

199 (81)

PETmeasures

Centiloids [range] 2.7 (16.6) [−23.9,

81.6]

Mean (SD) values are shown unless otherwise stated.

Aβ, amyloid-β; FCSRT, Free and Cued Selective Reminding Test; GFAP, glial

fibrillary acidic protein; IL-6, interleukin 6; LP, lumbar puncture; MMSE,

Mini-Mental State Examination; NfL, neurofilament light; p-tau, phospho-

rylated tau; SD, standard deviation; sTREM2, soluble triggering receptor on

myeloid cells 2 (TREM2); t-tau; total tau.

3.1 Associations of CSF biomarkers with cerebral
Aβ load

In our global main analysis, we calculated the association between a

global measure of Aβ load in the brain and all CSF biomarkers (Table 2).

CSFp-tau, t-tau,NfL, neurogranin,GFAP, YKL-40, and sTREM2showed

a significant positive correlation with Centiloids. CSF S100b, IL-6 and

α-synuclein did not show significant association. Similar associations

were found when we took into account only the Aβ positive partic-

ipants, except for CSF neurogranin and sTREM2 that became non-

significant (Table S5).

For comparison purposes, we also repeated this analysis using CSF

Aβ42/40 ratio as biomarker Aβ pathology, instead of Aβ PET. For

this analysis we only included Aβ positive subjects. Similar results

were found with this approach with only a significant association

with α-synuclein as a difference (Table 2). Effect sizes found using

CSF Aβ42/40 ratio were bigger than with those found using Aβ PET.
However, this increase in effect sizes was also seen in PET analy-

ses when we only considered Aβ positive subjects (Table S5). There-

fore, we could say that analyses using CSF Aβ42/40 ratio were very

similar to those using Aβ PET, although only considering Aβ positive

participants.

3.2 Age, sex, and APOE-ε4 interactions with Aβ
load on CSF biomarkers

The first interactioneffect tested in the associationbetweenCentiloids

and CSF biomarkers was age. We found that this interaction was sig-

nificant for CSF p-tau, t-tau and neurogranin (Table 2 and Figure 1).

This was also true when we only included Aβ positive subjects (Table

S5). Age-interaction also shows a trend to significance on sTREM2 and

IL-6. All CSF biomarkers showed a more pronounced positive associa-

tionwith Centiloidswith older age. No significant interactionswith age

were observed using CSF Aβ42/40 as a marker of Aβ pathology when
only studying Aβ positive subjects (Table 2).

Regarding the interaction between sex and Centiloids, it was only

significant for CSF NfL and sTREM2 (Table 2 and Figure 2). In both

cases, women presented a higher correlation between CSF levels and

Centiloids. Together with these two biomarkers, YKL-40 also showed a

sex interactionwhen onlyAβ positive participantswere included (Table
S5). In contrast, the sex interaction with CSF Aβ42/40 was also signifi-
cant for CSFNfL and IL-6 for Aβ positive subjects (Table 2).

On the contrary, none of the CSF biomarkers showed a signifi-

cant interaction between APOE-ε4 status and Centiloids (both with

the whole sample and Aβ positive participants). However, the interac-
tion between CSF Aβ42/40 and APOE-ε4 status was significant for α-
synuclein in Aβ positive subjects (Table 2).

3.3 Mediation effects of tau and neuronal injury
biomarkers

Here, we tested whether the association between Centiloids and CSF

biomarkers were mediated by tau pathology and/or neuronal injury,

as measured by CSF p-tau and CSF NfL, respectively. We performed

the mediation on those CSF biomarkers that showed a significant or a

trend to a significant effect in the main association analyses (ie. CSF

NfL, GFAP, YKL-40, and sTREM2). We did not include CSF t-tau or

neurogranin in this analysis due to its high colinearity with CSF p-tau,

(r>0.9, Figure S1). Figure 3 shows the final models whose mediators

(CSF p-tau and/or NfL) showed at least a trend to significance in the

mediation path. First, we observed that the Centiloids effect on CSF

NfL was only partially mediated by CSF p-tau. This is shown by the
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TABLE 2 Main and interactions effects of Aβ on CSF biomarkers

Main effect Age interaction Sex interaction (F>M) APOE-ε4 interaction (C>NC)

Effect size [95%CI] P Effect size [95%CI] P Effect size [95%CI] P Effect size [95%CI] P

Aβ PET (all subjects)

p-tau 0.30 [0.19 to 0.41] <.001 0.17 [0.06 to 0.28] .003 0.06 [−0.05 to 0.17] .302 −0.03 [−0.14 to 0.09] .651

t-tau 0.28 [0.17 to 0.39] <.001 0.13 [0.02 to 0.24] .017 0.03 [−0.08 to 0.14] .584 −0.04 [−0.15 to 0.07] .483

NfL 0.25 [0.14 to 0.36] <.001 0.07 [−0.04 to 0.18] .201 0.11 [0.00 to 0.22] .045 0.02 [−0.09 to 0.13] .736

Neurogranin 0.15 [0.04 to 0.26] .009 0.12 [0.01 to 0.23] .031 0.04 [−0.07 to 0.15] .451 −0.03 [−0.14 to 0.08] .584

GFAP 0.18 [0.07 to 0.29] .001 0.04 [−0.07 to 0.15] .461 0.04 [−0.07 to 0.15] .527 −0.04 [−0.15 to 0.07] .452

YKL-40 0.21 [0.10 to 0.32] <.001 0.06 [−0.05 to 0.17] .261 0.10 [−0.01 to 0.21] .085 −0.02 [−0.13 to 0.09] .681

sTREM2 0.13 [0.02 to 0.24] .026 0.11 [−0.00 to 0.22] .051 0.13 [0.02 to 0.24] .021 −0.04 [−0.15 to 0.07] .522

S100b 0.09 [−0.03 to 0.20] .130 −0.01 [−0.12 to 0.10] .819 0.06 [−0.05 to 0.17] .293 −0.07 [−0.18 to 0.04] .229

IL-6 0.06 [−0.06 to 0.17] .326 0.09 [−0.02 to 0.20] .099 −0.01 [−0.12 to 0.10] .857 0.01 [−0.10 to 0.12] .856

α-synuclein 0.07 [−0.04 to 0.18] .216 0.09 [−0.02 to 0.20] .112 0.04 [−0.07 to 0.15] .479 −0.11 [−0.21 to 0.01] .065

CSF Aβ42/40 ratio (Aβ positive subjects)

p-tau −0.57 [−0.76,−0.38] <.001 −0.18 [0.37, 0.02] .072 0.03 [−0.16, 0.22] .758 0.19 [−0.01, 0.37] .067

t-tau −0.54 [−0.73,−0.35] <.001 −0.14 [0.32, 0.06] .172 0.02 [−0.17, 0.21] .851 0.15 [−0.05, 0.33] .153

NfL −0.34 [−0.53,−0.14] .001 −0.05 [−0.23, 0.15] .655 −0.20 [−0.38,−0.00] .047 0.15 [−0.05, 0.34] .135

Neurogranin −0.48 [−0.67,−0.29] <.001 −0.08 [−0.27, 0.11] .405 0.01 [−0.19, 0.20] .951 0.19 [−0.00, 0.38] .051

GFAP −0.27 [−0.46,−0.08] .005 0.10 [−0.10, 0.29] .323 0.08 [−0.12, 0.27] .432 −0.01 [−0.20, 0.18] .935

YKL-40 −0.46 [−0.65,−0.27] <.001 0.02 [−0.17, 0.21] .867 0.01 [−0.18, 0.21] .884 0.02 [−0.17, 0.21] .820

sTREM2 −0.19 [−0.38,−0.00] .046 −0.02 [−0.21, 0.17] .815 −0.06 [−0.25, 0.13] .533 −0.09 [−0.28, 0.11] .382

S100b −0.08 [−0.27, 0.11] .405 0.20 [−0.00, 0.38] .051 0.07 [−0.13, 0.26] .498 −0.14 [−0.33, 0.05] .260

IL-6 −0.08 [−0.27, 0.11] .413 −0.11 [−0.29, 0.09] .290 −0.25 [−0.43,−0.04] .017 0.12 [−0.07, 0.31] .230

α-synuclein −0.34 [−0.53,−0.15] .001 −0.01 [−0.20, 0.19] .952 −0.02 [−0.21, 0.17] .829 0.20 [0.00,−0.38] .047

Aβ was assessed both with PET and CSF. In the analysis using CSF Aβ42/40 ratio, only Aβ positive subjects were assessed due change of slopes between this
Aβ marker and the rest of the CSF biomarkers in the Aβ cut-off for positivity (see Figure S2). Aβ positive participants’ were defined as having CSF Aβ42/40
ratio below 0.071.11 Effect sizes are calculated as standardized betas. Significant effects (P< .05) are shown in bold. Models included age, sex, education and

APOE-ε4 status as covariates. Of note, the sign is reversed in the CSF analysis due to the inverse relationship between CSF Aβ and Aβ PET.
Aβ, amyloid-β; C, carrier; CI, confidence interval; F, female; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6;M,male;NC, non-carrier;NfL, neurofilament

light; p-tau, phosphorylated tau; sTREM2, soluble triggering receptor onmyeloid cells 2 (TREM2); t-tau, total tau.

fact that the Centiloids direct effect on CSF NfL still showed a trend

effect after adjusting by CSF p-tau (40.5% of total effect). In contrast,

we found that the effect of Centiloids on CSF sTREM2 was fully medi-

ated by CSF p-tau, but not by CSF NfL. Regarding GFAP and YKL-40,

both had a significant two-step indirect effect of p-tau andNfL (ie. Cen-

tiloids→ p-tau→ GFAP/YKL-40 and Centiloids→ NfL→ GFAP/YKL-

40); and also a three-step indirect effect of p-tau andNfL (ie. Centiloids

→ p-tau→ NfL→ GFAP/YKL-40). However, the biggest effect in both

cases was seen in the indirect path involving p-tau (ie, Centiloids →

p-tau → GFAP/YKL-40, GFAP: 56.6% and YKL-40: 95.3% of the total

effect).

Similar results were observed when using CSF Aβ42/40 as indepen-
dent variable inAβpositiveparticipants (Figure3). CSFp-taualsomedi-

ated the association between CSF Aβ42/40 and NfL, but in this case,

CSF Aβ42/40 direct effect on NfL was no longer significant. CSF GFAP
was also mediated by both p-tau (66.2% of the total effect) and NfL

(30.8% of the total effect). On the other hand, CSF YKL-40 was only

mediated by p-tau. Finally, we did not perform the mediation analy-

sis with CSF sTREM2 in this case, as it did not show a significant total

effect.

3.4 Associations between CSF biomarkers and Aβ
load after adjusting for mediators

Finally, we repeated the main association models as well as the ones

including interaction effects but adjusting by the significant mediators

found in the previous analyses. These analyses were only repeated

for those CSF biomarkers and associations that were significant in the

main analyses using Aβ PET. These analyses had the objective of dis-

entangling whether these associations or interactions were indepen-

dent of p-tau and/or NfL indirect effects. As shown in Table 3, none of

themain associations betweenAβ load and theCSFbiomarkers studied

remained significant after adjusting by their specific mediators. Simi-

larly, CSF NfL and age interaction became non-significant after includ-

ingmediators as covariates. Finally,we found that the interactioneffect
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F IGURE 1 Age and Aβ interaction effects on CSF biomarkers. CSF biomarkers residuals, after adjusting by covariates (sex, education, and
APOE-ε4 status), are compared to global Aβ loadmeasured as Centiloids. Light, medium and dark blue colors depict the three age groups (tertiles):
below 60, between 60 and 64 and, above 64 years old, respectively. These groups were used for visualization purposes only. P-value of each
interaction effect is shown in the upper left corner. Statistically significant effects (P< .05) are shown in bold. x axis is depicted in logarithmic scale.
Aβ, amyloid-β; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; NfL, neurofilament light; p-tau, phosphorylated tau; sTREM2, soluble
triggering receptor onmyeloid cells 2 (TREM2); t-tau, total tau

F IGURE 2 Sex and Aβ interaction effects on CSF biomarkers. CSF biomarkers residuals, after adjusting by covariates (age, education, and
APOE-ε4 status), are compared to global Aβ loadmeasured as Centiloids. Colors represent the two sex groups, with women depicted in dark coral.
P-value of each interaction effect is shown in the upper left corner. Statistically significant effects (P< .05) are shown in bold. x axis is depicted in
logarithmic scale. Aβ, amyloid-β; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; NfL, neurofilament light; p-tau, phosphorylated tau;
sTREM2, soluble triggering receptor onmyeloid cells 2 (TREM2); t-tau, total tau
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F IGURE 3 Aβmediated effects on CSF biomarkers. Models of mediation for CSFNfL (A,E), sTREM2 (B), GFAP (C,F) and YKL-40 (D,G) with Aβ
PET (upper part) and CSF Aβ (lower part). Models with CSF Aβ as independent variable only included Aβ positive participants (n= 109). The values
of each path show the effect (SE). Total effect between Aβ load and each CSF biomarker is shown in dark green (path c); direct effect, after
adjusting bymediators, is shown in light green (path c’); and indirect effects are shown in dark blue (path a1b1, mediation effect of p-tau), in purple
(path a2b2, mediation effect of NfL) and in light blue (path a1⋅d21⋅b2, mediation effect of p-tau andNfL). All paths depicted are significant (P< .05),
except for direct effect between Aβ andNfL that showed a trend to significance (P< .10, in italics). All paths are adjusted by covariates (age, sex,
education, and APOE-ε4 status). Aβ, amyloid-β; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; NfL, neurofilament light; p-tau,
phosphorylated tau; sTREM2, soluble triggering receptor onmyeloid cells 2 (TREM2).
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TABLE 3 Main and interactions effects of Aβ load on CSF biomarkers after adjusting by specific mediators

Main effect Age interaction Sex interaction (F>M)

CSF biomarker Effect size [95%CI] P Effect size [95%CI] P Effect size [95%CI] P

NfL (adj p-tau) 0.10 [−0.01 to 0.21] .082 0.00 [−0.11 to 0.11] .958 0.10 [−0.01 to 0.21] .077

GFAP (adj p-tau &NfL) −0.01 [−0.12 to 0.10] .853 - - - -

YKL-40 (adj p-tau &NfL) −0.03 [−0.14 to 0.08] .632 - - - -

sTREM2 (adj p-tau) −0.05 [−0.16 to 0.06] .410 - - 0.13 [0.02 to 0.24] .023

Association parameters between CSF biomarkers and global Aβ deposition for themain and interaction effects after adjusting by significant mediators. Only

those associations thatwere significantwithoutmediators (shown inTable 2)were tested. Effect sizes are calculated as standardized betas. Significant effects

(P< .05) are shown in bold.

Aβ, amyloid-β; CI, confidence interval; F, female; GFAP, glial fibrillary acidic protein; M, male; NfL, neurofilament light; p-tau, phosphorylated tau; sTREM2,

soluble triggering receptor onmyeloid cells 2 (TREM2).

between sex and Aβ load on CSF sTREM2 was still significant after

adjusting by CSF p-tau.

4 DISCUSSION

In this study, we investigated the relationship between Aβ load in the

brain, as measured by PET, and CSF biomarkers of pathophysiological

processes downstream to Aβ in a cohort of cognitively unimpaired par-

ticipants. Remarkably, some of them were in a very early stage of the

Alzheimer’s continuum, as shown by a very low load of Aβ load. Our

first finding was that markers of tau pathology (CSF p-tau), neuronal

injury (CSF t-tau andNfL), synaptic dysfunction (CSF neurogranin), and

neuroinflammation (CSF GFAP, YKL-40, and sTREM2) showed a pos-

itive association with Aβ load, even at this early stage. Interestingly,

we found that age and sex, but not APOE-ε4 status, had a modulatory

influence on some of these relationships. There was a stronger asso-

ciation between Aβ PET and CSF biomarkers in older individuals and

in women. Finally, as some of these CSF biomarkers were highly corre-

lated, we performed mediation analyses to disentangle the ones driv-

ing the observed associations.We found that the association of AβPET
with CSF NfL, a marker of neuronal injury, was only partially mediated

by tau pathology (CSF p-tau) suggesting a direct effect of Aβ deposition
on neurodegeneration. In contrast, almost all the associations of Aβ
PET with inflammatory markers (ie. CSF GFAP, YKL-40, and sTREM2),

aswell as their respective interactionswithAD risk factors, weremedi-

atedbyCSFbiomarkers of tau pathology (CSFp-tau), aloneor in combi-

nationwithneuronal injury (CSFNfL). Theonly exceptionwas the inter-

action between sex and Aβ load on CSF sTREM2 (and between sex and

CSF NfL, at a trend level) that remained significant after correction for

CSF p-tau.

Previously, it was reported in older subjects with cognitive impair-

ment associationsbetweenAβPETand severalCSFbiomarkers, includ-

ing CSF p-tau, t-tau, neurogranin, NfL and YKL-40.20,21 However, less

is known in preclinical Alzheimer. Herein, we extend these findings to

younger individuals without objective cognitive impairment associa-

tions. In linewith our findings, a recent studybyPalmqvist et al. showed

changes inCSFp-tau, neurogranin,NfL, andYKL-40 associatedwithAβ
load measured with PET.20 Similar results were also found in another

recent study by Bos et al., in which the authors reported an associa-

tion between CSF Aβ and NfL, neurogranin and YKL-40 in cognitively

unimpaired participants.21 With respect to these reports, our sample is

younger (mean age of 61.4 vs 72.1 years old) and does not includemild

cognitive impairment (MCI) patients. Importantly, we included a rela-

tively high percentage of individuals (25%, see Table S1) that were Aβ
positive (as defined by CSF Aβ42/40) but still tau negative (as defined
by CSF p-tau). It can thus be considered that our study focuses on

an earlier stage in the Alzheimer’s continuum and in late-/middle-aged

individuals, when Alzheimer’s pathology most likely starts. In addition,

we also detected associations betweenAβ load and additional neuroin-
flammatory markers (CSF GFAP and sTREM2) that, to the best of our

knowledge, have not been previously described. It is important to note

that the vast majority of these associations remained significant even

when we only analyzed Aβ positive participants, both measuring CSF

Aβ42/40 and Aβ PET load (see Table 2 and Table S5).
Mounting evidence suggests that women are at increased risk of

AD,22 but the biological explanation of this difference is still unknown.

Neither Aβ load nor its accumulation over time seem to be the cause

as multiple studies found no difference in Aβ by sex,23–26 which is

replicated in our study (data not shown). In our previous study, we

found that CSF NfL was significantly lower than in women.11 But in

the present study we discovered that this difference was related to

Aβ load; as we revealed that CSF NfL levels had a steeper increase

in women with higher Aβ load than men, with women having lower

CSF NfL with low Aβ load but higher CSF NfL with high Aβ load. This
effect was also seen even after correcting for CSF p-tau (trend level)

or when measuring Aβ pathology in the CSF. Previous studies already

reported higher levels of neurodegeneration in women,27,28 particu-

larly in APOE-ε4 carriers, and have been related to their worse clinical

output, although this was not replicated in all cases.26 Our result con-

firmed this in a younger and earlier in the Alzheimer’s continuum popu-

lation. What is new in our study is that we find that these differences

are related to Aβ pathology load and irrespective of tau pathology.

This result suggests that womenmay show a tighter coupling between

Aβ pathology and neurodegeneration, whichmay contribute to explain

their higher risk of AD, independently of their tau levels.

Another novelty of our studywas finding an interactionbetween sex

and Aβ load on sTREM2. Women presented more elevated levels of



SALVADÓ ET AL. 797

CSF sTREM2 with increasing Aβ load than men, although their global

measures did not differ.11 Of note, this difference in slopewith increas-

ing Aβ was independent of tau pathology. Whether this is a protective

or detrimental effect for women against Aβ cannot be stated. The role
ofmicroglial activation, and in particular of TREM2-mediatedmicroglia

function, in AD is still not fully understood, and it has been suggested

that could have different effects depending on the stage of the disease,

being beneficial at early stages but detrimental at later ones.3,29–31

Sex differences in microglial activation have been reported before in

mice.32 Also, recently early sex differential patterns of atrophy were

related to glial biomarkers with a greater impact in areas of the Papez

circuit in women and greater impact inmen in lateral parietal and para-

central areas.33

We also found an interaction between age and Aβ load on p-tau and
t-tau, suggesting that for the same levels of Aβ PET-measured pathol-

ogy, older individuals have increased tau pathology. To the best of our

knowledge, this has not been reported before and, therefore, needs

replication. However, multiple hypotheses may explain this behavior.

Ononehand, older subjectshavean increasedprobability tohaveother

comorbiditieswhich candecrease their resistance to taupathology and

neurodegeneration.34 On another hand, it is possible that biological

pathways that may help to slow-down the spreading of tau pathology

once Aβ is present (ie. glial activation), become less effective in older

ages.35 CSF neurogranin, sTREM2 and IL-6 (the two last at a trend

level) also had a significant Aβ*age interaction, however, these interac-
tions became non-significant when we adjusted by tau pathology. This

suggests that their initial relationship was mainly driven by the actual

interaction of age and Aβ on p-tau.
The association between CSF NfL, a marker of neuronal injury, and

Aβ PET or CSF Aβ has been reported before.11,20,21 However, whether
this association is mediated by tau pathology is unknown and, there-

fore, we conducted a mediation analysis. Interestingly, we found a tau-

dependent but also a relevant tau-independent effect ofAβPETonCSF
NfL (40.5% of the total effect, Figure 3). This is in line with a recent

publication that shows a direct effect of Aβ accumulation on CSF NfL

levels and neurodegeneration in AD-regions in a rat model with mini-

mal tau pathology.36 In the same study, these results were replicated in

humans evenwhenaccounting for taupathology. Altogether, this result

suggests that Aβ load has, at least, a partial direct effect on neurode-

generation in early stages of Alzheimer’s continuum. It is important to

note, that this Aβ-direct effect over CSF NfL did not remain significant

whenwestudied thismodel usingCSFAβ42/40 inpositiveparticipants.
We speculate that there may be two reasons underlying these find-

ings, which are not mutually exclusive. First, that soluble Aβ changes
first triggers tau metabolism changes and, after that, neurodegenera-

tion occurs. This is supported by the fact that there is an active secre-

tion of p-tau in response of Aβ early changes.37–40 Second, there is the
possibility that Aβ-direct effect on neurodegeneration may be most

important in later stages of the Alzheimer’s continuum, when the pro-

gression of AD pathology can still be tracked by PET and no longer by

CSF Aβ and due to other mechanisms, such as inflammation or actual

physical damage by the plaques. Then, after both Aβ and tau pathology
increase, this association may be fully driven by tau pathology, which

agrees with previous studies finding a direct association between tau

-but not Aβ- and neurodegeneration.41,42 However, longitudinal inves-
tigations in participants in the very early stages of the Alzheimer’s con-

tinuum are needed to confirm this hypothesis.

Overall, three markers of neuroinflammation showed associations

with Aβ pathology in this study: one related to microglial activation

(sTREM2), and two related to astroglial reactivity (YKL-40 and GFAP).

sTREM2 is the soluble ectodomain of the TREM2 receptor, mainly

expressed in microglia in the central nervous system. Previous stud-

ies have shown that CSF sTREM2 levels are elevated in late asymp-

tomatic (onceparticipants have changes in tau-relatedbiomarkers) and

early symptomatic stages of familial and sporadic AD.43–47 Recently,

we found that CSF sTREM2 was increased in Aβ and tau positive cog-

nitively unimpaired individuals but not in those that were Aβ positive
but tau negative.11 Considering that Aβ PET changes later than CSF

Aβ,48–50 the associations that we observe here between Aβ PET and

CSF sTREM2 reinforce the idea that CSF sTREM2 increases are not as

soon as the first changes in CSF Aβ42/40. Also supporting this hypoth-
esis, we found that CSF sTREM2 only showed an association with CSF

Aβ42/40 in our cohort whenAβ-positive participants were considered,
suggesting that this association may relate to later stages of preclini-

cal AD pathophysiology. Our mediation analyses allowed us to deter-

mine, whether this association was possibly due to collinearity with

other CSF biomarkers or a singular association with Aβ PET load. The

fact that this association was fully mediated by CSF p-tau is in line with

the hypothesis that CSF sTREM2 increases with the early changes in

tau biomarkers.

We also found associations between cerebral Aβ load -and CSF

Aβ- and astroglial markers (YKL-40 and GFAP). To our knowledge,

this is the first study to show an association between Aβ load and

CSF GFAP, although we previously showed this association with CSF

Aβ42/40.11 On the other hand, previous studies only reported associa-

tions between CSF YKL-40 with tau levels but not with Aβ in CSF,51,52

except for our previous study only in Aβ positive participants.11 To

this regard, and like CSF sTREM2, we found the association between

astroglial markers and Aβ to be fully mediated by p-tau levels. This pin-

points the importance of this analysis to understand the underlying

associations between a set of CSF biomarkers that were highly corre-

lated. The fact that p-tau fully mediated the association between Aβ
and astroglial markers is in line with the hypothesis that levels of glial

markers parallel those of tau biomarkers.43–47,51,52 Some of these pre-

vious publications also found an association of glial markers, not only

with tau, but alsowithmarkers of neuronal injury (ie, t-tau andNfL) and

imaging markers of neurodegeneration.43,45,46,52,53 In line with these,

we also found CSF NfL to mediate the association between Aβ load

and astroglial markers, but not CSF sTREM2. However, both for CSF

GFAP and YKL-40, the effect size of this mediation was considerably

lower than that of CSF p-tau (GFAP: p-tau effect = 56.6%; YKL-40: p-

tau effect= 95.3%).Moreover, NfLmediation effect did not remain sig-

nificantwhenonlyAβpositive subjectswere studied. Such aweak asso-
ciationmaybe explained by the almost complete lack of neurodegener-

ation positive individuals in our sample: only three participants (0.9%)

wereA+T+N+, seeTable S1).19 The follow-upof theseparticipantswill
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enable us to study whether this association is replicated when they

will be more advanced in the Alzheimer’s continuum. Altogether, we

hypothesize that the neuroinflammatory response in this early phase

of AD probably follows the early changes of tau pathology and, to a

lower extent, of neurodegeneration. Of note, in themediation analysis,

we used CSFNfL, and not CSF t-tau, as amarker of neurodegeneration

due to the colinearity observed between the latter and p-tau (r>0.98,

Figure S1). Moreover, recent publications suggest that CSFNfLmay be

a better neurodegeneration biomarker than CSF t-tau for AD.54–56

In this study,we considered the associations, and interactions, found

between Aβ-downstream CSF biomarkers and Aβ load as the main

results. However, we also performed complementary analyses using

CSF Aβ42/40 ratio as a proxy of Aβ pathology. In these last analyses,

we focused on Aβ positive participants only, as we found that associ-

ations between CSF Aβ and the rest of CSF biomarkers were highly

modified by Aβ status (see Figure S3). However, even only focusing in

a subset of participants, we found that the results of Aβmain effects on

the other CSF biomarkers to be very similar. On the contrary, many of

the interactions found between AD risk factors and Aβ load were not

significant with CSF Aβ and, also other became significant such as with

APOE-ε4 status on α-synuclein when using CSF Aβ. This result may be

related to the fact that, although both measures are usually used as Aβ
biomarkers, they are measuring different pools of Aβ,12 and although

they are usually used as indistinguishable clinical biomarkers, differ-

ences between them has shown to have consequences on future tau

deposition.57 Therefore, it is possible that AD risk factors affect differ-

ently the Aβ production/clearance imbalance (as measured in CSF) and

Aβ plaque production (as measured in PET), as we have seen in a previ-

ous study of our groupwith APOE-ε4 status.58

The main strengths of this study are: (1) the availability of many dif-

ferentCSFbiomarkers that allowedus to study, in the same individuals,

the relationship between Aβ and many other pathophysiological pro-

cesses, which their role in the AD development is still unknown; (2) the

inclusion of many cognitively unimpaired participants with low or very

low levels of Aβ deposited in the brain resulting in an increased statisti-
cal power to detect the earliest changes in the Alzheimer’s continuum;

and (3) the comparison between associations with Aβ both measured

in PET and in CSF. Nonetheless, there are also some limitations to note.

The cross-sectional design of this study gives us a picture of all the pro-

cesses occurring but cannot tell us its implications on future develop-

ments. In particular, it is worth noting that mediation models in cross-

sectional data do not allow testing for causality. This will be analyzed

in the follow-up of these participants that is already on-going. Another

limitation was the high correlation between almost all CSF biomarkers

that makes it difficult to disentangle each specific association with Aβ.
Finally, due to the exploratory nature of this study, we did not correct

formultiple comparisons.Worth to note, all main associations survived

FDR-correction, but none of the interaction effects did, which may be

due to limited statistical power. Further investigations are needed to

validate these results in independent cohorts.

As a conclusion, our results suggest that Aβ deposition in the

brain is associated with many biological pathways in very early stages

of the Alzheimer’s continuum, notably including neurodegeneration,

even after accounting for the effect of tau physiopathology. On the

other hand, tau, alone or in combination with neurodegeneration, fully

accounts for the observed association between Aβ deposition and glial
response. From a clinical point of view, a better understanding of the

pathophysiological mechanisms triggered by early AD pathology may

provide novel insights to develop therapeutical strategies to interfere

with the course of the disease in preclinical AD stages. Our results

may help to better understand the sequence of events that occur

in preclinical Alzheimer, which can be very valuable in trials design.

More specifically, our results suggest that removing deposited Aβ in

the brain may impact on future neurodegeneration. And also that tar-

geting tau pathology, may have consequences on other pathophysio-

logical mechanisms in Alzheimer’s, such as inflammation, even at the

earliest stages of the Alzheimer’s continuum. Finally, in the context

of precision medicine for future AD treatments, as suggested by our

results, it may be important to also take into account subject’s char-

acteristics that may modify the course of these mechanisms, such as

age or sex.
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