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Abstract

The relation between cerebrospinal fluid (CSF) biomarkers of Alzheimer’s disease

(AD) and magnetic resonance imaging (MRI) measures is poorly understood in cogni-

tively healthy individuals from the general population. Participants’ (n = 226) mean

age was 70.9 years (SD = 0.4). CSF concentrations of amyloid beta (Aβ)1-42, total
tau (t-tau), phosphorylated tau (p-tau), neurogranin, and neurofilament light, and vol-

umes of hippocampus, amygdala, total basal forebrain (TBF), and cortical thickness

weremeasured. Linear associations between CSF biomarkers andMRImeasures were

investigated. In Aβ1-42 positives, higher t-tau and p-tau were associated with smaller

hippocampus (P = 0.001 and P = 0.003) and amygdala (P = 0.005 and P = 0.01). In

Aβ1-42negatives, higher t-tau, p-tau, andneurograninwereassociatedwith largerTBF
volume (P = 0.001, P = 0.001, and P = 0.01). No associations were observed between

the CSF biomarkers and an AD signature score of cortical thickness. AD-specific

biomarkers in cognitively healthy 70-year-olds may be related to TBF, hippocampus,
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and amygdala. Lack of associationwith cortical thicknessmight be due to early stage of

disease.
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1 INTRODUCTION

Alzheimer’s disease (AD) is the cause for the most common type of

dementia, accounting for > 60% of all dementia cases globally.1 In

the cerebrospinal fluid (CSF), AD is characterized by reduced levels

of amyloid beta (Aβ)1-42 and elevated levels of total tau (t-tau) and

phosphorylated tau (p-tau).2 We recently reported that 46% of cogni-

tively healthy 70-year-olds had pathologic AD markers in CSF (Aβ42,
t-tau, and/or p-tau).3 According to the amyloid cascade hypothesis,4

amyloid accumulation is the first step of AD. The hypothetical model

by Jack et al. suggests that abnormal changes of Aβ42 levels in

CSF are the first sign of AD, followed by accumulation of Aβ on

positron emission tomography (PET).5 Both t-tau and p-tau in CSF are

downstream markers of neurodegeneration and tau pathology, after

which hypometabolism on [18F]fluorodeoxyglucose-PET (FDG-PET)

and structural changes on magnetic resonance imaging (MRI), reflect-

ing neurodegeneration, start to occur.5 Dementia comes later in the

process.

More recently, other CSF biomarkers (i.e., neurogranin [Ng] and

neurofilament light [NfL] protein) of potential importance for AD

have emerged.6 Ng is a synaptic protein and therefore a candidate

biomarker of synaptic dysfunction, exclusively expressed in brain

regions typically affected in AD.6 NfL is a marker of subcortical large-

caliber axonal degeneration that has been associated with multiple

neurodegenerative diseases, including AD.6

Volumetric reductions in the hippocampus and amygdala, and thin-

ning in AD-vulnerable cortical regions (e.g., entorhinal, middle tem-

poral, inferior temporal, and fusiform cortex) are the best-established

early structuralMRImarkers for staging atrophy and therebymonitor-

ing theprogressionofAD.7–9 Neurodegeneration in thebasal forebrain

is also a typically early change in AD.10

The most common finding in previous studies on the relation

between CSF or PET biomarkers and cortical integrity among cog-

nitively healthy individuals is the association between Aβ levels (i.e.,

lower Aβ42 in CSF; higher Aβ accumulation at PET brain imaging) and

thinner or lower volume of the cortex.8,11–19 When it comes to the hip-

pocampus and amygdala, the most common finding reported was the

association betweenbiomarkers levels (i.e., lowerAβ42, higher t-tau, p-
tau, and NfL in CSF; higher Aβ accumulation at PET brain imaging) and

smaller volume,13,18,20–26 while previous studies including the basal

forebrain found associations between elevated Aβ based on PET and

smaller volumes.27,28

Most previous studies on the association between AD biomarkers

and brain measures in cognitively healthy individuals have focused on

Aβ and to some extent tau, about cortical integrity and hippocampal

volume.8,11,13,17–24,26 However, few studies have included other

biomarkers of relevance (such as Ng and NfL) or tested associations

with volumes of the amygdala and the total basal forebrain (TBF).

Moreover, few previous studies have used representative population-

based samples, and none has included an age-homogeneous group.18

Hence, the relation between biomarkers of ADand neurodegeneration

and changes in AD-related brain regions, before the manifestation

of clinical dementia symptoms in older individuals from the general

population, has not been fully investigated. This study aimed to

investigate relations between the CSF biomarkers of Aβ42, t-tau,
p-tau, Ng, and NfL, and early AD-related MRI measures (i.e., hip-

pocampus, amygdala, and TBF volumes, and a cortical AD signature

score) in cognitively healthy 70-year-olds recruited within the frame

of the population-based H70 studies in Gothenburg, Sweden.29

Associations were tested in the total sample and after stratification

based on Aβ42 pathology, as lower CSF Aβ42 is supposed to be

the first change in AD, while tau and other pathology come later

downstream in the process. Thus, our theory was that tau and other

pathology would probably be more related to MRI findings in the

group with amyloid pathology than in the group without amyloid

pathology.

2 MATERIAL AND METHODS

2.1 Subjects

Participants in this study are part of the Gothenburg H70 Birth Cohort

Studies in Sweden, examined between 2014 and 2016.29 Every 70-

year-old in Gothenburg, Sweden, born during 1944 on prespecified

birthdates was invited to the examination between 2014 and 2016.

One thousand two hundred three (N = 1203) individuals participated

(response rate 72.2%), and of these 430 (35.8%) consented to a lum-

bar puncture (LP) conducted between January 14, 2014 and October

19, 2016. Contraindications to LP (anticoagulant, immunemodulation,

and cancer therapies) were present in 108, leaving 322 individualswho

completed LP.3 For this study,weonly includedparticipantswith aClin-

ical Dementia Rating (CDR) score of 0 (n=259), considered cognitively

healthy.3
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StructuralMRIwere performed on 791 individuals (414women and

377 men)29 between April 5, 2014 and September 29, 2016 and for

the current study data from 788 individuals with valid MRI measures

were extracted from the hive database system.30 Two hundred fifty

nine (n = 259) cognitively healthy individuals had both CSF biomark-

ers and MRI data. Thirty-three (n = 33) participants were excluded

due to failed MRI quality control. The final sample included 226 cog-

nitively healthy individuals with both CSF and MRI data. The median

numberofmonths (and range) betweenMRI andCSFexaminationswas

1.4 months (range 0.04–11.8 months). The characteristics of the final

sample of 226 cognitively healthy individuals are described in Table 1.

2.2 Clinical examinations

The clinical examinations included extensive psychiatric, cognitive,

psychological, and somatic assessments, andwereperformedat anout-

patient clinic at the Sahlgrenska University Hospital in Gothenburg as

described previously.29 The CDR and the Mini-Mental State Examina-

tion (MMSE) were used to assess global cognitive status, as previously

described.29 The raters were not aware of results from MRI or CSF

when rating the CDR.

2.3 Analyses of CSF biomarkers

CSF Aβ42 concentration wasmeasured using sandwich enzyme-linked

immunosorbent assay (ELISA; INNOTEST β-amyloid1-42), specifically

constructed to measure Aβ starting at amino acid 1 and ending

at amino acid 42.31 CSF t-tau and p-tau (p-tau181) concentrations

were measured using sandwich ELISA by INNOTEST (hTau-Ag and

phospho-tau [181P]).32,33 The Aβ42/Aβ40 ratio was measured using

the V-PLEX Aβ Peptide Panel 1 (6E10) Kit (MesoScale Discovery).34

CSF Ng concentration was measured using an in-house sandwich

ELISA.6 CSFNfL concentration wasmeasured using the ELISA kit from

UmanDiagnostics.6 All assays were performed in a single batch. The

standard clinical cut-off used to define Aβ42 pathology (Aβ-positives)
wasAβ42≤530pg/mL3,with all other values being defined as clinically

normal (Aβ-negatives).

2.4 Apolipoprotein E genotyping

Genotyping to determine apolipoprotein E (APOE) ε4 allele carriership

was performed using KASP technology (LGC, Genomics).29 Those with

at least an APOE ε4 allele were defined as ε4 carriers (i.e., individuals

with the ε2/ε4, ε3/ε4, or ε4/ε4 genotype).

2.5 MRI data acquisition and processing

The structural brain images were acquired at one site using a 3T MRI

Philips Achieva scanner. A high-resolution sagittal 3D-T1 turbo field

echo was used with the following scanning parameters: repetition

time/echo time= 7.2/3.2ms, field of view inmm= 256× 256,matrix in

RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature using tra-

ditional sources (e.g., PubMed). Studies of the association

of cerebrospinal fluid (CSF) biomarkers of Alzheimer’s

disease (AD) and neurodegeneration with magnetic res-

onance imaging (MRI) measures in cognitively healthy

individuals have mainly focused on amyloid beta and tau

in relation to cortical integrity and hippocampus volume

in age-diverse samples. Studies including other CSF and

MRIbiomarkers of potential importance forAD, and stud-

ies performed in age-homogenouspopulation-based sam-

ples, are lacking. Relevant references are appropriately

cited.

2. Interpretation: Our findings support the hypothesis

that AD-specific CSF biomarkers are related to total

basal forebrain, hippocampus, and amygdala in cogni-

tively healthy individuals, but contradict previous findings

showing an association with cortical thickness.

3. Future directions: Associations of CSF biomarkers of

AD and neurodegeneration with MRI measures need to

be investigated in age-homogeneous population-based

samples of cognitively healthy individuals followed over

time.

mm=250×250, flip angle=9◦, slice thickness=1mm.TheFreeSurfer

version 7.2.035 pipeline was used to estimate the total intracranial

volume (ICV), cortical volumes, thicknesses, and areas as well as the

volumes (in mm3) of the hippocampus and amygdala.30,36 The cerebral

cortexwas automatically delineated into 34 cortical regions of interest

(ROIs) for each hemisphere.37 We constructed a compositeADcortical

thickness score (cortical AD signature score) including entorhinal, mid-

dle temporal, inferior temporal, and fusiform thicknesses,38 corrected

for the surface area of each region.

The TBF was automatically extracted from the warped gray mat-

ter (GM) segments by summing up the modulated GM voxel values

within ROI masks using Statistical Parametric Mapping version 8 soft-

ware (SPM8).39 To simplify interpretation, we averaged the right and

left hemispheres of the MRI volumes.40 All MRI volumes were ICV-

adjusted using the residual approach.41 Quality controlwas carried out

onMRI data according to previously described procedures,42 and data

management and processing were done through our database system,

TheHiveDB.30 Visual inspection was performed on image processing

output to ensure correct segmentation.

2.6 Statistical analysis

The analyses were based on data from cross-sectional examinations of

the CSF biomarker levels andMRI measures. As a first stage, both CSF

biomarkers and MRI measures were z transformed before fitting the
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TABLE 1 Sample characteristics in 226 cognitively healthy individuals.

Variables

Total

(n= 226)

Aβ-positives
(n= 55)

Aβ-negatives
(n= 171) P value

Sex (women), n (%) 116 (51.3) 25 (45.5) 91 (53.2) 0.4

APOE ε4 carrier, n (%) 78 (35.1)a 31 (57.4) 47 (28) 0.0001

Age (years), mean (SD) 70.9 (0.4) 70.9 (0.4) 70.9 (0.4) 0.7

MMSE, mean (SD) 29.3 (0.9)b 29.3 (0.9) 29.3 (0.9) 0.9

Education (years), mean (SD) 13.2 (3.9) 13.2 (3.7) 13.3 (4) 0.9

Aβ42 levels (pg/mL), mean (SD) 718.1 (225.8) 412 (85) 817 (159) –

T-tau levels (pg/mL), mean (SD) 333.3 (137.8) 371 (184) 321 (117) 0.02

P-tau levels (pg/mL), mean (SD) 50.0 (17.8) 53.6 (22.6) 48.9 (53.6) 0.1

Ng levels (pg/mL), mean (SD) 207.8 (69.5)c 210 (75.6) 207 (67.7) 0.8

NfL levels (pg/mL), mean (SD) 886.9 (725.9)d 853 (437) 898 (796) 0.7

Hippocampus volume (mm3), mean (SD) 3964.4 (302.7) 3929.1 (305) 3975.7 (302) 0.3

Amygdala volume (mm3), mean (SD) 449.5 (189.3) 428.8 (218) 456.2 (179) 0.4

TBF volume (mm3), mean (SD) 535.5 (52.9) 528.6 (47.5) 537.7 (54.5) 0.3

Cortical AD signature score (mm), mean (SD) 2.7 (0.1) 2.7 (0.1) 2.7 (0.1) 0.2

Notes: Missing data: na = 4, nb = 1, nc = 1, and nd = 1. Age (years); age at lumbar puncture examination. Aβ-positives: pathological CSF Aβ42 (≤ 530 pg/mL),

Aβ-negatives: normal CSF Aβ42 level (> 530 pg/mL). Cortical AD signature score includes entorhinal, middle temporal, inferior temporal, and fusiform.

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; NfL, neurofilament light; Ng,

neurogranin; p-tau, phosphorylated tau; SD, standard deviation; TBF, total basal forebrain; t-tau, total tau.

regression models for easy interpretation of the results in the same

figure. The same models were then also applied on z-transformed val-

ues of the CSF biomarkers, but non-transformed values of the MRI

measures. Sample characteristics are presented for the total sample

and the subgroups Aβ-positives (individuals presenting clinically sig-

nificant Aβ42 pathology) and Aβ-negatives (individuals with clinically

normal Aβ42 levels). Statistical analyses were performed to compare

sample characteristics between the two subgroups. An independent-

sample t testwas used to comparemean values of continuous variables

(age in years, MMSE score, education in years, and levels of CSF

biomarkers). Fisher exact test was used to compare the distribution of

categorical variables (sex and APOE ε4 status).
Linear regressions adjusted for sex were used to test the associa-

tions between CSF biomarkers and MRI measures, both in the total

sample and after stratifying the sample based on Aβ42 pathology. A

P value < 0.05 was considered significant. Both uncorrected P values

and P values corrected for multiple testing based on false discovery

rate were presented. Analyses were performed in RStudio 4.0.3 (R

Foundation for Statistical Computing) using reference packages.43

3 RESULTS

3.1 Characteristics of the study population

As shown in Table 1, 51.3% were women, 32.2% were Aβ-positives,
and 35.1% were APOE ε4 carriers. The mean age was 70.9 years (stan-

dard deviation [SD] = 0.4), the mean years of education were 13.2

(SD= 3.9), and the meanMMSE score was 29.3 (SD= 0.9). The groups

with Aβ-positives and Aβ-negatives differed in number of APOE ε4
carriers and t-tau levels (P = 0.0001 and P = 0.02, respectively), but

not in age, education, or MMSE. The raw data of the CSF variables

in relation to the raw data of the MRI variables are visualized in the

total sample and after stratification on Aβ42 pathology (Figures 1

and 2).

3.2 Associations between CSF biomarkers and
MRI measures

In the total sample (n = 226), higher t-tau levels were associated with

smaller amygdala volume (beta = −0.15, standard error [SE] = 0.07,

P = 0.03; Figure 3A, Figure S1 in supporting information, and Table 2),

and lower Aβ42 levels were associated with smaller TBF volume

(beta = 0.15, SE = 0.07, P = 0.02; Figure 3A, Figure S2 in support-

ing information, and Table 2). These results did not survive correction

for multiple testing (Table 2) and the association between Aβ42 and

TBF was not present when Aβ42 was replaced by the Aβ42/Aβ40 ratio
(Table S1 in supporting information).

In individuals with Aβ42 pathology (n = 55), higher t-tau and p-

tau levels were associated with smaller volumes of the hippocampus

(beta=−0.33, SE=0.1,P=0.001andbeta=−0.33, SE=0.1,P=0.003;

Figure 3B, Figure S3 in supporting information, and Table 2) and amyg-

dala (beta = −0.34, SE = 0.11, P = 0.005 and beta = −0.31, SE = 0.12,

P = 0.01; Figure 3B, Figure S1, and Table 2). The findings remained

significant after correction for multiple testing (Table 2).

In individuals with normal Aβ42 levels (n= 171), higher t-tau, p-tau,

and Ng levels were associated with larger TBF volumes (beta = 0.30,
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SE = 0.09, P = 0.001, beta = 0.29, SE = 0.09, P = 0.001 and

beta = 0.21, SE = 0.09, P = 0.008; Figure 3C, Figure S2, and Table 2).

The findings remained significant after correction for multiple testing

(Table 2), except that the relation with Ng only reached a trend toward

significance (P= 0.054).

No associations were observed between the CSF biomarkers and

the cortical AD signature score (Table 2, Figure 3, Figure S4 in sup-

porting information) or between NfL levels and any of the MRI brain

measures (Table 2). All analyses were repeated after adding education

as a covariate, but the results did not change significantly (Table S2 in

supporting information).

4 DISCUSSION

In a population-based sample of cognitively healthy 70-year-olds,

higher CSF t-tau levels were associated with smaller volume of the

amygdala, and lower CSF Aβ42 levels were associated with smaller

TBF volume. These associations did not, however, survive correction

formultiple testing.Among individualswhohadAβ42pathology, higher
levels of CSF t-tau and p-tau were associated with smaller volumes

of the hippocampus and amygdala, and among individuals with nor-

mal Aβ42 levels, higher CSF t-tau, p-tau, and Ng were associated with

larger TBF volume. Most of these findings survived correction for mul-

tiple testing (corrected result for Ng vs. TBF only reached a trend

toward significance). No associations were observed between the CSF

biomarkers and the cortical AD signature score or between CSF NfL

levels and any of theMRI brainmeasures.

The finding that higher t-tau levels were associated with smaller

volume of the amygdala in the total sample did not survive correction

for multiple testing and can therefore be considered in line with pre-

vious studies in cognitively healthy individuals.17,24,44 The association

we detected between lower Aβ42 levels and smaller volumes of TBF

in the total sample could neither be seen in analyses in which Aβ42
was replaced by the Aβ42/Aβ40 ratio, nor be detected after correction
for multiple testing. This contradicts findings in amyloid PET studies

on cognitively healthy individuals.27,28 The associations reported in

previous studies were, however, restricted to individuals with high Aβ
burden.

Our finding that associations between higher concentrations of t-

tau, p-tau, and smaller volumes of AD-specific brain measures (i.e.,

hippocampus and amygdala) were observed among those with patho-

logical Aβ42, but not among those with normal Aβ42, suggests that
amyloid pathology is necessary, but not sufficient, for the early neu-

rodegenerative process of AD, and is in linewith the hypothesis by Jack

et al.5,45 This hypothesis states that the first sign of AD is pathological

CSF Aβ42, occurring before clinical symptoms, and that brain atrophy

does not occur until p-tau reaches abnormal levels.5,46 Overall, our

analyses of the total sample did not reveal any convincing associations,

but the weak association between Aβ42 and TBF may, if not spurious,

indicate that TBF is an earlier affected region than the hippocampus

and amygdala (forwhich associations primarilywere seen in thosewith

Aβ42 pathology). This finding needs, however, to be validated exter-

nally.We have only identified one previous study in cognitively healthy

individuals that performed analyses in individuals with and without

Aβ42 pathology as separate groups,17 but this study did not, in con-

tradiction to ours, find any associations between t-tau and p-tau and

hippocampus or amygdala volumes.

We found unexpected associations between higher t-tau, p-tau, and

Ng levels and larger TBF volume among cognitively healthy individ-

uals with normal levels of Aβ42. This finding is however somewhat

in line with a previous study that reported unexpected associations

between high CSF t-tau andNg and lower ventricle volume in individu-

alswithnormalAβ42 levels.47 Theauthors suggested this association is
possibly related to normal neuronal function or transmission. Another

possible explanationmight be alternative pathologies, such as transac-

tive response DNA binding protein-43 (TDP-43), α-synuclein, and/or
cerebrovascular pathologies, being involved. However, the group of

Aβ-negatives included is heterogeneous (as can be seen by the huge

standard deviations in Table 1) and the numbers with elevated levels of

t-tau, p-tau, and Ng are relatively small in this population-based study

compared to clinical samples. A probable explanation is therefore that

our finding is coincidental and cannot be generalized to other cogni-

tively healthy samples. A previous study has reported enlarged septal

F IGURE 1 Relations between CSF Aβ42 andMRImeasures in the total sample. Gray lines are the correlation lines showing the trends. Aβ,
amyloid beta; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; TBF, total basal forebrain.
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F IGURE 2 Relations between CSF biomarkers andMRImeasures after stratification on Aβ42 pathology. Red dots=Aβ-positives:≤ 530
pg/mL. Blue dots=Aβ-negatives:> 530 pg/mL. Red lines are the correlation lines showing the trends for Aβ-positives and blue lines are the
correlation lines showing the trends for Aβ-negatives. Aβ, amyloid beta; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MRI, magnetic
resonance imaging; TBF, total basal forebrain.
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F IGURE 3 Forest plot of the associations between CSF biomarkers andMRImeasures in the total sample (A), and after stratification on Aβ42
pathology, (B) Aβ-positives:≤ 530 pg/mL, and (C) Aβ-negatives:> 530 pg/mL. Aβ, amyloid beta; AD, Alzheimer’s disease; CI, confidence interval;
CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; TBF, total basal forebrain.

nuclei of the basal forebrain in cognitively normal individuals who

later develop AD.48 In support of this, a longitudinal study of asymp-

tomatic AD patients reported that both cortical and subcortical areas

undergo significant neuronal hypertrophy as a reaction to early AD

pathology.49 One could possibly speculate this is due to hypertrophic

compensatory mechanisms or an inflammatory response (generating

neuronal or glial swelling),50 as a very early reaction to the presence

of AD pathology. However, the associations seen in our study were

among individuals who had normal levels of Aβ42, and thus may not be

considered at risk of AD. Moreover, it is a bit puzzling that we found

an association with t-tau but not with NfL, as both are biomarkers of

neurodegeneration.

We did not find associations between NfL and any of the MRI

measures, which contradicts previous studies reporting associations

between CSF NfL and a temporoparietal region including the hip-

pocampus and amygdala,18 or cortical thickness,17 in cognitively unim-

paired adults. Our lack of associations may be due to few people with

elevated NfL or low variability of this biomarker in our study. Further,

we did not find associations between any of the CSF biomarkers and

the cortical AD signature score, but previous studies on cognitively

healthy individuals reported associations between Aβ, p-tau, Ng, or
NfL and a thinner cortex of the regions included in the AD signature

score.14,17,24 The lack of association in our study might be due to an

early stage of disease. Comparisons to previous results are however

somewhat difficult to interpret due to differences in study design (i.e.,

their sample was smaller and not population based, and the age range

was wide).

Among the strengths of this study are the representative

population-based sample recruited by prespecified birth dates,

the comprehensive examinations, and the relatively large sample of

cognitively healthy individuals with both CSF and MRI measures.

Further, the study design including an age-homogeneous sample is a

strength because previous studies have shown that AD-related brain

pathology (i.e., hippocampal atrophy) differs in a non-linear way among

age groups of older individuals.51

However, there are also some limitations. First, the study is cross-

sectional and we cannot draw any conclusions regarding the direction

of the associations. Second, only one third of the participants con-

sented to LP, and almost one quarter of those who accepted were

excluded due to contraindications, mainly due to the use of antico-

agulation therapy, indicating the challenges in conducting population-

based CSF studies. However, when investigating a number of factors,3

CSF participants only differed from those who declined LP by more

often beingmen. Third, in an age-homogeneous and cognitively healthy

sample the variations in CSF biomarker and MRI measure values

are small and the power to find associations is limited, despite the

relatively large sample size.

In conclusion, in this population-based study, we found associations

in the expected direction (i.e., higher t-tau and p-tau were associated

with lower MRI marker volume) in individuals with Aβ42 pathology.
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TABLE 2 Linear regression associations between CSF biomarker levels andMRImeasures in the total sample and stratified on Aβ42
pathology, adjusted for sex.

Total (n= 226)

MRImeasure

CSF biomarker

level Beta Lower CI Upper CI SE P value FDR

Hippocampal volume Aβ42 0.0352 −0.0970 0.1675 0.0671 0.6 0.8

T-tau −0.1305 −0.2618 0.0008 0.0666 0.05 0.3

P-tau −0.0726 −0.2044 0.0592 0.0669 0.3 0.5

Ng −0.0383 −0.1713 0.0948 0.0675 0.6 0.8

NfL 0.0909 −0.0420 0.2239 0.0675 0.2 0.5

Amygdala volume Aβ42 0.0745 −0.0573 0.2063 0.0669 0.3 0.5

T-tau −0.1472 −0.2780 −0.0163 0.0664 0.03 0.3

P-tau −0.0880 −0.2195 0.0435 0.0667 0.2 0.5

Ng −0.0508 −0.1832 0.0816 0.0672 0.5 0.7

NfL 0.0355 −0.0973 0.1683 0.0674 0.6 0.9

TBF volume Aβ42 0.1536 0.0231 0.2841 0.0662 0.02 0.3

T-tau 0.1043 −0.0271 0.2357 0.0667 0.1 0.4

P-tau 0.1147 −0.0164 0.2457 0.0665 0.1 0.4

Ng 0.1001 −0.0294 0.2296 0.0657 0.1 0.4

NfL 0.0440 −0.0881 0.1761 0.0670 0.5 0.5

AD score 1 Aβ42 −0.0680 −0.2000 0.0639 0.0670 0.3 0.5

T-tau −0.0141 −0.1465 0.1183 0.0672 0.8 0.9

Ng −0.0153 −0.1475 0.1168 0.0671 0.8 0.9

P-tau 0.0072 −0.1228 0.1373 0.0660 0.9 0.9

NfL 0.0046 −0.1259 0.1351 0.0662 0.9 0.9

Aβ-positives (n= 55)

MRImeasure

CSF biomarker

level Beta Lower CI Upper CI SE P value FDR

Hippocampal volume T-tau –0.3292 –0.5226 –0.1359 0.0964 0.001 0.02

P-tau –0.3269 –0.5331 –0.1206 0.1028 0.003 0.02

Ng –0.2399 –0.4882 0.0083 0.1237 0.06 0.2

NfL –0.1289 –0.8612 0.6033 0.3646 0.7 1.0

Amygdala volume T-tau –0.3355 –0.5620 –0.1091 0.1128 0.005 0.02

P-tau –0.3169 –0.5594 –0.0745 0.1208 0.01 0.045

Ng –0.2248 –0.5084 0.0588 0.1413 0.1 0.3

NfL 0.4979 –0.3252 1.3210 0.4098 0.2 0.4

TBF volume T-tau –0.1042 –0.2923 0.0839 0.0937 0.3 0.4

P-tau –0.1141 –0.3121 0.0838 0.0986 0.3 0.4

Ng –0.1435 –0.3602 0.0732 0.1079 0.2 0.4

NfL 0.0609 –0.5716 0.6934 0.3149 0.8 1.0

AD score 1 T-tau –0.0061 –0.2153 0.2031 0.1042 1 1.0

P-tau –0.0103 –0.2306 0.2101 0.1098 0.9 1.0

Ng 0.0440 –0.1774 0.2653 0.1103 0.7 1.0

NfL –0.0083 –0.6460 0.6293 0.3175 1 1.0

(Continues)
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TABLE 2 (Continued)

Aβ-negatives (n= 171)

MRImeasure

CSF biomarker

level Beta Lower CI Upper CI SE P value FDR

Hippocampal volume T-tau 0.0302 –0.1486 0.2089 0.0905 0.7 1.0

P-tau 0.0949 –0.0751 0.2649 0.0861 0.3 0.7

Ng 0.0497 –0.1094 0.2088 0.0806 0.5 1.0

NfL 0.0981 –0.0375 0.2338 0.0687 0.2 0.7

Amygdala volume T-tau 0.0085 –0.1607 0.1778 0.0857 0.9 1.0

P-tau 0.0669 –0.0943 0.2281 0.0817 0.4 1.0

Ng 0.0291 –0.1217 0.1798 0.0763 0.7 1.0

NfL 0.0177 –0.1111 0.1464 0.0652 0.8 1.0

TBF volume T-tau 0.3046 0.1270 0.4822 0.0899 0.001 0.007

P-tau 0.2898 0.1203 0.4593 0.0859 0.001 0.007

Ng 0.2141 0.0563 0.3719 0.0799 0.01 0.04

NfL 0.0458 –0.0941 0.1858 0.0709 0.5 0.7

AD score 1 T-tau –0.0446 –0.2241 0.1349 0.0909 0.6 1.0

P-tau –0.0347 –0.2060 0.1367 0.0868 0.7 1.0

Ng –0.0153 –0.1753 0.1448 0.0811 0.9 1.0

NfL 0.0085 –0.1286 0.1457 0.0695 0.9 1.0

Notes: Aβ-negatives: normal CSF Aβ42 level (> 530 pg/mL), Aβ-positives: pathological CSF Aβ42 (≤ 530 pg/mL). AD score 1: cortical AD signature score

including entorhinal, middle temporal, inferior temporal, and fusiform. FDR: PFDRwith alpha of 0.05.

Abbreviations:Aβ, amyloidbeta;AD,Alzheimer’s disease;CI, confidence interval; CSF, cerebrospinal fluid; FDR, falsediscovery rate;MRI,magnetic resonance

imaging; NfL, neurofilament light; Ng, neurogranin; p-tau, phosphorylated tau; SE, standard error; TBF, total basal forebrain; t-tau, total tau.

These associations indicate that AD-specific CSF biomarkers may be

related to hippocampus, and amygdala, but not to cortical thickness,

among cognitively healthy 70-year-olds from the general population.

Among individuals with normal Aβ42 levels, we found unexpected

associations of higher tau and Ngwith larger TBF volume, which might

be related to normal neuronal function or could possibly be explained

as a coincidental finding in our specific sample.
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