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a b s t r a c t

Brain changes occurring in aging can be indexed by biomarkers. We used cluster analysis to identify
subgroups of cognitively unimpaired individuals (n ¼ 99, 64e93 years) with different profiles of the
cerebrospinal fluid biomarkers beta amyloid 1e42 (Ab42), phosphorylated tau (P-tau), total tau, chiti-
nase-3-like protein 1 (YKL-40), fatty acid binding protein 3 (FABP3), and neurofilament light (NFL).
Hippocampal volume and memory were assessed across multiple follow-up examinations covering up to
6.8 years. Clustering revealed one group (39%) with more pathological concentrations of all biomarkers,
which could further be divided into one group (20%) characterized by tauopathy and high FABP3 and one
(19%) by brain b-amyloidosis, high NFL, and slightly higher YKL-40. The clustering approach clearly
outperformed classification based on Ab42 and P-tau alone in prediction of memory decline, with the
individuals with most tauopathy and FABP3 showing more memory decline, but not more hippocampal
volume change. The results demonstrate that older adults can be classified based on biomarkers beyond
amyloid and tau, with improved prediction of memory decline.
� 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Biomarkers play an increasingly important role in research on
age-related neurological conditions and diseases. Numerous studies
have consistently shown a marked decrease in cerebrospinal fluid
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(CSF) concentration of beta amyloid 1e42 (Ab42) together with
increased total tau (T-tau) and phosphorylated tau (P-tau) in Alz-
heimer’s disease (AD) dementia and mild cognitive impairment
(MCI) cases showing progression to AD (Olsson et al., 2016). The
National Institute on Aging-Alzheimer’s Association’s (NIA-AA) new
research framework defines AD solely based on biomarkers
reflecting the core pathologies of AD, while clinical symptoms only
are used for staging of the disease (Jack et al., 2018). These criteria
rely on the amyloid/tau/neurodegeneration (A/T/N) classification
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Table 1
The studied biomarkers and the pathologies they represent

Biomarker Related pathological process

CSF Ab42 Amyloid deposition
CSF FABP3 Neuronal damage
CSF phosphorylated tau Tau phosphorylation/tangle formation
CSF total tau Altered tau metabolism/neurodegeneration
CSF YKL-40 Neuroinflammation
CSF NFL Axonal damage/neurodegeneration

Key: Ab42, beta amyloid 1e42; CSF, cerebrospinal fluid; FABP3, fatty acid binding
protein 3; NFL, neurofilament light; YKL-40, chitinase-3-like protein 1.
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scheme for the core AD biomarkers (Jack et al., 2016a), wherein CSF
Ab42 reflects brain b-amyloidosis (Strozyk et al., 2003; Tapiola et al.,
2009), P-tau reflects tau pathology/neurofibrillary tangles (Buerger
et al., 2006; Tapiola et al., 2009), and T-tau reflects neuro-
degeneration (Hesse et al., 2001; Ost et al., 2006; Zetterberg et al.,
2006). CSF concentrations of Ab42, T-tau, and P-tau are also
known to change even in cognitively well-functioning older adults
(Jansen et al., 2015; Toledo et al., 2015). Accordingly, cognitively
unimpaired older adultswith abnormal amyloid and tau biomarkers
are defined as having preclinical AD based on the NIA-AA criteria.

However, with higher age also come other changes such as
neuroinflammation and different aspects of neurodegeneration
(Fjell et al., 2014; Wyss-Coray, 2016). Chitinase-3-like protein 1
(YKL-40) is mainly expressed in astrocytes in the human brain
(Bonneh-Barkay et al., 2010), and YKL-40 expressing astrocytes are
found close to activated microglia (Bonneh-Barkay et al., 2010).
Consequently, CSF YKL-40 is believed to be a biomarker of neuro-
inflammation (Baldacci et al., 2017; Dhiman et al., 2019). Fatty acid
binding protein 3 (FABP3) is expressed in neurons of the brain
(Pelsers et al., 2004), where it is involved in transport of fatty acids.
FABP3 is found in the cytosol, and it is released following cellular
injury; thus CSF FABP3 is considered a biomarker of neuronal
damage (Dhiman et al., 2019; Pelsers et al., 2004). Neurofilament
light chain protein (NFL) is a cytoskeletal component of neuronal
axons (Khalil et al., 2018). NFL is released from neuronal axons in
response to neuronal damage, and CSF NFL is believed to reflect
axonal degeneration (Dhiman et al., 2019; Khalil et al., 2018). CSF
YKL-40, FABP3, and NFL are not disease-specific biomarkers, and all
of them have been found to be increased in both acute and chronic
brain diseases (Baldacci et al., 2017; Bonneh-Barkay et al., 2010;
Bridel et al., 2019; Olsson et al., 2016; Pelsers et al., 2004;
Steinacker et al., 2004; Zetterberg et al., 2006). Although all the
above mentioned CSF biomarkers reflect at least partly separate
brain pathological processes, some processes may also be
interrelated.

Relationships between the core AD CSF biomarkers and
emerging CSF biomarkers like YKL-40, FABP3, and NFL in cogni-
tively unimpaired older adults have mainly been studied by
assessing correlations between the individual biomarkers. Our
knowledge about how CSF biomarkers may cluster is, however,
limited. Furthermore, acknowledging that most age-related brain
changes are the result of a number of different processes that
probably vary across individuals, it is a major task to be able to
group older adults according to their brain states.

Clustering analyses can be used to identify subgroups with mul-
tiple co-occurring biomarker features. Unfortunately, beyond Ab42
and tau (Nettiksimmons et al., 2010; Racine et al., 2016), we do not
know whether clustering analyses can be used to classify cognitively
unimpaired older adults in meaningful subgroups characterized by
partly different and partly overlapping brain pathology.

To address these questions, we first performed correlation and
clustering analyses to assess relationships between established and
emerging CSF biomarkers (Table 1) in order to examine how bio-
markers for different brain states are related at different superor-
dinate levels. Second, we used the CSF biomarkers to identify
participants with similar biomarker profiles using a blind, data-
driven clustering approach across participants. The rationale was
to test whether subgroups of older adults could be detected based
on biomarker profiles. Third, we assessed whether these subgroups
showed different trajectories of memory and hippocampal volume
change across multiple follow-up examinations distributed over an
interval up to 6.8 years. The performance of the clustering approach
in prediction of memory decline and hippocampal volume change
over time was compared to the NIA-AA classification based on
amyloid and tau.
2. Materials and methods

2.1. Participants

We recruited patients scheduled for elective gynecological
(genital prolapse), urological (benign prostate hyperplasia, prostate
cancer, or bladder tumor/cancer), or orthopedic (knee or hip
replacement) surgery in spinal anesthesia turning 65 years or older
the year of inclusion. Dementia, previous stroke with sequela,
Parkinson’s disease, and other neurodegenerative diseases likely to
affect cognition were exclusion criteria at baseline. Participants
were assessed with a multi-domain battery of cognitive tests before
surgery, including the Mini Mental Status Examination (MMSE)
(Folstein et al., 1975), Clock Drawing Test (Shulman, 2000), Word
List Memory Task (Morris et al., 1989), Trail Making Test A (TMTA)
and B (TMTB) (Reitan, 1955), and verbal fluency (FAS test and Ani-
mal Naming) (Spreen and Strauss, 1991). The median time from
cognitive assessment to surgery was 6 days (interquartile range
[IQR] 3e11). CSF samples were collected by the anesthesiologist in
conjunction with the spinal anesthesia. The participants also un-
derwent magnetic resonance imaging (MRI) after surgery. The
mean time between CSF sampling and MRI at baseline was 8 weeks
(standard deviation [SD] [range]: 6 [�20 to 24]). Participants were
tested with the same battery of cognitive tests annually and with
MRIs biennially for up to 6.8 years.

From all recruited participants, we selected only participants
with CSF data available for all biomarkers (Ab42, T-tau, P-tau, YKL-
40, FABP3, and NFL). Furthermore, we performed a review of all
neurological diagnoses and MRI findings at baseline or occurring
though follow-up in the cohort. We excluded participants with
diagnoses/lesions that we found likely to affect cognition or mea-
sures of hippocampal volume (details in Supplementary Material).
As we wanted to study phenotypes in aging individuals without
clinical symptoms of neurodegenerative diseases, we also excluded
all participants who had received a diagnosis of dementia or MCI
during follow-up, had a cognitive impairment according to hospital
medical records, had developed other neurodegenerative diseases
during follow-up, and participants who, based on a cognitive
assessment in the study, had been offered referral to the hospital for
further cognitive assessment. Finally, from the remaining sample,
selection of participants cognitively unimpaired at baseline was
based on the following procedure: (1) we included all participants
with MMSE� 28, if also Clock Drawing Test score was�4 andWord
List Recall score was��1.5 SD from the mean according to age, sex,
and education adjusted norms, and (2) we included participants
with MMSE < 28, if Clock Drawing Test score was �4, and also test
scores for Word List Recall score, TMTA, TMTB, FAS test, and Animal
Naming were � �1.5 SD from the mean according to norms. Our
selection resulted in 99 participants with CSF analyses available for
all biomarkers, of which 99 had been cognitively assessed one or
more times (median: 7 cognitive assessments; IQR 4e7, range 1e7),
and 85 had one or more MRIs (median: 3 MRIs; IQR 2e4, range
1e4). Demographics, cognitive test results, and CSF biomarker
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characteristics are shown in Table 2. Seventy-three participants
were excluded (see reasons in Fig. S1 and Supplementary text).
Excluded participants had poorer performance on MMSE andWord
List Recall compared to the included participants (Table S1). Age,
years of education, sex distribution, and CSF biomarker character-
istics did not differ.

2.2. Ethical considerations

The study was conducted in accordance with the Declaration of
Helsinki and approved by the Regional Committee for Ethics in
Medical Research in Norway (REK 2011/2052). All participants
provided written informed consent.

2.3. Magnetic resonance imaging acquisition and processing

T1-weighted MPRAGE 3-dimensional images were acquired
with a 1.5 T Siemens Avanto scanner using a 12-channel head coil
[repetition time (TR) ¼ 2400 ms, echo time (TE) ¼ 3.79 ms, field of
view ¼ 240 mm, slice thickness ¼ 1.20 mm, pixel size ¼
1.25 � 1.25 mm]. The same scanner was used at baseline and all
follow-ups. Images were processed with FreeSurfer (version 6.0)
and its specific longitudinal stream (https://surfer.nmr.mgh.
harvard.edu). For each MRI, the FreeSurfer pipeline performs a set
of automated procedures for the cortical reconstruction and volu-
metric segmentation, documented elsewhere (Dale et al., 1999;
Fischl et al., 2002). More specifically, the segmentation algorithm
assigns labels to all the brain regions of each individual scan, based
on an available probabilistic atlas obtained from a training set of
participants which has been accurately manually labeled (Fischl
et al., 2002). The hippocampal volume is defined from this avail-
able atlas. The FreeSurfer longitudinal stream includes methods
designed tominimize the bias to any time point in a participant and
which lead to increased statistical power, better separation of
groups based on atrophy, and higher reproducibility. These include
the generation of a subject-specific intermediate template followed
by a projection of each time point to this template (Jovicich et al.,
2013; Reuter et al., 2012).

2.4. CSF collection and analyses

CSF was collected in polypropylene tubes, centrifuged at room
temperature for 10 minutes, the supernatant aliquoted into poly-
propylene tubes, and frozen at �80 �C pending analyses. Samples
were sent on dry ice to the Clinical Neurochemistry Laboratory at
Sahlgrenska University Hospital, Mölndal, Sweden, for analyses. CSF
Table 2
Demographics

Demographics Cognitively unimpaired
older adults (n ¼ 99)

Age at baseline (y) 72 (68e78)
Sex: male 50 (51)
Education (y) 14 (12e17)
MMSE score, baseline 29 (28e30)
CERAD, Word List Recall score 6 (5e8)
CSF Ab42 (pg/mL) 731 (512e866)
CSF FABP3 (pg/mL) 4.56 (3.36e5.93)
CSF P-tau (pg/mL) 59 (46e75)
CSF T-tau (pg/mL) 347 (272e486)
CSF YKL-40 (pg/mL) 225,210 (175,208e280,877)
CSF NFL (pg/mL) 1026 (794e1482)

Values are represented as median (interquartile range) and n (%).
Key: Ab42, beta amyloid 1e42; CERAD, Consortium to Establish a Registry for Alz-
heimer’s disease; CSF, cerebrospinal fluid; FABP3, fatty acid binding protein 3;
MMSE, Mini Mental Status Examination; NFL, neurofilament light; P-tau, phos-
phorylated tau; T-tau, total tau; YKL-40, chitinase-3-like protein 1.
Ab42, T-tau, and P-tau concentrations were measured using
INNOTEST enzyme-linked immunosorbent assay (ELISA; Fujirebio,
Ghent, Belgium), CSF NFL concentrations using a commercial ELISA
(UmanDiagnostics, Umeå, Sweden), YKL-40 concentrations using a
commercial ELISA (R&D Systems, Minneapolis, MN), and FABP3
concentrations using an immunoassay with electro-
chemiluminescence detection (MSD Human FABP3 kit; Meso Scale
Discovery, Gaithersburg, MD). Analyses were performed by board-
certified laboratory technicians masked to clinical data. Intra-
assay coefficients of variation were 9%e13%. All participants had
detectable levels of all biomarkers.

2.5. Statistical analysis

We tested correlations between baseline age and CSF bio-
markers and between the CSF biomarkers using bivariate and par-
tial Spearman correlations in SPSS (version 25). These analyses
were undertaken to describe the structure of the data, not to test
specific hypotheses.

Clustering analyses were performed in MATLAB (MathWorks
Inc). Clustering analysis is used to identify natural groupings of
similar variables from a data set. First, we calculated the distance
between variables using Spearman correlation, to account for non-
normal distribution of the data. We then used the “ward” or inner
squared distance as a linkage function to group the variables into
clusters. The variables were reordered with the optimal leaf order
and a hierarchical dendrogramwas used to represent the clusters at
the different levels. To remove the effect of age from all CSF bio-
markers, we computed independent linear regressions of each
biomarker against age, and the residuals of these regressions were
used for the clustering analysis. The clustering approach was
completely data-driven. As the relationships between several of the
included CSF biomarkers are not known a priori, we did not impose
restrictions of the clustering algorithms.

We performed 2 cluster analyses:

Cluster analysis 1: We used cluster analysis to establish clusters
of CSF biomarkers with shared behavior across participants. In
this analysis, all the available CSF biomarkers were used as
variables and the participants as observations. The purpose of
this was to see which CSF biomarkers tended to go together
across different number of clusters.
Cluster analysis 2: In this analysis, we used the CSF biomarkers
to identify subgroups of participants. Thus, we ran the cluster
analysis to define groups of participants with the same profiles
of CSF biomarkers. Here, participants were used as variables and
the biomarker concentrations as observations. Thus, in cluster
analysis 1, we tested which biomarkers clustered together (the
CSF biomarkers were the variables), while in cluster analysis 2
we tested which participants clustered together (the partici-
pants were the variables).

The optimal number of clusters given by the Calinski-Harabasz
algorithm was 2 (i.e., our first hierarchical partition). Visual in-
spection of the hierarchical distribution of the dendrogram indi-
cated that each cluster could be further split into 2 clusters each,
and this was confirmed by running the Calinski-Harabasz algorithm
separately for each of the 2 main clusters. In order to characterize
the biomarker profile for each clustering-based subgroup of par-
ticipants, differences between the subgroups for each biomarker
were quantified by calculating Cohen’s d (the pairwise difference in
mean biomarker values between groups divided by the pooled
standard deviation weighted for group size). This was done to map
the relative contributions of the different biomarkers in the
grouping of participants. According to established rules of thumbs,
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Table 3
CSF biomarker correlations

Biomarkers Age Ab42 FABP3 P-tau T-tau YKL-40 NFL

Ab42 �0.01
0.96

e

FABP3 0.26
0.01

0.15
0.15

e

P-tau 0.28
0.006

0.10
0.35

0.79
<0.001

e

T-tau 0.29
0.003

0.05
0.65

0.79
<0.001

0.96
<0.001

e

YKL-40 0.36
<0.001

0.01
0.94

0.44
<0.001

0.62
<0.001

0.67
<0.001

e

NFL 0.47
<0.001

0.02
0.87

0.52
<0.001

0.32
0.002

0.33
0.001

0.35
<0.001

e

Numbers represent Spearman’s rho and p-values for the first and second line,
respectively. Correlations between the CSF biomarkers are adjusted for age by
partial correlations. Bold indicates p < 0.05.
Key: Ab42, beta amyloid 1e42; CSF, cerebrospinal fluid; FABP3, fatty acid binding
protein 3; NFL, neurofilament light; P-tau, phosphorylated tau; T-tau, total tau; YKL-
40, chitinase-3-like protein 1.
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we considered effect sizes �0.80 as large, �0.50 as medium, and
�0.20 as small.

As an alternative to the clustering approach, we classified par-
ticipants into biomarker groups according to the NIA-AA criteria
(Jack et al., 2016a), where AþTþ represents amyloid and tau posi-
tivity, A-Tþ represents amyloid negativity and tau positivity, and A-
T- represents amyloid and tau negativity. The criteria for amyloid
positivity (Aþ) was Ab42< 530 pg/mL and for tau positivity (Tþ) P-
tau > 60 pg/mL according to established cut-offs (Hansson et al.,
2006). T-tau was not used for classification of neurodegeneration
(Nþ), because of a very strong correlation between T-tau and P-tau
(r ¼ 0.96, p < 0.001).

Finally, we tested for intercept or slope differences in memory
and hippocampal volume over time as a function of biomarker
group by use of generalized additive mixed models (GAMM) run in
R (https://www.r-project.org) using RStudio (www.rstudio.com)
IDE. GAMM uses the package “mgcv” (Wood, 2006). Memory score
from Word List Recall, for up to 7 time points covering up to
6.8 years, was used as outcome variable, biomarker group (“clus-
ter”) as factor, participant-specific time since baseline as covariate,
and we included a time � biomarker group interaction term. Sex
and baseline agewere included as covariates of no interest. Random
intercept was included. Separate analyses were run including
number of memory test sessions completed as a proxy to control for
practice effects. The same analyses were run for hippocampal vol-
ume across time, covering up to 6.81 years. The same variables and
covariates as for the memory analyses were included. In addition,
estimated total intracranial volume was included as an additional
covariate of no interest. All analyses were runwith age� time as an
additional covariate, which in no instances had substantial impact
on the reported results, and these analyses were thus not included
in the manuscript. A major advantage of GAMM in the present
setting is that relationships of any degree of complexity can be
modeled without specification of the basic shape of the relation-
ship, and GAMM is thus especially well-suited tomap trajectories of
neurocognitive variables which can be assumed to be non-linear
and where the basic form of the curve is not known (Fjell et al.,
2010). This means that if the trajectories of a given measure are
compared across groups of participants, GAMMwill detect possible
slope differences around inflection points. GAMM fits are typically
evaluated and inspected based on p- and F-values, edf (effective
degrees of freedom) as a measure of the complexity of the curve, as
well as by inspecting the plotted graphs. We also used the package
“simr” in R to calculate how many annual examinations would be
required to detect differences in memory change between the
biomarker groups with 80% power for our sample with the given
effect sizes (Green and MacLeod, 2016).

3. Results

3.1. CSF biomarker correlations

CSF Ab42 did not correlate with age or any of the other CSF
biomarkers. CSF T-tau, P-tau, YKL-40, FABP3, and NFL were all
positively correlated with age (Table 3). Correlations between CSF
biomarkers were therefore adjusted for age. T-tau, P-tau, YKL-40,
NFL, and FABP3 were all positively correlated (Table 3). Such a
correlation pattern between the biomarkers suggested that it could
be possible to identify higher order structures in the data, that is,
clusters of biomarkers.

3.2. Cluster analysis 1: clusters of CSF biomarkers

The cluster analysis yielded different levels of separation of the
CSF biomarker clusters (Fig. 1). At level 1, one cluster was formed by
Ab42 and a second cluster by the remaining CSF biomarkers. At
level 2, the second group from level 1 was further subdivided into
one cluster consisting of FABP3, T-tau, P-tau, and YKL-40, and one
cluster formed by NFL. At level 3, the cluster formed by FABP3, T-
tau, P-tau, and YKL-40 was split into 2 clusters: 1 consisting of YKL-
40 only and 1 with the remaining CSF biomarkers (FABP3, T-tau,
and P-tau). At the final level, the tau biomarkers were separated
from FABP3.
3.3. Cluster analysis 2: subgroups of participants identified by CSF
biomarkers

We ran the cluster analysis to identify subgroups of participants
with similar biomarker characteristics. We found that the partici-
pants could be divided in 2 main groups: group 1 (n ¼ 60) and
group 2 (n ¼ 39), respectively (Fig. 2). To map out the relative
contributions of each biomarker to the grouping, Cohen’s d was
calculated for each biomarker (Table 4). Group 2 participants were
characterized by more pathological biomarker results for all bio-
markers, with Cohen’s d > 0.80dconsidered a large effect sizedfor
all except NFL, where Cohen’s dwas >0.20 (small effect size). These
differences should be interpreted as descriptions of the pattern of
biomarker differences most contributing to the grouping. Mean
biomarker concentrations in group 2 exceeded pathological
thresholds for P-tau (>60 pg/mL) and T-tau (>350 pg/mL) (Hansson
et al., 2006), and the mean Ab42 concentration approached the
pathological threshold of Ab42 (<530 pg/mL) (Hansson et al.,
2006). Accordingly, all AþTþ individuals were found in group 2
(Table 4). Group 1 had on average normal values for all core AD
biomarkers (Ab42, P-tau, T-tau). There were no differences in age,
sex, years of education, or cancer morbidity between group 1 and 2
(Table S2).

In a second level analysis, each group was further divided in 2
smaller groups: group 1.1 (n ¼ 24), group 1.2 (n ¼ 36), group 2.1
(n ¼ 20), and group 2.2 (n ¼ 19). The group of participants with
generally more pathological biomarker values (group 2) was split
into one subgroup (group 2.2) with more pathological values of tau
(T-tau, P-tau) and FABP3, and one (group 2.1) with more patho-
logical values of Ab42 and NFL and tendencies to higher levels of
YKL-40 (Cohen’s d ¼ 0.28) (Table 5). Mean biomarker concentra-
tions in both group 2.1 and group 2.2 exceeded the pathological
thresholds for P-tau and T-tau referred above. Only group 2.1 had an
average Ab42 concentration satisfying usual criteria for amyloid
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Fig. 1. Correlations and hierarchical clustering of CSF biomarkers. Abbreviations: Ab42, beta amyloid 1e42; CSF, cerebrospinal fluid; FABP3, fatty acid binding protein 3; NFL,
neurofilament light; P-tau, phosphorylated tau; T-tau, total tau; YKL-40, chitinase-3-like protein 1.

Fig. 2. Hierarchical clustering of participants. Left panel: Subject-wise correlation matrix and dendrogram of the groups at the different levels. Right panel: Mean z-scores of each
variable within each group. The z-scores are calculated for the current sample, yielding a sample sum of 0 and a standard deviation of 1, thus the groups tend to approximately
mirror each other around the y ¼ 0 axis when the group sizes are similar. Abbreviations: Ab42, beta amyloid 1e42; FABP3, fatty acid binding protein 3; NFL, neurofilament light; P-
tau, phosphorylated tau; T-tau, total tau; YKL-40, chitinase-3-like protein 1.
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Table 4
Differences in CSF biomarkers between 2 subgroups based on cluster analysis

Biomarkers Group 1 (n ¼ 60) Group 2 (n ¼ 39) Cohen’s d

Mean SD Mean SD

Ab42 (pg/mL) 812 150 538 189 1.65
FABP3 (pg/mL) 4.31 1.57 5.93 2.23 0.88
P-tau (pg/mL) 53 15 76 22 1.27
T-tau (pg/mL) 317 104 499 179 1.32
YKL-40 (pg/mL) 209,512 67,132 277,101 86,599 0.90
NFL (pg/mL) 1155 678 1491 1083 0.39

Biomarker status n % n % p-value

Aþ (Ab42 < 530 pg/mL) 4 7 25 64 <0.001
Tþ (P-tau > 60 pg/mL) 15 25 25 64 <0.001
AþTþ 0 0 13 33 <0.001

Means are based on raw data. Bold indicates Cohen’s d � 0.50, italics indicates Cohen’s d � 0.20. p-values were calculated using c2 test.
Key: Aþ, amyloid positivity; Ab42, beta amyloid 1e42; CSF, cerebrospinal fluid; FABP3, fatty acid binding protein 3; NFL, neurofilament light; P-tau, phosphorylated tau; SD,
standard deviation; Tþ, tau positivity; T-tau, total tau; YKL-40, chitinase-3-like protein 1.
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positivity, although the concentration in group 2.2 was also close to
the pathological threshold. Group 2.1 participants also had mean
NFL values of 1831 pg/mL, close to an established cut-off value of
1850 for this age-range (Yilmaz et al., 2017). The proportion of
AþTþ participants was around 35% in both groups 2.1 and 2.2
(Table 5).

The participants in groups 1.1 and 1.2 had less pathological
biomarker values than the participants in 2.1 and 2.2, but could still
be differentiated. Group 1.1 had more pathological levels of FABP3
and tau, while group 1.2 had more pathological levels of Ab42 and
slightly higher levels of NFL (Cohen’s d¼ 0.37) (Table 5). There were
no differences in YKL-40 between group 1.1 and 1.2. Group 1.1 had
mean tau levels above the pathological thresholds, and the pro-
portion of Tþ individuals was significantly higher than in group 1.2
(Table 5). These findings parallel the results from the comparison
between group 2.1 and 2.2, with higher tau and FABP characterizing
one group and more pathological levels of Ab42 characterizing the
other, although it must be noted that mean levels in group 1.2 were
still not close to amyloid positivity.

Group 2.1 was significantly older than groups 1.1 and 2.2,
otherwise there were no differences in age, sex, years of education,
or cancer morbidity between the 4 clustering-based subgroups
(Table S3).

To test whether our results were impacted by participant se-
lection, we re-ran the clustering analyses including all participants
that were classified as cognitively unimpaired at baseline (n ¼ 116)
(i.e., including also individuals who were later diagnosed with MCI
or dementia). We found that the individuals could still be divided
into 2 and 4 subgroups, and that these groups showed biomarker
Table 5
Differences between 4 subgroups based on clustering analysis

Biomarkers Group 1.1 (n ¼ 24) Group 1.2 (n ¼ 36) Coh

Mean SD Mean SD

Ab42 888 136 762 139 0.
FABP3 5.45 1.59 3.54 0.99 1.
P-tau 63 14 47 13 1.
T-tau 379 88 275 93 1.
YKL-40 205,901 80,065 211,920 58,047 0.
NFL 1004 317 1256 827 0.

Biomarker status n % n % p-v

Aþ 0 0 4 11 0.
Tþ 12 50 3 8 <0.
AþTþ 0 0 0 0 e

Means are based on raw data. CSF concentrations of biomarkers are measured in pg/mL
calculated using c2 or Fisher’s exact test.
Key: Aþ, amyloid positivity; Ab42, beta amyloid 1e42; FABP3, fatty acid binding protein 3
positivity; T-tau, total tau; YKL-40, chitinase-3-like protein 1.
characteristics similar to the groups in our main analyses (Fig. S2
and Tables S4 and S5).

3.4. Differences in hippocampal atrophy between the biomarker
subgroups

In the full sample, GAMM with time since baseline (interval) as
predictor, including random effects for intercept, showed that
hippocampal volume was significantly reduced over time in a
slightly accelerated fashion (edf ¼ 2.2, F ¼ 168.5, p < 2 � 10�16).
Significant atrophy was seen for both groups in the 2-cluster so-
lution (group 1: edf ¼ 1.8, F ¼ 109.7, p < 2 � 10�16; group 2: edf ¼
1.1, F ¼ 132.8, p < 2 � 10�16). Directly comparing hippocampal
change over time between the groups from the 2-cluster solution,
there were no significant differences in hippocampal volume loss
over time (F ¼ 1.0, p ¼ 0.32), and no main group effect difference
(p ¼ 0.63) (Fig. 3). We repeated the analyses, comparing volume
change pairwise between the groups from the 4-cluster solution,
finding no significant effects (all p’s � 0.20).

3.5. Memory differences between the biomarker subgroups

In the full sample, GAMM with time since baseline (interval) as
predictor, including random effects for intercept, controlling for
baseline age and sex, showed that memory scores, measured as
number of words recalled, followed an invertedU-shaped trajectory
over the 6.8-year interval (edf ¼ 2.9, F ¼ 11.65, p ¼ 7.22 � 10�7;
Fig. 4). The initial increase is likely due to practice effects. Thus, we
re-ran the analyses, also controlling for practice effects using
en’s d Group 2.1 (n ¼ 20) Group 2.2 (n ¼ 19) Cohen’s d

Mean SD Mean SD

91 472 122 606 223 0.75
52 5.31 2.06 6.59 2.26 0.59
21 67 19 87 20 1.02
15 431 164 571 170 0.84
09 289,103 88,997 264,468 84,517 0.28
37 1831 1380 1133 448 0.71

alue n % n % p-value

14 15 75 10 53 0.15
001 10 50 15 79 0.06

7 35 6 32 0.82

. Bold indicates Cohen’s d � 0.50, italics indicates Cohen’s d � 0.20. p-values were

; NFL, neurofilament light; P-tau, phosphorylated tau; SD, standard deviation; Tþ, tau



Fig. 3. Longitudinal change in hippocampal volume across biomarker groups. Upper panel: GAMM-fitted change slope in hippocampal volume for group 1 and group 2 across time.
Lower panel: Hippocampal volume slopes for each of the groups in the 4-cluster solution. Abbreviations: GAMM, generalized additive mixed models.
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number of test sessions completed. This showed a linear negative
effect of interval onmemory score (edf¼ 1.0, F¼ 12.06, p¼ 0.0006),
and a positive but gradually reduced effect of number of test ses-
sions as a proxy for practice effects (edf ¼ 2.0, F ¼ 21.24, p ¼
6.55 � 10�8).

After having established the trend for the change in memory
scores over time in the total sample, we tested whether memory
differed between biomarker groups in terms of intercept or slope,
co-varying for baseline age and sex (Fig. 5, Table 6). Comparing
group1 and group 2,we found a significant difference in slope (edf¼
1.0, F ¼ 4.7, p ¼ 0.030) if practice effects as indexed by number of
follow-up test sessions were included as covariates, and a trend if
not (p¼ 0.098). Plotting the results showedmorememory decline in
the group (group 2) with the more pathological biomarkers.

Pairwise comparisonsbetween thememory trajectories fromeach
of the groups in the 4-cluster solution showed significantly more
memory decline for group 2.2 compared to group 1.2 (p ¼ 0.014)
(Fig. 6). Group 2.2 was the group with the highest levels of tau and
FABP3, while group 1.2 was the group with the lowest levels of the
same biomarkers. No other differences between groups in memory
trajectories were seen. The proportion of participants followed up
with cognitive assessment did not differ between the 4 cluster-based
biomarker groups at any of the 7 time points (p ¼ 0.76).
3.6. Memory and hippocampus changes in NIA-AA defined
biomarker groups

As an alternative to the clustering approach, we classified par-
ticipants as AD (Aþ/Tþ, n ¼ 19), A�Tþ (n ¼ 27), and normal AD
biomarkers (A�/T�, n ¼ 32), based on cut-offs defined above. We
tested if the groups AþTþ or A�Tþ showed different changes in
hippocampal volume or memory over 6.8 years compared to the
A�T� group. For neither hippocampal volume (edf ¼ 1.0, F ¼ 0.59,
p¼ 0.44, n¼ 130 observations) nor memory (edf¼ 1.0, F¼ 0.04, p¼
0.84, n ¼ 278 observations) were significant slope differences seen
between AþTþ versus the A�T� group. The result was the same if
number of test sessions was entered as a proxy for practice effects
(p ¼ 0.63). There was a tendency for A�Tþ participants to show
more memory decline over time compared to the A�T� group
(edf ¼ 1, F ¼ 2.9, p ¼ 0.089), with the p-value dropping just below
0.05 when number of test sessions was included (p ¼ 0.040). No
effect of A�Tþ on hippocampal volume change was found (p ¼
0.16). To assess whether the lack of difference in memory trajec-
tories between the AD group (Aþ/Tþ) based on biomarkers as
described by NIA-AA and the normal AD biomarker group was due
to too short follow-up interval or too small sample, we ran power
simulations based on the observed effects (see Supplemental
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Fig. 4. Longitudinal change in memory function in the full sample. Upper panel: Memory scores over time in the full sample. Left bottom panel: Estimated memory performance
over time corrected for practice effects. Bottom right panel: Estimated practice effects plotted over time.
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Information for details). These simulations showed than even if we
follow the participants over 15 years, we would not find a signifi-
cant difference in memory slope between the AD group defined by
the NIA-AA criteria versus the normal AD biomarker group (12%
power at a ¼ 0.05 with 15 time points spanning 15 years) (Fig. 7).
This shows that it is unlikely that the biomarker defined AD group
and the normal AD biomarker group will experience different
changes in memory function over the next 15 years. We also tested
how increasing the number of participants included in the analyses
would affect the power to detect slope differences between the
groups. These simulations demonstrated that with a sample size of
1050 participants, power to detect an effect was no more than 13%.
Thus, while the clustering approach was able to define subgroups of
participants with different biomarker profiles showing significant
differences in memory slope, using the NIA-AA criterion for AD, we
were not able to detect differences, and this is highly unlikely to be
due to short follow-up interval or a limited sample size.
4. Discussion

This study on biomarkers in cognitively unimpaired older adults
has 3 key findings. First, clustering analysis of biomarkers showed
that the novel CSF biomarkers NFL, FABP3, and YKL-40 clustered
with T-tau and P-tau, whereas Ab42 was separated out in an in-
dependent cluster. Second, clustering analyses of participants
identified 2 main biomarker profiles, where one biomarker group
had more abnormal levels of all biomarkers compared to the other
biomarker group. At the 4-cluster level, the group with more
pathological biomarkers was split into one group characterized by
tauopathy and FABP3 and one group by brain b-amyloidosis, NFL,
and YKL-40. Third, the group with tauopathy and FABP3 showed
more memory decline over 6.8 years compared to a group with less
pathological biomarker levels. The clustering-based classification of
the participants yielded better predictions of memory decline
across the subsequent 7 years than a canonical classification based
on positivity for both amyloid and tau.
4.1. Relationships between CSF biomarkers

We assessed the relationship between the established AD bio-
markers Ab42, reflecting amyloid deposition, T-tau, reflecting
neuroaxonal degeneration, and P-tau, reflecting phosphorylation
state of tau and possibly neurofibrillary tangle pathology, and the
novel biomarkers YKL-40, reflecting neuroinflammation, FABP3,
reflecting neuronal damage, and NFL, reflecting axonal injury.
Interestingly, the cluster analyses revealed a principal divide be-
tween Ab42 and the rest of the biomarkers. Although T-tau, P-tau,
YKL-40, FABP3, and NFL clustered together at the highest level,
Ab42 was separated in a single cluster. Thus, in cognitively unim-
paired older adults, the less established CSF biomarkers clustered
with P- and T-tau, while showing no relationships to Ab42. Such a
divide between Ab42 and other CSF biomarkers including FABP3
and P-tau has also been shown using clustering analyses in a cohort
with individuals from the entire AD cognitive continuum (Harari
et al., 2014). Furthermore, lack of relationship between Ab42 and
the Tau-proteins in cognitively unimpaired adults has also been
found in previous studies (Roe et al., 2013; Xiong et al., 2016),
although weak to moderate negative correlations have also been
reported (Bos et al., 2019; Pettigrew et al., 2015; Soldan et al., 2019).
Non-existent relationships between Ab42 and YKL-40 (Olsson et al.,



Fig. 5. Longitudinal change in memory function across biomarker groups. Upper panel: GAMM-fitted change slope in memory score for group 1 and group 2 across time. Lower
panel: Memory slopes for each of the groups in the 4-cluster solution. Abbreviation: GAMM, generalized additive mixed models.
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2013a), NFL (Bruno et al., 2012), and FABP3 (Olsson et al., 2013b) in
cognitively unimpaired individuals are also in agreement with
previous studies, but weak negative (Alcolea et al., 2015a; Bos et al.,
2019) and weak positive (Alcolea et al., 2015a; Kern et al., 2019)
correlations have also been shown in some larger studies. The
Table 6
Change in memory as a function of biomarker group

Models edf F p slope p main effect

Two-group model
Time 2.8 11.12 2.37 � 10�6

Group 2 versus 1 1.3 3.65 0.098a 0.13
Four-group model
Group 1.1 versus 1.2 1.0 2.78 0.10 0.68
Group 1.2 versus 2.1 1.0 2.20 0.14 0.57
Group 1.2 versus 2.2 1.0 b6.05 0.01 0.11
Group 2.1 versus 2.2 1.0 0.76 0.38 0.32

GAMMs were run to test effects of biomarker group on changes in memory per-
formance over time. Changes in memory performance were tested against time and
then it was tested whether the effect of time on memory differed between
biomarker groups. Baseline age and sex were used as covariates of no interest.
Key: edf, effective degrees of freedom (a measure of deviation from linearity);
GAMM, generalized additive mixed models.

a p < 0.030 if practice effects were corrected for.
cluster analysis results show that these less established biomarkers
cluster with the Tau proteins, independently of amyloid pathology.

The very high correlation between T-tau and P-tau was ex-
pected, being consistent with previous studies of cognitively un-
impaired adults (Blennow et al., 1995; Bos et al., 2019; Soldan et al.,
2019). The strength of this correlation (r¼ 0.96) suggests that these
2 CSF tau-markers are statistically collinear in cognitively unim-
paired older adults. The neuronal injury biomarkers, NFL and
FABP3, were positively correlated both with each other and also
with T-tau and P-tau, supporting their role as neurodegeneration
biomarkers even in cognitively unimpaired older adults. This
finding is in agreement with previous studies of cognitively un-
impaired adults showing positive correlations between tau-
proteins and NFL (Bos et al., 2019; Kern et al., 2019; Melah et al.,
2016), and FABP3 (Olsson et al., 2013b), respectively. NFL was the
first biomarker to separate from the cluster with tau biomarkers,
supporting the hypothesis that CSF NFL provide information on
neurodegeneration that is at least partly different from CSF T-tau
(Mattsson et al., 2016). Interestingly, the neuroinflammation
biomarker YKL-40 was also positively correlated with all the neu-
rodegeneration biomarkers, indicating a link between neuro-
inflammation and neurodegeneration in aging. Previous data



Fig. 6. Memory trajectories across biomarker groups. The memory trajectories from Fig. 5 plotted as a function of biomarker group overlaid in the same plot to allow inspection of
differences. Dotted lines illustrate 95% confidence interval.
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showing positive correlations between YKL-40 and T-tau and P-tau
in cognitively unimpaired adults (Alcolea et al., 2015a; Bos et al.,
2019; Melah et al., 2016; Olsson et al., 2013a), and in neurodegen-
erative diseases (Craig-Schapiro et al., 2010; Hall et al., 2018;
Nordengen et al., 2019; Wennstrom et al., 2015), and studies
finding associations between elevated YKL-40 and white matter
degeneration (Racine et al., 2019), brain atrophy (Alcolea et al.,
2015b, 2017; Janelidze et al., 2018; Swanson et al., 2016), and
cognitive function (Bos et al., 2019; Janelidze et al., 2018; Sala-
Llonch et al., 2017), provide further support for this link both in
aging and neurodegenerative diseases. The association between
YKL-40 and tau has been shown in both Aþ and A� cognitively
normal individuals (Alcolea et al., 2015a), suggesting that the link
between neurodegeneration and neuroinflammation is indepen-
dent of amyloid deposition. Positive correlations between YKL-40
and NFL (Bos et al., 2019; Melah et al., 2016) in cognitively
Fig. 7. Memory slope in AD versus no-AD. Participants were divided in an “AD” group ba
estimated differences in memory trajectories over 15 years. Middle panel shows how power t
follow-ups. Right panel shows how power increases as a function of sample size. Abbrevia
positivity; T-, tau negativity.
normal adults have also been reported previously, whereas this is,
to our knowledge, the first study to explore the relationship of
FABP3 to YKL-40 and NFL in a cognitively unimpaired population.
Positive correlations of FABP3 with YKL-40 and NFL have, however,
previously been reported in populations including patients (Bjerke
et al., 2011; Harari et al., 2014).

4.2. Grouping of participants based on biomarker profiles

Clustering analyses, based on objective biomarker measures and
blind to any cognitive evaluation, revealed one group, consisting of
39% of the total sample, with more abnormal concentrations of all
biomarkers. Although normative data are not available for all the
biomarkers, this group had pathological mean levels of Ab42, T-tau,
and P-tau according to previously established criteria (Hansson
et al., 2006) and all AþTþ individuals were found in this group.
sed on amyloid and tau (Aþ/Tþ) and a no-AD group (A�/T�). Left panel shows the
o detect a slope difference between AD and no-AD increases as a function of number of
tions: Aþ, amyloid positivity; A-, amyloid negativity; AD, Alzheimer’s disease; Tþ, tau
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Further clustering analyses separated a group of participants with
non-pathological mean biomarker concentrations (group 1.2),
consisting of 36% of the sample. Studies show that there may be a
proportion of older adults that never develops amyloid or neuro-
degenerative pathology (Jack et al., 2014; Khachaturian et al., 2004),
and future studies on such groups of very low-risk older adults may
give cues on how to prevent development of various brain pa-
thologies (Vemuri, 2018). However, the proportion of individuals
without pathology may be over-estimated in our sample, as we did
not include cases with clinical diagnoses and those who progressed
to MCI, dementia, and other neurodegenerative diseases during
follow-up. Also, we cannot exclude that some of the participants
with a non-pathological biomarker profile may develop patholog-
ical biomarkers later.

The 3 remaining groups represented different patterns of
increased or pathological mean biomarker values. Group 1.1 was
the least pathological of these, showing evidence for slight tauop-
athy. The most pathological group in the 2-cluster solution was
divided into one group characterized bymore pathological values of
tau (T-tau, P-tau) and FABP3 (group 2.2), and one with more
pathological values of Ab42 and NFL, and tendencies to higher
levels of neuroinflammation (YKL-40) (group 2.1). Although the
mean tau levels in group 2.1 were clearly lower than in group 2.2,
they still exceeded pathological thresholds. Accordingly, group 2.1
participants on average satisfied the NIA-AA criterion for AD (Jack
et al., 2018). The participants in group 2.1 also had mean NFL
values close to an established cut-off value of 1850, and slightly
higher concentrations of YKL-40, suggesting ongoing neuro-
inflammation and axonal degeneration in addition to brain b-
amyloidosis and tau pathology. Emerging evidence suggests that
neuroinflammation in concert with AD neuropathology may
contribute to the development of clinical symptoms (Craig-
Schapiro et al., 2010; Heneka et al., 2015; Merluzzi et al., 2018),
possibly through contributing to neurodegeneration (Alcolea et al.,
2015b; Heneka et al., 2015; Janelidze et al., 2018).

The tauopathy found in 3 of the 4 identified groups may partly
be age-related (Crary et al., 2014; Lowe et al., 2018), such as in
primary age-related tauopathy, although preclinical phases of other
tauopathies cannot be excluded (Arendt et al., 2016). As tau was
measured in CSF, we could not assess the patho-anatomical loca-
tion, that is, whether it is spread outside the medial temporal lobe.
Group 2.2 was characterized by a neurodegeneration biomarker
pattern with tauopathy and elevated FABP3, and was the group
with highest mean levels of tau and FABP3. Such a pattern of
neurodegeneration can represent normative, age-expected brain
changes. Group 1.1 and 2.2 may also, according to some systems, be
classified as suspected non-Alzheimer pathophysiology (SNAP)
(Jack et al., 2016b), in which, for example, clinically silent cerebral
microvascular disease, hippocampal sclerosis, or aging-expected
processes could be responsible for the neurodegeneration. It
should, however, be noted that group 2.2 on average had Ab42
levels in a gray zone around the pathological threshold for amyloid
positivity, and accordingly around 50% of the individuals in this
group were amyloid positive, suggesting this group could also
represent AD. Contrary, none of the individuals in group 1.1 were
amyloid positive, supporting that this group represents SNAP.

The present results suggest that patients can be divided into
subgroups based on their biomarker profiles also beyond amyloid
and tau. This yields more extensive information about patients than
what can be obtained by using biomarkers in isolation. Interest-
ingly, all the 6 CSF biomarkers differed between at least 2 of the
groups with a relatively large effect size, suggesting that all have
contributed to the clustering results. We did not attempt to cluster
the participants based on a subset of the CSF biomarker to test if any
was redundant. Except P-tau and T-tau, which are statistically
almost collinear, it seems that inclusion of all the biomarkers con-
tributes to the different biomarker profiles of the subgroups.
Although the use of biomarker clustering in a clinical setting would
depend on the study of long-term clinical outcomes, such as pro-
gression to MCI or dementia, clustering may be a promising
approach to identify patients with various biomarker profiles for
clinical trials, intervention studies, and in the clinic to improve
diagnosis and prognosis.

This biomarker-based grouping of the participants suggests that
linear staging of CSF biomarkers, where the biomarkers become
abnormal at different times in an ordered sequence, does not apply
to the present data. It is possible that a well-defined clinical
endpoint can follow a fixed chain of events in an orderly fashion. In
cognitively unimpaired older adults, however, biomarkers do not
seem to adhere to a fixed linear staging. Unfortunately, we do not
have longitudinal data on the biomarkers in combination with
different clinical endpoints, which would be necessary for proper
staging of the biomarkers.

4.3. Biomarker profiles in prediction of hippocampal volume change
and memory decline

The full sample showed an inverted U-shaped trajectory of
memory scores over the 6.8-year interval since the baseline testing.
As practice effects are well-known to increase performance on
memory tests in longitudinal studies (Ronnlund et al., 2005), we
attempted to tear apart real change in memory from practice-
induced inflation of the scores. This analysis showed a linear
decline in the corrected scores, accompanied by a decelerating in-
crease due to repeated test exposure. Testing the difference in
memory trajectories between the 2 main groups, the group with
most pathological biomarkers showed slightly more memory
decline over the examination interval than the group with the least
pathological biomarkers. Examining this pattern in more detail in
the 4-cluster solution, the group with most tauopathy and highest
FABP3 showed significantly more memory decline compared to the
group with normal biomarker levels. This indicates that a high
degree of neuronal damage is the biomarker feature most predic-
tive of memory decline in cognitively unimpaired older adults.
Earlier clustering studies of cognitively normal adults have also
found that subgroups with more neurodegeneration or tauopathy
show greater rates of cognitive decline, for example, greater
memory decline in a subgroup mainly characterized by lower Ab42
and higher P-tau (Racine et al., 2016), and greater global cognitive
decline in a subgroup characterized by more brain atrophy, more
white matter hyperintensities, lower Ab42, higher T-tau, and higher
P-tau (Nettiksimmons et al., 2010). FABP3, YKL-40, or NFL has never
been used for clustering of cognitively unimpaired adults. Yet, a
recent study clustering individuals from the entire cognitive con-
tinuum using CSF NFL, YKL-40, and the core AD biomarkers re-
ported that a subgroup characterized by high T-tau and P-tau, but
not Ab42 levels, included almost 50% of all patients with respec-
tively MCI and AD dementia (Toschi et al., 2019). High levels of each
of the 3 less established biomarkers have, however, been associated
with cognitive decline or development of cognitive impairment in
cognitively normal adults (Bos et al., 2019; Harari et al., 2014; Kern
et al., 2019; Sala-Llonch et al., 2017).

Moreover, group 2.2 may have brain b-amyloidosis. The pre-
dictive value of brain b-amyloidosis for later cognitive or clinical
symptoms is however controversial (Morris et al., 2018). Although
brain b-amyloidosis may be a risk factor for cognitive decline
(Hedden et al., 2013), up to 40% of cognitively unimpaired older
adults have brain b-amyloidosis (Jansen et al., 2015), depending on
the age of the participants. Likely, amyloidosis has to be accompa-
nied with neurodegeneration or tau pathology in order to result in
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dementia and cognitive decline (Burnham et al., 2016; Desikan
et al., 2012; Merluzzi et al., 2018; Soldan et al., 2019). Therefore,
we cannot exclude that the combination of gray zone amyloid
positivity and neuronal damage is responsible for more memory
decline in group 2.2. However, the A�Tþ group showed a tendency
toward more memory decline compared to the group with normal
AD biomarkersdan effect that reached significance if correction for
practice effects was donedsuggesting that the association between
neurodegeneration and memory decline in this sample is inde-
pendent of amyloid pathology. Furthermore, group 2.1 with lowest
Ab42 (i.e., most amyloid pathology), and also tauopathy and axonal
degeneration, and group 1.1 with slight tauopathy, showed only
age-expected changes in memory performance over time. This
finding also underscores the fact that older adults can have good
cognitive function for their age, and show age-expected changes in
memory function over several years, despite biomarker profiles
indicating amyloid, tau, and/or neurodegeneration pathology.

Interestingly, comparing memory change between the group
with AD according to the NIA-AA Aþ/Tþ criterion with the group
with normal AD biomarkers (A�/T�), we did not observe any dif-
ference. This finding differs from several previous studies reporting
that cognitively normal individuals with both amyloid and tau
pathology show accelerated cognitive decline compared to those
with one or none of these pathologies (Desikan et al., 2012; Soldan
et al., 2019). Actually, simulations showed that even if we follow the
participants for 15 years after baseline, or increase the sample size
to above 1000 participants, it is unlikely that we would see a dif-
ference in memory slope between the biomarker defined AD group
and the non-AD group. Thus, while the clustering approach was
able to define subgroups of participants with different biomarker
profiles that showed more memory decline over time, no differ-
ences in memory outcome was seen using a simple AD versus non-
AD dichotomy based on Ab42 and P-tau alone. These results
demonstrated that the clustering approach, taking advantage of
multiple biomarkers beyond amyloid and tau, clearly outperformed
the NIA-AA AD biomarker classification system in prediction of
memory decline.

There were no differences between any of the clustering-based
biomarker groups or the NIA-AA defined groups in hippocampal
volume trajectories, suggesting that none of these biomarker pro-
files were associated with more than age-related hippocampal at-
rophy. Others have, however, reported that AþTþ cognitively
normal individuals show accelerated hippocampal atrophy
compared to A�T� and A�Tþ individuals (Gordon et al., 2016). The
relationship between novel biomarkers and medial temporal lobe
atrophy is less studied, but higher NFL (Mattsson et al., 2016;
Pereira et al., 2017), YKL-40 (Alcolea et al., 2015b; Swanson et al.,
2016), and FABP3 (Desikan et al., 2013) have been associated with
medial temporal lobe atrophy in populations including both
cognitively unimpaired and impaired individuals. We have previ-
ously shown an association between higher NFL levels and higher
hippocampal atrophy rates in individuals from the same cohort
(Idland et al., 2017), and one study found no relationship between
YKL-40 and hippocampal volume in cognitively unimpaired adults
(Melah et al., 2016). However, the relationship between medial
temporal lobe atrophy and FABP3 has never been assessed in a
cognitively unimpaired population. Previous research has shown
that cognitively normal individuals with amyloid pathology show
steeper memory decline if they also have pathological hippocampal
volumes (Bilgel et al., 2018; Burnham et al., 2016). Accordingly, we
speculate that the key to understand why some biomarker groups
with amyloid and/or tau positivity only showed age-expected
memory decline is that these participants did not show higher
than age-expected hippocampal atrophy. Although followed for up
to 6.8 years, there were no differences between any of the
biomarker groups in hippocampal volume trajectories. Differences
would have been expected if the sample also had included partic-
ipants showing cognitive impairment such as in Alzheimer’s de-
mentia. We propose that older adults may uphold age-expected
cognitive function for many years, even when harboring patho-
logical biomarker profiles, as long as hippocampal atrophy is within
the age-expected range.

4.4. Strengths and limitations

The inclusion of cognitively unimpaired adults only, constitutes
both a strength and a weakness, causing the sample probably to be
more homogenous than the general population, which likely
affected both the clustering of biomarkers and the clustering of
participants. Thus, the conclusions drawn are valid for cognitively
unimpaired older adults onlydthe clusters may be different if
examined in populations of participants with MCI or dementia.
Furthermore, it is possible that exclusion of the few individuals who
progressed toMCI, dementia, and other neurodegenerative diseases
during follow-up may in part have impacted the associations of
clustering-based biomarker groups and NIA-AA defined biomarker
groups to hippocampal volume and memory change, for example,
the lack of associations between biomarker groups and hippo-
campal volume change and between NIA-AA defined groups and
memory. Yet, if these individuals were included, the results would
very much depend on the etiology and severity of decline of these
individuals, and we believe the results we present will have a
higher probability of being replicated. On the other hand, the
sample consisted of surgical patients including some patients who
had cancer surgery, which also may reduce the generalizability of
the results, although the consequences of this is difficult to assess.
Nevertheless, we did not find any differences in cancer morbidity
between the biomarker groups. Strengths of our work include
measurement of both established and novel biomarkers, and mul-
tiple longitudinal measures of hippocampal volume and memory
over 6.8 years. We also used a data-driven method, rather than
defined cut-off values, to assess relationships between biomarkers.

5. Conclusion

Here we show that CSF biomarkers of AD pathophysiology can
be grouped in superordinate clusters, and that Ab42 is the
biomarker with the least connections to other established as well as
more novel CSF biomarkers. Using a large collection of CSF bio-
markers enabled us to identify subgroups of participants with
different biomarker profiles. This clustering-based grouping of
participants outperformed biomarker profiling based on the NIA-
AA AD classification system in predicting memory change over
6.8 years. The analyses of changes in memory function further
showed that older adults may uphold age-expected cognitive
function and hippocampal integrity evenwhen harboring abnormal
biomarker profiles, such as tauopathy, underscoring the complex
relationship between cognitive function, maintenance, resilience
and brain health in aging (Stern et al., 2018). Understanding the
conditions for maintained cognitive function in aging despite
various types of brain changes will be a major task for future
research.

Disclosure statement

Dr Walhovd has given a lecture on lifespan changes in brain and
cognition for Shire International GmbH (2015) and has served in an
expert group for ILSI Europe, for both of which honoraria were paid.
Dr Zetterberg has served at scientific advisory boards for Roche
Diagnostics, CogRx, Samumed, and Wave and is a co-founder of



A.-V. Idland et al. / Neurobiology of Aging 93 (2020) 1e15 13
Brain Biomarker Solutions in Gothenburg AB, a GU Venture-based
platform company at the University of Gothenburg. Dr Hansson
has acquired research support (for the institution) from Roche, GE
Healthcare, Biogen, AVID Radiopharmaceuticals, Fujirebio, and
Euroimmun. In the past 2 years, he has received consultancy/
speaker fees (paid to the institution) from Biogen, Roche, and
Fujirebio. Dr Blennow has served as a consultant or at advisory
boards for Alzheon, CogRx, Biogen, Lilly, Novartis, and Roche Di-
agnostics, and is a co-founder of Brain Biomarker Solutions in
Gothenburg AB, a GU Venture-based platform company at the
University of Gothenburg. The other authors report no conflicts of
interest.
Acknowledgements

Supported by The National Association for Public Health’s de-
mentia research program, Norway, the Research Council of Norway
(grants to AMF), and the Medical Student Research Program at the
University of Oslo. Additional funding for parts of the study was
received from Innlandet Hospital Trust (grant number: 150201), the
Knut and Alice Wallenberg Foundation, the Swedish Research
Council (grant numbers: #2018-02532, 2017-0095, and K2013-61X-
14002-13-5), the Torsten Söderberg Foundation, (#2017-00915),
the Swedish Alzheimer Foundation (#AF-742881), Hjärnfonden,
Sweden (#FO2017-0243), and the Swedish state under the agree-
ment between the Swedish government and the County Councils,
the ALF-agreement (grant #ALFGBG-715986). The funding sources
had no role in the study design; in the collection, analysis, and
interpretation of the data; in the writing of the report; or in the
decision to submit the article for publication. The authors would
like to thank Knut Engedal, MD, PhD (University of Oslo and Vest-
fold Hospital Trust) and Anette Hylen Ranhoff, MD, PhD (Dia-
konhjemmet Hospital and Kavli Research Center for Geriatrics and
Dementia) for general support; Gry Torsæter Dahl, MD (Dia-
konhjemmet Hospital), Randi Støen, MD (Oslo University Hospital),
Arne Myklebust, MD (Oslo University Hospital), and Dagfinn Tore
Kollerøs, MD (Oslo University Hospital) for collection of data; and
Asta Kristine Håberg MD, PhD (St. Olav's University Hospital) for
planning the baseline magnetic resonance imaging protocol. The
authors would also like to thank the study participants and the
contributions of the Department of Gynecology, the Department of
Urology, and the Department of Anesthesiology at Oslo University
Hospital, and the Department of Orthopedic Surgery and the
Department of Anesthesiology at Diakonhjemmet Hospital in Oslo,
Norway.

Idland helped in formal analysis, investigation, resources, data
curation, writing original draft, writing review & editing, visuali-
zation, and project administration; Sala-Lionch helped in formal
analysis, writing original draft, writing review & editing, and visu-
alization; Watne helped in writing review & editing and supervi-
sion; Brækhus helped in writing review & editing and supervision;
Hansson helped in writing review & editing and supervision;
Blennow helped in methodology, resources, writing review &
editing, and supervision; Zetterberg helped in methodology, re-
sources, writing review & editing, and supervision; Sørensen hel-
ped in formal analysis, writing review & editing, and visualization;
Walhovd helped in conceptualization, methodology, resources,
writing review & editing, supervision, and funding acquisition;
Wyller helped in conceptualization, methodology, resources,
writing review & editing, supervision, and funding acquisition; and
Fjell helped in conceptualization, methodology, formal analysis,
resources, writing original draft, writing review & editing, visuali-
zation, supervision, and funding acquisition.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neurobiolaging.2020.04.002.

References

Alcolea, D., Martinez-Lage, P., Sanchez-Juan, P., Olazaran, J., Antunez, C., Izagirre, A.,
Ecay-Torres, M., Estanga, A., Clerigue, M., Guisasola, M.C., Sanchez Ruiz, D.,
Marin Munoz, J., Calero, M., Blesa, R., Clarimon, J., Carmona-Iragui, M., Morenas-
Rodriguez, E., Rodriguez-Rodriguez, E., Vazquez Higuera, J.L., Fortea, J., Lleo, A.,
2015a. Amyloid precursor protein metabolism and inflammation markers in
preclinical Alzheimer disease. Neurology 85, 626e633.

Alcolea, D., Vilaplana, E., Pegueroles, J., Montal, V., Sanchez-Juan, P., Gonzalez-
Suarez, A., Pozueta, A., Rodriguez-Rodriguez, E., Bartres-Faz, D., Vidal-Pineiro, D.,
Gonzalez-Ortiz, S., Medrano, S., Carmona-Iragui, M., Sanchez-Saudinos, M.,
Sala, I., Anton-Aguirre, S., Sampedro, F., Morenas-Rodriguez, E., Clarimon, J.,
Blesa, R., Lleo, A., Fortea, J., 2015b. Relationship between cortical thickness and
cerebrospinal fluid YKL-40 in predementia stages of Alzheimer's disease. Neu-
robiol. Aging 36, 2018e2023.

Alcolea, D., Vilaplana, E., Suarez-Calvet, M., Illan-Gala, I., Blesa, R., Clarimon, J.,
Llado, A., Sanchez-Valle, R., Molinuevo, J.L., Garcia-Ribas, G., Compta, Y.,
Marti, M.J., Pinol-Ripoll, G., Amer-Ferrer, G., Noguera, A., Garcia-Martin, A.,
Fortea, J., Lleo, A., 2017. CSF sAPPbeta, YKL-40, and neurofilament light in
frontotemporal lobar degeneration. Neurology 89, 178e188.

Arendt, T., Stieler, J.T., Holzer, M., 2016. Tau and tauopathies. Brain Res. Bull 126,
238e292.

Baldacci, F., Lista, S., Cavedo, E., Bonuccelli, U., Hampel, H., 2017. Diagnostic function
of the neuroinflammatory biomarker YKL-40 in Alzheimer's disease and other
neurodegenerative diseases. Expert Rev. Proteomics 14, 285e299.

Bilgel, M., An, Y., Helphrey, J., Elkins, W., Gomez, G., Wong, D.F., Davatzikos, C.,
Ferrucci, L., Resnick, S.M., 2018. Effects of amyloid pathology and neuro-
degeneration on cognitive change in cognitively normal adults. Brain 141,
2475e2485.

Bjerke, M., Zetterberg, H., Edman, A., Blennow, K., Wallin, A., Andreasson, U., 2011.
Cerebrospinal fluid matrix metalloproteinases and tissue inhibitor of metal-
loproteinases in combination with subcortical and cortical biomarkers in
vascular dementia and Alzheimer's disease. J. Alzheimers Dis. 27, 665e676.

Blennow, K., Wallin, A., Agren, H., Spenger, C., Siegfried, J., Vanmechelen, E., 1995.
Tau protein in cerebrospinal fluid: a biochemical marker for axonal degenera-
tion in Alzheimer disease? Mol. Chem. Neuropathol. 26, 231e245.

Bonneh-Barkay, D., Wang, G., Starkey, A., Hamilton, R.L., Wiley, C.A., 2010. In vivo
CHI3L1 (YKL-40) expression in astrocytes in acute and chronic neurological
diseases. J. Neuroinflammation 7, 34.

Bos, I., Vos, S., Verhey, F., Scheltens, P., Teunissen, C., Engelborghs, S., Sleegers, K.,
Frisoni, G., Blin, O., Richardson, J.C., Bordet, R., Tsolaki, M., Popp, J., Peyratout, G.,
Martinez-Lage, P., Tainta, M., Lleo, A., Johannsen, P., Freund-Levi, Y., Frolich, L.,
Vandenberghe, R., Westwood, S., Dobricic, V., Barkhof, F., Legido-Quigley, C.,
Bertram, L., Lovestone, S., Streffer, J., Andreasson, U., Blennow, K., Zetterberg, H.,
Visser, P.J., 2019. Cerebrospinal fluid biomarkers of neurodegeneration, synaptic
integrity, and astroglial activation across the clinical Alzheimer's disease spec-
trum. Alzheimers Dement. 15, 644e654.

Bridel, C., van Wieringen, W.N., Zetterberg, H., Tijms, B.M., Teunissen, C.E.,
the, N.F.L.G., Alvarez-Cermeno, J.C., Andreasson, U., Axelsson, M.,
Backstrom, D.C., Bartos, A., Bjerke, M., Blennow, K., Boxer, A., Brundin, L.,
Burman, J., Christensen, T., Fialova, L., Forsgren, L., Frederiksen, J.L., Gisslen, M.,
Gray, E., Gunnarsson, M., Hall, S., Hansson, O., Herbert, M.K., Jakobsson, J., Jes-
sen-Krut, J., Janelidze, S., Johannsson, G., Jonsson, M., Kappos, L., Khademi, M.,
Khalil, M., Kuhle, J., Landen, M., Leinonen, V., Logroscino, G., Lu, C.H., Lycke, J.,
Magdalinou, N.K., Malaspina, A., Mattsson, N., Meeter, L.H., Mehta, S.R.,
Modvig, S., Olsson, T., Paterson, R.W., Perez-Santiago, J., Piehl, F.,
Pijnenburg, Y.A.L., Pyykko, O.T., Ragnarsson, O., Rojas, J.C., Romme
Christensen, J., Sandberg, L., Scherling, C.S., Schott, J.M., Sellebjerg, F.T.,
Simone, I.L., Skillback, T., Stilund, M., Sundstrom, P., Svenningsson, A., Tortelli, R.,
Tortorella, C., Trentini, A., Troiano, M., Turner, M.R., van Swieten, J.C.,
Vagberg, M., Verbeek, M.M., Villar, L.M., Visser, P.J., Wallin, A., Weiss, A.,
Wikkelso, C., Wild, E.J., 2019. Diagnostic value of cerebrospinal fluid neurofila-
ment light protein in neurology: a systematic review and meta-analysis. JAMA
Neurol. 76 (9), 1035e1048. https://doi.org/10.1001/jamaneurol.2019.1534.

Bruno, D., Pomara, N., Nierenberg, J., Ritchie, J.C., Lutz, M.W., Zetterberg, H.,
Blennow, K., 2012. Levels of cerebrospinal fluid neurofilament light protein in
healthy elderly vary as a function of TOMM40 variants. Exp. Gerontol. 47,
347e352.

Buerger, K., Ewers, M., Pirttila, T., Zinkowski, R., Alafuzoff, I., Teipel, S.J.,
DeBernardis, J., Kerkman, D., McCulloch, C., Soininen, H., Hampel, H., 2006. CSF
phosphorylated tau protein correlates with neocortical neurofibrillary pathol-
ogy in Alzheimer's disease. Brain 129, 3035e3041.

Burnham, S.C., Bourgeat, P., Dore, V., Savage, G., Brown, B., Laws, S., Maruff, P.,
Salvado, O., Ames, D., Martins, R.N., Masters, C.L., Rowe, C.C., Villemagne, V.L.,
Group, A.R., 2016. Clinical and cognitive trajectories in cognitively healthy
elderly individuals with suspected non-Alzheimer's disease pathophysiology
(SNAP) or Alzheimer's disease pathology: a longitudinal study. Lancet Neurol.
15, 1044e1053.

https://doi.org/10.1016/j.neurobiolaging.2020.04.002
https://doi.org/10.1016/j.neurobiolaging.2020.04.002
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref1
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref2
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref3
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref3
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref3
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref3
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref3
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref3
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref4
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref4
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref4
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref5
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref5
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref5
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref5
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref6
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref6
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref6
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref6
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref6
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref7
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref7
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref7
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref7
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref7
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref8
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref8
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref8
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref8
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref9
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref9
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref9
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref10
https://doi.org/10.1001/jamaneurol.2019.1534
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref12
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref12
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref12
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref12
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref12
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref13
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref13
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref13
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref13
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref13
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref14


A.-V. Idland et al. / Neurobiology of Aging 93 (2020) 1e1514
Craig-Schapiro, R., Perrin, R.J., Roe, C.M., Xiong, C., Carter, D., Cairns, N.J.,
Mintun, M.A., Peskind, E.R., Li, G., Galasko, D.R., Clark, C.M., Quinn, J.F.,
D'Angelo, G., Malone, J.P., Townsend, R.R., Morris, J.C., Fagan, A.M.,
Holtzman, D.M., 2010. YKL-40: a novel prognostic fluid biomarker for preclinical
Alzheimer's disease. Biol. Psychiatry 68, 903e912.

Crary, J.F., Trojanowski, J.Q., Schneider, J.A., Abisambra, J.F., Abner, E.L., Alafuzoff, I.,
Arnold, S.E., Attems, J., Beach, T.G., Bigio, E.H., Cairns, N.J., Dickson, D.W.,
Gearing, M., Grinberg, L.T., Hof, P.R., Hyman, B.T., Jellinger, K., Jicha, G.A.,
Kovacs, G.G., Knopman, D.S., Kofler, J., Kukull, W.A., Mackenzie, I.R., Masliah, E.,
McKee, A., Montine, T.J., Murray, M.E., Neltner, J.H., Santa-Maria, I., Seeley, W.W.,
Serrano-Pozo, A., Shelanski, M.L., Stein, T., Takao, M., Thal, D.R., Toledo, J.B.,
Troncoso, J.C., Vonsattel, J.P., White 3rd, C.L., Wisniewski, T., Woltjer, R.L.,
Yamada, M., Nelson, P.T., 2014. Primary age-related tauopathy (PART): a com-
mon pathology associated with human aging. Acta Neuropathol. 128, 755e766.

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical surface-based analysis. I. Segmen-
tation and surface reconstruction. Neuroimage 9, 179e194.

Desikan, R.S., McEvoy, L.K., Thompson, W.K., Holland, D., Brewer, J.B., Aisen, P.S.,
Sperling, R.A., Dale, A.M., Alzheimer's Disease Neuroimaging, I., 2012. Amyloid-
betadassociated clinical decline occurs only in the presence of elevated P-tau.
Arch. Neurol. 69, 709e713.

Desikan, R.S., Thompson, W.K., Holland, D., Hess, C.P., Brewer, J.B., Zetterberg, H.,
Blennow, K., Andreassen, O.A., McEvoy, L.K., Hyman, B.T., Dale, A.M., Alzheimer's
Disease Neuroimaging, I., 2013. Heart fatty acid binding protein and Abeta-
associated Alzheimer's neurodegeneration. Mol. Neurodegener 8, 39.

Dhiman, K., Blennow, K., Zetterberg, H., Martins, R.N., Gupta, V.B., 2019. Cerebro-
spinal fluid biomarkers for understanding multiple aspects of Alzheimer's dis-
ease pathogenesis. Cell Mol. Life Sci. 76, 1833e1863.

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der
Kouwe, A., Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N.,
Rosen, B., Dale, A.M., 2002. Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron 33, 341e355.

Fjell, A.M., McEvoy, L., Holland, D., Dale, A.M., Walhovd, K.B., 2014. What is normal
in normal aging? Effects of aging, amyloid and Alzheimer's disease on the ce-
rebral cortex and the hippocampus. Prog. Neurobiol. 117, 20e40.

Fjell, A.M., Walhovd, K.B., Westlye, L.T., Ostby, Y., Tamnes, C.K., Jernigan, T.L.,
Gamst, A., Dale, A.M., 2010. When does brain aging accelerate? Dangers of
quadratic fits in cross-sectional studies. Neuroimage 50, 1376e1383.

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J. Psychiatr.
Res. 12, 189e198.

Gordon, B.A., Blazey, T., Su, Y., Fagan, A.M., Holtzman, D.M., Morris, J.C.,
Benzinger, T.L., 2016. Longitudinal beta-amyloid deposition and hippocampal
volume in preclinical Alzheimer disease and suspected non-Alzheimer disease
pathophysiology. JAMA Neurol. 73, 1192e1200.

Green, P., MacLeod, C.J., 2016. simr: an R package for power analysis of generalised
linear mixed models by simulation. Methods Ecol. Evol. 7, 493e498.

Hall, S., Janelidze, S., Surova, Y., Widner, H., Zetterberg, H., Hansson, O., 2018. Ce-
rebrospinal fluid concentrations of inflammatory markers in Parkinson's disease
and atypical parkinsonian disorders. Sci. Rep. 8, 13276.

Hansson, O., Zetterberg, H., Buchhave, P., Londos, E., Blennow, K., Minthon, L., 2006.
Association between CSF biomarkers and incipient Alzheimer's disease in pa-
tients with mild cognitive impairment: a follow-up study. Lancet Neurol. 5,
228e234.

Harari, O., Cruchaga, C., Kauwe, J.S., Ainscough, B.J., Bales, K., Pickering, E.H.,
Bertelsen, S., Fagan, A.M., Holtzman, D.M., Morris, J.C., Goate, A.M., Alzheimer's
Disease Neuroimaging, I., 2014. Phosphorylated tau-Abeta42 ratio as a contin-
uous trait for biomarker discovery for early-stage Alzheimer's disease in
multiplex immunoassay panels of cerebrospinal fluid. Biol. Psychiatry 75,
723e731.

Hedden, T., Oh, H., Younger, A.P., Patel, T.A., 2013. Meta-analysis of amyloid-
cognition relations in cognitively normal older adults. Neurology 80,
1341e1348.

Heneka, M.T., Carson, M.J., El Khoury, J., Landreth, G.E., Brosseron, F., Feinstein, D.L.,
Jacobs, A.H., Wyss-Coray, T., Vitorica, J., Ransohoff, R.M., Herrup, K.,
Frautschy, S.A., Finsen, B., Brown, G.C., Verkhratsky, A., Yamanaka, K.,
Koistinaho, J., Latz, E., Halle, A., Petzold, G.C., Town, T., Morgan, D.,
Shinohara, M.L., Perry, V.H., Holmes, C., Bazan, N.G., Brooks, D.J., Hunot, S.,
Joseph, B., Deigendesch, N., Garaschuk, O., Boddeke, E., Dinarello, C.A.,
Breitner, J.C., Cole, G.M., Golenbock, D.T., Kummer, M.P., 2015. Neuro-
inflammation in Alzheimer's disease. Lancet Neurol. 14, 388e405.

Hesse, C., Rosengren, L., Andreasen, N., Davidsson, P., Vanderstichele, H.,
Vanmechelen, E., Blennow, K., 2001. Transient increase in total tau but not
phospho-tau in human cerebrospinal fluid after acute stroke. Neurosci. Lett.
297, 187e190.

Idland, A.V., Sala-Llonch, R., Borza, T., Watne, L.O., Wyller, T.B., Braekhus, A.,
Zetterberg, H., Blennow, K., Walhovd, K.B., Fjell, A.M., 2017. CSF neurofilament
light levels predict hippocampal atrophy in cognitively healthy older adults.
Neurobiol. Aging 49, 138e144.

Jack Jr., C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Haeberlein, S.B.,
Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.L.,
Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, P., Siemers, E.,
Snyder, H.M., Sperling, R., Contributors, 2018. NIA-AA Research Framework:
toward a biological definition of Alzheimer's disease. Alzheimers Dement. 14,
535e562.
Jack Jr., C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Feldman, H.H., Frisoni, G.B.,
Hampel, H., Jagust,W.J., Johnson, K.A., Knopman, D.S., Petersen, R.C., Scheltens, P.,
Sperling, R.A., Dubois, B., 2016a. A/T/N: an unbiased descriptive classification
scheme for Alzheimer disease biomarkers. Neurology 87, 539e547.

Jack Jr., C.R., Knopman, D.S., Chetelat, G., Dickson, D., Fagan, A.M., Frisoni, G.B.,
Jagust, W., Mormino, E.C., Petersen, R.C., Sperling, R.A., van der Flier, W.M.,
Villemagne, V.L., Visser, P.J., Vos, S.J., 2016b. Suspected non-Alzheimer disease
pathophysiologydconcept and controversy. Nat. Rev. Neurol. 12, 117e124.

Jack, C.R., Wiste, H.J., Weigand, S.D., Rocca, W.A., Knopman, D.S., Mielke, M.M.,
Lowe, V.J., Senjem, M.L., Gunter, J.L., Preboske, G.M., Pankratz, V.S., Vemuri, P.,
Petersen, R.C., 2014. Age-specific population frequencies of cerebral beta-
amyloidosis and neurodegeneration among people with normal cognitive
function aged 50-89 years: a cross-sectional study. Lancet Neurol. 13, 997e1005.

Janelidze, S., Mattsson, N., Stomrud, E., Lindberg, O., Palmqvist, S., Zetterberg, H.,
Blennow, K., Hansson, O., 2018. CSF biomarkers of neuroinflammation and ce-
rebrovascular dysfunction in early Alzheimer disease. Neurology 91, e867ee877.

Jansen, W.J., Ossenkoppele, R., Knol, D.L., Tijms, B.M., Scheltens, P., Verhey, F.R.,
Visser, P.J., Amyloid Biomarker Study, G., Aalten, P., Aarsland, D., Alcolea, D.,
Alexander, M., Almdahl, I.S., Arnold, S.E., Baldeiras, I., Barthel, H., van
Berckel, B.N., Bibeau, K., Blennow, K., Brooks, D.J., van Buchem, M.A., Camus, V.,
Cavedo, E., Chen, K., Chetelat, G., Cohen, A.D., Drzezga, A., Engelborghs, S.,
Fagan, A.M., Fladby, T., Fleisher, A.S., van der Flier, W.M., Ford, L., Forster, S.,
Fortea, J., Foskett, N., Frederiksen, K.S., Freund-Levi, Y., Frisoni, G.B., Froelich, L.,
Gabryelewicz, T., Gill, K.D., Gkatzima, O., Gomez-Tortosa, E., Gordon, M.F.,
Grimmer, T., Hampel, H., Hausner, L., Hellwig, S., Herukka, S.K., Hildebrandt, H.,
Ishihara, L., Ivanoiu, A., Jagust, W.J., Johannsen, P., Kandimalla, R., Kapaki, E.,
Klimkowicz-Mrowiec, A., Klunk, W.E., Kohler, S., Koglin, N., Kornhuber, J.,
Kramberger, M.G., Van Laere, K., Landau, S.M., Lee, D.Y., de Leon, M., Lisetti, V.,
Lleo, A., Madsen, K., Maier, W., Marcusson, J., Mattsson, N., de Mendonca, A.,
Meulenbroek, O., Meyer, P.T., Mintun, M.A., Mok, V., Molinuevo, J.L.,
Mollergard, H.M., Morris, J.C., Mroczko, B., Van der Mussele, S., Na, D.L.,
Newberg, A., Nordberg, A., Nordlund, A., Novak, G.P., Paraskevas, G.P.,
Parnetti, L., Perera, G., Peters, O., Popp, J., Prabhakar, S., Rabinovici, G.D.,
Ramakers, I.H., Rami, L., Resende de Oliveira, C., Rinne, J.O., Rodrigue, K.M.,
Rodriguez-Rodriguez, E., Roe, C.M., Rot, U., Rowe, C.C., Ruther, E., Sabri, O.,
Sanchez-Juan, P., Santana, I., Sarazin, M., Schroder, J., Schutte, C., Seo, S.W.,
Soetewey, F., Soininen, H., Spiru, L., Struyfs, H., Teunissen, C.E., Tsolaki, M.,
Vandenberghe, R., Verbeek, M.M., Villemagne, V.L., Vos, S.J., van Waalwijk van
Doorn, L.J., Waldemar, G., Wallin, A., Wallin, A.K., Wiltfang, J., Wolk, D.A.,
Zboch, M., Zetterberg, H., 2015. Prevalence of cerebral amyloid pathology in
persons without dementia: a meta-analysis. JAMA 313, 1924e1938.

Jovicich, J., Marizzoni, M., Sala-Llonch, R., Bosch, B., Bartres-Faz, D., Arnold, J.,
Benninghoff, J., Wiltfang, J., Roccatagliata, L., Nobili, F., Hensch, T., Trankner, A.,
Schonknecht, P., Leroy, M., Lopes, R., Bordet, R., Chanoine, V., Ranjeva, J.P.,
Didic, M., Gros-Dagnac, H., Payoux, P., Zoccatelli, G., Alessandrini, F.,
Beltramello, A., Bargallo, N., Blin, O., Frisoni, G.B., PharmaCog, C., 2013. Brain
morphometry reproducibility in multi-center 3T MRI studies: a comparison of
cross-sectional and longitudinal segmentations. Neuroimage 83, 472e484.

Kern, S., Syrjanen, J.A., Blennow, K., Zetterberg, H., Skoog, I., Waern, M., Hagen, C.E.,
van Harten, A.C., Knopman, D.S., Jack Jr., C.R., Petersen, R.C., Mielke, M.M., 2019.
Association of cerebrospinal fluid neurofilament light protein with risk of mild
cognitive impairment among individuals without cognitive impairment. JAMA
Neurol. 76, 187e193.

Khachaturian, A.S., Corcoran, C.D., Mayer, L.S., Zandi, P.P., Breitner, J.C., Cache County
Study, I., 2004. Apolipoprotein E epsilon4 count affects age at onset of Alz-
heimer disease, but not lifetime susceptibility: the Cache County Study. Arch.
Gen. Psychiatry 61, 518e524.

Khalil, M., Teunissen, C.E., Otto, M., Piehl, F., Sormani, M.P., Gattringer, T., Barro, C.,
Kappos, L., Comabella, M., Fazekas, F., Petzold, A., Blennow, K., Zetterberg, H.,
Kuhle, J., 2018. Neurofilaments as biomarkers in neurological disorders. Nat.
Rev. Neurol. 14, 577e589.

Lowe, V.J., Wiste, H.J., Senjem, M.L., Weigand, S.D., Therneau, T.M., Boeve, B.F.,
Josephs, K.A., Fang, P., Pandey, M.K., Murray, M.E., Kantarci, K., Jones, D.T.,
Vemuri, P., Graff-Radford, J., Schwarz, C.G., Machulda, M.M., Mielke, M.M.,
Roberts, R.O., Knopman, D.S., Petersen, R.C., Jack Jr., C.R., 2018. Widespread brain
tau and its associationwith ageing, Braak stage and Alzheimer's dementia. Brain
141, 271e287.

Mattsson, N., Insel, P.S., Palmqvist, S., Portelius, E., Zetterberg, H., Weiner, M.,
Blennow, K., Hansson, O., Alzheimer's Disease Neuroimaging, I., 2016. Cere-
brospinal fluid tau, neurogranin, and neurofilament light in Alzheimer's disease.
EMBO Mol. Med. 8, 1184e1196.

Melah, K.E., Lu, S.Y., Hoscheidt, S.M., Alexander, A.L., Adluru, N., Destiche, D.J.,
Carlsson, C.M., Zetterberg, H., Blennow, K., Okonkwo, O.C., Gleason, C.E.,
Dowling, N.M., Bratzke, L.C., Rowley, H.A., Sager, M.A., Asthana, S., Johnson, S.C.,
Bendlin, B.B., 2016. Cerebrospinal fluid markers of Alzheimer's disease pathol-
ogy and microglial activation are associated with altered white matter micro-
structure in asymptomatic adults at risk for Alzheimer's disease. J. Alzheimers
Dis. 50, 873e886.

Merluzzi, A.P., Carlsson, C.M., Johnson, S.C., Schindler, S.E., Asthana, S., Blennow, K.,
Zetterberg, H., Bendlin, B.B., 2018. Neurodegeneration, synaptic dysfunction,
and gliosis are phenotypic of Alzheimer dementia. Neurology 91, e436ee443.

Morris, G.P., Clark, I.A., Vissel, B., 2018. Questions concerning the role of amyloid-
beta in the definition, aetiology and diagnosis of Alzheimer's disease. Acta
Neuropathol. 136, 663e689.

http://refhub.elsevier.com/S0197-4580(20)30121-4/sref15
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref15
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref15
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref15
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref15
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref15
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref16
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref17
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref17
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref17
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref18
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref18
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref18
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref18
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref18
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref18
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref19
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref19
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref19
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref19
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref20
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref20
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref20
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref20
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref21
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref21
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref21
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref21
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref21
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref22
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref22
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref22
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref22
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref23
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref23
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref23
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref23
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref24
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref24
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref24
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref24
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref25
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref25
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref25
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref25
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref25
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref26
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref26
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref26
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref27
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref27
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref27
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref28
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref28
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref28
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref28
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref28
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref29
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref30
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref30
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref30
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref30
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref31
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref32
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref32
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref32
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref32
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref32
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref33
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref33
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref33
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref33
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref33
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref34
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref35
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref35
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref35
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref35
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref35
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref36
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref36
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref36
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref36
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref36
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref36
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref37
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref37
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref37
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref37
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref37
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref37
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref38
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref38
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref38
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref38
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref39
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref40
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref41
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref41
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref41
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref41
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref41
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref41
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref42
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref42
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref42
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref42
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref42
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref43
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref43
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref43
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref43
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref43
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref44
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref45
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref45
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref45
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref45
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref45
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref46
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref47
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref47
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref47
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref47
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref48
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref48
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref48
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref48


A.-V. Idland et al. / Neurobiology of Aging 93 (2020) 1e15 15
Morris, J.C., Heyman, A., Mohs, R.C., Hughes, J.P., van Belle, G., Fillenbaum, G.,
Mellits, E.D., Clark, C., 1989. The Consortium to Establish a Registry for Alz-
heimer's Disease (CERAD). Part I. Clinical and neuropsychological assessment of
Alzheimer's disease. Neurology 39, 1159e1165.

Nettiksimmons, J., Harvey, D., Brewer, J., Carmichael, O., DeCarli, C., Jack Jr., C.R.,
Petersen, R., Shaw, L.M., Trojanowski, J.Q., Weiner, M.W., Beckett, L., Alzheimer's
Disease Neuroimaging, I., 2010. Subtypes based on cerebrospinal fluid and
magnetic resonance imaging markers in normal elderly predict cognitive
decline. Neurobiol. Aging 31, 1419e1428.

Nordengen, K., Kirsebom, B.E., Henjum, K., Selnes, P., Gisladottir, B., Wettergreen, M.,
Torsetnes, S.B., Grontvedt, G.R., Waterloo, K.K., Aarsland, D., Nilsson, L.N.G.,
Fladby, T., 2019. Glial activation and inflammation along the Alzheimer's disease
continuum. J. Neuroinflammation 16, 46.

Olsson, B., Hertze, J., Lautner, R., Zetterberg, H., Nagga, K., Hoglund, K., Basun, H.,
Annas, P., Lannfelt, L., Andreasen, N., Minthon, L., Blennow, K., Hansson, O.,
2013a. Microglial markers are elevated in the prodromal phase of Alzheimer's
disease and vascular dementia. J. Alzheimers Dis. 33, 45e53.

Olsson, B., Hertze, J., Ohlsson, M., Nagga, K., Hoglund, K., Basun, H., Annas, P.,
Lannfelt, L., Andreasen, N., Minthon, L., Zetterberg, H., Blennow, K., Hansson, O.,
2013b. Cerebrospinal fluid levels of heart fatty acid binding protein are elevated
prodromally in Alzheimer's disease and vascular dementia. J. Alzheimers Dis.
34, 673e679.

Olsson, B., Lautner, R., Andreasson, U., Ohrfelt, A., Portelius, E., Bjerke, M., Holtta, M.,
Rosen, C., Olsson, C., Strobel, G., Wu, E., Dakin, K., Petzold, M., Blennow, K.,
Zetterberg, H., 2016. CSF and blood biomarkers for the diagnosis of Alzheimer's
disease: a systematic review and meta-analysis. Lancet Neurol. 15, 673e684.

Ost, M., Nylen, K., Csajbok, L., Ohrfelt, A.O., Tullberg, M., Wikkelso, C., Nellgard, P.,
Rosengren, L., Blennow, K., Nellgard, B., 2006. Initial CSF total tau correlates with
1-year outcome in patients with traumatic brain injury. Neurology 67,
1600e1604.

Pelsers, M.M., Hanhoff, T., Van der Voort, D., Arts, B., Peters, M., Ponds, R., Honig, A.,
Rudzinski, W., Spener, F., de Kruijk, J.R., Twijnstra, A., Hermens, W.T.,
Menheere, P.P., Glatz, J.F., 2004. Brain- and heart-type fatty acid-binding proteins
in the brain: tissue distribution and clinical utility. Clin. Chem. 50, 1568e1575.

Pereira, J.B., Westman, E., Hansson, O., Alzheimer's Disease Neuroimaging, I., 2017.
Association between cerebrospinal fluid and plasma neurodegeneration
biomarkers with brain atrophy in Alzheimer's disease. Neurobiol. Aging 58,
14e29.

Pettigrew, C., Soldan, A., Moghekar, A., Wang, M.C., Gross, A.L., O'Brien, R., Albert, M.,
2015. Relationship between cerebrospinal fluid biomarkers of Alzheimer's dis-
ease and cognition in cognitively normal older adults. Neuropsychologia 78,
63e72.

Racine, A.M., Koscik, R.L., Berman, S.E., Nicholas, C.R., Clark, L.R., Okonkwo, O.C.,
Rowley, H.A., Asthana, S., Bendlin, B.B., Blennow, K., Zetterberg, H., Gleason, C.E.,
Carlsson, C.M., Johnson, S.C., 2016. Biomarker clusters are differentially
associatedwith longitudinal cognitivedecline in latemidlife. Brain139, 2261e2274.

Racine, A.M., Merluzzi, A.P., Adluru, N., Norton, D., Koscik, R.L., Clark, L.R.,
Berman, S.E., Nicholas, C.R., Asthana, S., Alexander, A.L., Blennow, K.,
Zetterberg, H., Kim, W.H., Singh, V., Carlsson, C.M., Bendlin, B.B., Johnson, S.C.,
2019. Association of longitudinal white matter degeneration and cerebrospinal
fluid biomarkers of neurodegeneration, inflammation and Alzheimer's disease
in late-middle-aged adults. Brain Imaging Behav. 13, 41e52.

Reitan, R.M., 1955. The relation of the trail making test to organic brain damage.
J. Consult Psychol. 19, 393e394.

Reuter, M., Schmansky, N.J., Rosas, H.D., Fischl, B., 2012. Within-subject template
estimation for unbiased longitudinal image analysis. Neuroimage 61,
1402e1418.

Roe, C.M., Fagan, A.M., Grant, E.A., Hassenstab, J., Moulder, K.L., Maue Dreyfus, D.,
Sutphen, C.L., Benzinger, T.L., Mintun, M.A., Holtzman, D.M., Morris, J.C., 2013.
Amyloid imaging and CSF biomarkers in predicting cognitive impairment up to
7.5 years later. Neurology 80, 1784e1791.

Ronnlund, M., Nyberg, L., Backman, L., Nilsson, L.G., 2005. Stability, growth, and
decline in adult life span development of declarative memory: cross-sectional
and longitudinal data from a population-based study. Psychol. Aging 20, 3e18.

Sala-Llonch, R., Idland, A.V., Borza, T., Watne, L.O., Wyller, T.B., Braekhus, A.,
Zetterberg, H., Blennow, K., Walhovd, K.B., Fjell, A.M., 2017. Inflammation,
amyloid, and atrophy in the aging brain: relationships with longitudinal
changes in cognition. J. Alzheimers Dis. 58, 829e840.

Shulman, K.I., 2000. Clock-drawing: is it the ideal cognitive screening test? Int. J.
Geriatr. Psychiatry 15, 548e561.

Soldan, A., Pettigrew, C., Fagan, A.M., Schindler, S.E., Moghekar, A., Fowler, C., Li, Q.X.,
Collins, S.J., Carlsson, C., Asthana, S., Masters, C.L., Johnson, S., Morris, J.C.,
Albert, M., Gross, A.L., 2019. ATN profiles among cognitively normal individuals
and longitudinal cognitive outcomes. Neurology 92, e1567ee1579.

Spreen, O., Strauss, E., 1991. A Compendium of Neuropsychological Tests: Admin-
istration, Norms, and Commentary. Oxford University Press, New York.

Steinacker, P., Mollenhauer, B., Bibl, M., Cepek, L., Esselmann, H., Brechlin, P.,
Lewczuk, P., Poser, S., Kretzschmar, H.A., Wiltfang, J., Trenkwalder, C., Otto, M.,
2004. Heart fatty acid binding protein as a potential diagnostic marker for
neurodegenerative diseases. Neurosci. Lett. 370, 36e39.

Stern, Yaakov, Arenaza-Urquijo M, E., Bartres-Faz, D., Belleville, S., Cantilon, M.,
Chetelat, G., Ewers, M., Franzmeier, N., Kempermann, G., Kremen S, W.,
Okonkwo, O., Scarmeas, N., Soldan, A., Udeh-Momoh, C., Valenzuela, M.,
Vemuri, P., Vuoksimaa, E., Reserve, Resilience and Protective Factors PIA
Empirical Definitions and Conceptual Frameworks Workgroup, 2018. White-
paper: Defining and investigating cognitive reserve, brain reserve, and brain
maintenance. Alzheimer’s & dementia : the journal of the Alzheimer’s Associ-
ation. https://doi.org/10.1016/j.jalz.2018.07.219.

Strozyk, D., Blennow, K., White, L.R., Launer, L.J., 2003. CSF Abeta 42 levels correlate
with amyloid-neuropathology in a population-based autopsy study. Neurology
60, 652e656.

Swanson, A., Willette, A.A., Alzheimer's Disease Neuroimaging, I., 2016. Neuronal
Pentraxin 2 predicts medial temporal atrophy and memory decline across the
Alzheimer's disease spectrum. Brain Behav. Immun. 58, 201e208.

Tapiola, T., Alafuzoff, I., Herukka, S.K., Parkkinen, L.,Hartikainen, P., Soininen,H., Pirttila, T.,
2009. Cerebrospinal fluid aggreg-amyloid 42 and tau proteins as biomarkers of
Alzheimer-type pathologic changes in the brain. Arch. Neurol. 66, 382e389.

Toledo, J.B., Zetterberg, H., van Harten, A.C., Glodzik, L., Martinez-Lage, P., Bocchio-
Chiavetto, L., Rami, L., Hansson, O., Sperling, R., Engelborghs, S., Osorio, R.S.,
Vanderstichele, H., Vandijck, M., Hampel, H., Teipl, S., Moghekar, A., Albert, M.,
Hu, W.T., Monge Argiles, J.A., Gorostidi, A., Teunissen, C.E., De Deyn, P.P.,
Hyman, B.T., Molinuevo, J.L., Frisoni, G.B., Linazasoro, G., de Leon, M.J., van der
Flier, W.M., Scheltens, P., Blennow, K., Shaw, L.M., Trojanowski, J.Q., Alzheimer's
Disease Neuroimaging, I., 2015. Alzheimer's disease cerebrospinal fluid
biomarker in cognitively normal subjects. Brain 138, 2701e2715.

Toschi, N., Lista, S., Baldacci, F., Cavedo, E., Zetterberg, H., Blennow, K., Kilimann, I.,
Teipel, S.J., Melo Dos Santos, A., Epelbaum, S., Lamari, F., Genthon, R.,
Habert, M.O., Dubois, B., Floris, R., Garaci, F., Vergallo, A., Hampel, H., 2019.
Biomarker-guided clustering of Alzheimer's disease clinical syndromes. Neu-
robiol. Aging 83, 42e53.

Vemuri, P., 2018. “Exceptional brain aging” without Alzheimer's disease: triggers,
accelerators, and the net sum game. Alzheimers Res. Ther. 10, 53.

Wennstrom, M., Surova, Y., Hall, S., Nilsson, C., Minthon, L., Hansson, O.,
Nielsen, H.M., 2015. The inflammatory marker YKL-40 is elevated in cerebro-
spinal fluid from patients with Alzheimer's but not Parkinson's disease or de-
mentia with Lewy bodies. PLoS One 10, e0135458.

Wood, S., 2006. Generalized Additive Models: An Introduction with R. Chapman &
Hall/CRC, Boca Raton.

Wyss-Coray, T., 2016. Ageing, neurodegeneration and brain rejuvenation. Nature
539, 180e186.

Xiong, C., Jasielec, M.S., Weng, H., Fagan, A.M., Benzinger, T.L., Head, D.,
Hassenstab, J., Grant, E., Sutphen, C.L., Buckles, V., Moulder, K.L., Morris, J.C.,
2016. Longitudinal relationships among biomarkers for Alzheimer disease in the
adult children study. Neurology 86, 1499e1506.

Yilmaz, A., Blennow, K., Hagberg, L., Nilsson, S., Price, R.W., Schouten, J., Spudich, S.,
Underwood, J., Zetterberg, H., Gisslen, M., 2017. Neurofilament light chain
protein as a marker of neuronal injury: review of its use in HIV-1 infection and
reference values for HIV-negative controls. Expert Rev. Mol. Diagn. 17, 761e770.

Zetterberg, H., Hietala, M.A., Jonsson, M., Andreasen, N., Styrud, E., Karlsson, I.,
Edman, A., Popa, C., Rasulzada, A., Wahlund, L.O., Mehta, P.D., Rosengren, L.,
Blennow, K., Wallin, A., 2006. Neurochemical aftermath of amateur boxing.
Arch. Neurol. 63, 1277e1280.

http://refhub.elsevier.com/S0197-4580(20)30121-4/sref49
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref49
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref49
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref49
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref49
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref50
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref50
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref50
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref50
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref50
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref50
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref51
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref51
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref51
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref51
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref52
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref52
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref52
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref52
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref52
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref53
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref53
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref53
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref53
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref53
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref53
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref54
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref54
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref54
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref54
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref54
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref55
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref55
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref55
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref55
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref55
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref56
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref56
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref56
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref56
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref56
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref57
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref57
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref57
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref57
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref57
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref58
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref58
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref58
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref58
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref58
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref59
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref59
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref59
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref59
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref59
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref60
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref61
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref61
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref61
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref62
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref62
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref62
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref62
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref63
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref63
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref63
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref63
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref63
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref64
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref64
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref64
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref64
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref65
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref65
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref65
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref65
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref65
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref66
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref66
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref66
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref67
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref67
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref67
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref67
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref67
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref68
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref68
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref69
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref69
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref69
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref69
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref69
https://doi.org/10.1016/j.jalz.2018.07.219
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref70
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref70
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref70
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref70
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref71
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref71
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref71
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref71
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref72
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref72
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref72
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref72
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref73
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref74
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref74
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref74
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref74
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref74
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref74
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref75
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref75
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref76
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref76
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref76
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref76
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref77
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref77
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref78
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref78
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref78
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref79
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref79
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref79
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref79
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref79
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref80
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref80
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref80
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref80
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref80
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref81
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref81
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref81
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref81
http://refhub.elsevier.com/S0197-4580(20)30121-4/sref81

	Biomarker profiling beyond amyloid and tau: cerebrospinal fluid markers, hippocampal atrophy, and memory change in cognitiv ...
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Ethical considerations
	2.3. Magnetic resonance imaging acquisition and processing
	2.4. CSF collection and analyses
	2.5. Statistical analysis

	3. Results
	3.1. CSF biomarker correlations
	3.2. Cluster analysis 1: clusters of CSF biomarkers
	3.3. Cluster analysis 2: subgroups of participants identified by CSF biomarkers
	3.4. Differences in hippocampal atrophy between the biomarker subgroups
	3.5. Memory differences between the biomarker subgroups
	3.6. Memory and hippocampus changes in NIA-AA defined biomarker groups

	4. Discussion
	4.1. Relationships between CSF biomarkers
	4.2. Grouping of participants based on biomarker profiles
	4.3. Biomarker profiles in prediction of hippocampal volume change and memory decline
	4.4. Strengths and limitations

	5. Conclusion
	Disclosure statement
	Acknowledgements
	Appendix A. Supplementary data
	References


