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CSF 14-3-3p is associated with progressive
cognitive decline in Alzheimer’s disease

Qiang Qiang,"2 Loren Skudder-HiII,‘a”4 Tomoko Toyota,2 Zhe Huang,2 Wenshi Wei'
and ®Hiroaki Adachi?; Alzheimer’s Disease Neuroimaging Initiative*

Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be
found at: http:/adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf.

Alzheimer’s disease is a neurodegenerative disorder characterized pathologically by amyloid-beta plaques, tau tangles and neuronal
loss. In clinical practice, the 14-3-3 isoform beta (B) is a biomarker that aids in the diagnosis of sporadic Creutzfeldt—]Jakob disease.
Recently, a proteomics study found increased CSF 14-3-3f levels in Alzheimer’s disease patients, suggesting a potential link between
CSF 14-3-3B and Alzheimer’s disease. Our present study aimed to further investigate the role of CSF 14-3-3 in Alzheimer’s disease by
analysing the data of 719 participants with available CSF 14-3-3B measurements from the Alzheimer’s Disease Neuroimaging
Initiative. Higher CSF 14-3-3p levels were observed in the mild cognitive impairment group compared to the cognitively normal group,
with the highest CSF 14-3-3 levels in the Alzheimer’s disease dementia group. This study also found significant associations between
CSF 14-3-3p levels and CSF biomarkers of p-tau, t-tau, pTau/AB42 ratios and GAP-43, as well as other Alzheimer’s disease biomar-
kers such as AB-PET. An early increase in CSF 14-3-3 levels was observed prior to AB-PET—positive status, and CSF 14-3-3 levels
continued to rise after crossing the AB-PET positivity threshold before reaching a plateau. The diagnostic accuracy of CSF 14-3-38
(area under the receiver operating characteristic curve = 0.819) was moderate compared to other established Alzheimer’s disease bio-
markers in distinguishing cognitively normal AR pathology—negative individuals from Alzheimer’s disease AB pathology—positive in-
dividuals. Higher baseline CSF 14-3-3p levels were associated with accelerated cognitive decline, reduced hippocampus volumes and
declining fluorodeoxyglucose-PET values over a 4-year follow-up period. Patients with mild cognitive impairment and high CSF 14-3-
3B levels at baseline had a significantly increased risk [hazard ratio=2.894 (1.599-5.238), P < 0.001] of progression to Alzheimer’s
disease dementia during follow-up. These findings indicate that CSF 14-3-3B may be a potential biomarker for Alzheimer’s disease and
could provide a more comprehensive understanding of the underlying pathological changes of Alzheimer’s disease, as well as aid in the
diagnosis and monitoring of disease progression.
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Introduction

Alzheimer’s disease is a chronic neurodegenerative disorder
that affects millions of people worldwide, especially those
over the age of 65." Alzheimer’s disease is characterized
pathologically by the accumulation of B-amyloid plaques
and tau tangles in the brain, as well as neuronal loss and
brain atrophy.? Biomarkers are objective and measurable in-
dicators that can reflect the pathological changes underlying
disease, and the core biomarkers of Alzheimer’s disease
can be categorized into three main types: biomarkers of
B-amyloid deposition, biomarkers of tau pathology and
biomarkers of neurodegeneration. These biomarkers can
be detected in biological fluids, such as CSF, or through neu-
roimaging techniques, such as MRI or PET scans, which can
be utilized to classify patients according to the amyloid/tau/
neurodegeneration [AT(N)] biomarker system.®> While CSF
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and PET biomarkers for B-amyloid plaques and tau path-
ology have high accuracy in detecting Alzheimer’s disease
pathology, their feasibility in clinical diagnostic practice is
limited due to the high cost and low availability of required
tools and equipment.* One potential approach to overcome
the above issues is to explore whether some established bio-
markers, which are already used in routine clinical practice,
could aid in the diagnosis and prediction of disease progres-
sion of Alzheimer’s disease patients.

The 14-3-3 proteins are a family of highly conserved regu-
latory proteins that play important roles in various cellular
processes, including signal transduction, cell cycle control
and apoptosis.” The 14-3-3 proteins are abundantly ex-
pressed in brain tissue and constitute ~1% of total soluble
brain protein.® There are seven isoforms of the 14-3-3 pro-
tein family, including beta (B), gamma (y), epsilon (¢), zeta
(€), eta (n), theta (0) and sigma (o). In humans, the 14-3-3
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isoform B is encoded by the YWHAB gene, which is located on
the 20th chromosome.” Testing for 14-3-3f in CSF has al-
ready been established as an effective method aiding the diag-
nosis of prion diseases, such as Creutzfeldt—Jakob disease, and
multiple studies have confirmed the utility of this biomarker
clinically for the diagnosis of sporadic Creutzfeldt—Jakob dis-
ease.® "2 A recent study using integrative proteomics to
investigate new CSF biomarkers in Alzheimer’s disease identi-
fied hundreds of proteins with significantly altered abundance
in CSF. Among these proteins, CSF 14-3-38 levels were signifi-
cantly increased in Alzheimer’s disease patients.'?

In this study, we further explore the characteristics of CSF
14-3-3B in Alzheimer’s disease with participants from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI), and
719 participants with available CSF 14-3-3B measurements
at baseline were involved in this study. We aimed to evaluate
whether CSF 14-3-3 levels were elevated in Alzheimer’s dis-
ease, the associations of CSF 14-3-3B with other biomarkers
of Alzheimer’s disease and the diagnostic accuracy of CSF
14-3-3B and its association with Alzheimer’s disease progres-
sion and cognitive decline.

Materials and methods

All participants in this study were sourced from the ADNI.
Launched in 2003 as a public—private project under the lead-
ership of principal investigator Michael W. Weiner, MD, the
ADNI aims to facilitate research on Alzheimer’s disease by
developing clinical, genetic, MRI/PET imaging and CSF/
blood biomarkers for early Alzheimer’s disease diagnoses
and monitoring of disease progression. The ADNI study as
a multi-centred investigation was approved by ethics com-
mittees of all involved institutions and was conducted ac-
cording to relevant guidelines and regulations. Authorized
written informed consent was obtained from all study parti-
cipants. The data analysed in this report were downloaded
from the ADNI database (http:/adni.loni.usc.edu/) in
November 2022. This study included 719 participants with
available CSF 14-3-3B measurements at baseline from the
ADNI, ranging from clinically diagnosed cognitively normal
(CN) to mild cognitive impairment (MCI) and Alzheimer’s
disease dementia. For gender demographics, males consti-
tuted 43.61% of the CN group (99 of 227 participants),
54.88% of the MCI group (208 of 379 participants) and
60.18% of the Alzheimer’s disease dementia group (68 of
113 participants). The criteria for inclusion and exclusion
as well as the specific ADNI diagnostic criteria for differenti-
ating CN, MCI and Alzheimer’s disease participants have
been previously outlined."*

CSF 14-3-3B levels were analysed using targeted proteomics
assay by mass spectrometry (MS) at the Department of

BRAIN COMMUNICATIONS 2023: Page 3of 12 | 3

Neurology, Emory University School of Medicine. Crude
CSF samples were reduced and alkylated, then denatured.
CSF proteins were digested by Lys-C and trypsin. After
digestion, peptides were analysed by the Agilent 1290
Infinity II liquid chromatography system coupled with the
TSQ Altis Triple Quadrupole Mass Spectrometer (Thermo
Fisher Scientific), and the mass spectrometer was set to ac-
quire data using the single reaction monitoring approach.
Total area ratios were calculated for relative quantification
of CSF 14-3-3B peptides 44-51 (NLLSVAYK) and 63-70
(VISSIEQK). Detailed methods of the CSF 14-3-3B quantifi-
cation can be downloaded from the ADNI database (http:/
adni.loni.usc.edu/).

The levels of AB42, total tau (t-tau) and phosphorylated
tau 181 (p-tau) in the CSF samples were analysed at the
ADNI Biomarker Core laboratory at the University of
Pennsylvania Medical Center. CSF AB42, CSF t-tau and
CSF p-tau were quantified using electrochemiluminescence
immunoassays on a fully automated Elecsys cobas e 601 in-
strument as previously described.'**'® The positivity of Ap
status and tau status were defined using the published cut-
off values,'” which specified that participants with a base-
line CSF p-tau/Ap42 ratio >0.028 were considered to
have a positive AP status, and participants with baseline
CSF p-tau levels >27 pg/mL were assigned a positive tau
status. The levels of CSF growth-associated protein 43
(GAP-43) were measured at the Clinical Neurochemistry
Lab, University of Gothenburg, Sweden, through an in-
house enzyme-linked immunosorbent assay (ELISA) meth-
od as previously described.'®

Measurements of plasma AB42 and AB40 levels were
quantified at Bateman lab, Washington University School
of Medicine. An anti-Af mid-domain antibody (H]5.1) was
used to isolate the specific AB isoforms in the KingFisher
(Thermo) automated immunoprecipitation platform. The
sample was then digested with Lys-N protease and analysed
through liquid chromatography tandem MS, as previously
described.’ The Clinical Neurochemistry Lab at the
University of Gothenburg, Sweden, analysed both plasma
p-tau 181 and neurofilament light (NfL) levels using the sin-
gle molecule array (Simoa) technique.”**! Plasma p-tau181
levels were measured by combining two monoclonal anti-
bodies (Taul2 and AT270) targeting N-terminal to mid-
domain forms of p-tau 181. Plasma NfL levels were measured
using a combination of monoclonal antibodies.

This study utilized 3.0 T MRI scanners for brain imaging.
FreeSurfer version 5.1 was used to quantify regional volumes
based on the 2010 Desikan—Killany atlas.** The input for
FreeSurfer was T-weighted MRI images (MPR or IR-SPGR)
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in the NiFTI format. During analyses, we used data of hippo-
campus volumes and adjusted for intracranial volume.

AB burden was estimated by amyloid PET using florbetapir
(AV45) tracer, and amyloid PET image data were processed,
and summary data were updated regularly by the Helen
Wills Neuroscience Institute, University of California
Berkeley, and Lawrence Berkeley National Laboratory. The
image data were processed with FreeSurfer to define a cortical
summary that included frontal, anterior/posterior cingulate,
lateral parietal and lateral temporal regions. For cross-
sectional analyses, the whole cerebellum was defined as the
reference region. Summary global florbetapir standard uptake
value ratios (SUVRs) were calculated, and amyloid PET re-
sults were defined as positive if global SUVRs were higher
than 1.11.%%** Fluorodeoxyglucose (FDG)-PET image data
were processed by the Helen Wills Neuroscience Institute,
University of California Berkeley, and Lawrence Berkeley
National Laboratory. A set of pre-defined regions of interest
(MetaROlIs) were developed based on literature review that
was indicative of MCI and Alzheimer’s disease pathological
metabolic changes. These regions included the left angular
gyrus, right angular gyrus, bilateral posterior cingulate gyrus,
left inferior temporal gyrus and right inferior temporal gyrus
and were normalized by the pons and cerebellar vermis refer-
ence regions.”

The participants’ general cognition level in this cohort
was assessed using the Mini-Mental State Examination
(MMSE) and the Clinical Dementia Rating Scale-Sum of
Boxes (CDR-SB).

Differences in baseline characteristics between the
AB-negative and Ap-positive groups were assessed using
the Wilcoxon rank-sum tests for continuous variables and
Pearson’s x> tests for categorical variables. The CSF
14-3-3B data were found to have a skewed distribution based
on visual inspection of the histogram and were log trans-
formed to obtain a data set with a normal distribution.
Multiple group comparisons of log-transformed CSF
14-3-3B data were conducted using one-way ANOVA and
the Tukey post hoc test. Pearson correlations were calculated
between baseline log-transformed CSF p-tau and log-
transformed CSF 14-3-3B. Linear regression models were
used to test associations between fluid biomarkers with
CSF 14-3-3B, and analyses were adjusted for age, sex, years
of education and APOE ¢4 status. We applied a cubic spline
model to investigate the trajectories of CSF 14-3-3pB as a
function of AB-PET and used AB-PET as a proxy of disease
progression along the Alzheimer’s disease continuum. The
cubic spline model was estimated by using the postrcspline
command in Stata software. Receiver operating characteris-
tic (ROC) analyses were conducted to calculate the area un-
der the curve (AUC) for discrimination of the CN control A
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pathology—negative group from the AP pathology—positive
MCI (MCI AB+) or Alzheimer’s disease group, and
Delong’s test was used to compare the AUCs of different
fluid biomarkers. Cohen’s d was calculated to estimate the ef-
fect size of group differences. Associations between CSF
14-3-3p and longitudinal changes in cognition performance
and neuroimaging were tested using linear mixed effects
(LME) models. The LME models included an interaction be-
tween CSF 14-3-3B and time as the independent variable, and
random intercept and random slope with the covariance of
the random effects were unstructured. To directly compare
effects, all outcome variables in LME models were standar-
dized to Z-scores. All LME models included adjustments
for age, sex, education years and APOE 4 status, and adjust-
ments for intracranial volume were also included in models
involving imaging of the brain hippocampus. We utilized
Cox proportional hazard regression to assess associations be-
tween CSF 14-3-3B and risk of progression to Alzheimer’s
disease dementia. Initially, univariate analyses were used
for the independent variables CSF 14-3-3B, age, sex, educa-
tion years and APOE €4 status, and then independent vari-
ables with P < 0.1 were further entered into a multivariate
Cox proportional hazard model to analyse risk of progres-
sion to Alzheimer’s disease dementia. Schoenfeld residuals
were used to evaluate the proportional hazards assumption.
All figures except boxplots were created using Stata version
16 (College Station, TX) statistical software, and boxplots
were created using R (version 4.2.0). All statistical analyses
were conducted using Stata version 16 (College Station,
TX) statistical software, and two-tailed P < 0.05 was deemed
statistically significant.

Results

A total of 719 participants with available CSF 14-3-3B mea-
surements from targeted proteomics assays were involved
in this study. Participants’ demographic characteristics are
summarized in Table 1. AB-positive individuals were older
and included a higher proportion of APOE €4 carriers. CSF
14-3-3pB peptide 44-51 and peptide 63-70 levels were signifi-
cantly higher in the AB-positive group than the AB-negative
group. As expected, FDG-PET composite values, brain
MRI hippocampus volumes and MMSE scores were signifi-
cantly lower in the AB-positive group. Among the partici-
pants in the AB-positive group, there were 176 (54.83%)
males. In the AB-negative group, there were 199 (50%)
male participants (Table 1).

The CSF levels of 14-3-3B peptides were higher in the MCI
group than in the CN control group (P =0.001), with the
highest concentration in the Alzheimer’s disease dementia
group (P < 0.001; Fig. 1A and B). In this study, we also com-
pared CSF 14-3-3B expression levels between male and fe-
male subjects across the three clinical diagnosis groups,
and we found no significant differences between the sexes
within these groups (Supplementary Fig. 1A). The levels of
CSF 14-3-3B peptides were further compared according to
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Table | Demographic data of the study population

Variable Ap— (n=398) Ap+ (n=321) P-value
Age at baseline, years 70.70 (66.20-75.80) 74.30 (69.00-78.80) <0.001
Male sex, n (%) 199 (50.00%) 176 (54.83%) 0.20
Education level, years 16.0 (14.0-18.0) 16.0 (14.0-18.0) 0.016
APOE €4 status, n (%) <0.001
APOE €477, n (%) 297 (74.62%) 98 (30.53%)
APOE e4"'~, n (%) 94 (23.62%) 158 (49.22%)
APOE €4, n (%) 7 (1.76%) 65 (20.25%)
CSF biomarkers
14-3-3B,44-51 total_area_ratio 0.014 (0.012-0.018) 0.020 (0.016-0.024) <0.001
14-3-3B,63—70 total_area_ratio 0.007 (0.006-0.008) 0.009 (0.008-0.011) <0.001
Brain neuroimaging®
Hippocampus, mm® 7508.0 (6827.0-8013.0) 6622.5 (5821.5-7337.0) <0.001
AV45 PET 1.03 (0.99-1.10) 1.42 (1.30-1.54) <0.001
FDG-PET composite 1.28 (1.20-1.37) I.15 (1.04-1.27) <0.001
Cognitive score
MMSE 29.0 (28.0-30.0) 27.0 (24.0-29.0) <0.001
CDR-SB 0.5 (0.0-1.0) 2.0 (1.0-3.5) <0.001

Data are presented as median (interquartile range) for continuous variables and n (%) for categorical variables. CDR-SB, Clinical Dementia Rating Scale-Sum of Boxes; FDG,
fluorodeoxyglucose; MMSE, Mini-Mental State Examination.
Reported MRI structural measurements are unadjusted for total intracranial volume.
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Figure | CSF 14-3-3p according to cognitive states and AT profile. (A, B) Comparison of CSF 14-3-3 levels among CN individuals,

those with MCl and patients with Alzheimer’s disease dementia. (C, D) Distribution of CSF 14-3-3f levels in relation to the AT profile. The figures
depict the measured levels of two peptides of CSF 14-3-30, peptide 44-51 (NLLSVAYK; A, C) and peptide 63-70 (VISSIEQK; B, D). ‘A’ denotes
amyloid pathology, while ‘T” denotes tau pathology. A/T status positivity was determined using the following cut-off values: CSF p-tau/Ap42 >

0.028 and CSF p-tau > 27 pg/mL, respectively. One-way ANOVA was used for group comparisons, and significant differences between groups

were further explored using the Tukey post hoc test. p-tau, phosphorylated tau 81.
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Figure 2 Correlations of CSF 14-3-3 with CSF biomarker of tau pathology. Scatter plots illustrating the associations between CSF
14-3-3p and CSF biomarker of tau pathology. (A) Log CSF 14-3-33 peptide 44-51 (NLLSVAYK) was positively associated with log CSF p-tau.
(B) Log CSF 14-3-38 peptide 63-70 (VISSIEQK) was positively associated with log CSF p-tau. The associations between log-transformed fluid
biomarkers are depicted using fitted lines, and Pearson correlation was employed to obtain r- and P-values. p-tau, phosphorylated tau 181.

Table 2 Associations between CSF 14-3-3p and other
biomarkers

Outcome—CSF 14-3-3p,

peptide 44-51
Predictor p coefficient P-value P.g4j-value
CSF Ap42 —0.016 0.715 0.767
CSF pTau/AB42 ratios 0.458 <0.001 <0.001
CSF p-tau 0.573 <0.001 <0.001
CSF t-tau 0.590 <0.001 <0.001
CSF GAP-43 0413 <0.001 <0.001
Plasma AB42/40 —0.020 0.767 0.767
Plasma p-tau 0.067 0.071 0.091
Plasma NfL 0.076 0.058 0.087
PET AV45 0.170 <0.001 <0.001

Linear regression models were employed to investigate the associations between CSF
14-3-38 and other biomarkers, and all biomarkers were standardized to Z-scores to
facilitate a direct comparison of their effects. Linear regression models were adjusted
for age, sex, years of education and APOE €4 genotype. P4 denotes the P-values
adjusted for multiple comparisons using the Benjamini-Hochberg method. p-tau,
phosphorylated tau [81; t-tau, total tau; NfL, neurofilament light.

participant CSF A/T profiles, and there were no statistically
significant differences between the A—T— and A+T-
groups. However, the highest CSF 14-3-3B peptide levels
were in the A + T+ group, which were significantly higher
than the other two groups (P < 0.001; Fig. 1C and D).

Our study analysed the associations of CSF 14-3-38 pep-
tides (peptides 44-51 and 63-70) with tau pathology, as mea-
sured by CSF p-tau. CSF 14-3-3p peptide 44-51 and peptide
63-70 levels were significantly associated with CSF p-tau
(Fig. 2). Associations between CSF 14-3-3fB peptide and
other biomarkers of Alzheimer’s disease were also studied.
CSF 14-3-3pB peptide was positively associated with CSF
t-tau, synaptic biomarker CSF GAP-43, CSF pTau/Ap42 ra-
tios and AB-PET. There were no significant associations of
CSF 14-3-3p peptide with CSF AB42, plasma AB42/40, plas-
ma p-tau and plasma NfL (Table 2). Using linear regression
analyses, we found no significant interactions between sex

and amyloid-B pathology (AB-PET xsex: f=0.041, P=
0.5), tau pathology (CSF p-tau x sex: #=0.004, P =0.095)
or MMSE scores (MMSE x sex: f=0.002, P =0.486), as il-
lustrated in Supplementary Fig. 1B-D. These results indicate
that sex does not influence the associations between CSF
14-3-3B and the studied biomarkers of Alzheimer’s disease
and cognitive status.

To assess the changes of CSF 14-3-3B concentrations over
the disease course of Alzheimer’s disease, cubic spline models
were applied to model the trajectories of CSF 14-3-3 concen-
trations across the Alzheimer’s disease continuum, and Ap-
PET SUVRs were used as proxies for disease progression.
In order to model the disease course over the Alzheimer’s dis-
ease continuum, our analyses excluded cognitively impaired
participants who were AB-PET negative. The trajectories de-
monstrated that there was an early increase of CSF 14-3-33
peptide 44-51 and peptide 63-70 concentrations prior to devel-
opment of AB-PET—positive status, and that the concentrations
continued to rise after reaching the threshold of AB-PET posi-
tivity, then gradually came to a plateau (Fig. 3A and B).

We next compared the diagnostic accuracy of CSF
14-3-3p peptides (peptides 44-51 and 63-70) and other fluid
biomarkers to differentiate the CN control AB pathology—
negative group (CN AB—) from the AP pathology—positive
Alzheimer’s disease dementia group (Alzheimer’s disease
AB+), using AB pathology measured by amyloid PET. ROC
analyses were conducted, and the AUCs for each fluid bio-
marker were compared using DeLong’s test. The accuracy
of CSF 14-3-3B peptide 44-51 was significantly lower than
that of CSF p-tau and CSF t-tau but not significantly different
from plasma p-tau and plasma NfL (Fig. 4A; Supplementary
Table 1). As for comparison between the CN AB— group and
the Alzheimer’s disease AP+ group, CSF p-tau (Cohen’s
d=1.96) and CSF t-tau (Cohen’s d=1.662) showed the
highest degree of change, followed by plasma p-tau
(Cohen’s d=1.228), CSF 14-3-33 peptide 44-51 (Cohen’s
d=1.14), CSF 14-3-3p peptide 63-70 (Cohen’s d=0.973)
and plasma NfL (Cohen’s d = 0.872; Fig. 4C). In regard to
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Figure 3 CSF 14-3-3p trajectories demonstrate early increases with AB-PET burden. Cubic spline models depict the patterns of
change in (A) CSF 14-3-3f peptide 44-51 (NLLSVAYK) and (B) CSF 14-3-3f peptide 63-70 (VISSIEQK) as the global AB-PET SUVRs increase, using
AB-PET SUVR as an indicator of Alzheimer’s disease progression. Specifically, the trajectories represent the estimated CSF 14-3-3f peptide
concentrations as a function of the AB-PET SUVR. Analysis based on 531 participants. The vertical dashed lines represent the AB-PET positivity

cut-off. SUVR, standard uptake value ratio.

the differentiation of the CN AB— from the MCI AB+ group,
the diagnostic accuracy of CSF 14-3-3p peptide 44-51 was
significantly lower than that of CSF p-tau and CSF t-tau
but not significantly different from that of plasma p-tau,
CSF 14-3-3B peptide 63-70 or plasma NfL (Fig. 4B;
Supplementary Table 1). Comparison between the CN AB—
group and MCI AB+ group demonstrated the highest degrees
of change in CSF p-tau (Cohen’s d=1.309) and CSF t-tau
(Cohen’s d=1.107), followed by plasma p-tau (Cohen’s
d=0.896), CSF 14-3-3B peptide 44-51 (Cohen’s d =0.794)
and CSF 14-3-3B peptide 63-70 (Cohen’s d =0.715), while
plasma NfL (Cohen’s d = 0.55) showed the lowest degree of
change (Fig. 4D).

Next, we investigated whether baseline CSF 14-3-3f pep-
tide levels were associated with cognitive changes, in terms of
MMSE scores and CDR-SB scores, over 4 years of follow-up.
According to the baseline distribution of CSF 14-3-3B pep-
tide 44-51 levels, participants were subdivided into low-,
intermediate- and high-level groups. Intermediate and high
levels of CSF 14-3-3p peptide were associated with acceler-
ated reductions in MMSE scores and increases in CDR-SB
scores over time (Fig. SA and B; Supplementary Tables 2
and 3). We also evaluated whether baseline CSF 14-3-38
peptide levels were associated with longitudinal neuroima-
ging finding changes, which included hippocampus volumes
and FDG-PET values. Intermediate and high levels of CSF
14-3-3p were associated with faster reductions of hippocam-
pus volumes during follow-up, and high levels of CSF
14-3-3pB were associated with a greater decline of FDG-PET
values over time (Fig. 5C and D; Supplementary Tables 4
and 3).

Kaplan—-Meier curves showed the probability of progres-
sion to Alzheimer’s disease dementia in three MCI patient
groups subdivided into tertiles of the CSF 14-3-3B peptide
44-51 level distribution, and the probability of development

of Alzheimer’s disease dementia in MCI patients was statis-
tically different among the three groups (log-rank P <
0.0001; Fig. 6A). In the multivariate Cox proportional ha-
zards model adjusted by age and APOE ¢4 status, compared
to the low-level CSF 14-3-3p group, there was a significantly
increased risk of progression to Alzheimer’s disease dementia
in MCI patients in the high-level CSF 14-3-3B group at base-
line [hazard ratio (HR)=2.894 (1.599-5.238), P <0.001;
Fig. 6B; Supplementary Table 6].

Discussion

The 14-3-3 proteins are a family of regulatory proteins that
play critical roles in various cellular processes. In previous
studies, the CSF 14-3-3 isoform B was identified as one of
the specific neuronal biomarkers for the diagnosis of sporad-
ic Creutzfeldt-Jakob disease, and assay of CSF 14-3-3p
protein is used routinely to aid in the clinical diagnosis
of sporadic Creutzfeldt-Jakob disease worldwide.®™"
Alzheimer’s disease is a neurodegenerative disorder charac-
terized pathologically by p-amyloid plaques and neurofibril-
lary tangles containing tau, and several studies have found
that 14-3-3 proteins are present in the neurofibrillary tangles
of Alzheimer’s disease brains.?®?” In this study, CSF 14-3-3p
levels were measured by targeted proteomics assay. Targeted
proteomics assay is a specialized analytical technique that
employs MS to detect and quantify specific proteins of inter-
est in biological samples, such as blood, urine or CSF.
Compared to traditional protein quantification methods
such as western blot or ELISA, targeted proteomics assay
does not require antibodies. Unlike integrative proteomics,
which can measure thousands of proteins without any prior
knowledge, targeted proteomics assay is a hypothesis-driven
technique requiring prior knowledge of these proteins of
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Figure 4 Comparing the performance of CSF 14-3-3f peptides and other fluid biomarkers. (A) ROC analysis was conducted to
evaluate the accuracy of CSF 14-3-3f peptides and other fluid biomarkers in distinguishing the CN AB— from the Alzheimer’s disease Ap+. Ap
status was defined by AB-PET. Analysis based on 243 participants. (B) ROC analysis was performed to assess the accuracy of CSF 14-3-3f peptides
and other fluid biomarkers in distinguishing CN AB— from the MCI AR+, with A status determined by AB-PET. Analysis based on 348 participants.
(C) The effect sizes of CSF 14-3-3f peptides and other fluid biomarkers between the CN AB— and Alzheimer’s disease A+ groups. Cohen’s d was
calculated to estimate the effect size of differences between groups. (D) The effect sizes of CSF 14-3-3f peptides and other fluid biomarkers
between the CN AB— and MCI AB+ groups. To estimate the effect size of group differences, Cohen’s d was calculated. AD, Alzheimer’s disease;
AUC, area under the curve; CN, cognitively normal; MCI, mild cognitive impairment; NfL, neurofilament light; p-tau, phosphorylated tau 181;

ROC, receiver operating characteristic; t-tau, total tau.

interest.”®*” A previous study using integrative proteomics
identified hundreds of altered proteins in the CSF samples
of Alzheimer’s disease patients, including increased CSF
14-3-3p levels."® The present study involved 719 partici-
pants with available baseline CSF 14-3-38 measurements
and explored the relationship between CSF 14-3-3p levels
and various participant groups, including those with MCI,
Alzheimer’s disease dementia and CN controls. This study
also examined the relationship between CSF 14-3-38 levels
and the presence of amyloid-beta and tau pathologies. Our
findings showed that CSF 14-3-38 levels were significantly
higher in the MCI group compared to the CN control group,
and the highest CSF 14-3-3B levels were observed in the
Alzheimer’s disease dementia group. These findings suggest
that increased CSF 14-3-3f levels may be associated with
cognitive decline and could potentially be a marker for mon-
itoring disease progression.

To further investigate this relationship, we compared
the CSF 14-3-3p levels across different A/T profile groups

(A=T—, A+T- and A+T+). No significant differences
were found between the AT— and A + T— groups, and the
highest levels of CSF 14-3-3B were observed in the A+ T +
group, which had significantly higher CSF 14-3-3f levels com-
pared to the other two groups. This result suggests an associ-
ation between elevated CSF 14-3-3p levels and the presence
of both amyloid-beta and tau pathologies, which are indicative
of an advanced pathological stage of Alzheimer’s disease.*”
Consequently, results of this study imply that CSF levels of
14-3-3B may serve as a potential biomarker for the presence
and severity of the core pathologies of Alzheimer’s disease.
In this study, we demonstrated that CSF 14-3-3p levels are
associated with CSF p-tau levels. In Alzheimer’s disease,
neurofibrillary tangles are formed by the abnormal aggrega-
tion of hyperphosphorylated tau protein, and previous stud-
ies have shown that 14-3-3 proteins are present in the
neurofibrillary tangles of Alzheimer’s disease patients.?®?”
In brain extracts, tau interacts with 14-3-3 isoforms beta
and zeta.?' Since CSF p-tau is a biomarker of tau pathology,
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Figure 5 CSF 14-3-3p levels associated with longitudinal cognitive and neuroimaging changes. LME models were used to compare
MMSE scores (A), CDR-SB scores (B), hippocampus volumes (C), and FDG-PET composite ROI changes (D) between CSF 14-3-3f3 groups over
time. CSF 14-3-3f levels were categorized into three tertiles: low-level (243 participants), intermediate-level (242 participants) and high-level (234
participants) groups. Supplementary Tables 2—5 provide information on the baseline levels (intercept) and temporal alterations (slope) of the

respective trajectories. All outcome variables were standardized to Z-scores to facilitate comparisons. CDR-SB, Clinical Dementia Rating

Scale-Sum of Boxes; FDG, fluorodeoxyglucose; MMSE, Mini-Mental State Examination; ROI, region of interest.
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the correlation between CSF 14-3-3p and CSF p-tau indi-
cates that CSF 14-3-38 is also associated with tau pathology.
Previous studies have found that the synaptic biomarker CSF
GAP-43 is associated with tau pathology in Alzheimer’s
disease,'®?? and in this study, we also observed that CSF
14-3-3B is associated with CSF GAP-43, highlighting the
combination of tau pathology, synaptic dysfunction and
14-3-3B pathological changes of Alzheimer’s disease. This
study found that CSF 14-3-38 levels were significantly higher
in the AB-positive group compared to the Ap-negative group.
Moreover, CSF 14-3-3p levels showed a positive correlation
with AB-PET SUVR. Our study also demonstrated an associ-
ation between CSF 14-3-3p and CSF pTau/AB42 ratios, and
a previous study highlighted the superiority of CSF pTau/
AP42 ratios over CSF AB42 alone in aligning with AB-PET
results.'® Collectively, these findings indicate that CSF
14-3-3 levels are also related to brain amyloidosis.

This study assessed the changes in CSF 14-3-3 concentra-
tions over the disease course of Alzheimer’s disease by exam-
ining their trajectories across the Alzheimer’s disease
continuum. We used AB-PET SUVR as a proxy for disease
progression,®” and to ensure an accurate representation of
the Alzheimer’s disease continuum, AB-PET-negative cogni-
tively impaired participants were excluded from the ana-
lyses. The trajectories of CSF 14-3-3B peptide 44-51 and
peptide 63-70 concentrations showed an early increase prior
to reaching AB-PET—positive status. This phenomenon sug-
gests that the levels of CSF 14-3-3B may start to rise even be-
fore the brain has significant AB plaque accumulation. After
crossing the threshold of AB-PET positivity, CSF 14-3-3 le-
vels continued to rise, indicating that their levels increase as
the disease progresses. However, CSF 14-3-38 levels eventu-
ally reached a plateau, meaning that the increase in CSF
14-3-3B slows down or stabilizes at a certain time point in
the disease course. These findings are important for under-
standing the role of 14-3-3p in the pathophysiology of
Alzheimer’s disease. The fact that its concentrations increase
before AB-PET positivity is reached and continue to rise as
the disease progresses might suggest that CSF 14-3-3 could
potentially serve as an early biomarker for Alzheimer’s dis-
ease or that 14-3-3p may be involved in the underlying dis-
ease mechanisms, and further study is needed to confirm
and understand these observations.

The present study compared the diagnostic accuracy of
several fluid biomarkers in distinguishing CN AB— indivi-
duals from Alzheimer’s disease AB+ or MCI AB+ patients,
using amyloid PET to define A status. The biomarkers com-
pared included CSF 14-3-3B peptides (peptides 44-51 and
63-70), CSF p-tau and CSF t-tau, plasma p-tau and plasma
NfL. Our results suggest that while CSF 14-3-3f is less
accurate than CSF p-tau and CSF t-tau in discriminating
CN AB-— from Alzheimer’s disease AB+ or MCI AB+ indivi-
duals, CSF 14-3-3p performs similarly to plasma p-tau and
plasma NfL. These findings suggest that while CSF 14-3-3p
may not be as accurate as CSF p-tau and CSF t-tau in distin-
guishing CN AB— from Alzheimer’s disease AB+ or MCI AB+
groups, it may still be a promising biomarker for Alzheimer’s
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disease diagnosis, particularly when compared to plasma
biomarkers such as plasma p-tau and plasma NfL. In this
study, the comparison of diagnostic accuracy of CSF
14-3-3p with multiple fluid biomarkers also provides a com-
prehensive illustration of CSF 14-3-3p’s diagnostic perform-
ance in Alzheimer’s disease.

Our study also investigated whether baseline levels of CSF
14-3-3B could predict changes in cognitive function, as well
as changes on neuroimaging over time. The results showed
that, compared to those with low levels of CSF 14-3-38, in-
dividuals with intermediate and high levels of CSF 14-3-38
had accelerated reductions in MMSE scores and increases
in CDR-SB scores, indicating that higher baseline levels of
CSF 14-3-3B are associated with faster cognitive decline
over time. Additionally, these individuals also had faster re-
ductions in hippocampus volumes and greater declines in
FDG-PET values, suggesting that higher baseline levels of
CSF 14-3-3B are associated with greater neurodegeneration
and neuronal dysfunction over time. These findings thus in-
dicate that higher baseline levels of CSF 14-3-38 may predict
accelerated cognitive decline and more pronounced neurode-
generation in individuals at risk for progression to dementia.
However, further studies are needed to explore underlying
mechanisms for the observed associations between baseline
CSF 14-3-3B levels and longitudinal changes in cognitive
function and on neuroimaging.

MCI is a condition characterized by cognitive impair-
ment that is greater than expected for an individual’s age
and education level but not severe enough to meet the cri-
teria for dementia. However, many individuals with MCI
will eventually progress to Alzheimer’s disease dementia.>*
Identifying individuals with MCI who are likely to progress
to Alzheimer’s disease dementia could help guide more tar-
geted interventions and follow-up strategies. Our study
showed that the probability of conversion to Alzheimer’s
disease dementia was significantly different among the
three MCI patient groups based on their CSF 14-3-38 distri-
butions, with high levels of CSF 14-3-3f associated with in-
creased risk of progression to Alzheimer’s disease dementia.
With a previous study demonstrating that CSF AB42, t-tau
and p-tau levels are associated with the risk of progression
to Alzheimer’s disease dementia in MCI patients,®® our
findings suggest that measuring CSF 14-3-3B levels in
MCI patients might also be a useful tool for identifying
those at the highest risk of developing Alzheimer’s disease
dementia.

The findings of this study are consistent with previous
research that demonstrated the potential of CSF 14-3-3p
as a biomarker for neurodegenerative diseases, such as
Creutzfeldt—Jakob disease.®” Our study provides evidence
that CSF 14-3-38 levels are increased in Alzheimer’s disease
and are associated with other biomarkers of the disease,
such as biomarkers of tau pathology and the synaptic bio-
marker CSF GAP-43.1%:2%3¢ The association between CSF
14-3-3B levels and tau pathology is particularly note-
worthy, as it highlights the potential of 14-3-3p as a bio-
marker of tau-related neurodegeneration. Additionally,
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our study showed an early increase in CSF 14-3-3p concen-
trations before AB-PET-positive status was reached, sug-
gesting that CSF 14-3-3B may be a useful biomarker for
preclinical Alzheimer’s disease patients.

The present study has several limitations. First, due to lack
of data from patients with other neurodegenerative disor-
ders, such as dementia with Lewy bodies, frontotemporal de-
mentia, progressive supranuclear palsy and corticobasal
syndrome, the current study is limited in its ability to assess
the specificity of CSF 14-3-38 for Alzheimer’s disease.
Second, the CSF biomarkers were employed as proxies
of Alzheimer’s disease pathology, and it should be noted
that autopsy remains the gold standard for assessing
Alzheimer’s disease pathology. Third, in this study, CSF
14-3-3B levels were measured by targeted proteomics assay
using mass spectrometers. However, MS is not commonly
used in clinical practice for analysis of CSF biomarker levels,
and other traditional protein quantification methods such as
ELISA assay of CSF 14-3-38 should be explored to delineate
the characteristics of CSF 14-3-3B in Alzheimer’s disease pa-
tients. Fourth, we utilized CSF pTaul81 and plasma
pTaul81 as markers for tau pathology. However, other
phosphorylation sites, such as pTau217 (data not available
in ADNI), could be more effective biomarkers.>”

In conclusion, alongside how CSF 14-3-3p is routinely
used clinically as a biomarker to aid in the diagnosis of
sporadic Creutzfeldt-Jakob disease, our study provides add-
itional evidence that CSF 14-3-3p levels are increased in
Alzheimer’s disease and that they are associated with other
biomarkers of the disease, such as biomarkers of tau path-
ology and synaptic biomarkers. Though the diagnostic ac-
curacy of CSF 14-3-3B was moderate compared to CSF
p-tau and CSF t-tau in distinguishing CN AB— from
Alzheimer’s disease AP+ individuals, baseline CSF 14-3-3p
levels were associated with progressive decline of cognitive
function over time. These findings suggest that CSF
14-3-3B may be a useful clinical biomarker for Alzheimer’s
disease and could potentially aid in early diagnosis and pre-
diction of disease progression.

Supplementary material

Supplementary material is available at Brain Communications
online.

Acknowledgements

The authors convey their gratitude to the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) study for providing
the data used in the preparation of this manuscript, which
were sourced from the ADNI database (http:/adni.loni.usc.
edu/). Data collection and sharing for this project were
funded by the ADNI (National Institutes of Health Grant
U01 AG024904) and DOD ADNI (Department of Defense
award number W81XWH-12-2-0012). ADNI is funded by

BRAIN COMMUNICATIONS 2023: Page |1 of 12 | 11

the National Institute on Aging, the National Institute of
Biomedical Imaging and Bioengineering and through generous
contributions from the following: AbbVie, Alzheimer’s
Association; Alzheimer’s Drug Discovery Foundation; Araclon
Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb
Company; CereSpir, Inc.; Cogstate; FEisai Inc.; Elan
Pharmaceuticals, Inc.; Eli Lilly and Company; Eurolmmun;
F. Hoffmann-La Roche Ltd and its affiliated company
Genentech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd;
Janssen Alzheimer Immunotherapy Research & Development,
LLC; Johnson & Johnson Pharmaceutical Research &
Development LLC; Lumosity; Lundbeck; Merck & Co., Inc.;
Meso Scale Diagnostics, LLC; NeuroRx Research; Neurotrack
Technologies; Novartis Pharmaceuticals Corporation; Pfizer
Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical
Company; and Transition Therapeutics. The Canadian
Institutes of Health Research is providing funds to support
ADNI clinical sites in Canada. Private sector contributions are
facilitated by the Foundation for the National Institutes of
Health (www.fnih.org). The grantee organization is the
Northern California Institute for Research and Education, and
the study is coordinated by the Alzheimer’s Therapeutic
Research Institute at the University of Southern California.
ADNI data are disseminated by the Laboratory for
Neurolmaging at the University of Southern California.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial or not-for-profit sectors.
However, the data used in our study were sourced from the
ADNI database (http:/adni.loni.usc.edu/), and the data collec-
tion and sharing for this project were funded by the ADNI and
other contributors, as detailed in the Acknowledgements
section.

Competing interests

The authors report no competing interests.

Data availability

Data used in this study were originally obtained from the on-
line repository of Alzheimer’s Disease Neuroimaging
Initiative (ADNI; http:/adni.loni.usc.edu/).

References

1. Alzheimer's Association. 2022 Alzheimer’s disease facts and figures.
Alzheimers Dement. 2022;18(4):700-789.

2. Montine TJ, Phelps CH, Beach TG, et al. National Institute on
Aging-Alzheimer’s Association guidelines for the neuropathologic
assessment of Alzheimer’s disease: A practical approach. Acta
Neuropathol. 2012;123(1):1-11.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad312#supplementary-data
http://adni.loni.usc.edu/
http://adni.loni.usc.edu/
http://www.fnih.org
http://adni.loni.usc.edu/
http://adni.loni.usc.edu/

12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

| BRAIN COMMUNICATIONS 2023: Page 12 of 12

Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA Research
Framework: Toward a biological definition of Alzheimer’s disease.
Alzheimers Dement. 2018;14(4):535-562.

Molinuevo JL, Ayton S, Batrla R, et al. Current state of Alzheimer’s
fluid biomarkers. Acta Neuropathol. 2018;136(6):821-853.
Obsilova V, Silhan J, Boura E, Teisinger ], Obsil T. 14-3-3 proteins:
A family of versatile molecular regulators. Physiol Res. 2008;
57(Suppl 3):511-521.

Cornell B, Toyo-Oka K. 14-3-3 proteins in brain development:
Neurogenesis, neuronal migration and neuromorphogenesis.
Front Mol Neurosci. 2017;10:318.

Berg D, Holzmann C, Riess O. 14-3-3 proteins in the nervous sys-
tem. Nat Rev Neurosci. 2003;4(9):752-762.

Hsich G, Kenney K, Gibbs CJ, Lee KH, Harrington MG. The 14-3-3
brain protein in cerebrospinal fluid as a marker for transmissible
spongiform encephalopathies. N Engl | Med. 1996;335(13):
924-930.

Zerr 1, Bodemer M, Gefeller O, et al. Detection of 14-3-3 protein in
the cerebrospinal fluid supports the diagnosis of Creutzfeldt-Jakob
disease. Ann Neurol. 1998;43(1):32-40.

Zerr I, Pocchiari M, Collins S, et al. Analysis of EEG and CSF 14-3-3
proteins as aids to the diagnosis of Creutzfeldt-Jakob disease.
Neurology. 2000;55(6):811-815.

Stoeck K, Sanchez-Juan P, Gawinecka J, et al. Cerebrospinal fluid
biomarker supported diagnosis of Creutzfeldt-Jakob disease and ra-
pid dementias: A longitudinal multicentre study over 10 years.
Brain. 2012;135(Pt 10):3051-3061.

Hermann P, Appleby B, Brandel JP, et al. Biomarkers and diagnostic
guidelines for sporadic Creutzfeldt-Jakob disease. Lancet Neurol.
2021;20(3):235-246.

Higginbotham L, Ping L, Dammer EB, et al. Integrated proteomics re-
veals brain-based cerebrospinal fluid biomarkers in asymptomatic and
symptomatic Alzheimer’s disease. Sci Adv. 2020;6(43):eaaz9360.
Petersen RC, Aisen PS, Beckett LA, et al. Alzheimer’s
Disease Neuroimaging Initiative (ADNI): Clinical characterization.
Neurology. 2010;74(3):201-209.

Bittner T, Zetterberg H, Teunissen CE, et al. Technical performance
of a novel, fully automated electrochemiluminescence immunoassay
for the quantitation of beta-amyloid (1-42) in human cerebrospinal
fluid. Alzheimers Dement. 2016;12(5):517-526.

Hansson O, Seibyl ], Stomrud E, et al. CSF biomarkers of
Alzheimer’s disease concord with amyloid-beta PET and predict
clinical progression: A study of fully automated immunoassays in
BioFINDER and ADNI cohorts. Alzheimers Dement. 2018;
14(11):1470-1481.

Blennow K, Shaw LM, Stomrud E, et al. Predicting clinical decline
and conversion to Alzheimer’s disease or dementia using novel
Elecsys Abeta(1-42), pTau and tTau CSF immunoassays. Sci Rep.
2019;9(1):19024.

Sandelius A, Portelius E, Kallen A, et al. Elevated CSF GAP-43 is
Alzheimer’s disease specific and associated with tau and amyloid
pathology. Alzheimers Dement. 2019;15(1):55-64.

Ovod V, Ramsey KN, Mawuenyega KG, et al. Amyloid beta concen-
trations and stable isotope labeling kinetics of human plasma specific
to central nervous system amyloidosis. Alzheimers Dement. 2017,

13(8):841-849.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Q. Qiang et al.

Karikari TK, Pascoal TA, Ashton NJ, et al. Blood phosphorylated
tau 181 as a biomarker for Alzheimer’s disease: A diagnostic
performance and prediction modelling study using data from four
prospective cohorts. Lancet Neurol. 2020;19(5):422-433.
Mattsson N, Andreasson U, Zetterberg H, Blennow K. Alzheimer’s
disease neuroimaging I. Association of plasma neurofilament light
with neurodegeneration in patients with Alzheimer disease. JAMA
Neurol. 2017;74(5):557-566.

Jack CR Jr, Bernstein MA, Fox NC, et al. The Alzheimer’s Disease
Neuroimaging Initiative (ADNI): MRI methods. | Magn Reson
Imaging. 2008;27(4):685-691.

Landau SM, Mintun MA, Joshi AD, et al. Amyloid deposition,
hypometabolism, and longitudinal cognitive decline. Ann Neurol.
2012;72(4):578-586.

Landau SM, Lu M, Joshi AD, et al. Comparing positron emission
tomography imaging and cerebrospinal fluid measurements of
beta-amyloid. Ann Neurol. 2013;74(6):826-836.

Landau SM, Harvey D, Madison CM, et al. Associations between
cognitive, functional, and FDG-PET measures of decline in AD
and MCI. Neurobiol Aging. 2011;32(7):1207-1218.

Layfield R, Fergusson J, Aitken A, Lowe J, Landon M, Mayer R].
Neurofibrillary tangles of Alzheimer’s disease brains contain
14-3-3 proteins. Neurosci Lett. 1996;209(1):57-60.

Umahara T, Uchihara T, Tsuchiya K, et al. 14-3-3 proteins and zeta
isoform containing neurofibrillary tangles in patients with
Alzheimer’s disease. Acta Neuropathol. 2004;108(4):279-286.
Borras E, Sabido E. What is targeted proteomics? A concise revision
of targeted acquisition and targeted data analysis in mass spectrom-
etry. Proteomics. 2017;17(17-18):1700180.

Sobsey CA, Ibrahim S, Richard VR, et al. Targeted and untargeted
proteomics approaches in biomarker development. Proteomics.
2020;20(9):e1900029.

Trejo-Lopez JA, Yachnis AT, Prokop S. Neuropathology of
Alzheimer’s disease. Neurotherapeutics. 2022;19(1):173-185.
Hashiguchi M, Sobue K, Paudel HK. 14-3-3zeta is an effector of tau
protein phosphorylation. ] Biol Chem. 2000;275(33):25247-25254.
Qiang Q, Skudder-Hill L, Toyota T, Wei W, Adachi H. CSF GAP-43
as a biomarker of synaptic dysfunction is associated with tau path-
ology in Alzheimer’s disease. Sci Rep. 2022;12(1):17392.

Leuzy A, Lilja J, Buckley CJ, et al. Derivation and utility of an
Abeta-PET pathology accumulation index to estimate Abeta load.
Neurology. 2020;95(21):¢2834-e2844.

Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild cog-
nitive impairment due to Alzheimer’s disease: Recommendations
from the National Institute on Aging-Alzheimer’s Association work-
groups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement. 2011;7(3):270-279.

Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K,
Minthon L. Association between CSF biomarkers and incipient
Alzheimer’s disease in patients with mild cognitive impairment: A
follow-up study. Lancet Neurol. 2006;5(3):228-234.

Scholl M, Maass A, Mattsson N, et al. Biomarkers for tau path-
ology. Mol Cell Neurosci. 2019;97:18-33.

Mattsson-Carlgren N, Salvado G, Ashton NJ, et al. Prediction of
longitudinal cognitive decline in preclinical Alzheimer disease using
plasma biomarkers. JAMA Neurol. 2023;80(4):360-369.



	CSF 14-3-3β is associated with progressive cognitive decline in Alzheimer’s disease
	Introduction
	Materials and methods
	Participants
	CSF 14-3-3β measurements
	CSF and plasma biomarker measurements
	Neuroimaging
	Cognition measurement
	Statistical analysis

	Results
	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




