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CSF total tau/α-synuclein ratio improved
the diagnostic performance for Alzheimer’s
disease as an indicator of tau
phosphorylation
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Abstract

Background: Recently, several studies suggested potential involvements of α-synuclein in Alzheimer’s disease (AD)
pathophysiology. Higher concentrations of α-synuclein were reported in cerebrospinal fluid (CSF) of AD patients
with a positive correlation towards CSF tau, indicating its possible role in AD. We analyzed the CSF biomarkers to
verify whether α-synuclein could be an additional supported biomarker in AD diagnosis.

Methods: In this cross-sectional study, CSF samples of 71 early-onset AD, 34 late-onset AD, 11 mild cognitive
impairment, 17 subjective cognitive decline, 45 Parkinson’s disease, and 32 healthy control (HC) were collected. CSF
amyloid-β1-42 (A), total tau (N), and phosphorylated tau181 (T) were measured by commercial ELISA kits, and in-
house ELISA kit was developed to quantify α-synuclein. The cognitive assessments and amyloid-PET imaging were
also performed.
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Results: CSF α-synuclein manifested a tendency to increase in AD and to decreased in Parkinson’s disease
compared to HC. The equilibrium states of total tau and α-synuclein concentrations were changed significantly in
AD, and the ratio of total tau/α-synuclein (N/αS) was dramatically increased in AD than HC. Remarkably, N/αS
revealed a strong positive correlation with tau phosphorylation rate. Also, the combination of N/αS with amyloid-
β1-42/phosphorylated tau181 ratio had the best diagnosis performance (AUC = 0.956, sensitivity = 96%, specificity =
87%). In concordance analysis, N/αS showed the higher diagnostic agreement with amyloid-β1-42 and amyloid-PET.
Analysis of biomarker profiling with N/αS had distinctive characteristics and clustering of each group. Especially,
among the group of suspected non-Alzheimer’s disease pathophysiology, all A−T+N+ patients with N/αS+ were
reintegrated into AD.

Conclusions: The high correlation of α-synuclein with tau and the elevated N/αS in AD supported the involvement
of α-synuclein in AD pathophysiology. Importantly, N/αS improved the diagnostic performance, confirming the needs
of incorporating α-synuclein as a biomarker for neurodegenerative disorders. The incorporation of a biomarker group
[N/αS] could contribute to provide better understanding and diagnosis of neurodegenerative disorders.
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Background
The prevalence of various neurodegenerative disorders,
including Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD), has increased dramatically worldwide, as the
elderly population grew [1–3]. AD was pathologically
characterized by accumulations of amyloid-β extracellu-
lar aggregates and intraneuronal hyperphosphorylated
tau protein in the nervous system. However, since AD
could be caused by complex mechanisms through the
intersections with other proteins, alternative triggers in
place of Aβ and tau have recently been explored.
Since α-synuclein (α-syn) was a major component of

the Lewy body in PD and dementia with Lewy bodies, it
became a representative biomarker for the related neuro-
degenerative disorders with parkinsonism [4, 5]. On the
other hand, several reports suggested potential associ-
ations between α-syn and AD. Lewy bodies with α-
syn were present in 40–50% of AD patients, whom
revealed faster cognitive declines [6–9]. In animal
models, α-syn overexpressing mice caused memory
impairments similar to AD mouse models, and the
accelerated cognitive declines were also observed in
α-syn mutant mice [10–12].

Amyloid-β1-42 (Aβ42), total tau (T-tau), and phos-
phorylated tau181 (P-tau181) in cerebrospinal fluid (CSF)
have been used primarily as biomarkers of AD. However,
accurate diagnosis and appropriate treatments were diffi-
cult due to the co-presences with other neurodegenera-
tive disorders, such as dementia with Lewy bodies,
frontotemporal dementia, and PD [13–15]. The incorp-
oration of new biomarkers, such as α-syn or TDP-43,
should be demanded, as there were limitations to distin-
guish and to interpret similar neurodegenerative disor-
ders [16]. Interestingly, CSF α-syn had a strong positive
correlation with CSF tau in AD [17–20]. Other studies
reported that the levels of α-syn in CSF tended to

increase in AD compared to healthy control (HC) [17–
19, 21–26]. These results supported that α-syn might be
involved in AD pathology through a close relationship
with tau.
We examined whether α-syn could contribute in im-

proving the accuracy of AD diagnosis and interpretation
of patient groups. For this purpose, the associations of
CSF α-syn with other biomarkers in AD, mild cognitive
impairment (MCI), subjective cognitive decline (SCD),
age-matched HC, and PD as a disease control were
investigated.

Materials and methods
Participants and sampling
Participants, including early-onset AD (EOAD), late-
onset AD (LOAD), MCI, SCD, PD, and HC, were en-
rolled in Alzheimer’s Disease All Markers study from
the multicenter in South Korea. The clinical diagnosis of
AD was as following: (1) probable AD criteria proposed
by NIA-AA (National Institute on Aging-Alzheimer’s
Association workgroups, 2011); (2) male or female pa-
tient between the age of 50 and 80, (3) education years
of at least 6 years; (4) follow-up at least 6 months to de-
termine the clinical course of AD by experienced neurol-
ogists. AD was classified as EOAD and LOAD by a
fiducial line at the age of onset of 65 years. Diagnosis of
MCI was made according to the presence of impairment
in one or more cognitive domains, but the functional
abilities are preserved and without meeting the criteria
for dementia due to AD set forth by the NIA-AA cri-
teria. The group of SCD was diagnosed according to the
presence of subjective cognitive decline at a normal test
performance level based on the detailed neuropsycho-
logical tests. The criteria for the HC group in the study
were the following: (1) a community-based population;
(2) no abnormality on the Heath Screening
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Questionnaire; (3) absence of memory complaints; (4)
the Korean Dementia Screening Questionnaire ≤ 6; (5)
normal general cognition (within 1 standard deviation of
the age- and education-adjusted norms of MMSE and a
score higher than 26); (6) intact activities of daily living
(K-IADL ≤ 0.42); (7) no depression (the short-form Geri-
atric Depression Scale ≤ 7); and (8) no history of thyroid
dysfunction, vitamin B12 deficiency, or folate deficiency.
PD patients were recruited according to the UK Parkin-
son’s Disease Society Brain Bank Criteria. Exclusion cri-
teria included the cognitive impairment other than AD,
stroke, and delirium.

CSF collection and processing
CSF was obtained from a routine lumbar puncture in
the L3/L4 or L4/L5 interspace between 8 to 12 am. The
first 4 mL was used for routine analyses including cell
count, protein, and sugar levels. To separate the super-
natant, CSF was centrifuged at 2000×g for 10 min within
4 h from the lumbar puncture. The supernatant was ali-
quoted into 1 mL of polypropylene vials and stored at −
80 °C until their use. Since large concentrations of α-
synuclein existed in red blood cells, the contaminated
CSF samples from hemolysis were excluded from the
measurement.

Amyloid-PET acquisition and processing
Amyloid-PET was executed for several individuals ex-
cept patients with PD. 18F-N-(3-fluoropropyl)-2β-car-
boxymethoxy-3β-(4-iodophenyl) nortropane (FP-CIT)
positron emission tomography (PET) image analysis was
performed on PD patients. Patients underwent fluorine
18–labeled (18F) florbetaben PET, and computed tom-
ography images were acquired using a 16-slice helical
computed tomography (140 KeV, 80 mA; 3.75-mm
section width) for attenuation correction. For 18F-
florbetaben PET, a 20-min emission PET scan with dy-
namic mode (consisting of 4 × 5-min frames) was per-
formed 90 min after injection of approximately 300MBq
of 18F-florbetaben. Three-dimensional PET images were
reconstructed in a 128 × 128 × 48 matrix with 2 × 2 ×
3.27-mm voxel size using the ordered-subsets expect-
ation maximization algorithm (iteration, 4 and subset,
20). We defined amyloid-PET to be positive when visual
assessment of florbetaben PET was scored as 2 or 3 on
the brain Aβ plaque load (BAPL) scoring system. BAPL
scoring depends on the visual assessment by the nuclear
medicine specialist in the trans-axial plane based on re-
gional cortical tracer uptake (RCTU) scoring system of
the frontal cortex, lateral temporal cortex, posterior cin-
gulate cortex/precuneus, and parietal cortex. A RCTU
score of 1 in each brain region results in a BAPL score
of 1, a RCTU score of 2 in any brain region and no score

3 result in a BAPL score of 2. A RCTU score of 3 in any
of the 4 brain regions results in a BAPL of 3.

CSF analysis
The levels of CSF Aβ42, T-tau, and P-tau181 (Triple
marker) were measured by commercial ELISA kits
(INNOTEST β-AMYLOID(1–42), INNOTEST hTAU-
Ag, and INNOTEST PHOSPHO-TAU(181P), Fujirebio
Europe, Gent, Belgium) according to the manufacturer’s
instructions.

Quantification of α-synuclein in CSF
An in-house ELISA assay was developed to measure
total α-syn in CSF samples. A 96-well Polysorp NUNC
microplate (Thermo Fischer Scientific, USA) was coated
with the capture antibody (4B12, BioLegend) in coating
buffer overnight at 4 °C. The plate was then washed
three times with phosphate-buffered saline with 0.05%
Tween-20 (PBST) and incubated with 300 μL/well of
blocking buffer for 1 h at 37 °C. After three washes with
PBST, serially diluted recombinant α-syn and thawed
CSF (diluted 3:1 with sample dilution buffer) were ap-
plied to each well and incubated for 2.5 h at room
temperature (RT). Subsequently, the plate was washed
five times and incubated with the biotinylated detection
antibody (4D6, BioLegend) in the reaction solution for 1
h at RT. After washing, the plate was incubated with
streptavidin poly-HRP (Thermo Fischer Scientific, USA)
in the reaction solution for 0.5 h at 37 °C. Finally, the
plate was washed five times and reacted with TMB sub-
strate (Thermo Fischer Scientific, USA) for 0.5 h at RT
in the dark. The optical density was measured after add-
ing the stop solution. Reagents (AGMIG-0100, Arista bi-
ologicals) to mitigate heterophilic antibody interference
was included in all assays to remove false signals.

Statistical analysis
Statistical analyses were performed by SPSS 23 software
(SPSS Inc., Chicago, IL). Mann-Whitney U test and
Kruskal-Wallis test were used to compare demographics
and clinical and biomarker values. Chi-squared test and
Fisher’s exact test were performed to assess the statis-
tical difference in sex, CDR, and visual amyloid-PET
reading among groups. P < 0.05 was considered statisti-
cally significant. Spearman’s correlation was used to exam-
ine the relationship between different biomarkers. The
area under the curve (AUC) in the receiver operator char-
acteristic (ROC) curve was analyzed to evaluate the accur-
acy of the diagnostic value of biomarkers. Cutoff values
were obtained according to the sensitivity and specificity
at the point where the Youden index is maximized.
Percentage agreement was used to quantify concordance
between biomarkers. Overall percentage agreement (OPA)
reflects the percentage of diagnostic matches between the

Shim et al. Alzheimer's Research & Therapy           (2020) 12:83 Page 3 of 12



two biomarkers. Positive percent agreement (PPA) and
negative percent agreement (NPA) were defined as sensi-
tivity (a percentage that both biomarkers diagnose as AD)
and specificity (a percentage that both biomarkers diag-
nose as HC), respectively. The clustering of samples based
on biomarker profiles was analyzed using an analysis of
similarities (ANOSIM) to calculate statistically difference
between groups.

Results
Demographics and biomarker values
Demographic characteristics, clinical features, and CSF
biomarker levels of all participants were reported in
Table 1. EOAD and LOAD revealed typical AD levels in
triple biomarkers, and especially EOAD tended to pro-
gress more than LOAD without statistical difference.
The concentrations of biomarkers in MCI and SCD were
distributed near the intermediate region between AD
and HC. In the case of PD, the reduced levels of Aβ42
were observed as in MCI, and both T-tau and P-tau181
were statistically lower than in HC. The concentrations
of α-syn had no statistical significance between PD and
HC. However, the increasing tendency of α-syn in
EOAD and LOAD was noticeable, whereas the reduced
α-syn was seen in PD than HC. Hence, the reduced
levels of α-syn in PD had statistical significance in
comparison with EOAD, LOAD, MCI, and SCD.
When the AD group with positive triple markers and
the HC group with negative triple markers were se-
lected, the levels of α-syn were significantly different
between the groups (Additional file 1: Fig. S1a). The
concentrations of α-syn were slightly higher in AD
with positive amyloid-PET than HC with negative
amyloid-PET without statistical significance (Add-
itional file 1: Fig. S1b). Additionally, α-syn was highly
elevated in APOEε4 homozygotes carrier group (Add-
itional file 1: Fig. S1c).

Pendulum phenomenon at the balance of tau and α-syn
α-Syn had significant positive correlations with T-tau
and P-tau181 with correlation coefficients at 0.619 and
0.737, respectively. Remarkably, when the correlation
graph was divided into each group, the gradient de-
creased gradually from HC to AD (Fig. 1a, b). The ra-
tios of individual T-tau/α-syn and P-tau181/α-syn were
calculated and plotted as dot and box plots for com-
paring gradient differences in each group (Fig. 1c, d).
As a result, T-tau/α-syn and P-tau181/α-syn were sig-
nificantly higher in AD than in MCI, SCD, PD, or
HC. For T-tau/α-syn, the differences between AD and
HC were greater than P-tau181/α-syn, and the values
of AD and HC groups were highly segregated. SCD
also had a significant difference with PD and HC in
T-tau/α-syn. MCI showed a similar tendency as SCD,

but there was no statistical significance possibly due
to the insufficient number of samples. Interestingly,
T-tau/α-syn and P-tau181/α-syn appeared the statis-
tical difference between EOAD and LOAD. On the
other hand, although P-tau181 was increased in AD,
the percentage of P-tau181 was significantly decreased
in AD compared to HC (Fig. 2a). Surprisingly, α-syn/
T-tau, which was inverted from T-tau/α-syn for a
correlation analysis, had a strong correlation with tau
phosphorylation rate in Fig. 2b (correlation coeffi-
cient = 0.821; P < 0.001).

ROC curve analysis
ROC curve analysis was conducted to investigate the con-
tributions of α-syn in improving diagnostic accuracy
(Table 2). EOAD and LOAD were categorized into AD
group, PD and HC were set in non-AD group. In the case
of Aβ42, cutoff and AUC were lowered to 555.4 pg/mL and
0.899, respectively, since PD group had low concentrations
of Aβ42. The AUC of both T-tau and P-tau181 were 0.908
and 0.860, respectively. In particular, the incorporation of
α-syn improved AUC value of T-tau/α-syn to 0.930. More-
over, AUC was the highest at 0.956 (specificity = 96%, sensi-
tivity = 87%) from the composite biomarkers (Aβ42/P-tau181
and T-tau/α-syn) without statistical significance in com-
parison to Aβ42/P-tau181 and T-tau/α-syn (Additional file 1:
Supplement Table 2).

Concordance between CSF biomarkers
Using pre-defined cutoffs, OPA, PPA, and NPA were cal-
culated to determine the degree of concordance between
CSF biomarkers, and the level of each biomarker was dis-
played as a scatter plot (Fig. 3a–d). The concordances of
Aβ42 with T-tau were 76, 77, and 76% for OPA, PPA, and
NPA, respectively. On the other hand, T-tau/α-syn
showed better agreement with Aβ42 than T-tau (OPA =
86%, PPA = 86%, NPA = 85%). When Aβ42/P-tau181 and
T-tau/α-syn were compared, the concordance rate of diag-
nosis had the highest values (OPA= 92%, PPA = 92%,
NPA = 91%). Next, the concordance of the biomarkers in
amyloid-PET positive and negative groups was examined
(Fig. 3e–h). Interreader agreements between Aβ42 and T-
tau were 86, 88, and 82% for OPA, PPA, and NPA, re-
spectively. Otherwise, T-tau/α-syn had higher OPA, PPA,
and NPA with Aβ42 than T-tau (OPA= 91%, PPA = 93%,
NPA = 88%). Especially, Aβ42/P-tau181 and T-tau/α-syn al-
most similarly distinguished the amyloid-PET classifica-
tion (OPA= 92%, PPA = 93%, NPA = 89%).

Quadruple biomarker profiling
The distributions of individuals classified as ATN (A =
Aβ42, T = P-tau181, and N = T-tau) were examined in the
clinically diagnosed group (Table 3). T-tau/α-syn was
marked as N/αS, and pre-defined cutoffs were used to
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divide the biomarkers into positive (+) and negative (−).
Additionally, the percentage of N/αS+ was calculated for
each group. In groups based on the clinical judgment,
the percentage of N/αS+ was the highest with 90% in
EOAD, followed by 77% in LOAD. The percentage of N/
αS+ was 18% in MCI similar to 24% in SCD. PD and HC
revealed the lowest N/αS+ percentage of 7% and 3%, re-
spectively. On the other hand, when the ratio of N/αS+
was analyzed in the classified group as ATN, it was
higher in the A+T−N+ (100%) and the A+T+N+ group
(92%). The percentage of N/αS+ was 59% in A+T−N−,
which was lower at 5% in A−T−N−. Interestingly, among
groups in the suspected non-Alzheimer’s pathology
physiology (SNAP), N/αS+ percentages were 40% in A
−T+N+, and both A−T-N+ and A−T+N− were 0%.

α-Syn as a biomarker of differential diagnosis in
neurodegeneration
Remarkably, ATN(N/αS) groups showed different ten-
dencies when T-tau and α-syn levels were visualized in

the scatter plot (Fig. 4). Most groups were clustered
and distributed without overlapping. Statistically, P
value and R value were calculated by ANOSIM to
quantify the differences between the clusters. P
value of less than 0.05 was considered statistically
significant, and R value closer to one meant that
the difference between the two clusters would have
a higher significance. AD group included A+T+N−
and A+T+N+, and SNAP consisted with A−T−N+,
A−T+N−, and A−T+N+. A+T−N−(N/αS−) belonged
to A−T−N−(N/αS−), and A−T−N−(N/αS+) and A+T
−N−(N/αS+) clustered to similar positions. Interest-
ingly, SNAP(N/αS−) revealed to be an extended
position in A−T−N−(N/αS−) and was markedly dis-
tinguished from AD. Moreover, SNAP(N/αS+) was
included in the cluster of AD(N/αS+) and was rec-
ognized as the same group. Although the number
of samples was limited, AD(N/αS−) and A+T
−N+(N/αS+) were distributed independently from
other groups.

Fig. 1 The balance between α-syn and tau in each group. a, b Scatter plot of α-syn and tau values. Each group was shown in different colors
and shapes, and the slope was indicated with the same color as each group. c, d The value of T-tau/α-syn and P-tau181/α-syn were indicated by
dot plots. Box plots display median, first and third quartile. *P < 0.05, **P < 0.01, and ***P < 0.001
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Discussion
Recently, α-syn has been considered to play an import-
ant role in AD. Previous studies reported that CSF α-syn
had a high positive correlation with tau and tended to
increase in AD compared to HC [17–24, 27, 28]. Our re-
sults corroborated the previous finding that α-syn had a
tendency to increase in AD (Table 1), which was signifi-
cantly correlated with T-tau and P-tau181 in CSF (Fig. 1a,
b). Especially, the levels of α-syn were elevated in AD
patients with positive CSF triple markers and APOEε4
homozygous carriers (Additional file 1: Fig. S1). The in-
creases of CSF α-syn in AD were not enough to be used
as a biomarker, but these results strongly suggested the
potential role of α-syn in AD pathophysiology.
Interestingly, the equilibrium states of tau and α-syn

concentrations were changed in AD, and the ratios of T-
tau/α-syn and P-tau181/α-syn were elevated with the
progression from HC to AD (Fig. 1a–d). A review paper
by Moussaud et al. suggested a putative pathway of α-

syn for the tau neurofibrillary tangles [29]. α-Syn could
interact with the microtubule-binding region of tau
through its C-terminus, inhibiting the binding of tau to
tubulin and causing the increased concentrations of free
tau [30]. α-Syn also could bind to tubulin directly and
may promote tubulin polymerization [31, 32]. These
findings implicated that α-syn might be directly involved
in tauopathy. On the other hand, α-syn accelerated tau
phosphorylation through direct binding with GSK-3β
and tau from in vitro study [33]. Tau phosphorylation by
GSK-3β was elevated as α-syn/T-tau ratio increased
[33]. Based on these results, increased α-syn in AD may
induce tau phosphorylation with GSK-3β. However, the
percentage of P-tau181 was decreased in AD (Fig. 2a),
despite increasing absolute concentrations of P-tau181 in
AD. Remarkably, the rate of P-tau181 had a strong posi-
tive correlation with α-syn/T-tau ratio in all groups
(Fig. 2b; correlation coefficient, 0.821), and the compat-
ible results were obtained with the direct correlation

Table 2 Analysis of ROC curve for each biomarker between EOAD, LOAD versus PD, and HC

CSF biomarker Cutoff AUC 95% CI Sensitivity (%) Specificity (%)

Aβ42 555.4a 0.899 0.846–0.939 90 81

T-tau 318.9a 0.908 0.857–0.946 81 91

P-tau181 57.6a 0.860 0.801–0.907 67 90

Aβ42/P-tau181 10.6 0.948 0.905–0.976 92 90

T-tau/α-syn 0.412 0.930 0.883–0.962 89 95

P-tau181/α-syn 0.071 0.869 0.811–0.914 80 82

Aβ42/P-tau181, T-tau/α-syn 21.5 0.956 0.915–0.981 96 87

Abbreviation: ROC receiver operator characteristic, EOAD early-onset Alzheimer’s disease, LOAD late-onset Alzheimer’s disease, PD Parkinson’s disease, HC healthy
control, CSF cerebrospinal fluid, AUC area under the curve, Aβ42 amyloid-β 1-42, T-tau total tau, P-tau181 phosphorylated tau 181, α-syn α-synuclein
aUnit: pg/mL

Fig. 2 The percentage of tau phosphorylation and its correlation with the ratio of T-tau and α-syn. a The percentage of phosphorylated tau in
each group. b The correlation of phosphorylated tau percentage with the ratio of α-syn to T-tau concentrations. *P < 0.05, **P < 0.01,
and ***P < 0.001
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Fig. 3 Concordance between biomarkers in groups defined by clinical or amyloid-PET. a–d groups classified by clinical. e–h groups classified by
amyloid-PET. Scatter plot: a, e Aβ42 versus T-tau, b, f Aβ42 versus T-tau/α-syn, c, g Aβ42/P-tau181 versus T-tau, and d, h Aβ42/P-tau181 versus T-tau/
α-syn. Vertical and horizontal dashed lines indicate the cutoff of each biomarker
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between tau phosphorylation and α-syn/T-tau ratio,
similar the previous reports. Even though the levels of α-
syn increased slightly in AD, the percentage of P-tau181
was the lowest in AD, coinciding with the drastic de-
creased α-syn/T-tau ratio. It did not prove whether the
P-tau181 phosphorylation rate was determined by the ra-
tio of α-syn and tau concentrations, but the results sug-
gested that the ratio of T-tau and α-syn could be a
reliable indicator for the phosphorylation of tau regard-
less of the type of disease.
Interestingly, the ratios of T-tau/α-syn and P-tau181/α-

syn were statistically different in EOAD and LOAD in
Fig. 1c, d (P = 0.004 and P = 0.001, respectively). The
previous study reported that autosomal dominant AD
(ADAD) mutation carriers had lower Aβ42 and higher
tau concentrations in CSF than non-carriers in the ex-
pected period of symptom onset [34]. Moreover, CSF α-
syn levels were higher in symptomatic ADAD mutation
carriers than in non-mutation carriers [28]. Although
the precise mechanism was not clear, these results impli-
cated that α-syn was highly involved in ADAD with gen-
etic factors, resulting in significant differences in T-tau/
α-syn and P-tau181/α-syn between EOAD and LOAD. In
addition, α-syn was significantly elevated in the APOEε4
homozygous carrier (Additional file 1: Fig. S1c). The
previous study also revealed a positive correlation with
α-syn and APOEε4 alleles, and suggested the promotion

of α-syn-derived pathology by APOE [28]. The increased
α-syn levels in EOAD and APOEε4 homozygous carrier
suggested the importance of α-syn in AD pathophysi-
ology and further investigations about the association
between α-syn and AD-related genes.
Previously, α-syn was reported with other biomarkers

for improving the accuracy of neurodegenerative disorders
diagnosis [17, 35]. In the current study, the incorporation
of α-syn confirmed the better performance in the ROC
curve analysis (Table 2). The sensitivity and specificity of
T-tau/α-syn were 89% and 95%, respectively. Especially,
the quadruple biomarker (Aβ42/P-tau181 and T-tau/α-syn)
showed the best results (AUC= 0.956, sensitivity = 96%,
specificity = 87%). Also, T-tau/α-syn improved concord-
ance analysis by reducing the disagreement of T-tau ver-
sus Aβ42 and amyloid-PET (Fig. 3) and enhanced the
correlations with MMSE and CDR (Additional file 1: Fig.
S2). In the dynamic change model of biomarkers in AD,
CSF Aβ42 preferentially preceded before disease outset,
followed by amyloid-PET and CSF tau, sequentially [36].
Interpreting our results based on this model, the results
could be inferred that the changes of T-tau/α-syn might
be a time point similar to the change in Aβ42. In addition,
T-tau/α-syn had a statistical increase in SCD over HC
(Fig. 1c), indicating its potential as a prognostic biomarker.
In previous studies, α-syn showed a positive association
with brain amyloid beta deposition in the cognitively nor-
mal subject with memory complain and was the highest
level in patients with MCI, suggesting the involvement of
α-syn from the early stage of AD [20, 35]. In view of all
findings, α-syn might play a role with the association of
amyloid beta deposition from the preclinical stage of AD
and could improve prognostic and diagnostic performance
as a biomarker in AD.
In 2018, NIA-AA published a research framework for

observational and interventional research [16]. They rec-
ommended a guideline for diagnosing AD by dividing
the biomarker group into three groups: amyloid beta de-
position (A), pathological tau (T), and neurodegenera-
tion (N). In this study, clinically well-characterized
groups revealed typical ATN profiling results and were
additionally classified by N/αS, meaning T-tau/α-syn
(Table 3). N/αS+ group percentage was the highest in
EOAD and LOAD, and the percentage decreased grad-
ually in MCI, SCD, PD, and HC, suggesting that N/αS
specifically reflected the underlying pathology of AD.
Based on Fig. 4 and Table 3, the possible meaning of
each ATN(N/αS) group was examined to verify that N/
αS group classification helped the diagnosis, as inferred
in Supplementary Table 1. Interestingly, all groups had
distinctive characteristics, which supported the import-
ance of N/αS incorporation in the AD panel. Remark-
ably, SNAP(N/αS+) included only AD patients with A
−T+N+ and clustered completely belonged to AD(N/

Table 3 Categorization according to clinical diagnosis and ATN
biomarker profiles

ATN profiles EOAD LOAD MCI SCD PD HC N/αS+ (%)

A−T−N− N/αS− 1 4 5 8 34 27 5

N/αS+ – – – 3 – 1

A+T−N− N/αS− 3 1 1 – 4 – 59

N/αS+ 8 3 – – 2 –

AD A+T+N− N/αS− 1 – – – – – 0

N/αS+ – – – – – –

A+T+N+ N/αS− 2 1 – 1 – 1 92

N/αS+ 41 17 2 – 1 –

A+T−N+ N/αS− – – – – – – 100

N/αS+ 10 5 – 1 – –

SNAP A−T−N+ N/αS− – 1 – 1 1 – 0

N/αS+ – – – – – –

A−T+N− N/αS− – – 1 1 1 1 0

N/αS+ – – – – – –

A−T+N+ N/αS- – 1 2 2 2 2 40

N/αS+ 5 1 – – – –

N/αS+ (%) 90 77 18 24 7 3

Abbreviations: AD Alzheimer’s disease, EOAD early-onset Alzheimer’s disease,
LOAD late-onset Alzheimer’s disease, MCI mild cognitive impairment, SCD
subjective cognitive decline, PD Parkinson’s disease, HC healthy control, SNAP
suspected non-Alzheimer’s disease pathophysiology
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αS+) group. In other studies, the group classified as A
−T+N+ due to higher concentrations of Aβ42, despite
having amyloid-PET positive, was reintegrated into the
AD spectrum by applying Aβ42/40 ratio [37, 38]. Based
on previous reports, SNAP(N/αS+) could be misclassi-
fied into SNAP possibly due to the over-production of
Aβ42. In SNAP(N/αS-), T-tau and α-syn were located on
the extension of A−T−N−(N/αS−) without a change in
the equilibrium state and clustered separately from AD.
This group may have its own pathophysiology such as
frontotemporal dementia and may be associated with
over-production of α-syn.
In the current study, the inconsideration of oligomeric

α-syn in CSF could be the limitations. Synucleinopathies
related to oligomeric α-syn might alter the total α-syn
levels in AD. Another limitation could be the associative
proteins with α-syn were not included in the study, espe-
cially when α-syn was directly involved in the process of
vesicle trafficking. In addition, other proteins, such as
LRRK or DJ-1, in association with α-syn should be con-
sidered, which would support the involvement of α-syn
in AD.

Conclusion
The findings of α-syn classification may provide better
accurate distinctions between AD and Alzheimer’s
pathological changes, especially between EOAD and
LOAD and from SNAP. Subsequently, if clear patho-
logical pathways of constituting N/αS would be devel-
oped, the ATN criteria could be extended by accepting
new biomarkers, in composing ATN(N/αS) classifica-
tion. Although α-syn was not sufficient as a stand-alone
biomarker, the incorporation of α-syn is expected to
serve as a useful biomarker for explaining the cumulative
and precise diseases of neurological damages sensitively
and specifically in the future.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13195-020-00648-9.

Additional file 1.

Abbreviations
Aβ42: Amyloid-β1-42; AUC: Area under the curve; BAPL: Brain Aβ plaque load;
EOAD: Early-onset Alzheimer’s disease; FP-CIT: 18F-N-(3-fluoropropyl)-2β-

Fig. 4 Distribution of T-tau and α-syn in ATN(N/αS) groups. The clustering of samples was visualized in a scatter plot with Convex hulls. The table
shows the difference between the two groups as P value (blue) and R value (yellow). Statistically significant values were colored in red
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carboxymethoxy-3β-(4-iodophenyl) nortropane; HC: Healthy control;
LOAD: Late-onset Alzheimer’s disease; MCI: Mild cognitive impairment;
NPA: Negative percent agreement; OPA: Overall percentage agreement;
PD: Parkinson’s disease; PPA: Positive percent agreement; PBST: Phosphate-
buffered saline with 0.05% Tween-20; P-tau181: Phosphorylated tau181;
RCTU: Regional cortical tracer uptake; RT: Room temperature; ROC: Receiver
operator characteristic; SCD: Subjective cognitive decline; SNAP: Suspected
non-Alzheimer’s pathology physiology; T-tau: Total tau; 18F: Fluorine 18–
labeled; α-syn: α-synuclein

Acknowledgments
We thank all participants for their agreement to this research and providing
the samples for this study.

Authors’ contributions
K.H.S. performed the experiments, analyzed the data, and drafted the
manuscript. M.J.K., J.W.S., J-M.P., N.R., Y.H.P., Y.C.Y., J.H.J., K.W.P., S.H.C., K.S., H-
W.L., P-W.K., C-N.L., T-S.L., and S.Y.K. contributed to participant recruitment
and collecting of samples and clinical data. J-W.J. interpreted the amyloid-PET
data. S.Y.K. organized and supervised the study, and obtained funding for the
study. S.S.A.A. conceived and designed the study, conceptualized the experimental
design, and obtained funding for the study. All authors contributed to data
interpretation and revised the manuscript.

Funding
This work was supported by grants from the National Research Foundation
of Korea (NRF-2020R1A2B5B01002463) and Korean Health Technology R&D
Project (HI14C3331) through the Korean Health Industry Development
Institute (KHIDI), the Korean Ministry of Health & Welfare.

Availability of data and materials
The datasets used and/or analyzed in the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the ethics committee of all participating
institutions, and all participants gave informed consent to the use of clinical
data for research purposes.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details
1Department of Neurology, Veterans Medical Research Institute, Veterans
Health Service Medical Center, Seoul, Republic of Korea. 2Department of
Neurology, Seoul National University Bundang Hospital and Seoul National
University College of Medicine, Seongnam-si, Gyeonggi-do, Republic of
Korea. 3Department of Neurology, Chung-Ang University Hospital, Seoul,
Republic of Korea. 4Department of Neurology, Kangwon National University
Hospital, Kangwon National University School of Medicine, Chouncheon,
South Korea. 5Department of Neurology, Ewha Womans University Mokdong
HospitalEwha Womans University, Seoul, Republic of Korea. 6Department of
Neurology, Dong-A University College of Medicine and Institute of
Convergence Bio-Health, Busan, Republic of Korea. 7Department of
Neurology, Inha University School of Medicine, Incheon, Republic of Korea.
8Department of Pharmacology, Kyungpook National University School of
Medicine, Daegu, Republic of Korea. 9Department of Neurology, Kyungpook
National University School of Medicine, Daegu, Republic of Korea.
10Department of Neurology, Korea University Medicine, Seoul, Republic of
Korea. 11Department of Neurology, Ajou University School of Medicine,
Suwon, Republic of Korea. 12Department of Bionano Technology, Gachon
University, Seongnam-si, Gyeonggi-do, Republic of Korea.

Received: 26 March 2020 Accepted: 24 June 2020

References
1. Blennow K, de Leon MJ, Zetterberg H. Alzheimer’s disease. Lancet. 2006;

368(9533):387–403.
2. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer’s

disease. Lancet. 2011;377(9770):1019–31.
3. Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, et al. Global

prevalence of dementia: a Delphi consensus study. Lancet. 2005;366(9503):
2112–7.

4. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M.
Alpha-synuclein in Lewy bodies. Nature. 1997;388(6645):839–40.

5. Fukuda T, Tanaka J, Watabe K, Numoto RT, Minamitani M.
Immunohistochemistry of neuronal inclusions in the cerebral cortex and
brain-stem in Lewy body disease. Acta Pathologica Japonica. 1993;43(10):
545–51.

6. Olichney JM, Galasko D, Salmon DP, Hofstetter CR, Hansen LA, Katzman R,
et al. Cognitive decline is faster in Lewy body variant than in Alzheimer’s
disease. Neurology. 1998;51(2):351–7.

7. Hamilton RL. Lewy bodies in Alzheimer’s disease: a neuropathological
review of 145 cases using α-synuclein immunohistochemistry. Brain Pathol.
2000;10(3):378–84.

8. Arai Y, Yamazaki M, Mori O, Muramatsu H, Asano G, Katayama Y. α-
Synuclein-positive structures in cases with sporadic Alzheimer’s disease:
morphology and its relationship to tau aggregation. Brain Res. 2001;888(2):
287–96.

9. Parkkinen L, Soininen H, Alafuzoff I. Regional distribution of alpha-synuclein
pathology in unimpaired aging and Alzheimer disease. J Neuropathol Exp
Neurol. 2003;62(4):363–7.

10. Clinton LK, Blurton-Jones M, Myczek K, Trojanowski JQ, LaFerla FM.
Synergistic interactions between Aβ, tau, and α-synuclein: acceleration of
neuropathology and cognitive decline. J Neurosci. 2010;30(21):7281–9.

11. Larson ME, Sherman MA, Greimel S, Kuskowski M, Schneider JA, Bennett DA,
et al. Soluble α-synuclein is a novel modulator of Alzheimer’s disease
pathophysiology. J Neurosci. 2012;32(30):10253–66.

12. Freichel C, Neumann M, Ballard T, Müller V, Woolley M, Ozmen L, et al. Age-
dependent cognitive decline and amygdala pathology in α-synuclein
transgenic mice. Neurobiol Aging. 2007;28(9):1421–35.

13. Toledo JB, Brettschneider J, Grossman M, Arnold SE, Hu WT, Xie SX, et al.
CSF biomarkers cutoffs: the importance of coincident neuropathological
diseases. Acta Neuropathol. 2012;124(1):23–35.

14. Jellinger KA, Attems J. Prevalence of dementia disorders in the oldest-old:
an autopsy study. Acta Neuropathol. 2010;119(4):421–33.

15. Nelson PT, Head E, Schmitt FA, Davis PR, Neltner JH, Jicha GA, et al.
Alzheimer’s disease is not “brain aging”: neuropathological, genetic, and
epidemiological human studies. Acta Neuropathol. 2011;121(5):571–87.

16. Jack CR, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, et al.
NIA-AA research framework: toward a biological definition of Alzheimer’s
disease. Alzheimers Dement. 2018;14(4):535–62.

17. Toledo JB, Korff A, Shaw LM, Trojanowski JQ, Zhang J. CSF α-synuclein
improves diagnostic and prognostic performance of CSF tau and Aβ in
Alzheimer’s disease. Acta Neuropathol. 2013;126(5):683–97.

18. Slaets S, Vanmechelen E, Le Bastard N, Decraemer H, Vandijck M, Martin
J-J, et al. Increased CSF α-synuclein levels in Alzheimer’s disease:
correlation with tau levels. Alzheimer's Dementia. 2014;10(5,
Supplement):S290–S8.

19. Majbour NK, Chiasserini D, Vaikath NN, Eusebi P, Tokuda T, van de Berg W,
et al. Increased levels of CSF total but not oligomeric or phosphorylated
forms of alpha-synuclein in patients diagnosed with probable. Alzheimer’s
Disease. 2017;7:40263.

20. Vergallo A, Bun R-S, Toschi N, Baldacci F, Zetterberg H, Blennow K, et al.
Association of cerebrospinal fluid α-synuclein with total and phospho-
tau181 protein concentrations and brain amyloid load in cognitively normal
subjective memory complainers stratified by Alzheimer’s disease biomarkers.
Alzheimers Dement. 2018;14(12):1623–31.

21. Mollenhauer B, Locascio JJ, Schulz-Schaeffer W, Sixel-Doring F, Trenkwalder
C, Schlossmacher MG. Alpha-synuclein and tau concentrations in
cerebrospinal fluid of patients presenting with parkinsonism: a cohort study.
Lancet Neurol. 2011;10(3):230–40.

Shim et al. Alzheimer's Research & Therapy           (2020) 12:83 Page 11 of 12



22. Hall S, Öhrfelt A, Constantinescu R, et al. Accuracy of a panel of 5
cerebrospinal fluid biomarkers in the differential diagnosis of patients with
dementia and/or parkinsonian disorders. Arch Neurol. 2012;69(11):1445–52.

23. Korff A, Liu C, Ginghina C, Shi M, Zhang J. Alzheimer’s disease neuroimaging
I. α-Synuclein in cerebrospinal fluid of Alzheimer’s disease and mild
cognitive impairment. J Alzheimer's Dis. 2013;36(4):679–88.

24. Tateno F, Sakakibara R, Kawai T, Kishi M, Murano T. Alpha-synuclein in the
cerebrospinal fluid differentiates synucleinopathies (Parkinson disease,
dementia with Lewy bodies, multiple system atrophy) from Alzheimer
disease. Alzheimer Dis Assoc Disord. 2012;26(3):213–6.

25. Wennström M, Surova Y, Hall S, Nilsson C, Minthon L, Boström F, et al. Low
CSF levels of both α-synuclein and the α-synuclein cleaving enzyme
neurosin in patients with synucleinopathy. PLoS One. 2013;8(1):e53250.

26. Twohig D, Nielsen HM. Alpha-synuclein in the pathophysiology of
Alzheimer’s disease. Mol Neurodegener. 2019;14(1):23.

27. Kang J, Irwin DJ, Chen-Plotkin AS, et al. Association of cerebrospinal fluid β-
amyloid 1-42, t-tau, p-tau181, and α-synuclein levels with clinical features of
drug-naive patients with early parkinson disease. JAMA Neurol. 2013;70(10):
1277–87.

28. Twohig D, Rodriguez-Vieitez E, Sando SB, Berge G, Lauridsen C, Møller I,
et al. The relevance of cerebrospinal fluid α-synuclein levels to sporadic and
familial Alzheimer’s disease. Acta Neuropathologica Communications. 2018;
6(1):130.

29. Moussaud S, Jones DR, Moussaud-Lamodière EL, Delenclos M, Ross OA,
McLean PJ. Alpha-synuclein and tau: teammates in neurodegeneration? Mol
Neurodegener. 2014;9(1):43.

30. Jensen PH, Hager H, Nielsen MS, Højrup P, Gliemann J, Jakes R. α-Synuclein
binds to tau and stimulates the protein kinase A-catalyzed tau
phosphorylation of serine residues 262 and 356. J Biol Chem. 1999;274(36):
25481–9.

31. Alim MA, Hossain MS, Arima K, Takeda K, Izumiyama Y, Nakamura M, et al.
Tubulin seeds α-synuclein fibril formation. J Biol Chem. 2002;277(3):2112–7.

32. Alim MA, Ma QL, Takeda K, Aizawa T, Matsubara M, Nakamura M, et al.
Demonstration of a role for alpha-synuclein as a functional microtubule-
associated protein. J Alzheimer's Dis. 2004;6(4):435–42 discussion 43-9.

33. Kawakami F, Suzuki M, Shimada N, Kagiya G, Ohta E, Tamura K, et al.
Stimulatory effect of α-synuclein on the tau-phosphorylation by GSK-3β.
FEBS J. 2011;278(24):4895–904.

34. Bateman RJ, Xiong C, Benzinger TLS, Fagan AM, Goate A, Fox NC, et al.
Clinical and biomarker changes in dominantly inherited Alzheimer’s disease.
N Engl J Med. 2012;367(9):795–804.

35. Shi M, Tang L, Toledo JB, Ginghina C, Wang H, Aro P, et al. Cerebrospinal
fluid α-synuclein contributes to the differential diagnosis of Alzheimer’s
disease. Alzheimers Dement. 2018;14(8):1052–62.

36. Jack CR Jr, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS,
et al. Tracking pathophysiological processes in Alzheimer’s disease: an
updated hypothetical model of dynamic biomarkers. Lancet Neurol. 2013;
12(2):207–16.

37. Lewczuk P, Matzen A, Blennow K, Parnetti L, Molinuevo JL, Eusebi P, et al.
Cerebrospinal fluid Aβ42/40 corresponds better than Aβ42 to amyloid PET
in Alzheimer’s disease. J Alzheimer’s Dis. 2017;55(2):813–22.

38. Niemantsverdriet E, Ottoy J, Somers C, De Roeck E, Struyfs H, Soetewey F,
et al. The cerebrospinal fluid Abeta1-42/Abeta1-40 ratio improves
concordance with amyloid-PET for diagnosing Alzheimer’s disease in a
clinical setting. J Alzheimer’s Dis. 2017;60(2):561–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Shim et al. Alzheimer's Research & Therapy           (2020) 12:83 Page 12 of 12


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Participants and sampling
	CSF collection and processing
	Amyloid-PET acquisition and processing
	CSF analysis
	Quantification of α-synuclein in CSF
	Statistical analysis

	Results
	Demographics and biomarker values
	Pendulum phenomenon at the balance of tau and α-syn
	ROC curve analysis
	Concordance between CSF biomarkers
	Quadruple biomarker profiling
	α-Syn as a biomarker of differential diagnosis in neurodegeneration

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

