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tau (t-tau), phosphorylated tau181 (p-tau181), and amyloid 
beta1-42 (Aβ1-42) in subjects of the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI; n = 389), with longitu-
dinal clinical assessments. A strong correlation was noted 
between α-syn and t-tau in controls, as well as in patients 
with AD and mild cognitive impairment (MCI). However, 
the correlation is not specific to subjects in the ADNI 
cohort, as it was also seen in PD patients and controls 
enrolled in the Parkinson’s Progression Markers Initiative 
(PPMI; n = 102). A bimodal distribution of CSF α-syn 
levels was observed in the ADNI cohort, with high levels 
of α-syn in the subjects with abnormally increased t-tau 
values. Although a correlation was also noted between  
α-syn and p-tau181, there was a mismatch (α-syn–p-tau181-
Mis), i.e., higher p-tau181 levels accompanied by lower  
α-syn levels in a subset of ADNI patients. We hypothesize 
that this α-syn–p-tau181-Mis is a CSF signature of concom-
itant lBD pathology in AD patients. Hence, we suggest 
that inclusion of measures of CSF α-syn and calculation 
of α-syn–p-tau181-Mis improves the diagnostic sensitivity/
specificity of classic CSF AD biomarkers and better pre-
dicts longitudinal cognitive changes.

Keywords Alzheimer’s disease · Parkinson’s disease · 
Dementia with lewy body · Cerebrospinal fluid · Amyloid 
β · Tau · α-Synuclein

Abstract Alzheimer’s disease (AD) and lewy body dis-
eases (lBD), e.g., Parkinson’s disease (PD) dementia and 
dementia with lewy bodies (DlB), are common causes of 
geriatric cognitive impairments. In addition, AD and lBD 
are often found in the same patients at autopsy; therefore, 
biomarkers that can detect the presence of both patholo-
gies in living subjects are needed. In this investigation, 
we report the assessment of α-synuclein (α-syn) in cer-
ebrospinal fluid (CSF) and its association with CSF total 
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Introduction

Alzheimer’s disease (AD) is the most common cause of 
aging-related dementia. Clinically, it is characterized by a 
progressive cognitive decline that primarily affects memory 
and causes impairments in activities of daily living. Patho-
logically, AD is defined by the presence of amyloid-β (Aβ) 
plaques and neurofibrillary tangles in the brain [35], but the 
accuracy of the clinical diagnosis of AD verified at autopsy 
is ~90 %, even in specialized centers [2, 57]. Notably, diag-
nostic accuracy may be increased by analysis of key bio-
markers in the cerebrospinal fluid (CSF) of AD patients, 
namely Aβ1-42, total tau (t-tau) and tau phosphorylated at 
residue 181 (p-tau181), as well as imaging studies [57]. 
Consequently, the most recent National Institute of Aging 
(NIA) research clinical diagnostic criteria for AD incorpo-
rate the use of these CSF biomarkers and positron emission 
tomography (PeT) neuroimaging of Aβ [32], which show a 
good correlation with Aβ deposits in brain [24, 58].

One of the major challenges in AD diagnosis is the com-
mon co-morbid presence of other neurodegenerative dis-
eases such as Parkinson’s disease (PD) [18, 38, 57], which 
cannot be accurately detected in living subjects with current 
CSF or imaging biomarkers. For example, clinical evidence 
of parkinsonism is often seen in AD patients and it is well 
established that up to 50 % of familial and sporadic AD 
patients show evidence of lewy bodies (lBs) upon autopsy 
[10, 28, 37]. Clinically, AD patients with concomitant lB 
pathology demonstrate accelerated cognitive decline [39, 
41]. In addition, AD pathology (i.e., amyloid plaques and 
neurofibrillary tangles) is frequently present in PD patients 
with dementia (PDD) [13, 17] and in most dementia with 
lewy body (DlB) cases [57].

given the apparent overlapping pathology between AD 
and lewy body diseases (lBD), one would expect that the 
inclusion of lBD biomarkers with classic AD biomarkers 
will improve diagnostic assessment of cognitively impaired 
patients. To date, the most extensively tested CSF bio-
marker of lB pathology is α-synuclein (α-syn), the major 
building-block protein of lBs. In general, α-syn levels 
appear to be lower in PD and related lBD subjects com-
pared to age-matched, healthy controls [12, 19, 33, 51]. 
Although α-syn is best known for its involvement in PD’s 
motor signs, several independent lines of evidence suggest 
that α-syn may also play a role in cognition. For example, 
α-syn-positive cortical lBs are associated with dementia 
in PD [13, 31, 60]. In addition, increased brain levels of 
soluble α-syn have been found to correlate with cognitive 
impairment in AD [25]. The interest in α-syn in AD has 
been further developed by evidence suggesting that path-
ological α-syn might interact with Aβ and tau to promote 
their mutual aggregation, thereby amplifying neuronal 
damage [1, 8, 15, 59] and accelerating cognitive decline [4, 

30]. The accumulation of α-syn alone has also been shown 
to significantly disrupt cognition in mice [4].

In the current investigation, we report the assessment 
of CSF α-syn and examine its association with CSF t-tau, 
p-tau181 and Aβ1-42 in the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) cohort composed of control (CN), mild 
cognitive impairment (MCI), a prodromal phase of AD, and 
AD subjects, as well as in the Parkinson’s Progression Mark-
ers Initiative (PPMI), composed of CN and PD subjects.

Methods

Subjects

Data used in the current study were downloaded on March 
5th, 2013 from the ADNI database (adni.loni.ucla.edu). The 
ADNI has been described and extensively reviewed else-
where ([65]; see also http://www.adni-info.org; supplemen-
tary methods). For the current study, 389 subjects (110 CN, 
187 MCI, and 92 AD) in the ADNI-1 cohort [42] had α-
syn measured in baseline CSF samples (Table 1). The same 
neuropsychological testing battery was applied to all ADNI 
subjects with visits scheduled every 12 months, except 
for the MCI subjects who had additional visits at 6 and 
18 months after baseline assessment. The tests included in 
the neuropsychological battery are the Mini-Mental State 
examination (MMSe), AD Assessment Scale-cognitive 
subscale (ADAS-Cog), clock drawing test, rey Auditory 
Verbal learning Test, Digit Span forward and backward, 
category fluency, trail making test, digit symbol substitu-
tion test, and Boston naming test. Although not performed 
at the baseline visit, the logical memory test was applied in 
the subsequent visits. Further details are described in the 
ADNI procedures manual (http://adni.loni.ucla.edu/wp-
content/uploads/2010/09/ADNIgeneralProceduresManual.
pdf). We calculated z-scores for the short-term memory and 
executive domain based on stable CN subjects as detailed 
previously [58].

A second cohort included subjects from the PPMI 
cohort. Briefly, PPMI is designed to identify PD progres-
sion biomarkers and is conducted at 24 American, Austral-
ian, and european sites [29, 55] (http://www.ppmi-info.org/
study-design/). The study is approved by the Institu-
tional review Board of all participating sites and written 
informed consent was obtained from all participants. The 
data set used here was downloaded from the PPMI database 
on March 15th, 2013. Of note for the current study, only 
39 CN and 63 PD subjects with CSF α-syn, t-tau, p-tau181 
and Aβ1-42 levels available were included. Also, four clini-
cal PD subjects without evidence of dopamine transporter 
(DaT) deficit (SWeDD) on DaT scan were excluded from 
the analysis (Table 2).

http://www.adni-info.org
http://adni.loni.ucla.edu/wp-content/uploads/2010/09/ADNIGeneralProceduresManual.pdf
http://adni.loni.ucla.edu/wp-content/uploads/2010/09/ADNIGeneralProceduresManual.pdf
http://adni.loni.ucla.edu/wp-content/uploads/2010/09/ADNIGeneralProceduresManual.pdf
http://www.ppmi-info.org/study-design/
http://www.ppmi-info.org/study-design/
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CSF collection and biomarker measurement

For the ADNI cohort, baseline CSF samples were obtained 
in the morning after an overnight fast. lumbar puncture 
was performed with a 20- or 24-gauge spinal needle as 
described previously [49] (see ADNI procedures manual 
(http://www.adni-info.org/; supplementary material). For 
the PPMI subjects, procedures followed the instructions 
detailed in the PPMI procedures manual (http://www.ppmi-
info.org/; see supplementary material) as reviewed previ-
ously [19].

For both cohorts, Aβ1-42, t-tau and p-tau181 were meas-
ured using the xMAP luminex platform (luminex Corp, 
Austin, TX) with Innogenetics (INNO-BIA AlzBio3; 
ghent, Belgium; for research use-only reagents) immu-
noassay kit-based reagents. The capture monoclonal anti-
bodies used were 4D7A3 for Aβ1-42, AT120 for t-tau and 
AT270 for p-tau181. The analyte-specific detector antibod-
ies were HT7 and 3D6. Innogenetics AlzBio3 intra-assay 
variability is <4 %, inter-assay variability is <10 % [40] 
and lower limit of quantification (llOQ) is 30–40 pg/ml  
for t-tau, 20–50 pg/ml for Aβ1-42 and 8–10 pg/ml for 

Table 1  ADNI subjects included in the study

a Mean (standard deviation)
b Median (1st quartile–3rd quartile)

CN (n = 110) MCI (n = 187) AD (n = 92) p value

Age at baseline (years)a 75.4 (5.2) 74.0 (7.6) 74.4 (7.7) 0.24

gender (% male) 50.9 % 66.8 % 56.2 % 0.02

education (years)a 15.7 (2.8) 15.8 (3.0) 15.0 (3.2) 0.12

MMSea 29.1 (1.0) 27.0 (1.8) 23.6 (1.9) <0.0001

ADAS-Coga 9.7 (4.2) 18.6 (6.7) 28.5 (8.5) <0.0001

Hemoglobin (Hgb) (ng/ml)b 42.4 (0.0–418.8) 24.9 (0.0–477.7) 87.5 (0.0–338.4) 0.79

Cases with Hgb above 200 ng/ml  
(% above 200 ng/ml)

32.7 % 34.8 % 34.8 % 0.93

α-Syn (ng/ml)b 0.46 (0.35–0.63) 0.57 (0.41–0.77) 0.63 (0.49–0.81) 0.00004

α-Syn (ng/ml) excluding subjects  
with high Hgbb

0.39 (0.34–0.39) 0.50 (0.39–0.61) 0.53 (0.41–0.69) <0.0001

CSF total proteins (mg/dl)b 43.5 (33.3–52.0) 41 (34.5–54.0) 43.5 (32.3–53.8) 0.99

α-Syn/total proteins ratiob 0.008 (0.008–0.016) 0.013 (0.009–0.019) 0.015 (0.010–0.021) 0.0009

α-Syn/total proteins ratio excluding  
subjects with high Hgbb

0.009 (0.007–0.012) 0.011 (0.008–0.015) 0.012 (0.010–0.031) 0.0005

Aβ1-42 (pg/ml)b 220.0 (159.0–253.0) 146.0 (128.0–202.0) 136.0 (120.8–160.5) <0.0001

t-tau (pg/ml)b 61.0 (48.0–86.0) 87.0 (65.0–122.0) 110.5 (81.0–153.0) <0.0001

p-tau181 (pg/ml)b 20.0 (16.0–29.0) 31.5 (21.0–45.0) 36.0 (29.0–49.0) <0.0001

Table 2  PPMI subjects 
included in the study

MoCA Montreal Cognitive 
Assessment
a Mean (standard deviation)
b Median (1st quartile–3rd 
quartile)

CN (n = 39) PD (n = 63) P value

Age at baseline (years)a 58.4 (13.1) 61.8 (10.1) 0.24

gender (% male) 53.8 61.9 0.42

education (years)a 16.8 (2.4) 16.4 (2.5) 0.15

Disease duration (years)a – 0.6 (0.8) –

MDS-UPDrS III motor scorea 1.6 (2.7) 22.6 (7.6) <0.0001

MoCAa 28.4 (0.96) 27.1 (2.1) 0.001

Hemoglobin (ng/ml)b 0.0 (0.0–83.1) 22.4 (0.0–345.1) 0.056

Cases with Hg above 200 ng/ml  
(% above 200 ng/ml)

15.4 % 28.6 % 0.20

α-Syn (ng/ml)b 1.30 (0.95–1.64) 0.95 (0.66–1.35) 0.012

Aβ1-42 (pg/ml)b 256.0 (226.5–270.5) 228.7 (204.5–257.0) 0.046

t-tau (pg/ml)b 50.0 (38.0–68.5) 40.0 (27.0–62.0) 0.0026

p-tau181 (pg/ml)b 22.0 (19.0–28.5) 19.0 (15.0–25.5) 0.0091

http://www.adni-info.org/
http://www.ppmi-info.org/
http://www.ppmi-info.org/
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p-tau181 [62]. Further details are described in Shaw et al. 
[49, 50]. For the α-syn assay in the ADNI cohort, luminex 
MicroPlex Microspheres (luminex Corp, Austin, TX) 
were chemically coated with rabbit anti-α-syn antibody, 
ASY-1 [7, 27]. A biotinylated goat anti-human α-syn 
antibody (r&D systems, Minneapolis, MN, USA) was 
used as the detection antibody. The α-syn luminex assay 
applied in the ADNI cohort demonstrated low day-to-day 
as well as plate-to-plate signal variability (<5 % with >80 
plates analyzed), with high signal reproducibility and lin-
ear performance in the low pg range (the llOQ is 9.0 pg/
ml). Accuracy for the assay, as determined by recovery of 
spiked α-syn, was ~93 % [12]. A detailed protocol can be 
downloaded from the ADNI website. Also, since α-syn is 
abundant in red blood cells (rBC) and release of the pro-
tein from lysed rBC in CSF may confound interpretation 
of α-syn levels, hemoglobin (Hgb) was measured in each 
CSF sample to monitor CSF contamination by rBC [12, 
19]. For this purpose, we used a human hemoglobin elISA 
quantitation kit from Bethyl lab Inc (Montgomery, TX, 
USA), which has sensitivity well beyond our cut-off value 
of 200 ng/ml (assay range 6.25–400 ng/ml). Samples were 
run in duplicate, with CVs in the <10 % range, and samples 
with CV ≥20 % were rerun. In the PPMI cohort, CSF α-
syn was analyzed at Covance using a commercially avail-
able elISA assay kit (Covance, Dedham, MA) [33, 34], as 
described previously [19] (also see supplementary mate-
rial). The α-syn elISA assay used in the PPMI showed a 
mean CV for duplicates of α-syn measurements of 6.0 % 
(range 0.8–13.2 %) for 102 CSF samples and the llOQ is 
6.1 pg/ml.

Statistical analysis

For the analyses included in Tables 1 and 2, one-way ANO-
VAs were used for quantitative normally distributed vari-
ables. For non-normally distributed quantitative variables, 
Kruskal–Wallis and rank-based two-way methods were 
used. Chi-square tests were applied for qualitative vari-
ables. Due to the heteroscedasticity of the cognitive tests 
in different cognitive groups, a robust test (percentile boot-
strap one-step M-estimator) was used to compare the dif-
ferent groups [66]. For further analyses, distributions of 
the variables and residuals were tested and power transfor-
mations applied as needed. Based on data from previous 
studies [12, 20], we selected 200 ng/ml Hgb in CSF as the 
cut-off to exclude cases in which interpretation of α-syn 
might be confounded by rBC contamination of CSF sam-
ples. Association between biomarkers in covariate-adjusted 
models was tested using linear regression models. Partial 
correlation (rpc) was obtained in these adjusted models. 
Distribution of residuals and absence of multicollinearity 
was tested in these models (variance inflation factor <4).

A logistic regression analysis was applied for classi-
fication of CN against AD and MCI subjects for each of 
the studied CSF biomarkers. Importantly, in biomarker 
research, classifiers, especially when multiple markers are 
included, while fitting well in the studied population, might 
work poorly in an independent cohort. This is largely due 
to the fact that the classifier(s) may also be fitting the noise 
that is characteristic to the studied samples, a phenomenon 
referred to as “overfitting”. To avoid this potential problem, 
the subjects were randomly divided into discovery (70 %) 
vs. validation (30 %) sets. To train a classifier and cross-
validate the cutoffs in the discovery set, the subjects in 
the discovery set were further randomly split 10 times to 
form training (70 %) vs. test (30 %) sets. The cutoffs of 
the model were selected in the discovery set using accu-
racy and kappa index as performance metrics [22, 63]. The 
obtained logistic regression model was then applied to the 
validation set and sensitivity, specificity and the area under 
the curve (AUC) in the receiver operating characteristic 
(rOC) curve were obtained [45].

The mismatch between the expected α-syn levels with 
respect to p-tau181 levels (α-syn–p-tau181-Mis) was calcu-
lated as the standardized residual of the linear regression 
model that predicted α-syn based on p-tau181, adjusted for 
Hgb in the whole ADNI cohort.

A Cox hazards model, with age, gender and education 
as covariates, was used to study the conversion of MCI 
to AD for the different CSF biomarkers studied here. 
Standardized values (mean = 0, standard deviation = 1) 
were used for the biomarker values in order to compare 
the effect size of the association. We analyzed differ-
ent quantitative outcome measures longitudinally using 
mixed-effects models [23, 43] to assess their association 
with the CSF biomarkers studied. Two random effects 
were included: an intercept and follow-up time measured 
in weeks. Age, gender and clinical diagnosis at baseline 
were included in the model as fixed effects. In addi-
tion, in the first model the t-tau/Aβ1-42 ratio, the α-syn/
Aβ1-42 ratio and the combination of the t-tau/Aβ1-42 ratio 
with α-syn or α-syn–p-tau181-Mis were included as fixed 
effects in different models. An interaction between time 
and clinical diagnosis, and time and CSF biomarker ratio 
was also included. Statistical tests were two-sided and 
significance was set at p < 0.05. In the case of multiple 
comparisons, Benjamini–Hochberg correction for multi-
ple comparisons was applied. Analyses were performed 
using r v. 2.15.3 [44]. Notably, besides the analysis of 
the demographic and biomarker variables in Table 2, the 
only analyses performed in the PPMI cohort involved 
the association between t-tau and α-syn (summarized in 
Fig. 1h), and the association of α-syn with age or gen-
der. All other analyses described were performed in the 
ADNI cohort.
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Fig. 1  Display of Hgb and α-syn levels with both axes square-rooted 
(a). Display of α-syn levels on the y-axis and Aβ1-42 (b), t-tau (c) 
and p-tau181 (d) on the x-axis. Display of age against adjusted α-syn 
levels, after regressing out t-tau (e). Display of t-tau and p-tau181 on 
the x- and y-axis, respectively; α-syn levels are represented using a 
color scale with violet indicating lower α-syn levels and red indicat-
ing higher α-syn levels (f). Histogram showing the distribution of α-

syn levels stratified by AD-based cut-offs for Aβ1-42 and t-tau. Verti-
cal black lines represent the median α-syn values of the whole sample 
(center line) and the low (left) and high (right) α-syn groups (g). t-tau 
and α-syn CSF levels in CN (red) and PD (blue) PPMI subjects and 
their regression lines (h). Box plots showing the distribution of α-syn 
levels based on clinical diagnosis and CSF based groups (i)
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Results

Demographics and hemoglobin

A total of 389 ADNI and 102 PPMI subjects who had val-
ues for CSF α-syn, Aβ1-42, t-tau and p-tau181 were included 
in the current study. Clinical and demographic character-
istics of the studied subjects are summarized in Tables 1 
and 2, respectively. ADNI clinical groups differed in gen-
der, MMSe, ADAS-Cog, Aβ1-42, t-tau, and p-tau181. Initial 
description of clinical characteristic and alterations in CSF 
α-syn, Aβ1-42, t-tau, and p-tau181 for PPMI CN subjects and 
levodopa therapy-naïve PD patients are reported separately 
[19].

Among the 389 ADNI subjects with CSF α-syn meas-
urements, 34.2 % were shown to have high CSF Hgb 
levels (>200 ng/ml). Consistent with earlier reports [12, 
20, 51], there was a significant association between CSF 
α-syn and Hgb levels (Fig. 1a) and therefore, subjects 
with Hgb levels above the 200 ng/ml cutoff value were 
excluded, resulting in a total of 256 subjects who were 
available for further analyses. In the PPMI cohort, the 
correlation between Hgb and α-syn was also significant as 
described previously [19]. Consequently, 6 CN and 18 PD 
with Hgb levels >200 ng/ml were excluded from the anal-
ysis. remarkably, α-syn values of the included subjects 
(Hgb <200 ng/ml) in the ADNI cohort clearly showed a 
bimodal distribution with a right-sided skew (Supplemen-
tary Fig. 1).

Correlation of CSF α-syn with CSF tau and Aβ1-42

When CSF α-syn levels were analyzed in relationship 
to CSF tau species and Aβ1-42 using an age- and gender-
adjusted model (Fig. 1b–d), there was a strong associa-
tion with t-tau (t = 18.7, p < 0.0001, rpc = 0.76), a slightly 
weaker association with p-tau181 (t = 13.9, p < 0.0001, 
rpc = 0.66), and a much weaker association with Aβ1-

42 (t = −2.6, p = 0.009, rpc = −0.17). CSF t-tau levels 
remained significantly associated with CSF α-syn measures 
when adjusted for Aβ1-42 (t = 18.8, p < 0.0001), including 
those with normal Aβ1-42 levels (t = 5.3, p < 0.0001), or 
p-tau181 (t = 8.3, p < 0.0001) (Fig. 1f).

To further investigate the relationship between α-syn and 
classical AD markers, using the cutoffs of CSF Aβ1-42 and 
t-tau values established previously [49], the entire ADNI 
cohort, regardless of clinical diagnosis, was classified into 
three groups: (1) abnormally increased t-tau independent of 
Aβ1-42 values (n = 101); (2) abnormally decreased Aβ1-42 
with normal t-tau values (n = 76); and (3) a non-AD-like 
CSF profile of t-tau and Aβ measures (n = 76). remark-
ably, the bimodal distribution observed for CSF α-syn 
values was highly correlated with two distinct categories 

based on t-tau levels (Fig. 1g). Specifically, the group with 
higher α-syn values (centered on 0.56 ng/ml) overlapped 
largely with the group with abnormally high levels of CSF 
t-tau, which is part of the AD CSF signature (Fig. 1g) as 
previously reported [49]. In contrast, the group with lower 
CSF values of α-syn (centered on 0.35 ng/ml) overlapped 
essentially with the cases without abnormally high CSF 
t-tau (Fig. 1g). Thus, it is important to emphasize that a 
subject with a clinical diagnosis of dementia of the AD 
type does not always demonstrate AD pathology at autopsy. 
It is those patients with CSF signatures of AD, especially 
increased tau and p-tau181, who are most likely to be con-
firmed with classic AD pathology at autopsy.

To examine the specificity of the association of α-syn 
with t-tau, we next explored the relationship between 
these two CSF biomarkers in CN subjects and in patients 
with PD, a different class of neurodegenerative disorder, 
enrolled in the PPMI study, where cognitive impairment 
at baseline is an exclusion criterion. Despite the fact that 
α-syn was measured by a different technology platform, 
the strong correlation between α-syn and t-tau and p-tau181 
remained as reported previously [19]. Also noted is that 
this association was shifted down in PD subjects (t-tau: 
t = −2.1, p = 0.0039; p-tau181: t = −2.0, p = 0.052) 
(Fig. 1h). Furthermore, as reported by other groups [12, 19, 
51], α-syn levels were lower in PD subjects compared to 
CN (t = −2.1, p = −0.039), indicating that the presence of 
lBD decreases CSF α-syn levels (Supplementary Fig. 2). 
On the other hand, in sharp contrast to AD cases, CSF t-tau 
and p-tau181 levels are lower in PD compared to CN [19], 
indicating that the presence of lBD decreases CSF α-syn 
levels regardless of t-tau levels.

In the ADNI cohort, it was also apparent that some cases 
demonstrated higher p-tau181 with accompanying lower α-
syn (Fig. 1d). This observation led us to hypothesize that 
a mismatch (α-syn–p-tau181-Mis) between the expected 
CSF α-syn levels with respect to the CSF p-tau181 lev-
els would be observed in AD cases with concomitant lB 
pathology. By this calculation, α-syn–p-tau181-Mis val-
ues below 0 would indicate lower CSF α-syn levels than 
predicted based on  p-tau181 levels. A total of 101 patients 
in the ADNI cohort (69 MCI and 32 AD) had a negative 
α-syn–p-tau181-Mis, which we hypothesize is a marker of 
the presence of concomitant lB pathology in the brains of 
these subjects. Of note, in the ADNI cohort analyzed cur-
rently, two cases have autopsy results available. Both had 
lB pathology in addition to a diagnosis of AD (Braak stage 
V and CerAD C). Interestingly, the α-syn–p-tau181-Mis 
for these two cases was −0.79 and −2.75, which, though 
quite preliminary with only two cases analyzed, supports 
the value of α-syn–p-tau181-Mis as a surrogate marker of 
lB pathology in subjects with clinical dementia of the AD 
type.
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Demographic variables, association with APOe  
and diagnostic sensitivity and specificity

As previously reported [20], after controlling for age, gen-
der, and APOe genotype, the different clinical diagno-
ses showed an association with CSF α-syn levels (MCI: 
t = 2.4, p = 0.0016; AD: t = 4.6, p < 0.0001). Curiously, 
the association was not significant once the presence of 
abnormal t-tau values was included in the model (MCI: 
t = 0.23, p = 0.08; AD: t = 1.3, p = 0.18; Fig. 1i). On 
the other hand, while age-dependence was not appreciable 
without t-tau, an association between increasing age and 
α-syn levels (t = 2.4, p = 0.016; Fig. 1e) was discovered 
when t-tau was included in the model. Similarly, although 
no gender effect was observed in each diagnostic category, 
female patients showed lower levels of α-syn (compared 
to males) when the analysis was adjusted for t-tau levels 
(t = −2.1, p = 0.034). Notably, in the PPMI cohort, there 
was no association between α-syn and gender (p = 0.29) or 
age (p = 0.40) in the analysis, whether adjusted for t-tau 
levels and clinical diagnosis or not. This agrees with what 
has been reported previously in PPMI subjects [19].

With respect to the bimodal distribution of CSF α-syn 
levels in relationship to clinical diagnosis (Fig. 1i), CN 
with normal CSF Aβ1-42 and t-tau values had lower α-syn 
levels than MCI and AD subjects with abnormal CSF Aβ1-

42 and t-tau measures (t = −7.0, p < 0.0001 and t = −7.3, 
p < 0.0001, respectively). Conversely, there was a trend for 
CN with abnormal Aβ1-42 and t-tau to have higher levels 
of α-syn than MCI with normal Aβ1-42 and t-tau (t = 2.0, 
p = 0.059), indicating that subjects with underlying AD 
pathology as defined by an abnormal CSF profile of Aβ1-42 
and t-tau have increased CSF α-syn values, even when they 
are clinically asymptomatic.

It has been demonstrated that the APOe ε4 allele is 
strongly associated with an increased risk for AD. How-
ever, in this cohort, an association between APOe ε4 and 
α-syn levels was not observed, with or without factoring in 
Aβ1-42 and tau species (data not shown).

We then tested if classifiers including CSF α-syn or 
α-syn–p-tau181-Mis could improve the classification of AD 
or MCI versus CN subjects based on the t-tau/Aβ1-42 ratio 
that is widely used as a CSF biomarker for classification of 
AD versus CN. In a predefined discovery–validation para-
digm, this CSF biomarker classifier was trained and tested 
in one set of subjects and then validated in an independent 
sample set comprising unused subjects. The panel of CSF 
biomarkers that best classified AD against CN with the 
highest sensitivity was the combination of the t-tau/Aβ1-42 
ratio and α-syn [sensitivity (Se), 75.0 %; specificity (Sp), 
85.2 %], whereas the highest specificity was obtained with 
the panel consisting of the t-tau/Aβ1-42 ratio and α-syn–p-
tau181-Mis (Se, 70.0 %; Sp, 88.9 %) (Table 3; Fig. 2). Ta
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Similarly, for classification of MCI against CN, the t-tau/
Aβ1-42 ratio and α-syn–p-tau181-Mis offered the best results, 
although all combinations offered low specificity (Se, 
85.0 %; Sp, 46.2 %) (Table 3; Fig. 2).

Association of CSF biomarkers with clinical outcomes 
assessed longitudinally in the ADNI cohort

Of the 76 CN, 17 converted to MCI, two converted to 
dementia, one with a diagnosis of AD and the other with a 

non-AD dementia diagnosis. Among 122 MCI subjects, 61 
subjects converted to AD at follow-up (median follow-up 
for MCI 158.9 weeks; for MCI stable 157.1 weeks and for 
MCI progressors 174.6 weeks). To focus on the set with a 
sufficient number of conversions for analysis (i.e., MCI to 
AD), a Cox hazards model was used with adjustment for 
age, gender, and education. The standardized t-tau/Aβ1-

42 ratio (Fig. 3a; Hr = 1.31, p = 0.045) was significantly 
associated with conversion of MCI subjects to dementia of 
the AD type, and the standardized α-syn values alone or in 

Fig. 2  receiver operating charts (rOC) showing area under the 
curve (AUC), specificity and sensitivity of t-tau/Aβ1-42 (a), α-syn/
Aβ1-42 (b), t-tau/Aβ1-42 and α-syn (c), and α-syn–p-tau181-Mis and 

t-tau/Aβ1-42 (d) in classifying CN against AD. rOC for t-tau/Aβ1-42 
(e), α-syn/Aβ1-42 (f), t-tau/Aβ1-42 and α-syn (g), and t-tau/Aβ1-42 and 
α-syn–p-tau181-Mis (h) for the classification of CN against MCI

Fig. 3  Survival function for the 
Cox hazards model analyzing 
the progression of MCI to AD 
in the age, gender, and educa-
tion adjusted model for t-tau/
Aβ1-42 (a) and α-syn–p-tau181-
Mis, including t-tau/Aβ1-42 as 
a covariate (b). Although the 
variables examined here were 
treated as quantitative in the 
analysis, the graphs represent 
the extreme tertiles for ease of 
visual representation
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combination with the t-tau/Aβ1-42 ratio did not improve the 
performance of t-tau/Aβ1-42 ratio (Hr = 0.089, p = 0.08). 
However, decreasing CSF α-syn–p-tau181-Mis was sig-
nificantly associated with increased conversion to AD in 
the t-tau/Aβ1-42 ratio adjusted model (Fig. 3b; Hr = 0.74, 
p = 0.023) and adding α-syn–p-tau181-Mis slightly 
enhanced the performance of t-tau/Aβ1-42 ratio (Hr = 1.40, 
p = 0.019).

Next, we tested the association between the baseline 
CSF biomarkers studied here and longitudinal clinical 
measures in the ADNI cohort, using a mixed-effects model 
adjusted for age, gender, diagnosis at baseline, and educa-
tion (Table 4). Increased CSF α-syn/Aβ1-42 and t-tau/Aβ1-

42 ratios were clearly associated with a decline/worsening 
of ADAS-Cog, CDr, short-term and working memory and 
executive function during follow-up and the t-tau/Aβ1-42 
ratio was also associated with worse baseline ADAS-Cog 
and short-term and delayed memory scores (Table 4). 
When CSF α-syn and/or the α-syn–p-tau181-Mis was tested 
in the model, low values in either of the α-syn measures 
were associated with a worse cognitive outcome, with 
α-syn–p-tau181-Mis generally showing a stronger asso-
ciation. As shown in Fig. 4 and Table 4, a more negative 
CSF α-syn–p-tau181-Mis value (a hypothesized surrogate 
marker of concomitant lB pathology) showed increasing 
trend of faster longitudinal decline, especially in executive 
function, working memory and short-term memory, even 
for the cases with normal Aβ1-42 values (Fig. 4). Moreo-
ver, inclusion of α-syn–p-tau181-Mis increased the asso-
ciation of the t-tau/Aβ1-42 ratio with all cognitive changes 
as observed previously in the model that studied the con-
version from MCI to AD (data not shown). Finally, low 

α-syn–p-tau181-Mis was associated with higher (i.e., worse) 
baseline ADAS-Cog.

Fig. 4  longitudinal cognitive changes for MCI subjects with stand-
ardized short term memory (a), delayed memory (b), executive func-
tion (c), and working memory (d) scores represented in the y-axis 
and the follow-up time represented in the x-axis. Predicted values 
for MCI subjects with low (circle −0.72), middle (triangle −0.15), 
or high (square 0.40) α-syn–p-tau181-Mis based on the model that 
includes all subjects (in red) and on the model that includes only sub-
jects with normal Aβ1-42 levels (in blue Aβ1-42 at baseline >192 pg/ml) 
are represented in each graph

Table 4  Association of α-syn/Aβ1-42, t-tau/Aβ1-42, α-syn and α-syn–p-tau181-Mis with longitudinal neuropsychological and severity measures in 
age, gender, clinical diagnosis and education adjusted analyses in the whole sample

All the p values are adjusted for multiple comparisons
a t-tau/Aβ1-42 was included in this model as a covariate

α-Syn/Aβ1-42 t-tau/Aβ1-42 α-Syna α-Syn–p-tau181-Misa

Baseline longitudinal 
change

Baseline longitudinal 
change

Baseline longitudinal 
change

Baseline longitudinal 
change

ADAS-Cog t = 1.6; 
p = 0.30

t = 3.3; 
p = 0.003

t = 3.7; 
p = 0.004

t = 6.3; 
p < 0.0001

t = −3.3; 
p = 0.11

t = −3.5; 
p = 0.002

t = −2.8; 
p = 0.032

t = −4.5; 
p < 0.0001

CDr t = −0.64; 
p = 0.66

t = 4.6; 
p < 0.0001

t = 0.08; 
p = 0.97

t = 6.9; 
p < 0.0001

t = −1.3; 
p = 0.34

t = −3.1; 
p = 0.005

t = −1.5; 
p = 0.30

t = −2.9; 
p = 0.006

Short term 
memory

t = −1.2; 
p = 0.34

t = −3.2; 
p = 0.004

t = −2.8; 
p = 0.031

t = −4.4; 
p < 0.0001

t = 1.6; 
p = 0.30

t = 1.9.; 
p = 0.08

t = 1.2; 
p = 0.34

t = 2.8.; 
p = 0.009

Delayed 
memory

t = −2.9; 
p = 0.18

t = −1.5; 
p = 0.14

t = −3.8; 
p = 0.004

t = −1.8; 
p = 0.08

t = 0.57; 
p = 0.69

t = 1.4; 
p = 0.16

t = 0.03; 
p = 0.97

t = 1.82; 
p = 0.08

executive 
function

t = −0.5; 
p = 0.71

t = −2.7; 
p = 0.011

t = −1.5; 
p = 0.30

t = −4.7; 
p < 0.0001

t = 1.8; 
p = 0.30

t = 2.6; 
p = 0.014

t = 2.2; 
p = 0.14

t = 3.0; 
p = 0.006

Working 
memory

t = −1.3; 
p = 0.34

t = −1.1; 
p = 0.27

t = −1.1; 
p = 0.38

t = −2.3; 
p = 0.034

t = −0.23; 
p = 0.92

t = 2.1; 
p = 0.049

t = 0.31; 
p = 0.85

t = 2.7; 
p = 0.011
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given the bimodal distribution of CSF α-syn levels dis-
cussed above, we also studied the subjects with normal 
baseline CSF Aβ1-42 levels to see if α-syn measurements 
are useful diagnostically in subjects who are not expected 
to have significant AD pathology (Table 5). Neither α-syn/
Aβ1-42 nor t-tau/Aβ1-42 ratios alone showed an association 
with longitudinal cognitive changes in this group. In con-
trast, when the CSF α-syn–tau181-Mis values were added to 
the model, the CSF t-tau/Aβ1-42 ratio became significantly 
associated with worsening in working memory and short-
term memory, although the association did not survive 
adjustment for multiple comparisons (p = 0.13 for both 
measures). However, the association of the CSF α-syn–p-
tau181-Mis ratio with ADAS-Cog remained significant after 
correction for multiple comparisons (Table 5).

Discussion

Strengths of the current study of CSF α-syn, Aβ1-42, t-tau, 
and p-tau181 in AD, MCI, and CN subjects include the 
availability of Hgb measurements to control for blood 
contamination in CSF that substantially affects α-syn lev-
els, detailed neuropsychological testing and a longitudinal 
follow-up in the ADNI cohort, as well as the inclusion of a 
second cohort consisting of CN and levodopa therapy-naïve 
PD subjects from PPMI to test the associations of CSF bio-
markers in AD and PD as well as MCI and CN. In addition 
to assessing the effects of demographic factors and APOe 
genotype, we demonstrated a strong correlation of α-syn 
and t-tau in AD and CN. Although the curve was shifted 
down in PD versus CN subjects (Fig. 1h), the association 

was also reported earlier in the PPMI cohort [19]. When 
considering CSF t-tau, a bimodal distribution of CSF α-syn 
was noted in the ADNI cohort, i.e., cases with increased 
t-tau and normal t-tau correlated distinctly with higher and 
lower α-syn levels, respectively. We also noticed a mis-
match between α-syn and p-tau181 (α-syn–p-tau181-Mis) in 
a subset of ADNI subjects. Inclusion of α-syn and/or the 
mismatch not only improved diagnostic sensitivity and 
specificity of t-tau/Aβ1-42, but also better predicted conver-
sion from MCI to AD and longitudinal cognitive changes.

In a previous investigation, CSF α-syn levels clearly cor-
related with age, independent of gender [12]. In the cur-
rent study, however, the association is much weaker and 
only became significant when adjusted for CSF t-tau levels, 
which is likely due to the fact that the age span is much nar-
rower in the ADNI cohort (55–89 years) compared to pre-
vious studies (21–90 years). Another consideration is that 
previous studies identified AD pathology in up to one-third 
of CN subjects [5, 52], which might help explain some of 
the variable results reported previously [53, 56, 61].

The positive association between CSF t-tau and α-syn 
levels in CN, PD, and AD subjects indicates that both 
biomarkers respond similarly to neurodegenerative brain 
injury. However, alterations in CSF tau species and α-syn 
are quite different in AD vs. PD. Specifically, the levels of 
CSF tau species are increased in AD but decreased in PD 
in most well controlled studies [19, 36, 51, 67]. While CSF 
α-syn levels appear to be lower in PD and higher in AD, 
there is a clear bimodal distribution in relationship to t-tau 
(Fig. 1g). Specifically, elevated levels of CSF α-syn were 
not present in subjects with normal t-tau values. One inter-
pretation of this result is that significant neuronal damage 

Table 5  Association of α-syn/Aβ1-42, t-tau/Aβ1-42, α-syn and α-syn–p-tau181-Mis with longitudinal neuropsychological and severity measures in 
age, gender, clinical diagnosis and education adjusted analyses in subject with normal baseline Aβ1-42 values

All the p values are adjusted for multiple comparisons
a t-tau/Aβ1-42 was included in this model as a covariate

α-Syn/Aβ1-42 t-tau/Aβ1-42 α-Syna α-Syn–p-tau181-Misa

Baseline longitudinal 
change

Baseline longitudinal 
change

Baseline longitudinal 
change

Baseline longitudinal 
change

ADAS-Cog t = 0.5; 
p = 0.90

t = −1.5; 
p = 0.35

t = 1.7; 
p = 0.67

t = 0.4; 
p = 0.78

t = −1.3; 
p = 0.67

t = −2.9; 
p = 0.13

t = −1.6; 
p = 0.67

t = −3.3; 
p = 0.021

CDr t = 0.15; 
p = 0.92

t = −0.1; 
p = 0.96

t = −0.5; 
p = 0.90

t = 1.3; 
p = 0.41

t = 1.3; 
p = 0.66

t = −1.5; 
p = 0.35

t = 1.24; 
p = 0.67

t = −1.3; 
p = 0.41

Short term 
memory

t = −0.4; 
p = 0.90

t = 0.10; 
p = 0.95

t = −0.8; 
p = 0.84

t = −1.1; 
p = 0.43

t = 0.3; 
p = 0.90

t = 1.5; 
p = 0.35

t = 0.3; 
p = 0.90

t = 2.2; 
p = 0.13

Delayed 
memory

t = −1.1; 
p = 0.67

t = 1.1; 
p = 0.41

t = −1.4; 
p = 0.67

t = 0.53; 
p = 0.71

t = −0.4; 
p = 0.90

t = 1.2; 
p = 0.41

t = −0.3; 
p = 0.90

t = 1.2; 
p = 0.41

executive  
function

t = 1.1; 
p = 0.67

t = 0.11; 
p = 0.95

t = 1.2; 
p = 0.67

t = −1.0; 
p = 0.43

t = 0.7; 
p = 0.84

t = 1.4; 
p = 0.41

t = 1.2; 
p = 0.67

t = −1.4; 
p = 0.43

Working 
memory

t = −0.8; 
p = 0.84

t = 1.9; 
p = 0.24

t = −0.66; 
p = 0.88

t = 0.64; 
p = 0.66

t = −0.03; 
p = 0.97

t = 2.3; 
p = 0.13

t = 0.22; 
p = 0.90

t = 2.4; 
p = 0.13
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associated with AD pathologies causes an increased release 
of both tau species and α-syn, as in cases with Creutzfeldt–
Jakob disease [9, 11, 54, 57]. However, the fact that PD 
cases, including those in the PPMI cohort, showed lower 
values of tau species along with α-syn, argues that the 
regulation of CSF tau species and α-syn is more com-
plex than interpretations based on a simplistic model of 
increased release of these analytes secondary to neuronal 
damage. Other factors to consider in interpreting these 
data are: (1) in diseases with lB pathology, α-syn may be 
trapped in lBs in the CNS, as is speculated to occur with 
the sequestration of Aβ1-42 into plaques to account for low 
CSF Aβ1-42 levels in AD [26, 54, 57]; and (2) the possibil-
ity that the release of t-tau and α-syn are increased in AD 
but decreased in PD. Indeed, this is the fundamental ration-
ale for our efforts to develop the α-syn–p-tau181-Mis value 
to differentiate the contribution of AD neuropathology 
(increased p-tau181) and lBD neuropathology (decreased 
α-syn) in subjects with dementia consistent with a diagno-
sis of AD.

It should be stressed that while most studies, including 
ours reported here, showed decreased CSF α-syn levels in 
PD patients [9, 12, 19, 33, 34, 51], results on CSF α-syn 
reported in AD subjects are highly variable. In the ADNI 
cohort, we recently demonstrated higher CSF α-syn lev-
els in AD subjects, a finding that has been reported previ-
ously by some [9, 33, 51], but not all other studies [53], as 
well as higher CSF α-syn levels in MCI subjects [20]. A 
small sample size (in some studies), inadequate control for 
rBC contamination of CSF samples, methodological dif-
ferences in α-syn quantification (antibody and assay plat-
form used), and selection of groups without standardized 
clinical assessment scales may account for these conflicting 
results. For the classification accuracy of AD against CN, 
α-syn alone showed modest sensitivity and specificity in 
the ADNI cohort [20], but α-syn and α-syn–p-tau181-Mis 
improved upon the performance of the t-tau/Aβ1-42 ratio 
(Table 3). Similarly, using CSF biomarkers to distinguish 
MCI subjects from CN showed that the combination of 
α-syn–p-tau181-Mis and t-tau/Aβ1-42 provided better sensi-
tivity, although the accuracy of the studied biomarkers for 
the classification of MCI stable subjects versus MCI sub-
jects who progressed to AD was much lower than the one 
obtained when classifying CN subjects against AD subjects 
(see Table 3). Two main reasons for this performance are 
the greater heterogeneity underlying the MCI syndrome 
[47] and the fact that, as discussed earlier, Aβ1-42, t-tau, and 
p-tau181 changes are expected to take place in pre-sympto-
matic stages of AD, thereby confounding the results [14]. 
Notably, improvements in the sensitivity and/or specificity 
of CSF biomarkers by combining the multimodal analy-
sis of these biomarkers, especially those involved in inde-
pendent cellular mechanisms, e.g., tau with Aβ1-42 [9, 57] 

or complement C3 and factor H with Aβ1-42 [67], is well 
documented. Thus, it is likely that factoring in α-syn and 
or α-syn–p-tau-Mis with tau and Aβ1-42 better predicts 
AD [17, 37, 38], especially those with concomitant lB 
pathology.

With regard to the longitudinal clinical outcome in the 
ADNI cohort, as expected, the t-tau/Aβ1-42 ratio was sig-
nificantly associated with conversion from MCI to AD. 
remarkably, decreasing α-syn–p-tau181-Mis values, 
hypothesized to be indicative of the presence of lB pathol-
ogy, were associated with increased conversion from MCI 
to AD and adding α-syn–p-tau181-Mis enhanced the perfor-
mance of the t-tau/Aβ1-42 ratio. Furthermore, as expected, 
we found that the t-tau/Aβ1-42 ratio was significantly associ-
ated with baseline cognitive impairment, as well as a worse 
cognitive outcome at follow-up. Importantly, low baseline 
CSF α-syn–ptau181-Mis was also associated with baseline 
cognitive impairment, and both low baseline CSF α-syn 
and α-syn-ptau181-Mis were associated with a worse cog-
nitive outcome determined at follow-up, especially in tests 
associated with frontal lobe, i.e., executive function, work-
ing, and short-term memory. Finally, only the inclusion of 
the CSF t-tau/Aβ1-42 ratio and an α-syn measure (α-syn or 
α-syn–ptau181-Mis) predicted cognitive decline in the pop-
ulation of subjects with normal Aβ1-42 values. These find-
ings are not only consistent with the clinical observation of 
faster cognitive decline in the lB variant of AD or AD with 
concomitant lBD [21, 39], but also argues that the addi-
tive effect of coincident “independent” pathologies might 
trigger cognitive deficits at lower thresholds [3, 13, 48]. At 
an experimental level, this hypothesis is well supported by 
in vitro and in vivo studies showing that α-syn, Aβ and tau 
interact, promoting their mutual aggregation, amplifying 
neuronal damage and accelerating cognitive decline [4, 8, 
16]. In human autopsy investigations, as noted above, lB 
pathology is often present in AD cases. Conversely, AD 
pathology is not an infrequent finding in patients with PD, 
PDD and DlB [13, 17, 18, 37, 46, 57].

A few caveats associated with the current study need 
to be emphasized. First, there are only two cases with a 
neuropathological diagnosis of combined AD and con-
comitant lB pathology in the ADNI cohort analyzed. To 
further test our hypothesis that CSF α-syn–ptau181-Mis 
values can be used to detect a lB pathology component 
in clinically diagnosed AD, a larger number of cases with 
a neuropathological diagnosis that include AD subjects 
with and without lBD are needed. Also, we cannot quan-
titatively compare the values for α-syn between control 
groups of the PPMI and ADNI cohorts, as different assay 
platforms (elISA and xMAP luminex) with different 
antibody sets were used. Indeed, the same two assays have 
been compared head-to-head in a Fox Foundation spon-
sored investigation, which showed that both assays detect 
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α-syn with reasonable sensitivity and variability, with 
good agreement in detecting PD vs. controls, but there is 
a clear difference in the absolute concentration of α-syn 
reported by the two assays (http://www.ppmi-info.org/wp-
content/uploads/2011/05/PPMI-synuclein-interlabora-
tory-study.pdf). Notably, it is common to observe sig-
nificant differences between elISA and luminex assays. 
For example, compared to Innogenetics AlzBio3 xMAP 
luminex, Innogenetics elISAs show 2–6 times higher val-
ues for t-tau, p-tau181 and Aβ1-42 in the same CSF samples, 
although the values tend to correlate well with each other 
[6, 64]. Finally, it should be pointed out that in the ADNI 
cohort, subjects were not drug naïve at the time of CSF 
collection; and therefore, we cannot exclude any potential 
confounding effect of pharmacotherapy on CSF biomarker 
levels. To this end, it needs to be stressed that an associa-
tion between CSF α-syn and t-tau is also detected in the 
PPMI baseline cohort, where the subjects had no present 
or past exposure to dopaminergic medications or drugs that 
interfere with dopamine transporter SPeCT (single-photon 
emission computed tomography) imaging.

In conclusion, our studies reported here confirm and 
extend evidence for a strong association between CSF α-
syn and t-tau and p-tau181, with the most important new 
finding in this study being the association of α-syn and 
α-syn–p-tau181-Mis with longitudinal clinical outcomes not 
only in MCI and AD patients, but also in CN subjects in the 
presence of the most well-established AD CSF biomarkers, 
i.e., Aβ1-42, t-tau, and p-tau181. We also confirmed previous 
results of α-syn and additionally demonstrated the signifi-
cance of α-syn in improving diagnostic sensitivity/specific-
ity provided by Aβ1-42, t-tau and p-tau181. Finally, our data 
prompt us to hypothesize that it may be feasible to use CSF 
α-syn–p-tau181-Mis values to detect co-existing lB pathol-
ogy, but this needs to be validated by follow-up studies, 
especially those consisting of more cases with neuropatho-
logical information.
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