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Abstract
In addition to amyloid beta (Aβ) and tau, α-synuclein, best known for its role in Parkinson’s
disease (PD), has been suggested to be involved in cognition and pathogenesis of Alzheimer’s
disease (AD). We investigate the potential of α-synuclein in cerebrospinal fluid (CSF) as a
biomarker of cognitive decline in AD, and its prodromal phase, mild cognitive impairment (MCI).
Using an established, sensitive Luminex assay, we measured α-synuclein levels in the CSF of a
cohort of close to 400 healthy control, MCI and AD subjects obtained from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) and factored in APOE genotype in data analysis. CSF α-
synuclein levels were significantly higher in the MCI (P = 0.005) and AD (P < 0.001) groups,
compared to controls. However, receiver operating characteristic (ROC) curve analysis suggests
that CSF α-synuclein level on its own only offered modest sensitivity (65 %) and specificity (74
%) as a diagnostic marker of AD, with an area under the curve (AUC) value of 0.719 for AD vs
controls. The effect of APOE genotype, if any, was quite subtle. However, there was a significant
correlation between α-synuclein and cognition (P = 0.001), with increased α-synuclein levels
associated with decreased MMSE scores. Our results support a role for α-synuclein even in MCI,
the early phase of AD, in addition to being a potential contributor in MCI and AD diagnosis or
monitoring of disease progression.
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1. Introduction
α-Synuclein, though best characterized for Parkinson’s disease (PD), might also be involved
in Alzheimer’s disease (AD), given that its fragment, non-Aβ component (NAC) was
identified in extracellular plaques in the brains of AD patients [1]. Indeed, it was found
subsequently that 40–50% of AD patients also present with α-synuclein positive Lewy
bodies [2–4] and these patients demonstrate an accelerated cognitive decline [5, 6].
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The interest on α-synuclein in AD has been further developed by evidence suggesting α-
synuclein might interact with Aβ and tau, two critical proteins in AD pathogenesis,
promoting their mutual aggregation [7–10] amplifying neuronal damage and accelerating
cognitive decline [11, 12]. Importantly, the accumulation of α-synuclein alone has also been
shown to significantly disrupt cognition in mice [12, 13], as well as be associated with
cognitive impairment or dementia in synucleinopathies [14, 15].

Several groups have attempted to investigate α-synuclein levels in the brain and
cerebrospinal fluid (CSF) of patients with AD, PD, and dementia with Lewy bodies (DLB).
While many studies demonstrated lower CSF α-synuclein in PD and DLB patients [24, 28,
29], results related to AD patients are quite variable, with no change, lower or higher CSF
α-synuclein in AD reported [16–23]. These inconsistent findings may be due to
methodological differences, limited number of patients, heterogeneous inclusion criteria for
patients, or a lack of appropriate control of blood contamination in CSF, which influences
CSF α-synuclein levels substantially [24].

In the current study, we measured α-synuclein levels in CSF of a large cohort of well-
characterized subjects, using an established and sensitive assay, and with rigorous controls
for blood contamination, as well as consideration of APOE genotype. We asked whether: (1)
there are differences in CSF α-synuclein levels between AD, mild cognitive impairment
(MCI), a prodromal phase of AD, and control groups, and (2) individual α-synuclein CSF
levels are correlated with cognitive impairment as measured by the Mini Mental Status
Exam (MMSE).

2. Materials and methods
2.1 Subjects and samples

CSF samples from subjects with MCI or AD, as well as age matched, healthy controls were
obtained from the original Alzheimer’s Disease Neuroimaging Initiative (ADNI-1). ADNI-1
was launched in 2003 by the National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies and non-profit organizations. The initial
enrollment target for ADNI-1 was 400 patients with MCI, 200 patients with mild AD and
200 healthy controls. The ADNI protocol was approved by the human studies committees at
58 institutions in the United States and Canada. Written and verbal informed consents were
obtained from participants at screening and enrollment. Subjects underwent clinical and
cognitive assessments, including the MMSE, at screening. According to the ADNI1
protocol, lumbar punctures for CSF collection took place at the baseline visit, which was
scheduled no more than 28 days after the screening visit. For details regarding inclusion/
exclusion criteria, cognitive assessment and CSF collection methods, please see http://
adni.loni.ucla.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf.
Briefly, AD subjects had MMSE scores of 20–26, a CDR of 0.5 or 1.0 and met the
NINCDS/ADRDA criteria for probable AD. MCI subjects had MMSE scores of 24–30, a
memory complaint, objective memory loss measured by education adjusted scores on
Wechsler Memory Scale Logical Memory II, a CDR of 0.5, as well as absence of significant
impairment in other cognitive domains and absence of dementia. Control subjects had
MMSE scores of 24–30 and a Clinical Dementia Rating (CDR) of 0.

Only a subset of the ADNI-1 CSF sample set (available at the time of request) was included
in the current study (see Figure 1 for details) and their demographic data, along with average
levels of CSF α-synuclein, with versus without restriction of hemoglobin levels, are
summarized in Table 1. It should be mentioned that, based on the ADNI database, a few
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cases in our cohort did convert to DLB after initial diagnosis as control (n = 1), MCI (n = 2)
or AD (n = 2).

2.2 CSF Hemoglobin and α-synuclein assays
Hemoglobin levels were measured with a human hemoglobin ELISA quantitation kit from
Bethyl Lab Inc (Montgomery, TX, USA) and used as an index of the degree of blood
contamination, which has previously been shown to influence CSF α-synuclein levels
significantly [24]. Total α-synuclein levels were determined by Luminex assay as
previously described [24]. Briefly, CSF samples were thawed on ice, treated 1:1 with 2×
radioimmunoprecipitation assay buffer for 0.5–1 hr and centrifuged at 15 000 g for 10
minutes at 4 °C. Supernatants were removed and 50 μl diluted in 50 μl of assay diluent
(0.1% bovine serum albumin/phosphate buffered saline) loaded per well containing the
capturing antibody-coupled beads. Plates were then incubated for 3 hrs, washed, and the
diluted biotinylated detection antibody added to wells. After another 3 hr incubation, plates
were washed, diluted streptavidin-R-PE added to wells and incubated for 30 minutes. The
plates were then washed and read on a LiquiChip Luminex 200TM Workstation (Qiagen).
The sensitivity of the assay ranged as low as 0.009 ng/ml and the accuracy, as determined by
recovery of spiked α-synuclein protein was about 93 %. The assay also demonstrated low
plate-to-plate, as well as day-to-day variability, with high signal reproducibility and linear
performance in the low pg range.

2.3 Statistical analysis
Statistical analysis was performed using PASW 18.9 Statistics software (SPSS, Inc.,
Chicago, IL, USA). Correlations between CSF α-synuclein and hemoglobin, age and gender
were evaluated using Spearman’s nonparametric correlation. For all subsequent analysis,
CSF α-synuclein data was log transformed to obtain a normal distribution. To compare CSF
α-synuclein levels between diagnostic and APOE genotype groups, a one-way analysis of
variance (ANOVA) followed by the post hoc Tukey honestly significant difference (HSD)
test was performed. A receiver operating characteristic (ROC) curve was used to calculate
the relationship between sensitivity and specificity for the disease group versus healthy
controls, and hence evaluate the diagnostic performance of the analyte. The optimum cut-off
value from the ROC curve is the point at which the sum of sensitivity and specificity is
maximal. Pearson’s correlation was used to evaluate the relationship between CSF α-
synuclein levels and MMSE scores.

3. Results
3.1 Effect of blood contamination, age and gender on CSF α-synuclein levels

Because α-synuclein levels in human blood is much higher than in CSF, it is to be expected
that even minimal blood contamination of CSF could have significant impact on CSF α-
synuclein levels [24]. Consistent with our previous reports, there was a significant
correlation (rho = 0.550; P<0.001) between CSF hemoglobin and α-synuclein levels, with
α-synuclein levels increasing substantially when hemoglobin was >200 ng/ml (Figure 2 A).
When a cut off value of 200 ng/ml was set for hemoglobin, there was no significant
correlation between CSF hemoglobin and α-synuclein levels (Figure 2 B). As a result, all
subsequent statistical analyses were performed in cases with hemoglobin levels ≤200 ng/ml.
There was no significant relationship between CSF α-synuclein levels and age or gender in
this cohort (Supplementary Figure 1).

3.2 CSF α-synuclein levels in controls and patients with MCI and AD
After exclusion of cases with hemoglobin levels >200 ng/ml, there was a significant
difference in CSF α-synuclein levels between groups (P<0.001; Figure 3). CSF α-synuclein
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levels were significantly higher in the MCI group (P = 0.005) and AD group (P<0.001)
compared to the control group. Although there was a trend towards an increase in CSF α-
synuclein in AD compared to MCI groups, it did not reach statistical significance (P =
0.083). As mentioned earlier, a few cases in our cohort did convert to DLB after initial
diagnosis as control, MCI or AD. However, exclusion of these cases from the analysis did
not alter the results (data not shown).

Given that APOE is the most important gene associated with sporadic AD risk, an additional
analysis was performed in cases with APOE genotype ε4/ε4 and ε4/ε3. In this subset of
cases, there was no significant difference in CSF α-synuclein levels between diagnostic
groups (P = 0.087; Figure 3). In addition, because it has been suggested that gender might
influence APOE ε4 associated risk for AD [25, 26], the analysis was also done separately in
males and females with APOE genotype ε4/ε4 and ε4/ε3. In males with APOE genotype
ε4/ε4 and ε4/ε3, there was no significant difference in CSF α-synuclein levels between
diagnostic groups (data not shown; P = 0.786). However, in females with APOE genotype
ε4/ε4 and ε4/ε3 there was a significant difference between groups (P = 0.012), with higher
CSF α-synuclein levels in the MCI (P = 0.029) and AD (P = 0.009) groups compared to
controls (data not shown). Finally, a one-way ANOVA showed no significant difference in
CSF α-synuclein levels between APOE genotype ε4/ε4, ε4/ε3, ε4/ε2, ε3/ε3 and ε2/ε3 (data
not shown).

ROC curve analysis was performed to further evaluate the usage of CSF α-synuclein in AD/
MCI diagnosis. When a cut-off value of 0.49 ng/ml was chosen for α-synuclein, the
sensitivity and specificity for distinguishing AD from control were 65 and 74 %,
respectively (Figure 4 A; Supplementary Table 1). When a cut-off value of 0.41 ng/ml was
selected, the sensitivity and specificity for distinguishing MCI from control were 63 and 61
%, respectively (Figure 4 B; Supplementary Table 1). Performing the ROC curve analysis
on cases with APOE genotype ε4/ε4 and ε4/ε3 did not improve the sensitivity or specificity
for distinguishing AD from control or MCI from control (data not shown).

3.3 Correlation of CSF α-synuclein with cognitive impairment and disease duration
When considering only cases with hemoglobin levels ≤200 ng/ml, there was a statistically
significant correlation (R = −0.204; P = 0.001) between CSF α-synuclein levels and MMSE
score in control, MCI and AD patients together (Figure 5 A). When the analysis was
replicated n control, MCI, and AD separately, while the general trends remained same,
statistical significance was lost, probably because of reduced power with reducing case
numbers. Additional analysis was performed on control, MCI and AD cases with APOE
genotype ε4/ε4 and ε4/ε3. In these select cases, there was no significant correlation between
CSF α-synuclein levels and MMSE score (Figure 5 B). There was also no significant
correlation between CSF α-synuclein levels and disease duration in years in all AD patients
or in AD patients with APOE genotype ε4/ε4 and ε4/ε3 (data not shown).

4. Discussion
We find a significant difference in CSF α-synuclein levels between cognitive normal and
impaired groups. Importantly, not only was CSF α-synuclein levels different in the AD
versus control group, but also the MCI versus control group, with a trend toward an increase
in AD compared to MCI groups. However, ROC curve analysis shows that CSF α-synuclein
on its own only offers modest sensitivity and specificity as a diagnostic marker.
Additionally, factoring in APOE genotype did not affect outcome substantially. On the other
hand, there was a significant, negative correlation between CSF α-synuclein levels and
cognitive function as measured by the MMSE. Together, these data suggest that although
increased CSF α-synuclein levels alone might not be robust enough for AD or MCI
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diagnosis, its increase may be an early feature of cognitive decline, and it may increase
further with the onset of AD dementia, indicating its critical role in AD pathogenesis. A few
important issues are further discussed below.

Age and gender dependence
Like our previous study, there was no correlation between CSF α-synuclein and gender [27].
However, whereas we previously reported a significant correlation between CSF α-
synuclein and age in normal controls, in the current study, we find no such correlation. This
contradictory finding might be explained by the difference in age range for the two studies.
In the current study, the age range for controls were 62–89 (Table 1), compared to an age
range of 21–90 for our previous study [27].

Caveats associated with CSF α-synuclein
α-Synuclein has been measured in several previous studies with contradicting results.
Reesink and colleagues [19] measured CSF α-synuclein levels in 35 DLB, 63 AD, 18 PD
and 34 subjective complaint controls using an ELISA and found no significant difference
between groups. In the DLB but not the AD group, they found a significant positive
correlation between CSF α-synuclein and MMSE. Öhrfelt et al [23] measured CSF α-
synuclein in 66 AD, 15 PD, 15 DLB and 55 control subjects using an ELISA, demonstrating
no differences between controls and PD or DLB groups, but significantly decreased α-
synuclein levels in the AD group versus controls. Moreover, they report that AD patients
with MMSE scores below 20 had significantly lower CSF α-synuclein levels than AD
patients with MMSE scores of 20 or higher. Finally, Hall and colleagues [22] measured CSF
α-synuclein levels in 90 PD, 48 AD, 33 PDD, 70 DLB and 107 control subjects using a
Luminex assay. In contrast to the previous 2 studies, they controlled for blood contamination
of CSF samples by measuring hemoglobin levels. Similar to the results of our current and
previously published studies [24], they found an increase in CSF α-synuclein levels in
patients with AD and decreased levels in patients with PD, PDD and DLB, respectively.
However, the authors did not report any correlation between CSF α-synuclein and MMSE in
any of the groups in this study.

These conflicting results may be the result of methodological differences in α-synuclein
quantification (antibody and assay platform used), lack of appropriate and rigorous control
for blood contamination of CSF samples (varying from no control or a cut-off of <500 RBC/
μl or 1000 ng Hgb/ml [19, 23]), limited number of patients (in some of the studies) or
heterogeneous inclusion criteria for patients. In the current study, we used an established and
sensitive Luminex assay to investigate a relatively large cohort of participants subjected to
rigorous clinical and neuropsychological assessments. In addition, samples were collected,
stored and handled according to standardized procedures, tested for hemoglobin levels and
excluded from the analysis if found to be significantly contaminated with blood (>200 ng/
ml), as this has been shown to influence α-synuclein levels [24]. In fact, if we did not
control for hemoglobin, the conclusion would be totally different, i.e. there were no
statistical difference in CSF α-synuclein levels when comparing AD or MCI vs. controls
(data not shown).

α-Synuclein as a cognition modulator
Only a few groups investigated the correlation between CSF α-synuclein and cognition, and
several caveats of these reports are discussed above. The results of our CSF study are in
agreement with a recent study by Larson and colleagues [16] indicating a role for α-
synuclein in modulation of cognitive impairment. In the study, soluble α-synuclein was
increased approximately 1.7-fold and 2.2-fold in tissue from the inferior temporal gyrus of
AD patients compared to MCI patients and controls, respectively. Strikingly, increased α-
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synuclein was a stronger correlate of cognitive impairment than soluble Aβ and tau levels.
In contrast, an earlier study reported decreased soluble α-synuclein in the frontal cortex of
AD, but not MCI patients compared to controls and this decrease correlated with MMSE
score even in controls, suggesting that α-synuclein levels may be a sensitive index of
synaptic integrity [17].

The mechanism of CSF α-synuclein elevation and its pathological role in AD is unknown.
This is especially intriguing, because diseases with other synucleinopathy, e.g. PD, DLB and
MSA are typically associated with decreased CSF α-synuclein [18, 23, 24, 28, 29].
Although alterations in CSF α-synuclein cannot be explained readily by a simplistic model,
one may speculate that in synucleinopathies with profound Lewy body pathology, the lower
CSF α-synuclein concentrations might be mainly due to trapping α-synuclein in Lewy
bodies, but in AD, the higher CSF α-synuclein may be a result of the release of the protein
from damaged neuron cell bodies or their processes after neurodegeneration. To this end,
exclusion of few cases that converted to DLB (four with <200 ng Hgb/ml) after initial
diagnosis did not change the results or conclusions. However, given presence of Lewy body
pathology at autopsy of a significant number of AD cases [2–4], it is expected that, in a
subset of ADNI subjects, there will be opposite forces to drive CSF α-synuclein levels. This
issue needs to be investigated further by factoring in typical AD biomarkers or when
autopsy results of the cohort become available.

Assuming increased CSF α-synuclein levels in AD reflects increased brain tissue α-
synuclein levels shown by others [16], whether released from damaged cells or not, this
could mean that CSF α-synuclein levels might correlate with AD severity or progression.
This hypothesis is supported by the fact that higher CSF α-synuclein is associated with
lower MMSE scores (Figure 5). Physiologically, the high presynaptic concentration of α-
synuclein and its association with synaptic vesicles suggest a role of the protein in the
modulation of neurotransmitter release [30]. The correlation of higher CSF α-synuclein
levels with lower MMSE scores is consistent with the observation that abnormal elevation of
soluble α-synuclein results in decreases in selected synaptic vesicle proteins, alteration of
the protein composition of synaptic vesicles [16] and subsequently, impaired
neurotransmitter release by neuronal cells [31, 32]. On the other hand, the relative weak
association between CSF α-synuclein and MMSE in the current investigation suggests
significant heterogeneity of the population, and it is imperative to assess the relationship
again in the samples collected longitudinally.

APOE genotype and limitations
A largely negative yet important observation is that APOE genotype did not affect CSF α-
synuclein levels. To this end, studies have shown that subjects with the APOE ε4/ε4 and ε4/
ε3 genotype are at increased risk for developing late onset AD, whereas the APOE ε2 allele
is considered protective [33, 34]. Both the APOE ε2 and ε4 alleles have been associated
with increased risk for PD [35, 36] and the ε4 allele has been associated with an increased
risk for developing dementia in PD [37], although contradictory findings have also been
published [38, 39]. In transgenic mice, α-synuclein induced neurodegeneration involves a
massive increase in ApoE levels and accumulation of insoluble Aβ. Furthermore, ApoE
deletion delays α-synuclein induced neurodegeneration and suppresses accumulation of Aβ
[40]. In the current study, when selecting subjects with the APOE ε4/ε4 and ε4/ε3
genotype, we do not find a significant difference in CSF α-synuclein levels between control,
MCI and AD groups, although a similar trend of increasing levels in MCI and AD versus
control groups remain. When selecting only these cases, the significant correlation between
CSF α-synuclein levels and MMSE scores also disappears. However, the results need to be
interpreted with caution because selecting for APOE ε4/ε4 and ε4/ε3 genotype substantially
reduces the number of subjects (cases are reduced to 16 control, 65 MCI and 36 AD; see
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Figure 1 & Table 1). When analyzing the 2 genders separately, we find that although there is
no significant difference in CSF α-synuclein levels for male groups, there is a significant
difference between female groups, with both MCI and AD groups having higher levels
compared to controls (data not shown). This is interesting, given studies suggesting that
women, but not men that are APOE ε4 heterozygous have a higher risk of developing AD
compared to those without a ε4 allele [25, 26]. Then again, because selecting for APOE ε4/
ε4 and ε4/ε3 genotype and restricting gender substantially reduces the number of subjects (4
control, 26 MCI and 15 AD females; 13 control, 42 MCI and 22 AD males), this observation
on gene/gender interaction is suggestive at the best.

A limitation of our investigation is the potential confounding effect of pharmacotherapy as
subjects were not drug naïve at the time of CSF collection, though the use of many CNS-
active drugs such as antidepressants with anti-cholinergic properties, narcotic analgesics,
neuroleptics with anti-cholinergic properties or anti- Parkinsonian medications were
excluded. Data from our previous study in PD suggest that α-synuclein CSF levels are not
influenced by treatment with dopamine-specific drugs [24]. However, the effect of other
drugs, including anti-AD drugs such as galantamine, donepezil, memantine and
rivastigmine, on α-synuclein CSF levels remains an unknown, potentially confounding
factor.

In conclusion, our results support the argument that α-synuclein plays a significant role in
AD pathogenesis even during its early phase, i.e. MCI. Additionally, when in combination
with other markers, α-synuclein likely contributes to AD diagnosis or monitoring of its
progression. The exact role of the protein in this regard is not known, and definitive
interpretations of changes in CSF analyte levels require precise knowledge of the site of its
formation, as well as all processes that control its concentration in CSF [41]. The effect of
APOE genotype on CSF α-synuclein is not readily observed. Additional, longitudinal
studies on the pathological role and biomarker potential of CSF α-synuclein levels in MCI
and AD are needed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flowchart depicting for control, MCI and AD subjects: the target enrollment number of
ADNI-1, the number of CSF samples received for α-synuclein measurement in the current
study, the number of CSF samples remaining after controlling for blood contamination and
the number of CSF samples from patients with APOE genotype ε4/ε4 and ε4/ε3. Of note,
among the subjects enrolled in ADNI, initial CSF tap rate is only about 50%, and we
received all cases with >10 aliquots CSF samples (the cut-off set by ADNI Repository).
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Figure 2. Correlation of CSF α-synuclein levels with hemoglobin levels
CSF α-synuclein and hemoglobin levels were measured in individual healthy controls and
cases with mild cognitive impairment (MCI) and Alzheimer’s disease (AD). Data shown are
before (A) or after (B) elimination of samples with blood contamination (200 ng/ml
hemoglobin was used as a cut-off). Spearman’s correlation coefficients (rho) and P-values
were rho = 0.550 (P<0.001) and rho = 0.066 (P = 0.292), for before and after elimination of
contaminated cases, respectively.
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Figure 3. Cross-sectional examination of CSF α-synuclein levels
Quantitative Luminex analysis was performed to measure CSF α-synuclein in healthy
controls (CTL) and patients with mild cognitive impairment (MCI) and Alzheimer’s disease
(AD). Data shown are after elimination of samples with blood contamination (200 ng/ml
hemoglobin was used as a cut-off). To obtain a normal distribution, α-synuclein levels were
log transformed. Data are shown for all cases irrespective of APOE genotype (clear bars)
and for cases with APOE genotype ε4/ε4 and ε4/ε3 (solid bars). Data shown are mean ±
SEM. *P = 0.005 and **P<0.001 versus control group in all cases. Number of cases can be
found in Table 1.
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Figure 4. ROC curves to evaluate CSF α-synuclein level as a biomarker of MCI and AD
ROC curve for α-synuclein of (A) mild cognitive impairment (MCI) and (B) Alzheimer’s
disease (AD) versus controls, after elimination of blood contaminated samples (200 ng/ml
hemoglobin was used as a cut-off). To obtain a normal distribution, α-synuclein levels were
log transformed. AUCs, P values, as well as sensitivity and specificity can be found in
Supplementary Table 1.
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Figure 5. Correlation of CSF α-synuclein levels with cognition as measured by MMSE
CSF α-synuclein levels were measured in healthy controls (CTL) and patients with mild
cognitive impairment (MCI) and Alzheimer’s disease (AD). Data shown are after
elimination of samples with blood contamination (200 ng/ml hemoglobin was used as a cut-
off). To obtain a normal distribution, α-synuclein levels were log transformed. Data are
shown for all cases irrespective of APOE genotype (A) and for cases with APOE genotype
ε4/ε4 and ε4/ε3 (B). The correlation coefficients (R) and P-values were R = −0.204
(P<0.01) and R = −0.71 (P = 0.449), for all cases and cases with APOE genotype ε4/ε4 and
ε4/ε3, respectively.
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Table 1

Summary of demographics and α-synuclein values of donors

Control Mild cognitive impairment Alzheimer’s disease

Number of cases

 Total 110 187 92

 After elimination of cases with hemoglobin >200 ng/ml 74 122 60

 APOE ε4/ε4 & ε4/ε3 16 65 36

Gender (F/M)

 Total 54/56 62/125 40/52

 After elimination of cases with hemoglobin >200 ng/ml 36/38 41/81 27/33

Age (years; all cases)

 Mean±SD 75.4±5.2 74.0±7.6 74.4±7.8

 Range 62–89 54–89 56–89

Age (years; after elimination of cases with hemoglobin >200 ng/
ml)

 Mean±SD 75.2±0.6 73.6±0.7 74±1.1

 Range 63–89 55–89 56–89

MMSE score (all cases)

 Mean±SD 29.1±1.0 27.0±1.8 23.6±1.9

 Range 25–30 23–30 20–27

MMSE score (after elimination of cases with hemoglobin >200 ng/
ml)

 Mean±SD 29.1±0.1 26.9±0.2 23.7±0.2

 Range 25–30 23–30 20–26

MMSE score (APOE ε4/ε4 & ε4/ε3)

 Mean±SD 29.1±0.9 26.8±1.7 23.7±1.9

 Range 28–30 23–30 20–26

CSF hemoglobin (ng/ml)

 Mean±SD 684.5±2462.0 585.2±1325.0 500.6±1055.1

 Range 0–23870.6 0–10488.3 0–5208.9

CSF α-synuclein (ng/ml; all cases)

 Mean±SD 0.83±1.40 0.76±0.81 0.83±0.85

 Range 0.10–12.24 0.15–7.17 0.22–6.0

CSF α-synuclein (ng/ml; after elimination of cases with
hemoglobin >200 ng/ml)

 Mean±SD (all) 0.42±0.14 0.50±0.18 0.56±0.20

 Range (all) 0.10–0.82 0.15–1.0 0.22–1.17
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