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Abstract

A robust blood biomarker is urgently needed to facilitate early prognosis for those at risk for 

Alzheimer’s disease (AD). Redox reactive autoantibodies (R-RAAs) represent a novel family of 

antibodies detectable only after exposure of cerebrospinal fluid (CSF), serum, plasma or 

immunoglobulin fractions to oxidizing agents. We have previously reported that R-RAA 

antiphospholipid antibodies (aPLs) are significantly decreased in the CSF and serum of AD 

patients compared to healthy controls (HCs). These studies were extended to measure R-RAA aPL 

in serum samples obtained from Alzheimer’s Disease Neuroimaging Initiative (ADNI). Serum 
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samples from the ADNI-1 diagnostic groups from participants with mild cognitive impairment 

(MCI), AD and HCs were blinded for diagnosis and analyzed for R-RAA aPL by ELISA. 

Demographics, cognitive data at baseline and yearly follow-up were subsequently provided by 

ADNI after posting assay data. As observed in CSF, R-RAA aPL in sera from the AD diagnostic 

group were significantly reduced compared to HC. However, the sera from the MCI population 

contained significantly elevated R-RAA aPL activity relative to AD patient and/or HC sera. The 

data presented in this study indicate that R-RAA aPL show promise as a blood biomarker for 

detection of early AD, and warrant replication in a larger sample. Longitudinal testing of an 

individual for increases in R-RAA aPL over a previously established baseline may serve as a 

useful early sero-epidemiologic blood biomarker for individuals at risk for developing dementia of 

the Alzheimer’s type.
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Introduction

Treating Alzheimer’s disease (AD) before the first appearance of cognitive symptomatology 

is widely considered to be essential in maximizing therapeutic benefit of compounds 

currently under development that are aimed at either halting disease progression and/or at 

least modifying the rate of cognitive decline [1]. The sensitivities of cerebrospinal fluid 

(CSF) biomarkers and brain imaging technologies to detect early stage AD and progression 

are improving, but fall short of being used as standard screening techniques. At present there 

are no established biomarkers in blood that have been replicated in larger studies and have 

proven useful clinically to identify individuals at risk for developing AD.

Several serum markers have been described which may arise from inflammatory events in 

the central nervous system in the early course of AD [2–11]. Approaches using serum matrix 

analysis of multiple analytes [12–17] show promise in developing early detection biomarker 

panels incorporating both inflammatory and other protein biomarkers in the serum. Analysis 

of plasma exosomal content for microRNA (miRNA) [18,19] and pathogenic proteins 

[20,21] are currently undergoing evaluation for early diagnosis of AD.

At present, the fundamental pathophysiological events that give rise to neuronal cell death in 

AD are unknown. Bruce-Keller and co-workers [22] have reported significant elevations in 

NADPH oxidase (NOX) activity in the temporal gyri of mild cognitive impairment (MCI) 

patients. There are also confirmed studies to show that oxidative stress, in both brain and 

peripheral tissues, is one hallmark of early stage AD in cognitively impaired patients 

[23,24]. Of special interest are studies that document increased redox-reactive iron in the 

brains, CSF and peripheral tissues of MCI patients, which correlates with accumulation of 

free radical damage and parallels closely to the degree of cognitive impairment in these 

subjects [25].
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Recently, it was shown that 92% of all human sera tested contain brain-reactive 

autoantibodies; with an increased prevalence of brain-reactive antibodies in AD [26]. These 

data indicate that the humoral immune system is active within the neuropil, and that 

antibodies readily cross the blood brain barrier (BBB) [27] between the CNS and the blood. 

Further, in animal models of multiple sclerosis, components of the neuronal cytoskeleton 

released into the blood during neu-roaxonal loss give rise to neurofilament specific 

autoantibo-dies [28]. The discovery of the presence of serum α-synuclein autoantibodies in 

AD and in Dementia with Lewy Bodies (DLB) further reinforces this concept [27]. There is 

evidence that antiphospholipid (aPL) redox-reactive autoantibodies (R-RAA) are present in 

both serum and CSF of healthy individuals [29,30]. Certain aPL bind to epitopes on PL in 

the presence of specific PL-binding plasma proteins; these aPL are designated as aPL-

dependent (aPLd). Other aPL autoantibodies bind directly to epitopes on the PL, and are 

independent of PL-binding plasma proteins (aPLi). The separate activities can be 

distinguished in the ELISA by using either 10% adult bovine plasma to provide the 

necessary PL-binding proteins, or 1% BSA as serum diluents [31].

R-RAA aPLi and aPLd shown to be unmasked by treatment with a redox reactive reagent 

(hemin) include anti-phosphatidylserine (aPS), anti-cardiolipin (aCL), anti-phosphatidy-

lethanolamine (aPE) and anti-phosphatidylcholine (aPC), and are present in the CSF from 

healthy control (HC) individuals, but in comparison are significantly decreased in CSF taken 

from autopsy-confirmed Alzheimer’s patients (AD) [32,33]. This study was followed by the 

analysis of serum samples from subjects diagnosed with AD and age-matched HC [31]. R-

RAA aPL were significantly reduced in the sera from 16 subjects diagnosed with AD 

compared to 17 age-matched HC. Furthermore, the data from the serum study were analyzed 

using classification and regression tree (CART) analysis to identify R-RAA aPL 

discriminators to classify subjects within the two groups. The ELISA data from two analytes 

(IgG aPEi and IgM aPEd) were able to predict subjects with AD with 100% specificity and 

84% sensitivity [31].

While the discrimination between HC and AD by serum R-RAA aPL measurement provides 

the opportunity to identify a novel biomarker for assessing disease progression, the goal of 

the current study was to identify clinically useful serum biomarkers that appear prior to 

onset of cognitive decline. For this reason, serum samples from subjects diagnosed with 

MCI were included in the present study.

Methods

Serum samples

A pilot study was initiated with coded serum samples from 18 subjects assigned to each of 

three diagnostic groups (n = 6) by the Alzheimer’s Disease Neuroimaging Initiative (ADNI, 

see Appendix) (HC, MCI and AD). The samples were received on dry ice, and stored at −80 

°C until tested. On completion of ELISA analysis of the R-RAA data from these sera, 

subject diagnostic group assignment information were obtained from the ADNI and matched 

to the ELISA data to determine if a predictive relationship between serum R-RAA aPL and 

cognitive status would justify validation in an independent follow-up with a larger sample 

set.
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The follow-up study was initiated with coded serum samples from 90 subjects, assigned by 

ADNI to three diagnostic groups (n = 30) (HC, MCI and AD). After the R-RAA assay 

results from the blinded serum samples were released to ADNI, the R-RAA aPL data used in 

the preparation of this manuscript were matched to the participant diagnosis, demographic 

data and MMSE scores by accessing the ADNI sample database (adni.loni.usc.edu).

Sample preparation

Pilot study—Hemin chloride (Fe3+Cl) at 80–90% purity (Sigma Chemical Co., St. Louis, 

MO) was used to prepare a 112 mM solution of hematin (Fe3+OH) stock solution by 

dissolving hemin powder in 1 M NaOH with gentle stirring for 2 h, and then filtering 

through a Whatman #1 filter followed by storage at 4 °C. The concentration of the hematin 

solution was determined from the extinction coefficient of the monomer absorption maxima 

(385 nm) of 5840 M−1cm−1 [34], and remained stable for a period of at least 4 months.

The coded ADNI serum samples (0.5 ml) were thawed and divided equally into two 

aliquots. Immediately before hemin treatment of the serum either hematin in 1 M NaOH or 1 

M control NaOH solution were slowly added to stirred buffers containing 20 mM Tris, 151 

mM NaC1, 3 mM NaN3 (TBS), pH 7.8. The final pH of the hemin or control buffers was 

adjusted to 7.8 and 0.1 ml aliquots of thawed serum samples were mixed with 0.9 ml of 

hemin and control buffer. The samples were incubated for 20 h on a rocking platform at 

36°C then stored at −80 °C until ELISA analysis.

Follow-up study—Based on the encouraging results obtained in the pilot study, the ADNI 

provided samples for a follow-up study (vide infra). During the period between these 

studies, we had the opportunity to more carefully evaluate protocols and methods to 

optimize conditions for processing serum samples for R-RAA aPL analysis. A more pure 

source of hemin (≥99%, Frontier Scientific, Logan, UT) replaced the Sigma product used in 

the pilot studies. With each change in methodology, bridging studies using a set of serum 

samples from five HC donors frozen in multiple aliquots were used to determine the rank 

order OD output in each aPL ELISA assay. The R-RAA preparation protocol previously 

described [35] was used with modifications.

Aliquots of the 90 ADNI serum samples were thawed and treated with Cleanascite™ 

(Biotech Support Group, Inc., North Brunswick, NJ) at a serum: Cleanascite™ ratio of 4:1 

v/v in 2 ml micro centrifuge tubes with gentle rocking at 37 °C for 10 min followed by 

centrifugation for 1 min at 16 000 g. Treatment with Cleanascite™ removes lipoproteins 

from the serum, which have been shown to bind and undergo oxidation by hemin [36]. The 

supernatants were carefully aspirated, and divided into two aliquots for treatment with or 

without hemin as before. A hematin solution (130 mM) in 1 M NaOH was made from the 

Frontier hemin powder, using the spectro-photometric analysis described for the pilot study 

to determine the concentration. A 0.45 μm Acrodisc PDF filter (Pall Life Sciences, Port 

Washington, NY) was used for the filtration step. An aliquot of the stock hematin solution 

was diluted in TBS and the pH adjusted to 7.8 with 1 M HCl (final hemin concentration = 

1.28 mM). A control buffer without hemin was prepared using the same volume of 1 M 

NaOH and adjusted to pH 7.8 as above. Serum aliquots from each subject were separately 
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diluted 1:15 v/v in the hemin and control TBS buffers, gently rocked for 3 h at 37 °C, then 

stored frozen at −80 °C until ELISA analysis.

aPL ELISA

The thawed hemin-treated and buffer control-treated samples were separately diluted in 1% 

bovine serum albumin (BSA) or 10% adult bovine plasma (ABP) as previously described 

[31] to a final serum dilution of 1:100 for ELISA analyses. The buffers supplemented with 

ABP provide PL-binding plasma proteins that after binding to the PL undergo 

conformational changes that expose the target for aPL autoantibodies [37]. The plasma 

proteins which bind to cardiolipin (CL) are β2-glycoprotein I and prothrombin, whereas 

phosphatidyletha-nolamine (PE) is bound by high and low molecular weight kininogens 

[38]. aPL dependent upon PL-binding plasma proteins are designated in this study as aPLd. 

In the BSA supplemented buffer, the autoantibodies recognize the phospholipid independent 

of plasma proteins [39]. These aPL are designated as aPLi in this study. Three autoantibody 

isotypes (IgG, IgM and IgA) of aPLd and aPLi were assessed for reactivity against 

phosphatidylserine (PS), CL, PE and phosphatidylcholine (PC). All samples were tested in 

triplicate. For the pilot study, the ELISA methodology was conducted exactly as previously 

described [31]. The colorimetric readout from the ELISA assay was performed by 

incubation at 37 °C until OD of the standard positive control aPL reached ~1.0. R-RAA aPL 

activity was expressed as the OD difference between hemin-treated and buffer control-

treated values for each sample.

For the follow-up study, dilutions of each aPL positive control were used to construct a 

calibration curve on each ELISA plate. As before, the colorimetric readout from the ELISA 

assay was performed by incubation at 37 °C until OD of the highest standard positive 

control aPL reached ~1.0. The values for the hemin-treated and buffer control-treated 

samples were interpolated from a standard curve constructed using a second-order 

polynomial to fit the positive control data points. The R-RAA activity (in interpolated OD 

units) was expressed as the OD difference between hemin-treated and buffer control-treated 

values for each sample. As there is no absolute method to quantify the R-RAA aPL ELISA 

results, the ordinates are scaled to “interpolated OD units”.

Statistical analysis of data

Statistical analysis of R-RAA aPL OD values in the three groups of subjects (HC, MCI and 

AD) were performed using one way ANOVA, with Tukey post hoc tests of all pairs [40]. 

Significant p values are indicated in Figures 1 and 2. R-RAA aPL OD values analyzed by 

ANOVA passed the test of homogeneity of variance, with the exception of R-RAA aPCi in 

the follow-up study. In this case, following a Johnson transformation of the OD data, equal 

variance was achieved [40].

A goal of the pilot study was to determine if an in-sample discriminant model using subsets 

of R-RAA aPL data could construct a reasonable model for use in the follow-up study to 

assess the strength and utility of a predictive relationship of serum R-RAA aPL with AD-

related cognitive decline. The machine learning software known as Classification and 

Regression Trees, CART, implemented using the WEKA Data Mining Software [41] and 
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based on Breiman’s original algorithm [42], was used to create an inductive decision tree to 

classify the sample subjects. An inductive decision tree is a set of rules represented by 

decisional nodes and leaves (i.e. terminal nodes) that are assigned to a class. The learning 

process consists of selecting the most discriminative variable according to an impurity 

function to partition the data, and repeating this partition recursively until the nodes are 

considered pure enough to be terminal and then pruning the resultant complete tree to avoid 

over fitting.

Mini-mental state examination (MMSE) scores were used by the ADNI to assign study 

subjects. Following completion of the ELISA data analysis, baseline MMSE scores of the 90 

participating subjects (obtained from the ADNI database) were statistically analyzed for 

significance using the Student–Newman–Keuls Multiple Comparisons Test. Significance 

between MMSE between scores at baseline and last visit of each group was assessed using 

Student’s two-tailed t-test.

Results

Pilot study

By far the most robust differences between R-RAA aPL were observed within the IgG 

isotype. Trends in differences in R-RAA aPL between AD and HC were apparent for both 

IgA and IgM ELISA data, but, because the OD values for the IgA and IgM data were very 

low, only the IgG R-RAA aPL data are presented in this study.

The R-RAA aPEi OD values for the AD group were significantly reduced compared to both 

the MCI and HC groups (Figure 1, panel A). This confirms the observation from our 

previous study of HC and AD, wherein the IgG R-RAA aPEi was significantly reduced in 

the AD group compared to the healthy controls [31], and reflects a similar reduction in R-

RAA aPL observed in the CSF of autopsy confirmed AD subjects compared to HC [33].

In this pilot study robust increases in R-RAA aCLd, aPEd and aPCi were observed in the 

MCI diagnostic group compared to the HC and AD diagnostic groups (Figure 1, panels B–

D). The CART algorithms were used to attempt classification between HC and MCI rather 

than including the group with advanced disease (AD). This justified, as the R-RAA aPL 

response was biphasic with respect to disease progression, and as such classifying three 

phases of AD progression unnecessarily complicated classification statistical analysis. We 

therefore view R-RAA aPL data from patients with AD as integral to understanding the 

physiological relationship between these analytes and the patho-physiology of 

neurodegeneration, but uninformative in terms of diagnostic utility for advanced AD.

CART analysis of the pilot study by using R-RAA IgG aPL data sets from HC and MCI 

subjects to probe for aPL discriminators correctly classified all six subjects in each group 

using a single analyte (aPEd OD ≤ 0.154 = six HC subjects, and aPEd OD>0.154 = six MCI 

subjects) with 100% sensitivity and specificity. When the aPEd data set was removed and an 

independent CART analysis was performed on the remaining IgG aPL classes, aPCi 

emerged as a discriminator with 87.5% sensitivity and 83.5% specificity (OD ≤ 0.895 = five 

HC subjects and OD>0.895 = six MCI subjects with one HC subject misclassified). One 
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further round of CART analysis yielded IgG aCLd with OD ≤ 0.078 defined five HC 

subjects, and OD>0.078 included seven subjects (6 MCI, 1 HC) (sensitivity = 87.5% and 

specificity = 83.5%). As a first approximation, this pilot study provided a model for 

discrimination of MCI subjects from HC.

The validity of the predictor model built with the results from the pilot study used as a 

training set was tested with a separate set of samples used in a follow-up study. The 

hypothesis is that subjects with MCI have elevated R-RAA aPEd, aCLd and aPCi compared 

to HC.

Follow-up study

Demographics for the 90 subjects included in the follow-up study are shown in Table 1. In 

this follow-up study using serum samples of 30 subjects from each of the three diagnostic 

groups (n = 30), three of the eight IgG R-RAA aPL ELISA tests were significantly different 

between at least two diagnostic groups. The results in Figure 2 show R-RAA aPSd, aPEd and 

aPCi demonstrated significant elevation in the MCI group compared to HC, while R-RAA 

aPCi were significantly elevated in the MCI group compared to AD. In the follow-up study, 

quantitative elevation in the R-RAA aCLd, in the MCI group compared to HC and AD did 

not reach statistical significance (Figure 2, panel B).

Due to the biphasic distribution of R-RAA aPL ELISA values among HC and MCI and AD, 

CART analysis across all IgG R-RAA was performed only between the HC and MCI 

groups. The results of CART analysis of 30 HC and 30 MCI are shown in block diagram in 

Figure 3. Data obtained from three of the eight R-RAA aPL IgG analytes classified subjects 

as MCI with a sensitivity of 80.0% and specificity of 83.3%. The discriminators described in 

the pilot study by CART classification statistics, aPCi, aCLd and aPEd, are the three analytes 

identified in the follow-up study.

Follow-up study diagnostic outcomes

ADNI study subjects whose serum samples were tested in the R-RAA aPL assay were 

routinely evaluated using the standard ADNI protocols for an additional 2–3 years after 

serum collection. The MMSE score classifications for baseline and the most recent visit are 

shown in Figure 4. One subject assigned as AD at baseline was reassigned to MCI at the 

most recent visit. Inspection of the diagnostic data revealed that this subject had the highest 

baseline MMSE (28) within the AD diagnostic group and at 4 year follow-up, the subject’s 

MMSE score dropped to 26.

With a few exceptions, the AD group demonstrated cognitive decline over time. From the 90 

subjects evaluated in our study, seven HC converted to MCI, one HC converted to AD and 

14 MCI subjects converted to AD (Figure 4). Two subjects within the original MCI 

diagnostic groups were reclassified as HC upon follow-up as the subject’s MMSE scores 

appeared stable over time. The limitations in the MMSE tool for distinguishing HC from 

MCI in borderline cases are apparent in these two subjects.
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Discussion and conclusions

The increase of R-RAA aPL in MCI patients was demonstrated by exposure of serum to 

redox-reactive iron in the form of hemin. It is possible that hemin accumulation at sites of 

oxidative stress in the early phase of AD promotes formation of post-translationally 

modified autoantibodies to cellular components and these R-RAA aPL decline with disease 

progression. To support this hypothesis, hemin has been shown to bind immunoglobulins 

and to dramatically broaden their antigen binding repertoire [43].

Although little is known about the origin of R-RAA aPL, there is increasing evidence that in 

neurodegenerative diseases dysregulation of the cell membranes of dystrophic neurites can 

result in altered phospholipid profiles in the blood, particularly for PC and PE [44]. 

Externalization of the aminophospholipids (PS and PE) to the outer leaflet of the plasma 

membrane [45] and exposure of mitochondrial CL during neuronal apoptosis, initiated long 

before overt cognitive symptomatology is apparent may elicit an immune response to 

membrane phospholipids. The recent lipidomic mass spectrometry discovery of robust 

serum biomarker lipid profiles in AD subjects [46–48] reinforces the concept that alterations 

in phospholipid metabolism occur early in the prodromal phase of AD.

The concept of using autoantibodies in blood as biomarkers for neurological disturbances in 

the CNS is gaining acceptance. For example, antibodies against both physiological [26] and 

pathological proteins within the CNS are detectable in the blood [49,50]. The persistence 

and abundance of specific biomarker autoantibodies in the blood of neurological disease 

patients may be more disease specific and stable when compared to inflammatory molecule 

bio-markers in the same patients. Our approach to detect specific R-RAA aPL serum 

autoantibodies for biomarker selection may offer a unique opportunity to uncover very early 

pathological events in AD and other neurodegenerative diseases. Further studies are needed 

to explore the relationship between disease progression and R-RAA aPL titers.

The data presented in this study strongly support R-RAA aPL measurement as a promising 

serum biomarker for detection of early AD. Elevated serum levels of R-RAA aPL decline 

with disease progression to AD, as previously noted [31], and reflect a similar reduction in 

R-RAA aPL observed in the CSF of autopsy confirmed AD subjects compared to HC [33].

The biphasic response of serum R-RAA aPL biomarkers in studies with a small number of 

subjects progressing from pre-symptomatic through MCI to AD would be expected to result 

in some inter-study variation across diagnostic groups between the pilot and follow-up 

study. A second contributor to inter-study variability is that several subjects diagnosed with 

MCI at baseline did not progress to a definitive clinical diagnosis of AD by conclusion of 

the follow-up study (Figure 4). It is therefore possible that some of these subjects were 

suffering from neurodegenerative disease(s) other than AD.

Studies to assess fluctuations of serum biomarker levels from a larger population of subjects 

are anticipated to assess predictability of the R-RAA aPL biomarker for staging AD by 

analyzing measurements from serial serum samples. These data will determine whether the 

sensitivity for detection of early AD at the stage of MCI is enhanced by following the 

changes in the R-RAA aPL biomarker over time in a given individual.
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Further collaborative studies are anticipated to assess selectivity of the biomarker for AD 

versus other neurological diseases, thereby establishing the feasibility of developing the R-

RAA aPL diagnostic as a routine screening technology for individuals at risk for developing 

AD. As with any new biomarker diagnostic that has the potential for identifying individuals 

at risk for developing a life-threatening and disabling disease, acceptance will only come 

after the diagnostic yields are proven accurate and predictive when used in a large 

population of individuals over time.
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Appendix

The ADNI 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, as a 

$60 million, 5-year public–private partnership. The primary goal of ADNI has been to test 

whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), 

other biological markers and clinical and neuropsychological assessment can be combined to 

measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease 

(AD). Determination of sensitive and specific markers of very early AD progression is 

intended to aid researchers and clinicians to develop new treatments and monitor their 

effectiveness, as well as lessen the time and cost of clinical trials. The Principal Investigator 

of this initiative is Michael W. Weiner, MD, VA Medical Center and University of 

California – San Francisco. ADNI is the result of efforts of many co-investigators from a 
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broad range of academic institutions and private corporations, and subjects have been 

recruited from over 50 sites across the US and Canada. The initial goal of ADNI was to 

recruit 800 subjects but ADNI has been followed by ADNI-GO (RC2-AG036535) and 

ADNI-2. To date these three protocols have recruited over 1500 adults, aged 55–90, to 

participate in the research, consisting of cognitively normal older individuals, people with 

early or late MCI, and people with early AD. The follow up duration of each group is 

specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO (RC2 AG036535). Subjects 

originally recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. 

Additional support for data analysis was provided by NIH grants P30 AG10133 and RO1 

AG19771.
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Figure 1. 
ADNI pilot study (six subjects/group. Data = Mean ± SEM). Hemin unmasked redox 

reactive autoantibody (R-RAA) aPL activity in sera from healthy control subjects (HC, 

white bars) and subjects diagnosed either with Mild Cognitive Impairment (MCI, grey bars) 

or Alzheimer’s Disease (AD, black bars); as assessed by standardized cognitive tests (see 

text for details). ELISA OD values were normalized to positive control OD values (~1.0) 

from qualified lots of anti-phospholipid antisera within each ELISA assay. Intrinsic antibody 

activity (OD values of the same serum sample prepared in the absence of hemin and 

analyzed identically) is subtracted from the hemin-treated OD values to give the R-RAA 

aPL OD units for the serum samples reported in the figure.

McIntyre et al. Page 13

Autoimmunity. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Hemin unmasked redox reactive autoantibody (R-RAA) activity in sera from healthy control 

subjects (HC, white bars) and subjects diagnosed either with Mild Cognitive Impairment 

(MCI, grey bars) or Alzheimer’s Disease (AD, black bars) as assessed by standardized 

cognitive tests (see Methods section for details). ELISA OD values for the subjects (Mean ± 

SEM, n = 90) were interpolated from standard curves constructed from qualified lots of anti-

phospholipid antisera as positive controls. Intrinsic antibody activity (interpolated OD 

values of the same serum sample prepared in the absence of hemin and analyzed identically) 

is subtracted from the hemin-treated interpolated OD values to give the R-RAA aPL OD 

units for the serum samples reported in the figure.
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Figure 3. 
Classification and regression tree (CART) analysis of R-RAA aPL from 60 serum samples 

from the ADNI [30 healthy control subjects (HC) and 30 subjects diagnosed with Mild 

Cognitive Impairment (MCI)].
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Figure 4. 
Diagnostic group assignments at last follow-up (white bars – HC, grey bars – MCI and black 

bars – AD) of a total of 30 subjects grouped by diagnostic group assignment at baseline. Of 

the two subjects assigned as MCI at baseline and HC at last follow-up, the first subject 

(baseline MMSE = 26) had a last follow-up at 6 months (MMSE score = 30). The second 

subject had a consistent MMSE score of 30 at 7, 13 and 19 and last follow-up at 25 months, 

and may have been incorrectly assigned in the database. The single subject assigned AD at 

baseline (MMSE score = 28) and subsequently reassigned MCI was followed up at 9, 18, 19, 

38 and 49 months with MMSE scores of 26, 29, 28, 28 and 26, respectively, indicating 

uncertainty in interpreting the subject’s assigned diagnostic groups from the MMSE scores 

alone.
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Table 1

Participant demographics.

Features HC MCI AD

Number of subjects 30 30 30

Age, years (SD) 76.90 ± 4.67§ 77.24 ± 6.77§ 77.41 ± 8.18§

Gender, male % 50.00 66.67 53.33

APOE-4 (% with at least 1 allele) 36.67 46.67 60.00

Baseline MMSE 29.33 ± 0.84 27.10 ± 2.17 23.5 ± 2.01

Last visit MMSE 29.00 ± 1.55§ 24.43 ± 6.19* 19.40 ± 6.07***

Abbreviations: HC, healthy control; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MMSE, Mini-Mental State Examination.

Analysis of variance of MMSE scores of the three groups at either baseline or at last visit were all significantly different from each other (p<0.001, 
Student–Newman–Keuls multiple comparisons test). Two-tailed t-test of MMSE between scores at baseline and last visit of each group are 
appended to the table.

§
Not significant.

*
p<0.05.

***
p<0.001.
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