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Abstract

INTRODUCTION:Blood-based biomarkers are a cost-effective andminimally invasive

method for diagnosing the early and preclinical stages of amyloid positivity (AP). Our

study aims to investigate our novel immunoprecipitation-immunoassay (IP-IA) as a test

for predicting cognitive decline.

METHODS:Wemeasured levels of amyloid beta (Aβ)X-40 and AβX-42 in immunopre-

cipitated eluates from the DELCODE cohort. Receiver-operating characteristic (ROC)

curves, regression analyses, and Cox proportional hazard regression models were

constructed to predict AP by Aβ42/40 classification in cerebrospinal fluid (CSF) and

conversion tomild cognitive impairment (MCI) or dementia.

RESULTS:We detected a significant correlation between AßX-42/X-40 in plasma and

CSF (r = 0.473). Mixed-modeling analysis revealed a substantial prediction of AßX-

42/X-40withanareaunder the curve (AUC)of0.81 forAP (sensitivity: 0.79, specificity:
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0.74, positive predictive value [PPV]: 0.71, negative predictive value [NPV]: 0.81).

In addition, lower AβX-42/X-40 ratios were associated with negative PACC5 slopes,

suggesting cognitive decline.

DISCUSSION:Our results suggest that assessing the plasmaAβX-42/X-40 ratio via our

semiautomated IP-IA is a promising biomarker when examining patients with early or

preclinical AD.

KEYWORDS

Alzheimer’s disease, amyloid beta, biomarker, dementia, MCI, plasma

Highlights

∙ New plasma Aβ42/Aβ40measurement using immunoprecipitation–immunoassay

∙ Plasma Aβ42/Aβ40 associated with longitudinal cognitive decline

∙ Promising biomarker to detect subjective cognitive decline at-risk for brain amyloid

positivity

1 BACKGROUND

Alzheimer’s disease (AD) is a global public health challenge, with

a growing number of people being diagnosed with AD worldwide,1

resulting in rising health care costs and an increasing disease burden.2

Currently, AD is diagnosed via a combination of cerebrospinal fluid

(CSF) biomarkers such as phosphorylated tau protein 181 (p-tau-

181), amyloid beta 42 (Aβ42), or rather Aβ42/Aβ40 ratio, Aβ positron

emission tomography (PET),3 as well as clinical evaluation including

neuropsychological testing.4 Most recently, the National Institute on

Aging–Alzheimer’s Association (NIA-AA) presented a draft of revised

clinical guidelines for AD, defining AD purely by amyloid positivity

(AP) measured by PET, cerebrospinal fluid (CSF), or plasma amyloid

biomarker.5However, CSFbiomarkermeasurements are invasive (lum-

bar puncture) or expensive (PET). Measuring the Aβ42/Aβ40 ratio in

plasma has recently been suggested to constitute a reliable indica-

tor of cerebral amyloid pathology in AD.6–13 Although several studies

have indicated that plasma Aβ42/Aβ40 can differentiate cerebral

amyloid pathology from normal aging, its performance in predict-

ing cognitive decline and identifying patients at risk for AD remains

thus far unclear. Currently, blood assays for supporting clinical AD

diagnosis rely largely on mass spectrometry–based detection of Aβ

species, with the drawbacks of high costs and limited availability.

In this study, we aim to evaluate the utility of a recently described

novel immunoprecipitation–immunoassay (IP-IA)8 as a cost-effective,

robust, and rapid assay for predicting cognitive decline in a cohort

enriched for high-risk individuals. As novel antibody-based treat-

ment strategies targeting amyloid in the brain have been approved,

and the NIA-AA aims to define AD based on AP, peripheral Aβ

measurements are important for screening, detection, and disease

monitoring.

The DELCODE (DZNE Longitudinal Cognitive Impairment and

Dementia) study,14 a longitudinal study following the clinical progres-

sion of cognitively normal individuals and patients with subjective

cognitive decline (SCD) or mild cognitive impairment (MCI), provides

an excellent opportunity to validate our IP-IAmethod forAβX-42/X-40

measurement in plasma.

2 METHODS

2.1 Participants

In this study, we included 779 participants from the DELCODE study, a

longitudinal study following the clinical progression of cognitively nor-

mal individuals and patients with SCD or MCI. All participants were

volunteers or help-seeking patients recruited through memory clinics

within Germany. Study participants went through annual neuropsy-

chiatric and medical evaluations, including biomarker and imaging

analysis.14 This study was registered at the German Clinical Trials

Registry on May 4, 2015 (# DRKS00007966). A full neuropsychiatric

assessment, including a blooddraw,was performed annually during the

study visits. Collected bloodwas processed immediately by each study

center using uniform standard operating procedures (SOPs). For this

study, one aliquot of ethylenediaminetetraacetic acid (EDTA) plasma

was provided that was frozen within 30 minutes after blood collection

and kept frozen until use.

2.2 Standard protocol approvals, registration, and

patient consents

All participants provided their written informed consent to participate

in this study. The research protocols for specimen sampling and data

collection were approved on each study site. The study was conducted

according to the Declaration of Helsinki.
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2.3 Aβ measurements

A total of 500 µL EDTA plasma samples was obtained from the DEL-

CODE cohort. All samples were collected and processed according

to the highly standardized DELCODE standard operating procedures

(SOPs) and stored at −80◦C. The levels of AβX-38, AβX-40, AβX-42,

and their corresponding AβX-42/X-40 ratio were measured using our

semi-automated IP-IA, as reported previously.8,15 The automated Aβ

immunoprecipitation (IP) from plasmawas performed on a CyBio FeliX

liquid-handling instrument (Roboscreen, Leipzig, Germany), followed

by the measurement of Aβ species using the Mesoscale Discovery Aβ

V-Plex immunoassay (6E10).

Briefly, ethylenediamine tetraacetic acid (EDTA) plasma samples

were thawed, vortexed, and centrifuged at 10,000 × g for 10 min

at room temperature. A total of 200 µL plasma was mixed with

25 µL magnetic beads (sheep anti-mouse IgG Dynabeads [M-280,

Invitrogen/ThermoFischer Scientific Waltham, MA, USA]) coupled

to monoclonal anti-amyloid-β antibody (1E8, nanoTools, Teningen,

Germany) in 200 µL H2O and 100 µL of 5× IP-buffer (250 mM

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid/sodium hydrox-

ide (HEPES/NaOH), pH7.4, 750mMsodiumcloride (NaCl), 2.5% Igepal

CA630, 1.25% sodium deoxycholate, 0.25% sodium dodecyl sulfate

(SDS), one tablet Complete Mini Protease Inhibitor Cocktail per 2 mL)

and incubated at 17◦C overnight. Beads were washed three times for

5 min with 0.1% bovine serum albumin (BSA) in phosphate-buffered

saline (PBS) and once for 3 min with 10 mM tris-hydroxychloride

(Tris-HCL), pH 7.5. To elute Aβ peptides, the beads were incubated

at 99◦c for 5 min in 2 × 25 µL of 20 mM bicine, pH 7.6/0.06% 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS).

Approximately 38 µL of eluate (estimated range: 36-40 µL) was

obtained and diluted with 190 µL Diluent 35 (MSD). The diluted eluate

was divided into three aliquots of 60 µL and stored at −80◦C until

use.

2.4 Clinical evaluation

To assess group differences in the risk of clinical progression, we ana-

lyzed follow-up diagnostic data covering the time frame from study

inception until April 2021 (follow-up time:M = 3.27 years, SD = 1.50).

Progression to dementia was assessed by the study physicians at

each follow-up visit based on published diagnostic criteria.16 Diag-

noses of incident MCI were determined in a two-step review process

adapted from the diagnostic procedures in the Wisconsin Registry for

Alzheimer´s Prevention study.17 Briefly, follow-up neuropsychologi-

cal data of SCD patients and control participants were algorithmically

screened for signs of potential cognitive decline. Flagged cases were

then reviewed in detail by a team of neuropsychologists, who were

blinded to initial group assignment and biomarker data, andwho deter-

mined the diagnostic status at follow-up based on established diagnos-

tic criteria.18 Diagnostic assignments were reviewed and validated by

a consensus committee, which resolved potential inconsistencies and

established final diagnoses.

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the most

recent literature onPubMed to evaluate the current state

of blood-based amyloid beta (Aβ) biomarkers to detect

brain amyloid positivity. Although several studies have

been published in the past on plasma biomarkers for

Alzheimer’s disease (AD), the prognostic value of plasma

amyloid detection in patients with subjective cognitive

decline (SCD) remains inconclusive.

2. Interpretation: This study proposes the use of

immunoprecipitation–immunoassay for early detec-

tion of amyloid positivity. Our findings suggest that

plasma Aβ42/Aβ40 is associated with longitudinal cog-

nitive decline in early AD, particularly SCD. Blood-based

amyloid biomarkers will gain further importance due

to the novel National Institute on Aging–Alzheimer’s

Association (NIA-AA) definition of AD based purely on

brain amyloid positivity and novel antibody treatment

options addressing amyloid deposition in the brain.

3. Future directions: The proposed technique of

immunoprecipitation–immunoassay should be eval-

uated further in larger community-based cohorts to

determine its use as a screening biomarker in the general

population.

2.5 Statistical analysis

All Mesoscale Aβ measurements were conducted in duplicate, and

the variation between duplicates was calculated to ensure accurate

results and reproducibility. Samples with a coefficient of variation (CV)

of 10% or higher were re-measured or excluded from further down-

stream analysis. Forty-one samples with a CV >10% between the two

technical replicates were re-measured. One hundred ninety-five sam-

ples were excluded, presumably due to inappropriate sample handling.

Downstream analysis was performed with 779 remaining samples. All

analyses (Deming regression, receiver-operating characteristic (ROC)

analysis, t-tests, mixture model, Cox proportional hazards regression)

were conducted using R version 3.5.1 and packages MethComp (ver-

sion 1.22.2), pROC (version 1.18.0), mixtools (version 1.2.0), survival

(version 3.5-0), and survminer (version0.4.9). For the mixture model,

we used an EM algorithm for mixtures of normal distributions without

further constraints on mean or SD. The logistic regression (univari-

ate or multivariate) was performed using a 10-fold cross-validation to

avoid overfitting.

For the calculation of thePreclinical Alzheimer’s CognitiveCompos-

ite (PACC5) slopes, we used as much data as available for each patient

(visits 0, 1, 2, 3, and 4, if available) and calculated a linearmodel assum-

ing yearly time points. To calculate the slope, PACC5 values for at least
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4 VOGELGSANG ET AL.

two visits had to be available. The resulting slope can be interpreted as

the average yearly change of the PACC5 value.

The association between baseline AβX-42/AβX-40 in the IP eluates

and the risk of incident dementia was analyzed with Cox proportional

hazards regression models. In addition, we conducted subgroup analy-

ses investigating the progression to dementia in theMCI group and the

progression toMCI in the control and SCD groups.

2.6 Data access and availability

All data are available through the German Center of Neurode-

generative Diseases (“Deutsches Zentrum fuer Neurodegenerative

Erkrankungen, DZNE,” klinische-studien@dzne.de). Anonymized data

not published in this article will be made available by request from any

qualified investigator.

3 RESULTS

3.1 Study cohort

The study included 779 participants for downstream analysis, con-

sisting of 230 controls, 429 individuals with SCD, 188 with MCI, 122

with dementia due to AD, and 80 AD relatives. The proportion of

women was highest in the AD dementia group (59.0%) compared to

MCI (48.9%), SCD (32.6%), or controls (57.4%). TheADdementia group

had a higher percentage of apolipoprotein E (APOE) ε4 carriers, as well

as a higher average age, higher total tau (t-tau) and phospho-tau (p-tau)

CSF levels, alongwith lowerAβ42/Aβ40ratios inCSFand lowerPACC5

scores compared to theMCI, SCD, or control groups (Table 1).

3.2 Exploratory plasma Aβ measurements and

quality assessments

Weconducted a total of six repetitions ofmeasuring pooled samples to

assess technical reproducibility. Interassay variability was 8.3%, 8.0%,

and 6.9% for AβX-40, AβX-42, and the AβX-42/AβX40 ratio, respec-

tively. We found no effects of batch, plate, or center in the entire

cohort. The data fromAβX-38were not analyzed as part of the present

investigation.

3.3 Cross-sectional baseline plasma

measurements

CSF Aβ measures were available for 375 samples. There was no cor-

relation between IP eluates from plasma and CSF for Aβ40 (r = 0.013,

p = 0.802), but correlations for Aβ42 (r = 0.169, p < 0.0001) and

AβX-42/AβX-40 (r = 0.466, p < 0.0001) (Figure 1). As expected, CSF

Aβ42/Aβ40 showed a typical bimodal distribution resulting in a calcu-

lated cutoff value of 0.08 (Gaussian mixture modeling analysis; Jessen

et al., 202219) (Figure 2A). In contrast, we did not observe a bimodal
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VOGELGSANG ET AL. 5

F IGURE 1 Correlation between plasma and CSF Aβ40, Aβ42, Aβ42/Aβ40. No correlation was detected between Aβ IP eluates from plasma

and CSF. Note the weak correlation (r= 0.169, p= 0.000988) between IP eluates and CSF Aβ42, and a stronger correlation (r= 0.47, p= 2.76e-22)

between plasma and CSF Aβ42/Aβ40. Aβ40, amyloid beta X-40; Aβ42, amyloid beta X-42; Aβ42/Aβ40, amyloid beta X-42/amyloid beta X-40 ratio;

CSF, cerebrospinal fluid; IP, immunoprecipitation. The Pearson´s correlation coefficient (r) and the corresponding p-values are indicated in each

figure part. In addition, a Deming regression is shown in each figure part.

distribution in AβX-42/AβX-40 in the IP eluates from plasma

(Figure 2B). Given its unimodal distribution, we could not calcu-

late a mixture model-based cutoff value for plasma AβX-42/AβX-40.

CSF Aβ42/Aβ40 was, therefore, used to classify amyloid-positive

and amyloid-negative participants. Specifically, to calculate a cutoff

value for AβX-42/AβX-40 in plasma IP eluates, we projected the CSF

Aβ42/Aβ40 cutoff value onto the corresponding plasma AβX-42/AβX-

40 measurements in a linear regression model (Figure 2C), resulting in

a cutoff value of 0.106 for plasma AβX-42/AβX-40.

Predicting AP based on CSF Aβ42/Aβ40 classification, we cal-

culated ROC curves for AβX-40, AβX-42, and AβX-42/AβX-40 with

AUCs of 0.56 (95% confidence interval [CI]: 0.49–0.61), 0.59 (95% CI:

0.53–0.65), and 0.81 (95% CI: 0.77–0.86), respectively. Based on the

Maximum Youden Index,20 the cutoff for AβX-42/AβX-40 in IP eluates

was 0.107, which was comparable to the cutoff of 0.106 estimated by

theCSF plasma correlation (Figure 2C), resulting in a sensitivity of 0.79

and a specificity of 0.74 with a PPV of 0.71 and an NPV of 0.81. Includ-

ing APOE ε4 carriage information, the AUC increased to 0.87 (95% CI:

0.83–0.90), with a corresponding specificity of 0.73 and a sensitivity

of 0.87 (Figure 3, Table 2). Even more relevant is the stratification for

APOE ε4 in controls and SCD: the ROCAUC can be increased from0.76

(not stratified for APOE ε4) to 0.85 (stratified for APOE ε4, p = 0.031),

with a corresponding sensitivity of 0.83, a specificity of 0.74, anNPVof

0.89, a PPV of 0.63, and a false-positive rate of 25.6%.

3.4 Predictive value of plasma AβX-42/AβX-40

We further conducted regression analysis on baseline plasma AβX-

42/AβX-40 measurements with follow-up cognitive measurements.

For this analysis, we used PACC5 as a measure of subtle cognitive

decline over time, since PACC5 is highly sensitive to preclinical cog-

nitive decline21–23 and longitudinal cognitive decline,19 particularly in

SCD. Moreover, it has substantial weight on memory, which is typi-

cally affected by brain AP. At baseline, 728 participants had plasma

Aβmeasured andunderwent thoroughneuropsychological assessment

including PACC5. At the subsequent available follow-up, one year

past baseline, 594 participants underwent a PACC5 evaluation. At

years 2, 3, and 5, PACC5 data were available from 447, 283, and 188

participants, respectively.

We calculated patient-wise PACC5 slopes over time for all patients

(Figure 4A) and found that low plasma AβX-42/AβX-40 ratios, based

on the calculated cutoff value of 0.106 (Figure 2C), were associated

with negative slopes, indicating cognitive decline over time (Figure 4B).
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6 VOGELGSANG ET AL.

F IGURE 2 Mixturemodeling analysis of the Aβ42/Aβ40 ratio in plasma and CSF.Mixturemodeling analysis revealed a typical bimodal

distribution for CSF (A) but not Aβ42/Aβ40 in IP eluates from plasma (B). To determine the Aβ42/Aβ40 cutoff value in plasma, Aβ42/Aβ40 values in

CSFwere correlated with the corresponding Aβ42/Aβ40 values in plasma via a linear regressionmodel (C). The intersection of the dashed blue

lines indicates the 0.106 cutoff value for plasma Aβ42/Aβ40. In (D), the receiver-operating characteristic (ROC) curve was plotted with an area

under the curve (AUC) of 0.81 for Aβ42/Aβ40 to predict amyloid positivity based on Aβ42/Aβ 40 classification in CSF. Aβ42/Aβ40, amyloid beta

X-42/amyloid beta X-40; CSF, cerebrospinal fluid.

This association was only present in patients with a baseline diagno-

sis of SCD (p = 0.0007, Figure 4D) and was not apparent in controls

(p = 0.4, Figure 4C). A trend-wise association (p = 0.09) was found in

the MCI group at baseline (Figure 4E). To further verify our findings,

we computed a Cox proportional hazards regression, based on clinical

progression over time, using three different models: AβX-42/AβX-40

only without covariate adjustment (model 1), AβX-42/AβX-40 con-

trolling for age, sex, and education (model 2), and AβX-42/AβX-40

controlling for age, sex, education, and APOE ε4 status (model 3). The

results of the survival analyses are displayed in Table 3 and Figure 5.

In the whole cohort, individuals with low AβX-42/AβX-40 had a signifi-

cantly increased risk of dementia compared to thosewith high baseline

AβX-42/AβX-40, even after controlling for demographic covariates and

APOE ε4 (hazard ratio [HR] = 4.38, 95% CI: 1.77–10.85). Low AβX-

42/AβX-40was also a significant predictor of theprogression fromMCI

to dementia as well as the progression from SCD to MCI, although

these results did not remain significant after additional adjustment for

APOE ε4. Within the control group, low AβX-42/AβX-40 was only sig-

nificantly associated with an increased risk of MCI in the model that

adjusted for both the demographic covariates and APOE ε4.

4 DISCUSSION

The results of this study provide further evidence for the utility of the

AβX-42/AβX-40 ratio in blood, as a biomarker for amyloid pathology in

plasma, measured using our IP-IA approach. By using the cutoff value

of 0.106, the plasma AβX-42/AβX-40 ratio can distinguish between

individuals who are positive or negative for low CSF Aβ42/Aβ40 with

a sensitivity of 79% and specificity of 74%. Different assays measur-

ing Aβ42/Aβ40 have shown sensitivity ranging from 83%–96% and

specificities of 72%–87% in various studies.13,24,25 Depending on the

intended purpose and population, cutoff values might need to be

adjusted. Using our proposed cutoff values, we can detect 80% of all
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VOGELGSANG ET AL. 7

F IGURE 3 Receiver-operating characteristic curves for the Aβ40

and Aβ42, Aβ42/Aβ40 ratio, and Aβ42/Aβ40 ratio+ APOE ε4 carriage.

For the plasma Aβ42/Aβ40 ratio, we calculated a receiver-operating

characteristic (ROC) curve comparing amyloid-positive against

amyloid-negative cases with an area under the curve (AUC) of 0.81.

However, when stratified by APOE ε4 positivity, the AUC rose as high

as 0.87, with a 0.73 corresponding specificity and 0.87 sensitivity.

Significantly lower AUCswere found for Aβ40 at 0.56 and for Aβ42

plasma at 0.59. Aβ40, amyloid beta X-40; Aβ42, amyloid beta X-42;

Aβ42/Aβ40, amyloid beta X-42/amyloid beta X-40 ratio; APOE ε4,

apolipoprotein E ε4.

amyloid-positive patients with only a 26% false-positive rate using a

minimally invasive blood assay. Adjusting the cutoff values to receive

a sensitivity of 90% for screening purposes would result in a false-

positive rate of 52%. The Aβ42/40 ratio in plasma can be considered

an indicator of brain amyloidosis, as it correlates well with Aβ42/40

in CSF. A meta-analysis has recently shown that the Aβ42/40 ratio in

plasma can function as an independent biomarker for brain amyloi-

dosis detected by Aβ-PET.26 Compatible with this notion, the plasma

Aβ42/Aβ40 ratio has been associated specifically with increased Aβ

in PET, following the regional pattern typically observed in preclini-

cal AD stages.27 Adding the APOE ε4 genotype further increases the

sensitivity and specificity of the plasma Aβ42/Aβ40 ratio, as recently

reported in a study in two cohorts of individuals with MCI or without

cognitive impairment.13 Our results extend those findings by demon-

strating the diagnostic and prognostic utility of the plasma Aβ42/Aβ40

ratio in the at-risk population of individuals with SCD over a period of

on average of 2 years. The plasma Aβ42/Aβ40 ratio has been shown

to be related to early memory impairment in SCD individuals,24 and

we could now demonstrate its association with subsequent cognitive

decline as assessed with the PACC5, a sensitive marker of early cogni-

tive decline in SCD. The observation that a low plasmaAβX-42/AβX-40

ratio predicts cognitive decline over 2 years in individuals with SCD,

indicates that plasma AβX-42/AβX-40 is a promising biomarker for

identifying those individuals in a population of patients with SCD who

are at increased risk for progressing to MCI due to AD and ultimately

dementia. In individuals with MCI, modeling and regression analysis

over time support the plasma AβX-42/AβX-40 ratio as a relevant pre-

dictor of converting from MCI to dementia. Even when controlling for

variables such as age, sex, and education in the analysis, the plasma

Aβ42/Aβ40 ratio remains a relevant predictor for conversion. Including

the APOE ε4 increases the predictive power of plasma Aβ42/Aβ40.

It should be noted, though, that, in cognitively unimpaired indi-

viduals, combining the plasma Aβ42/Aβ40 ratio measured with mass

spectrometry with p-tau231 or p-tau217 measures obtained with

immunoassays appears to be superior to relying on the plasma

Aβ42/Aβ40 ratio alone to detect Aβ pathology.7,28 We suggest that

it should nevertheless be possible to replace mass spectrometry with

the here-described IP-IA in a combined Aβ/tau approach, but this

needs to be confirmed by future studies. Furthermore, we believe

that IP-IA can be superior to immunoassays without IP, as we have

shown earlier: for example, using the Roche Elycsys analyzer, we see

a 20% increase in the AUC in samples with IP compared to pure EDTA

plasma.8

Limitationsof this study include the lackof controlling for covariates

thatmight impact plasmaAβ levels, such as heart failure,medication, or

weight/bodymass index (BMI). It should be further noted that ourmea-

sured IP-IA Aβ corresponds to plasma Aβ levels. However, they should

not be understood as true and absolute plasma Aβ concentrations.

In conclusion, determining the AβX-42/AβX-40 ratio in plasma by

semi-automated IP-IA is a promising and reliable method to assess

patients at earlyADstages and those at risk for SCDandAP, evenmore,

if stratifying forAPOE ε4. PlasmaAβmeasurementsmight notbeable to

compete against CSF or imaging biomarkers regarding diagnostic pro-

cedures. However, due to their high availability and cost-effectiveness,

TABLE 2 Receiver-operating characteristic (ROC) curves for AβX-40, AβX-42, and AβX-42/AβX-40 in plasma IP-eluates for prediction of

amyloid positivity by Aβ42/Aβ40 classification in CSF.

tp tn fp fn ppv npv Sensitivity Specificity BACC AUC

Aβ40 94 118 88 75 0.516 0.611 0.556 0.573 0.565 0.563

Aβ42 94 123 83 77 0.531 0.615 0.550 0.597 0.573 0.587

Aβ42/Aβ40 130 156 50 39 0.722 0.800 0.769 0.757 0.763 0.813

Aβ42/Aβ40+ApoE ε4 147 150 53 22 0.735 0.872 0.870 0.739 0.804 0.865

Abbreviations: AUC, area under the curves; BACC, balanced accuracy; fn, false negative; fp, false positive; npv, negative predictive value; ppv, positive

predictive value; tn, true negative; tp, true positive.
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8 VOGELGSANG ET AL.

F IGURE 4 PACC5 slopes for patient groups with low and high amyloid beta peptide 42/40 ratios. (A) shows PACC5 slopes for all patients over

time [visit 1 (V1)-visit 4 (V4)]. In (B–E), box plots of low and high IP eluate Aβ42/Aβ40 ratios are shown for different patients regarding their PACC5

slope depicted as yearly change. Of interest, lower Aβ42/Aβ40 ratios in all patients in B and subjective cognitive decline (SCD) in Dwere associated

with negative PACC5 slopes, suggesting cognitive decline. However, this association did not appear in controls in C andMCI patients in E.

Aβ42/Aβ40, amyloid beta X-42/amyloid beta X-40;MCI, mild cognitive impairment; SCD, subjective cognitive decline.

TABLE 3 Cox proportional hazards regression based on clinical progression over time using three different models.

Model 1 Model 2 Model 3

HR (95%CI) p-value HR (95%CI) p-value HR (95%CI) p-value

Outcome: Dementia

Whole sample 6.53 (2.84–15.03) <0.001 6.51 (2.76–15.34) <0.001 4.38 (1.77–10.85) 0.001

MCI group 2.76 (1.12–6.82) 0.028 3.28 (1.29–8.37) 0.013 2.49 (0.87–7.17) 0.09

Outcome:MCI

Control group 3.05 (0.76–12.20) 0.115 3.75 (0.90–15.64) 0.07 4.62 (1.05–20.28) 0.043

SCD group 2.10 (1.29–3.44) 0.003 1.78 (1.04–3.04) 0.035 1.58 (0.90–2.77) 0.11

Notes: Results of Cox proportional hazards regressionmodels analyzing the association between low baseline Aβ42/Aβ40 IP eluates fromplasma and the risk

of clinical progression to dementia (whole sample, MCI group) or MCI (control group, SCD group). Model 1: no covariate adjustment; Model 2: adjusted for

baseline age, sex, and years of education;Model 3: additional adjustment for APOE ε4 status.

Abbreviations: HR, hazard ratio; MCI, mild cognitive impairment; SCD, subjective cognitive decline.
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VOGELGSANG ET AL. 9

F IGURE 5 COX regressionmodeling conversion toMCI or dementia over time. Kaplan–Meier survival curve estimates and 95% confidence

intervals displaying the risk of progression to dementia (A: whole sample, B:MCI group) orMCI (C: control group, D: SCD group). MCI, mild

cognitive impairment; SCD, subjective cognitive decline.

they can be a very important step in early screening for AD pathology,

followedbymore specific testing, such as imaging, CSFbiomarkers, and

neuropsychiatric testing. Especially for the SCD group, we see the best

correlation between the measured Aβ ratio and disease progression; it

also complements other markers such as p-tau231 or p-tau217, which

are pathological at preclinical AD stages28 and predicts long-term

cognitive decline in preclinical AD.29
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