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Abstract

INTRODUCTION:Automated cerebrospinal fluid (CSF) biomarker assays have largely

replaced manual immunoassays for measuring amyloid pathology in CSF. We refit-

ted and validated the ABIDE model, predicting progression from mild cognitive

impairment (MCI) to dementia, with CSF measurements from the automated Elecsys

platform.

METHODS: We included 2413 MCI participants (998 [41%] amyloid-positive) from

seven observational cohorts. Elecsys was used in 958 (40%) participants. The
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the design and implementation of ADNI and/or

provided data but did not participate in

analysis or writing of this report. A complete

listing of ADNI investigators can be found at:

http://adni.loni.usc.edu/wp-

content/uploads/how_to_apply/

ADNI_Acknowledgement_List.pdf

parameters of thepreviousABIDECoxmodelwere re-estimated.Model discrimination

and calibration were evaluated with leave-one-cohort-out cross-validation.

RESULTS: During follow-up, 1034 (42%; 585 [58%] amyloid-positive) participants

developeddementia.Discriminationwas goodwithHarrell’s Cof 0.70 (95%confidence

interval [CI]: 0.66–0.73). Calibration was good in the total population and amyloid-

positive subgroup, with substantial predicted progression risks for all amyloid-positive

participants.

DISCUSSION:We refitted the ABIDEmodel, predictingMCI to dementia progression,

with automatedCSFmeasurements. Themodelwaswell calibrated in amyloid-positive

patients andmay support clinical discussions regarding ATTs.

KEYWORDS

Alzheimer’s disease, automated cerebrospinal fluid assays, cerebrospinal fluid, dementia, mild
cognitive dementia, prediction

Highlights

∙ We updated the ABIDE mild cognitive impairment (MCI) to dementia prediction

model.

∙ The model has good discrimination with a Harrell’s C of 0.70 (95% confidence

interval [CI]: 0.66–0.73).

∙ Themodel is well calibrated in the total population and amyloid-positive subgroup.

1 INTRODUCTION

Dementia is a leading cause of lost healthy life-years,1 and the preva-

lence is projected to rise in the upcoming decades due to population

ageing. As neurodegeneration gradually develops, patients often have

mild cognitive problems (i.e. mild cognitive impairment [MCI]) for a

periodbefore theonset of dementia. Patients increasingly presentwith

MCI at memory clinics, worrying that their problems may worsen to

dementia in the future.2 The ABIDE model is a widely cited model

predicting a patient’s probability to progress from MCI to demen-

tia over time.3 However, since its publication in 2019, two important

developments warrant an updatedmodel. First, the cerebrospinal fluid

(CSF) Aβ1-42 and pTau181 measurements used in the ABIDE model

were largely performed using manual INNOTEST assays. Since then,

automated CSF measurement assays like Elecsys have become stan-

dard. This has strongly reduced within and cross-site measurement

variability, improved the generalizability of CSF measurements, and

introduced use of the pTau181/Aβ1-42-ratio,4 indicating a potentially
altered relationship between CSF biomarkers for Innotest and Elecsys.

Second, the first amyloid-targeting therapies (ATTs) for Alzheimer’s

disease (AD) have come to market. This has contributed to the adop-

tion of a biological definition of AD,5 as ATTs require confirmation of

amyloid pathology for treatment eligibility.6 It has also reinforced the

need for personalized risk predictions to support doctor and patients

discussions regarding initiation of treatment.

We aimed to update theABIDEpredictionmodel for twoobjectives:

(1) refit the model based on a larger proportion of Elecsys CSF assay

measurements, and (2) evaluate the performance of the ABIDE model

in amyloid-positive patients, who are potentially eligible for ATTs.

2 METHODS

2.1 Study design and participants

Aligning with the original design,3 we included participants from

single and multicenter cohorts in Europe and the United States

diagnosed with MCI at baseline, with a baseline Mini-Mental State

Examination (MMSE), either a baseline magnetic resonance imag-

ing (MRI) hippocampal volume measurement or CSF measurements

of Aβ1-42 and pTau181, and at least six months of follow-up. This

resulted in the following number of participants per cohort: Amster-

dam Dementia Cohort (ADC; n = 689),7 Alzheimer’s Disease Neu-

roimaging Initiative (ADNI; n= 544),8 Biomarkers For Identifying Neu-

rodegenerative Disorders Early and Reliably Study 1 (BioFINDER-1;

n = 212; NCT01208675),9 European Medical Information Framework

for Alzheimer’s Disease (EMIF-AD; n = 809; composed of DESCRIPA,

AddNeuroMed, GermanDementia CompetenceNetwork, IMAP, Bres-

cia, Coimbra, Kuopio, and Lisbon),10 Lleida cohort (n = 88),11 National

Alzheimer’s Coordinating Centre (NACC) UniformData Set (n= 63),12

and the Wisconsin Alzheimer’s Disease Research Centre (W-ADRC;

n = 8).13 See Supplemental Table 1 for cohort characteristics, and Sup-

plemental Table 2 for baseline characteristics of the newly included

participants (n= 477) and thosewith additional follow-up (n= 194). Of

http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
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these cohorts, W-ADRC, NACC, and ADNI are research cohorts, and

the others are memory clinic cohorts. Due to their respective sizes,

NACC and W-ADRC were combined into a USA-other cohort. From

ADNI, only “late-MCI” participants were selected as “early-MCI” has a

dementia progression rate similar to cognitively normal individuals,14

which is very different from all other included cohorts. An amyloid-

positive subgroup was defined based on CSF (see Supplemental

Methods for cut-offs).

All participants gave written informed consent for participation

in the original studies. This study is reported in accordance with

the Transparent Reporting of a multivariable prediction model for

Individual Prognosis Or Diagnosis (TRIPOD) guideline.

2.2 Predictors

All predictors were collected at baseline. A detailed overview of the

measurement method per study was provided in the previous ABIDE

study and the supplement.3 In brief, CSF phosphorylated tau181

(pTau181; available in 1540 [64%] participants) and amyloid β1-42
(Aβ1-42; available in 1518 [63%] participants) weremeasuredwith the

Elecsys (n = 958; 61%), Innotest (n = 577; 37%), and Luminex (n = 41;

3%) assays. Values were bridged between platforms to represent Elec-

sys values. Further predictors were hippocampal volume (available in

1985 [82%] participants), age, sex, and MMSE. Missing CSF and MRI

valueswere imputed usingmultiple imputationwith chained equations

with details in the Supplemental Methods. For the analyses, Aβ1-42
and pTau181 were log-transformed and all continuous variables were

standardized.

2.3 Outcome

The primary outcome was clinical progression to any type of dementia

during follow-up.

2.4 Statistical analysis

The coefficients of the previously published ABIDE Cox model were

re-estimated on MCI participants pooled from the cohorts,3 hereafter

called the refitted ABIDE model. Model performance was evaluated

using leave-one-cohort-out cross-validation, where iteratively one

cohort served as a test set in which predictions were made with mod-

els developed in the remaining cohorts. Discrimination in the test

cohorts was evaluated using Harrell’s C. Calibration of the models was

assessed in the test cohorts by comparing the predicted and observed

MCI to dementia progression risk in four risk groups defined by pre-

dicted risk percentile thresholds: low (< 16th percentile), low-medium

(P16–P50), medium-high (P50–P84), and high (> P84). The predicted

median progression time in each risk group was calculated with boot-

strapped confidence intervals. Additionally,mean absolute errorswere

calculated using pseudo-observations with bootstrapped confidence

RESEARCH INCONTEXT

1. Systematic review: We searched PubMed for articles

on the prediction of mild cognitive impairment (MCI)

to dementia conversion using cerebrospinal fluid (CSF)

biomarkers measured with automated assays. While sev-

eral studies investigated this, the number of includedMCI

patients and identified conversionsduring follow-upwere

relatively small.

2. Interpretation: To our best knowledge, this study

includes the largest number of MCI patients with auto-

mated CSF measurements, as well as the most MCI to

dementia conversions. We updated the ABIDE MCI to

dementia prediction model using additional automated

CSF measurements performed using the Elecsys assay.

The predictionmodel is well calibrated across the utilized

assays and in the amyloid-positive subpopulation.

3. Future directions: Our findings bring the ABIDE predic-

tion model in line with current clinical practice, where

automated CSF measurements have become standard.

Novel predictors explaining additional variation in pro-

gression patterns are needed to further improve the

predictive accuracy.

intervals,15 which can be interpreted as the mean difference between

the time at which an individual has a predicted progression risk of

50% and the observed event time. Calibration and discrimination of

the refitted ABIDE model were also assessed in the amyloid-positive

subgroup, in each cohort and for each CSF assay.

Analyses were performed with R 4.3.2. Prediction models will be

incorporated inwww.adappt.health, a platformwith informationonAD

for clinicians.

3 RESULTS

Of the 2413 MCI participants (mean ± SD age: 69 ± 8 years, 1373

[57%] female), 1034 (43%) developed dementia (Table 1). Of the 998

(41%) amyloid-positive participants, 585 (59%) developed dementia,

and they had similar age, sex, MMSE, and MRI hippocampus volume

distributions as those in the total population (Supplemental Table 3).

The coefficients of the refitted ABIDE model, predicting progres-

sion from MCI to dementia in all MCI patients, did not substantially

change compared to the old model (Table 2; Supplemental Table 4),

except for a larger interaction effect CSF Aβ1-42 and pTau181 in the

refitted model. Cross-validation showed a Harrell’s C of 0.70 (95%

confidence interval [CI]: 0.66–0.73; Supplemental Figure 1), which is

in line with the previous model’s Harrell’s C of 0.74 (95% CI: 0.71–

0.76).3 The cross-validated predicted and observed MCI to dementia

progression probabilities largely overlapped, except for a slight overes-

http://www.adappt.health
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TABLE 1 Baseline characteristics.

Cohorts

Parameter

Total

(n= 2413)

EMIF-AD

(n= 809)

ADC

(n= 689)

ADNI

(n= 544)

BioFINDER-1

(n= 212)

Lleida

(n= 88)

USA other

(n= 71)†

Follow-up time

(years)—median (IQR)

2.1 (1.3–3.3) 2.0 (1.0–3.0) 2.4 (1.4–4.0) 2.2 (1.5–4.0) 2.4 (2.1–4.1) 2.0 (0.8–4.5) 2.2 (1.2–3.4)

Participants progressed

to dementia, n (%)
1034 (42.9) 247 (30.5) 296 (43.0) 272 (50.0) 127 (59.9) 46 (52.3) 46 (64.8)

Age at baseline (years)

—mean± SD

69± 8 69± 8 66± 7 74± 8 71± 5 74± 6 76± 9

Female—n (%) 1373 (56.9) 389 (48.1) 443 (64.3) 335 (61.6) 126 (59.4) 39 (44.3) 41 (57.7)

MMSE at baseline

—mean± SD

26.8± 2.3 26.9± 2.4 26.6± 2.3 27.2± 1.9 27.2± 1.9 25.2± 3.0 26.9± 2.2

Amyloid β1-42
(pg/ml)—median (IQR)

822 (581–1256) 850 (529–1348) 880 (639–1382) 694 (555–935) 877 (645–1346) 753 (547–1144) 761 (516–1402)

Phosphorylated tau181

(pg/ml)—median (IQR)

23.8 (16.2–34.3) 20.5 (13.8–32.7) 24.4 (16.7–34.2) 27.8 (19.3–37.8) 21.4 (15.9–32.0) 21.2 (16.1–31.1) 24.9 (15.0–38.2)

Amyloid-positive*

—n (%)
998 (41.4) 224 (27.7) 344 (49.9) 225 (41.4) 109 (51.4) 55 (62.5) 41 (57.7)

MRI hippocampal

volume (ml)

—mean± SD

6.8± 1.2 6.8± 1.2 7.2± 1.1 6.6± 1.1 6.2± 1.0 NA 5.8± 1.1

CSF platform—n (%)

Elecsys 958 (60.8) NA 357 (60.7) 310 (100) 195 (100) 88 (100) 8 (16.3)

Innotest 577 (36.6) 346 (100) 231 (39.3) NA NA NA NA

Luminex 41 (2.6) NA NA NA NA NA 41 (83.7)

Abbreviation: ADC, Amsterdam Dementia Cohort; ADNI, Alzheimer’s Disease Neuroimaging Initiative; BioFINDER, Biomarkers For Identifying Neurode-

generative Disorders Early and Reliably Study; EMIF-AD, European Medical Information Framework for Alzheimer’s Disease; MMSE, Mini-Mental State

Examination;MRI, magnetic resonance imaging; NACC, National Alzheimer’s Coordinating Centre; SD, standard deviation;W-ADRC,Wisconsin Alzheimer’s

Disease Research Centre.

*Elecsys pTau181/Aβ1-42 ratio> 0.020, LuminexAβ1-42<250pg/ml, Innotest Aβ1-42<813pg/ml. †Contains theNACCandW-ADRC cohorts. NAwas used

if no data was present.

TABLE 2 Partial regression coefficients of the refitted ABIDE
model.

Parameter

Partial regression

coefficients (95%CI)

Amyloid β1-42, per SD change in log pg/ml −0.33 (−0.40–−0.25)

Phosphorylated tau181, per SD change in log

pg/ml

0.33 (0.25–0.41)

MRI hippocampal volume, per SD change inml −0.37 (−0.45–−0.29)

Age, per SD −0.05 (−0.12–0.03)

MMSE, per SD −0.23 (−0.30–−0.17)

Interactions

Amyloid β * phosphorylated tau181 0.07 (−0.03–0.17)

Amyloid β * age 0.04 (−0.03–0.12)

Phosphorylated tau181 *MMSE 0.05 (−0.02–0.13)

Note: Scaling parameters are reported in Supplemental Table 5.

Abbreviation: CI, confidence interval; MMSE, Mini-Mental State Examina-

tion, MRI, magnetic resonance imaging; SD, standard deviation.

timation of risk in the low-risk group, indicating acceptable calibration

(Figure 1A). In the amyloid-positive subgroup, the cross-validation

showed a Harrell’s C of 0.63 (95% CI: 0.58–0.69; Supplemental Figure

2). The lower discrimination in the amyloid-positive subgroup is in line

with the reduced heterogeneity, that is a uniformly worse prognosis

compared to the total population. The predicted and observed pro-

gression probabilities overlapped in all amyloid-positive risk groups,

indicating good calibration (Figure 1B). Additionally, the prediction

error in the amyloid-positive subgroup was 2.54 (95% CI: 2.36–2.72)

compared to 3.92 (95% CI: 3.77–4.06) years in the total population,

indicating that the lower discrimination of the model in this subgroup

did not result in a larger predictive error. Calibration and discrimina-

tion by cohort and CSF assay are reported in the supplemental results

(Supplemental Figures 3 and 4).

Figure 1 shows the risk of progressing to dementia in the total pop-

ulation (Figure 1A) and the amyloid-positive subgroup (Figure 1B). All

amyloid-positive (A+) groups had a substantial risk of progression to

dementia, with a predicted median time of 7.4 years (95% CI: 6.4–8.1)

in A+-Low, 4.0 years (95% CI: 3.6–4.1) in A+-Low-Medium, 2.8 years
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F IGURE 1 Risk groups in the total population and amyloid-positive subgroup. The predicted survival curves are the average predicted survival
probabilities of individuals in each risk group. Leave-on-cohort-out cross-validation was used tomake the predictions where iteratively one cohort
was selected as “test” set in which predictions weremade using amodel develop in the other cohorts. The risk groups are based on the distribution
of predicted risks: low (< P16), low-medium (P16–P50), medium-high (P50–P84), high (> P84). The shaded areas correspond to the 95%
confidence intervals of the observed survival probabilities.

(95% CI: 2.5–3.0) in A+-Medium-High, and 2.0 years (95% CI: 2.0–2.1)

in A+-High.

4 DISCUSSION

We refitted the ABIDE model, predicting progression from MCI to

dementia, using automated Elecsys CSF measurements. We showed

that the model is well calibrated in amyloid-positive patients and has

value for discussing prognosis with patients potentially eligible for

treatment. As we found that the risk of progression was high in all

amyloid-positive patients, the model can be used to estimate time

to dementia in these patients rather than to predict whether they

progress.

The refitted ABIDE model remained largely unchanged, except for

a larger interaction effect between pTau181 and Aβ1-42. This is in

line with the higher discriminative value of the pTau181/Aβ1-42-ratio
measured with the Elecsys assay for determining amyloid-positivity

compared to manual assays using Aβ1-42.4 The ability of the model to

discriminate between the level of progression risks of amyloid-positive

participants was limited. This can be attributed to the uniformly high

progression risk for amyloid-positive individuals, while in the total pop-

ulation individuals could be identified who were not likely to progress.

New predictors differentiating progression risk in amyloid-positive

patients are needed to improve the predictions in this highly relevant

patient population.

4.1 Strengths and limitations

Themajor strength of this study is the combination ofmultiple cohorts,

supporting generalizability to European and USA memory clinic pop-

ulations. The number of MCI patients also allowed for well-powered

validation of amyloid-positive individuals. There are a few limitations

to this study. First, this study has limited generalizability to non-

Western healthcare settings or the general population due to the

limited age range of the included cohorts. Second, the ABIDE model

uses CSF and MRI biomarkers and is thus not suitable for use in

a primary care setting. Third, as is common when using real-world

data, information on CSF and MRI measurements was not complete

and required imputation. Residual bias after imputation cannot be

excluded.
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5 CONCLUSION

We refitted the ABIDE model, an MCI to dementia prediction model,

with automated CSF measurements and showed that it is well cali-

brated for amyloid-positive patients. The model is well-suited for use

with automated CSF measurements with Elecsys and can be used to

support clinical decisionmaking regarding the initiation of ATTs.
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