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Abstract 34 

Background: Alzheimer’s disease (AD) has a long preclinical phase. Development of disease-35 

targeting therapies which may act in the early disease stage is dependent on the identification 36 

of at-risk individuals. We investigated whether plasma biomarkers phosphorylated-tau-217 (p-37 

tau217), amyloid-β-42/40 (Aβ-42/40), neurofilament light (NfL) and glial fibrillary acidic 38 

protein (GFAP) associated with increasing amyloid burden and cognitive decline in cognitively 39 

unimpaired older adults.  40 

Methods: The cohort consisted of 205 monozygotic twins (complete pairs=101) aged ≥ 60 years 41 

at baseline. Twenty-seven participants (13.3%) were amyloid positive (Aβ+) at baseline and the 42 

number of Aβ+ participants doubled to 37 (25.9%) at follow-up. Longitudinal measurements of 43 

plasma biomarkers, cognition (memory, language, executive function, attention), and amyloid 44 

status (assessed by Aβ-PET; baseline and 4 year follow-up) were available (mean total follow-45 

up time = 6.28 years (SD=0.83)). Receiver Operating Characteristic models assessed whether 46 

baseline biomarker concentrations and changes in biomarker concentrations could predict 47 

conversion from amyloid negative (Aβ-) to Aβ+. Linear mixed models were used to investigate 48 

associations between baseline biomarker concentrations and changes in biomarker 49 

concentrations with cognitive decline. A twin-difference design was used to examine whether 50 

observed associations reflected progressive pathology, or were confounded by shared genetic 51 

and environmental factors.  52 

Results: Baseline p-tau217 (AUC=0.68[0.56–0.81]) and p-tau217 change over time 53 

(AUC=0.79[0.70–0.88]) predicted conversion from PET Aβ- to Aβ+. Adding demographic 54 

measures (age, sex, education) did not improve predictions. Using the twin-difference design, 55 

the association between p-tau217 change over time and follow-up Aβ+ remained significant, 56 

consistent with p-tau217 change reflecting progressive AD-related pathology. Baseline p-57 

tau217 associated with decline in memory (β[SE]=−0.072[0.021]) and language 58 
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(β[SE]=−0.066[0.020]). Change in p-tau217 associated with decline in memory 59 

(β[SE]=−0.131[0.022]) and language (β[SE]=−0.066[0.024]). Baseline GFAP 60 

(β[SE]=−0.062[0.021]) and change in GFAP (β[SE]=−0.070[0.027]) associated with memory 61 

decline. Baseline NfL associated with attention decline (β[SE]=−0.094[0.025]). Aβ-42/40 did 62 

not associate with cognitive changes. Using the twin-difference design, the association between 63 

change in p-tau217 and memory decline remained marginally significant (p=0.016; 64 

FDRp=0.055).   65 

Conclusions: Associations of plasma biomarkers, particularly p-tau217, with future AD 66 

pathology and cognitive decline, even in cognitively unimpaired individuals, suggest potential 67 

utility for identifying at-risk individuals and disease progression monitoring, enabling early 68 

intervention.  69 

 70 

Key words: Pre-clinical stage; plasma biomarkers; p-tau217; amyloid PET; cognition; 71 

cognitive decline; disease progression; cognitively unimpaired; twin study; twin design 72 

 73 

 74 
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1. Introduction 76 

Alzheimer’s disease (AD) is the most common cause of dementia worldwide (1). It is a 77 

progressive disease with a long preclinical phase of up to 20 years (2-5), during which 78 

pathological changes start to accumulate in the brain while clinical symptoms cannot yet be 79 

detected. Although AD is not yet curable, novel medications targeting amyloid-β buildup in the 80 

brain have shown promising results in slowing the progression of the disease (6-9). These 81 

medications have being approved for treatment of AD in the United States and Europe in 82 

specific patient subsets (10, 11). They cannot, however, reverse damage that has already 83 

occurred. Given the long preclinical phase of AD, it becomes relevant to detect AD pathology 84 

in the earliest stages of the disease, so that at-risk individuals may be reliably identified and 85 

included in clinical trials for development of disease-modifying treatment.  86 

Plasma biomarkers are a cost-effective and accessible tool for detecting AD pathological 87 

changes (12). One such marker is phosphorylated-tau (p-tau), which has multiple isoforms that 88 

can be detected in blood, including p-tau181, p-tau217, and p-tau231 (13). P-tau217 89 

concentrations have shown good accuracy to detect Aβ pathology (14-17), even in cognitively 90 

unimpaired individuals (18, 19). Likewise, the amyloid β 42/40 (Aβ-42/40) ratio has been 91 

shown to accurately detect Aβ pathology even in the early stages of AD (20-22). Other non-AD 92 

specific biomarkers have shown value in the diagnosis and staging of AD, such as neurofilament 93 

light chain (NfL), a broad marker of neurodegeneration (20, 23), and glial fibrillary acidic 94 

protein (GFAP), a marker of astrocytic activation and neuroinflammation (20, 24).  95 

Beyond their cross-sectional applications, changes in AD plasma biomarkers over time have 96 

also been investigated for their potential to predict the biological progression of AD. Both cross-97 

sectional concentrations and longitudinal changes in concentrations of p-tau217, p-tau181, Aβ-98 

42/40, NfL and GFAP have been found to associate with longitudinal increases in Aβ burden in 99 

cognitively unimpaired individuals (20, 25). P-tau217 and Aβ-42/40 trajectories were further 100 
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able to predict conversion from Aβ- to Aβ+ in a mixed cohort of cognitively unimpaired and 101 

impaired individuals over 4 years (26). Cross-sectional concentrations of p-tau217, Aβ-42/40, 102 

NfL and GFAP, as well as changes in these biomarker concentrations over time, have also been 103 

reported to predict conversion to MCI or AD-dementia in individuals with subjective cognitive 104 

decline (SCD) (27-29).  105 

Apart from changes in AD status, plasma biomarkers have been found to associate with changes 106 

in cognition. A broad body of research in individuals with MCI and AD-dementia has shown 107 

that cross-sectional measures of plasma p-tau217, p-tau181, Aβ42/40, NfL, and GFAP are 108 

associated with future cognitive decline (23, 26, 30-33). Longitudinal changes in these plasma 109 

biomarkers have also been associated with concurrent changes in cognition (32, 33). The same 110 

baseline and longitudinal associations have been reported in a limited number of studies 111 

involving individuals with SCD (27) and in mixed cohorts across the AD continuum (26, 34).  112 

Although previous studies have shown promising results, they were either conducted in 113 

individuals with SCD, who represent a distinct population at a higher risk of progressing to 114 

dementia (35); participants further along the AD-continuum (e.g.  MCI or AD-dementia); or in 115 

mixed cohorts of cognitively impaired and unimpaired individuals. To date, no study has 116 

investigated the potential of these plasma biomarkers for predicting future onset of amyloid 117 

pathology in a cohort of purely cognitively unimpaired individuals. Similarly, studies 118 

examining associations between plasma biomarkers and cognition have either been conducted 119 

in individuals with SCD, MCI, or AD-dementia (23, 27, 30, 31) or in mixed populations across 120 

the AD-continuum (26). Studies in cognitively unimpaired populations have either included 121 

individuals with already measurable AD-pathology or relied on cognitive tests covering specific 122 

cognitive domains, such as the Mini Mental State Exam and the modified Preclinical Alzheimer 123 

Cognitive Composite (32, 34). These screening tools are limited in detecting subtle cognitive 124 

changes (36, 37), and AD affects multiple cognitive domains (38). As of yet, no study has 125 
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assessed associations between plasma biomarkers and multiple cognitive domains in 126 

cognitively unimpaired individuals and how these associations differ between individuals with 127 

early AD pathology and those free of pathology.  128 

Additionally, previous studies have reported substantial genetic contributions to both the 129 

lifetime risk of AD (39) and variation in plasma AD biomarker concentrations (40-42). It 130 

however remains unknown how the genetic influences on AD risk and on plasma biomarker 131 

concentrations relate to each other. For example, shared upstream processes, including genetic 132 

factors, may independently influence both AD pathology and plasma biomarker concentrations, 133 

resulting in associations between AD pathology and plasma biomarker concentrations that do 134 

not necessarily reflect a direct pathological relationship. This could potentially confound the 135 

interpretation of observed associations between plasma biomarkers and AD pathology.  136 

The current study had two main aims. First, to determine whether baseline concentrations and 137 

longitudinal changes in plasma p-tau217, Aβ-42/40, NfL, and GFAP can predict future onset of 138 

amyloid pathology in a cognitively unimpaired population. Second, to examine whether these 139 

plasma biomarkers are associated with early cognitive changes across memory, attention, 140 

executive functioning, and language domains. Additionally, a twin-difference design in 141 

monozygotic twins was used to assess whether associations between plasma biomarkers, 142 

amyloid status and cognition are confounded by shared genetic and environmental 143 

confounding.  144 

 145 

2. Materials and methods 146 

2.1. Cohort description 147 

The cohort comprised 205 cognitively healthy monozygotic twins, all aged 60 or older at 148 

baseline, included from the longitudinal Amsterdam sub-study of the European Medical 149 

Information Framework for Alzheimer’s Disease (EMIF-AD PreclinAD) (43, 44). Twin 150 
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zygosity was confirmed through DNA analysis. Participants were included if they were 151 

cognitively unimpaired at baseline, as defined by a global Clinical Dementia Rating score of 0, 152 

a score of 0 on the memory subdomain, and a delayed recall score greater than -1.5 standard 153 

deviations from demographic-adjusted normative data based on the Consortium to Establish a 154 

Registry for Alzheimer’s Disease (CERAD) 10-word list. Exclusion criteria included any 155 

neurological, systemic, or psychiatric disorder that could lead to cognitive impairments. 156 

Participants were included from 2014 to 2016. They were followed longitudinally for an 157 

average of 6.28 (SD = 0.83) years, with follow-up assessments conducted approximately every 158 

two years, totaling to three follow-up points (mean time to follow-up 1 = 1.94 years (SD = 159 

0.26), mean time to follow-up 2 = 4.33 years (SD = 0.42), mean time to follow-up 3 = 6.59 160 

years (SD = 0.31)). Reasons for dropping out included indicating a lack of interest in continuing 161 

the study or death. Blood collection and neurocognitive testing were performed at baseline and 162 

each follow-up point, while an Aβ [18F]flutemetamol-PET (Aβ PET) scan was performed at 163 

baseline and at second follow-up (4 years).  164 

 165 

2.2. Data collection 166 

2.2.1. Blood collection and plasma biomarker measurements 167 

Blood was collected at baseline and each follow-up point in EDTA acid plasma tubes after 2 168 

hours of fasting. Samples were centrifuged at 1300–2000xg for 10 min before being aliquoted 169 

and stored for long-term storage at -80oC. Plasma biomarker concentrations were all measured 170 

on the Simoa HD-X. Prior to measurement, samples were shortly thawed at room temperature 171 

in front of a cold-air fan and subsequently centrifuged at 10,000xg for 10 min. Concentrations 172 

of Aβ-42, Aβ-40, NfL, and GFAP were determined using the Simoa® Neurology 4-Plex E 173 

Advantage kit (Quanterix). These concentrations were obtained over four runs and samples 174 

were measured in singular according to manufacturer’s instructions. Inter-assay coefficients of 175 
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variation (CVs) for the quality controls were 7.3% for Aβ42, 5.0 for Aβ40, 5.5% for NfL, and 176 

5.0% for GFAP. P-tau217 concentrations were determined using the Simoa© ACC pTau217 177 

Assay (Janssen). These concentrations were obtained over six runs and samples were measured 178 

in duplicate and according to manufacturer’s instructions. The inter-assay CV for the quality 179 

controls was 5.6%, and the intra-assay CV for the samples was 7.1%.  180 

 181 

2.2.2. Amyloid-β status assessment  182 

An Aβ PET scan was performed at baseline and at follow-up 2 (4.33 years (SD = 0.42) later). 183 

PET imaging was conducted following the protocol outlined by Konijnenberg et al. (43) using 184 

a Philips Ingenuity Time-of-Flight PET–MRI scanner at the Department of Radiology & 185 

Nuclear Medicine, Amsterdam University Medical Center. During the baseline and follow-up 186 

visit, twins underwent dynamic dual-time window [18F]flutemetamol PET scans. Participants 187 

were injected intravenously with 185 MBq (± 10%) of [18F]flutemetamol and scanned 188 

dynamically for 0 to 30 minutes. They were then scanned again 90 to 110 minutes after the 189 

injection. Prior to each part of the PET scan, a dedicated MR sequence (atMR) was performed 190 

to correct for attenuation in the PET images. To minimize movement artifacts during scanning, 191 

participants' heads were positioned using laser guidance and monitored throughout the scan to 192 

maintain a stable head position. The static part of these scans (90 to 110 minutes) were visually 193 

evaluated by three trained readers following General Electric Healthcare guidelines to classify 194 

participants as Aβ+ or Aβ-. In cases of disagreement, the consensus rating of two readers was 195 

utilized. 196 

 197 

2.2.3. Cognitive testing 198 

Cognitive functioning was assessed using a standardized neuropsychological test battery 199 

covering memory, attention, executive functions, and language domains at baseline and all of 200 
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the three follow-up points. Memory was evaluated with the Dutch version of the Rey Auditory 201 

Verbal Learning Test (RAVLT) (45), which included total immediate and delayed recall, the 202 

three- and twenty-minute recall of the Rey Complex Figure Test (RCFT) (46), and the total 203 

score for the FNAME-names and occupations test (47). Attention was measured using the Trail 204 

Making Test (TMT) Part A (48), the Digit Symbol Substitution test (49), and the forward 205 

condition of the Digit Span task (49). Executive function was assessed using the Trail Making 206 

Test (TMT) Part B, adjusted for TMT Part A (48), the backward condition of the Digit Span 207 

task (49), and the Dutch Controlled Oral Word Association Task, in which participants 208 

generated words starting with the letters D, A, and T (50). Language was evaluated using the 209 

Category Fluency Animal task (51) and the Graded Naming Test (52).  210 

 211 

2.3. Statistical analysis 212 

2.3.1. Predicting Aβ status at baseline and over time 213 

The first set of analyses focused on the relationship between plasma biomarkers and Aβ status. 214 

Only data from baseline to the 4-year follow-up was used, as this was when the follow-up Aβ 215 

PET scan was performed. 216 

First, we tested whether baseline biomarker concentrations could discriminate between Aβ- and 217 

Aβ+ individuals at baseline. Receiver Operating Characteristic (ROC) models were fit, with 218 

individual biomarker concentrations as predictors and Aβ status (Aβ-/Aβ+) as the outcome. The 219 

area under the ROC curve (AUC) of each model was compared using the DeLong test. 220 

Resulting p-values were then corrected for multiple testing using the False Discovery Rate 221 

(FDR) correction. Once the best performing biomarker was identified, a linear model was fit 222 

with this biomarker as predictor, as well as additional linear models where age, sex (biological), 223 

or education (in years) were added. An ANOVA was then used to test whether these 224 

demographic covariates improved the prediction of the plasma biomarker only model. If 225 
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multiple covariates were found to improve the model, then an additional model was fit including 226 

all significant covariates and compared to the single covariate model.  227 

Secondly, we tested whether baseline biomarker concentrations could predict conversion from 228 

Aβ- to Aβ+ over 4 years. For this step, only participants who were Aβ- at baseline were included 229 

(n = 125). The same approach was followed as for the first analyses, replacing the outcome 230 

from baseline Aβ status to follow-up Aβ status. Similarly to the first analyses, we additionally 231 

tested whether the inclusion of age, sex, and/or education further improved model performance.  232 

Thirdly, we determined whether changes in plasma biomarker concentrations over time could 233 

predict with conversion from Aβ- to Aβ+. Only participants who were Aβ- at baseline were 234 

included. Linear mixed-effects models (LMMs) with random intercepts and slopes for time at 235 

the individual level were used to estimate individual changes in biomarker concentrations. 236 

These individual change estimates were then used as predictors of conversion from Aβ- to Aβ+, 237 

using the same analytical framework as in the first and second analyses. The added value of 238 

age, sex, and/or education to the best performing model was also assessed. As an additional 239 

step, the best baseline biomarker and change in biomarker concentration over time for 240 

predicting follow-up amyloid status were combined into a model, and this model was compared 241 

to the best baseline biomarker model and the best biomarker change over time model using an 242 

ANOVA.  243 

Finally, we tested whether the observed associations were a true reflection of pathophysiology, 244 

or if they were influenced by a common genetic liability and/or shared environmental 245 

confounding. To do so, we applied a twin-difference design using generalized estimating 246 

equations. Mean family biomarker concentrations (mean concentration per biomarker across 247 

twin 1 and twin 2) and family biomarker concentrations difference (difference between each 248 

twin biomarker concentration and the mean family biomarker concentration) were included as 249 

predictors of  PET amyloid-β status at 4 year follow-up, as described previously (22). Hence, 250 
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the biomarker concentration difference is corrected for all that is shared between the twins (age, 251 

sex, genome, shared environmental history). A significant association between the biomarker 252 

concentration difference between twin 1 and twin 2 and amyloid-β status indicates that the 253 

association between the biomarker and the outcome is minimally affected by genetic and shared 254 

environmental confounding.  255 

 256 

2.3.2. Association between AD plasma biomarkers and cognition over time 257 

In the second set of analyses, we focused on the relationship between plasma biomarkers and 258 

cognitive change over time, including participants up to follow-up 3 (mean follow-up time = 259 

6.28, SD = 0.83). Neuropsychological test scores were standardized by calculating z-scores, 260 

using the baseline mean and standard deviation from the Amsterdam EMIF-AD PreclinAD 261 

cohort, to allow different tests within the same domain to be combined into a composite score. 262 

Composite scores were obtained by averaging the z-scores of the tests within that domain. To 263 

ensure that lower scores consistently reflected poorer performance across all domains, z-scores 264 

for the TMT were inverted by multiplying them by -1. Composite scores could only be 265 

calculated if data were available for at least two-thirds of the relevant tasks. Consequently, 266 

composite scores could not be calculated for two participants at baseline, three at follow-up 1, 267 

and one participant at both follow-up 2 and follow-up 3. 268 

To examine the relationship between plasma biomarkers and cognitive performance, we applied 269 

LMMs. These models included subject-specific random intercepts and slopes, as well as a 270 

random effect for family to account for clustering within twin pairs. Age, sex, and years of 271 

education were included as covariates. First, we ran separate models for each biomarker and 272 

each cognitive composite score to test whether baseline plasma biomarker concentrations were 273 

associated with baseline cognition and change over time. We additionally evaluated whether 274 

longitudinal changes in plasma biomarker concentrations were associated with cognitive 275 
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change. For this, individual biomarker slopes were derived using linear models (see 3.1) and 276 

subsequently included in the LMMs.  277 

For significant results from the initial cognition analysis, two additional analyses were 278 

conducted. First, we examined whether the relationship between plasma biomarkers and 279 

cognitive change over time differed by amyloid-β status, specifically stratifying the cohort in 280 

three groups: participants who were Aβ- at baseline and 4-year follow-up (stable negative), 281 

participants who were Aβ+ at baseline and 4-year follow-up (stable positive), and participants 282 

who were Aβ- at baseline but Aβ+ at follow-up (converters). This involved models with an 283 

interaction term between baseline plasma biomarker concentrations or their slopes, time, and 284 

PET amyloid-β status. These models included the same random effects and covariates as the 285 

initial analyses. Additionally, we applied a twin-difference design to control for genetic and 286 

shared environmental confounding in the biomarker-cognition association. For this, LMM’s 287 

were used to assess whether within-pair differences in plasma biomarker concentrations or their 288 

concentration change over time were associated with within-pair differences in cognitive 289 

change. These analyses were adjusted for years of education, as this may differ between twins 290 

of the same pair, and included family-specific random intercepts and slopes to correct for 291 

repeated measures. 292 

 293 

3. Results 294 

3.1. Cohort demographic 295 

The baseline cohort consisted of 205 participants, of whom 120 (58.5%) were female. The mean 296 

age was 71 years, and the average years of education was 11 years. The sample consisted of 297 

101 twin pairs and 3 individuals for whom data was available for only one twin. Twenty-seven 298 

(13%) participants had a positive Aβ PET scan at baseline. This number increased to 37 (26%) 299 

out of the 152 twins which participated in follow-up 2, consisting of 16 participants already 300 
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positive at baseline and 21 participants who were negative at baseline and had converted to a 301 

positive status over 4 years. The Aβ+ group at baseline had a significantly higher age (p = 302 

0.006), higher p-tau217 concentrations (p < 0.001), lower Aβ-42/40 ratio (p < 0.001), higher 303 

GFAP concentrations (p < 0.001), and lower memory composite scores (p = 0.003) (Table S1). 304 

No significant differences were found between the groups in terms of years of education, 305 

proportion of female participants, NfL concentrations, or language, attention, and executive 306 

function composite scores (p ≥ 0.06 for all). Demographic information per timepoint is reported 307 

in Table 1.  308 

 309 

3.2. Association between plasma biomarkers and Aβ status 310 

3.2.1. Cross-sectional association between plasma biomarker concentration 311 

and Aβ status 312 

We first tested whether individual baseline biomarker concentrations could discriminate 313 

between Aβ- and Aβ+ individuals. The best-performing individual biomarker was p-tau217 314 

(AUC: 0.89, 95% CI = 0.80 – 0.97), followed by GFAP (AUC = 0.80, 95% CI = 0.71 – 0.90), 315 

Aβ-42/40 (AUC = 0.75, CI 95% = 0.66 – 0.83), and NfL (AUC = 0.61, 95% CI = 0.50 – 0.73) 316 

(Table S2, Figure 1A). P-tau217 outperformed both NfL (FDR-corrected p-value (FDRp) < 317 

0.001) and Aβ-42/40 (FDRp = 0.04), but not GFAP (FDRp = 0.13), while GFAP outperformed 318 

NfL only (FDRp = 0.001). The performance of p-tau217 was not improved by the addition of 319 

either age, sex, or education (FDRp ≥ 0.28 for all) (Table S3).  320 

 321 

3.2.2. Association between baseline biomarker concentrations and conversion 322 

from Aβ- to Aβ+ 323 
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We then tested whether individual baseline biomarker concentrations could identify participants 324 

who had converted from Aβ- to Aβ+ during the 4-year follow-up period. The only significant 325 

predictor of Aβ status conversion was p-tau217 (AUC = 0.68, 95% CI = 0.56 – 0.81) (Table S2, 326 

Figure 1B). None of the biomarkers outperformed each other (FDRp ≥ 0.11 for all). Adding 327 

age, sex, or education to the p-tau217 model did not further improve the performance of p-328 

tau217 only (FDRp ≥ 0.37 for all) (Table S3).  329 

 330 

3.2.3. Association between biomarker concentration change over time and 331 

conversion from Aβ- to Aβ+ 332 

We further tested whether individual changes in biomarker concentrations over time could 333 

predict conversion from Aβ- to Aβ+ at 4-year follow-up. The best performing individual 334 

biomarker and only significant predictor of Aβ conversion was longitudinal p-tau217 (AUC = 335 

0.79, 95% CI = 0.70 – 0.88) (Table S2, Figure 1C). Longitudinal p-tau217 outperformed both 336 

the NfL and GFAP models (FDRp ≤ 0.004 for both) but not the Aβ-42/40 model (FDRp = 0.14). 337 

The prediction of p-tau217 change over time was not improved by the addition of age, sex, or 338 

education to the model (FDRp ≥ 0.08 for all) (Table S3). Finally, we combined baseline p-339 

tau217 concentrations and p-tau217 concentration change over time into a model to predict 340 

conversion from Aβ- to Aβ+ at follow-up. This combined model outperformed the model with 341 

p-tau217 change over time only (F-statistic = 5.84; FDRp = 0.02).  342 

 343 

3.2.4. Associations between plasma biomarkers and amyloid status, 344 

accounting for underlying genetic and environmental liability 345 

Finally, we used a twin-difference design to determine whether the association between 346 

biomarkers and amyloid status observed in the previous steps are reflective of AD pathology or 347 

confounded by genetic or shared environment influences. While in the overall cohort, higher 348 
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baseline p-tau217 associated with a higher risk of being Aβ+ at follow-up, within twin pairs 349 

this association was not significant (β [SE] = 0.22 [0.23], p = 0.37, Table 2) . This suggest that 350 

the observed association may be partially confounded by shared genetic or environmental 351 

factors influencing both AD pathology and p-tau217 concentrations, rather than reflecting a 352 

direct association between p-tau217 concentrations and AD pathology. For biomarker change 353 

over time, in the overall cohort we found that a steeper change in p-tau217 over time was 354 

associated with a higher risk of being Aβ+ at follow-up. This association remained significant 355 

within twin pairs (β [SE] = 0.72 [0.26], p = 0.004), indicating that even when accounting for 356 

age, sex, genetics and a substantial part of shared environment history, a steeper increase in p-357 

tau217 concentrations over time is significantly associated with a greater risk of converting 358 

from Aβ- to Aβ+ over time. This suggests that the association between p-tau217 change and Aβ 359 

status conversion is unlikely to be confounded by genetics or shared environmental factors.  360 

 361 

3.3. Association between plasma biomarkers and cognition 362 

3.3.1 Association between baseline biomarker concentration and cognition 363 

We first examined whether baseline plasma biomarker concentrations were associated with 364 

cognition at baseline and cognitive changes over time. We observed that higher baseline p-365 

tau217 concentrations were associated with lower memory scores at baseline (β [SE] = −0.145 366 

[0.050], FDRp = 0.005) and a steeper decline in memory over time (β [SE] = −0.072 [0.021], 367 

FDRp = 0.002). Higher baseline GFAP concentrations were also associated with lower memory 368 

scores at baseline (β [SE] = −0.121 [0.057], FDRp = 0.040) and a steeper decline in memory 369 

over time (β [SE] = −0.062 [0.021], FDRp = 0.005). Additionally, higher baseline p-tau217 370 

concentrations were associated with a faster decline in language functioning over time (β [SE] 371 

= −0.066 [0.020], FDRp = 0.006). Finally, baseline NfL concentrations were associated with 372 

deterioration in attention over time (β [SE] = −0.094 [0.025], FDRp < 0.001). Baseline Aβ-373 
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42/40 was not associated with any cognitive domain scores (FDRp ≥ 0.22 for all). None of the 374 

baseline biomarker concentrations were associated with executive functioning scores (FDRp ≥ 375 

0.30 for all) (Table S4, Figure 2).  376 

 377 

3.3.2 Associations between biomarker concentration change over time and 378 

cognition over time  379 

Next, we examined whether longitudinal changes in plasma biomarker concentrations were 380 

associated with changes in cognition. Both p-tau217 (β [SE] = −0.131 [0.022], FDRp < 0.001) 381 

and GFAP change over time (β [SE] = −0.070 [0.027], FDRp = 0.013) were associated with a 382 

steeper decline in memory functioning over time. Additionally, p-tau217 changes were 383 

associated with a faster decline in language functioning over time (β [SE] = −0.066 [0.024], 384 

FDRp = 0.011). Changes in Aβ-42/40 and NfL over time were not associated with change in 385 

performance for any cognitive domain (FDRp ≥ 0.15 for all). None of the changes in biomarker 386 

concentrations over time were associated with change in executive function (FDRp ≥ 0.30 for 387 

all) or attention performance (FDRp ≥ 0.40 for all) (Table S4 and Figure 3). 388 

 389 

3.3.3 Associations between biomarker concentration and cognition over time, 390 

stratified by Aβ-status 391 

A significant three-way interaction was observed between baseline p-tau217 concentrations, 392 

time, and PET Aβ status on memory (β [SE] = −0.065 [0.025], p = 0.010, FDRp = 0.021), 393 

indicating that the association between baseline p-tau217 concentrations and cognitive change 394 

over time differed across the three PET Aβ status groups (Table S5). Pairwise group 395 

comparisons showed that stable Aβ- individuals differed significantly from stable Aβ+ 396 

individuals in their association between baseline p-tau217 concentration and longitudinal 397 

memory functioning (β [SE] = −0.125 [0.052], p = 0.018, FDRp = 0.039). Specifically, elevated 398 
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baseline p-tau217 concentrations in stable Aβ+ individuals were more strongly associated with 399 

a faster decline in memory over time compared to stable Aβ- negative individuals. No 400 

significant differences were observed in the association between baseline p-tau217 401 

concentrations and longitudinal memory functioning in comparisons between converters and 402 

stable Aβ- individuals or stable Aβ+ individuals (Table S6). For the other baseline plasma 403 

biomarker concentrations and for all plasma biomarker slopes, no significant three-way 404 

interaction with time and PET Aβ status on cognition across all cognitive domains was found 405 

(FDRp ≥ 0.061 for all) (Table S5 and Figure 4). 406 

 407 

3.3.4 Associations between plasma biomarkers and cognition, accounting for 408 

underlying genetic and environmental liability 409 

Using the twin-difference design, no significant associations were found between within twin-410 

pair differences in baseline plasma markers and within twin-pair differences in cognitive 411 

decline over time. Regarding changes in plasma biomarkers over time, within twin-pair 412 

differences in the slope of p-tau217 showed a marginally significant association with within 413 

twin-pair differences in memory change over time (β [SE] = −0.099 [0.041], p = 0.016, FDRp 414 

= 0.055) (Table 3 and Figure S1). 415 

  416 
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4. Discussion 417 

In this study, we show that in cognitively unimpaired individuals both baseline p-tau217 418 

concentrations and change in p-tau217 concentrations over time are moderate predictors of 419 

future AD pathology, while Aβ-42/40, NfL and GFAP are not associated with future AD 420 

pathology. Importantly, the association between plasma p-tau217 concentration change over 421 

time and future amyloid status was not confounded by shared genetic and environmental 422 

factors, suggesting a pathology-driven temporal relation between this plasma biomarker and 423 

developing AD pathology. We further observed that both baseline p-tau217 and change in p-424 

tau217 concentrations over time associated with decline in memory and language functioning. 425 

In addition, both baseline GFAP and change in GFAP over time were associated with memory 426 

decline, while baseline NfL was associated with decline in attention. When stratifying by Aβ 427 

status, we further observed that the association between baseline p-tau217 and longitudinal 428 

memory decline was strongest in individuals who were Aβ-positive at baseline, consistent with 429 

an interaction effect indicating that this association is more pronounced in the presence of 430 

amyloid pathology. On the other hand, associations of NfL and GFAP with cognitive decline 431 

were independent of AD pathology, suggesting these biomarkers are likely most useful as 432 

predictors of general, rather than AD-specific, cognitive decline. The association between 433 

changes in p-tau217 concentrations over time and memory decline was minimally influenced 434 

by (genetic) confounding. Taken together, our results suggest that longitudinal changes in p-435 

tau217 may directly reflect biological progression of AD, highlighting the potential of this 436 

biomarker not only for AD diagnosis but also for assessing future AD risk and monitoring 437 

biological and clinical disease progression.  438 

A recent study in a mixed cohort of cognitively unimpaired, MCI, and AD-dementia individuals 439 

reported that higher p-tau217 concentrations were associated with a 2-fold increased risk of 440 

becoming Aβ+ over 10 years (26). Our study demonstrates that this association also exists in a 441 
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cohort of cognitively unimpaired individuals only. Yakoub et al. additionally report that change 442 

in Aβ-42/40 and GFAP over time associate with risk of conversion to amyloid positivity in a 443 

mixed cohort of cognitively unimpaired and cognitively impaired individuals, a result we did 444 

not replicate (26). We hypothesize that changes in plasma Aβ-42/40 and GFAP may only be 445 

detectable further along the AD-continuum; Aβ-42/40, because of the overall low fold-change 446 

in plasma (53), and GFAP because increases in concentrations are most pronounced in more 447 

advanced disease stages (54).  448 

We further observed that both p-tau217 and GFAP were associated with longitudinal decline in 449 

memory and language. Our findings of associations between p-tau217, GFAP, and cognitive 450 

decline are in line with a recent study in a cohort of participants with SCD by Trieu et al (27), 451 

which reported associations of p-tau217 and GFAP with memory, language, attention, and 452 

executive functioning, as well as global cognition. Trieu et al. further reported associations 453 

between Aβ-42/40 and global cognition and language, as well as between NfL and global 454 

cognition, language, and executive function, none of which were found in the current study. 455 

However, people with SCD differ from the general population without cognitive complaints, s 456 

they are at a higher risk of progressing to dementia, which may explain the differences in our 457 

results (35). Yakoub et al (26) additionally reported association between p-tau217 and GFAP 458 

and the Alzheimer's Disease Assessment Scale-Cognitive Subscale 13 (ADAS13), a composite 459 

measure sensitive to AD-related cognitive changes (55). They found fairly consistent 460 

associations between NfL and ADAS13 scores, while in the current study NfL was only 461 

associated with attention. However, because they used a composite measure rather than separate 462 

cognitive domains, it is unclear which components drove the association with NfL. Their 463 

inclusion of cognitively impaired individuals might additionally be partially responsible for this 464 

association. Importantly, by assessing distinct cognitive domains rather than relying on global 465 
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cognitive scores alone, we provided a more nuanced characterization of early cognitive changes 466 

associated with plasma biomarkers. 467 

Leveraging the uniqueness of our longitudinal cohort of monozygotic twins, we were further 468 

able to investigate whether the associations observed between plasma biomarkers and AD 469 

outcomes were reflective of present and developing pathology, or if they were (partially) 470 

confounded by shared genetic or environmental factors. Applying a twin-difference design, we 471 

determined that the relationship between longitudinal changes in p-tau217 and subsequent AD 472 

and memory decline was not confounded by unmeasured genetic and environmental factors. 473 

This indicates that p-tau217 is not merely a proxy of shared genetic liability, but may reflect 474 

processes more directly involved in biological disease progression. All other associations 475 

between the plasma biomarkers (baseline and change over time) and AD pathology and 476 

cognition were, however, partly confounded, though the direction of the associations between 477 

baseline p-tau217 and GFAP with memory, as well as between baseline p-tau217 and 478 

conversion from Aβ− to Aβ+, was consistent with the main analyses. Since the sample size for 479 

the twin-difference design was relatively small, as only complete twin pairs with full data could 480 

be included and each pair was treated as a single unit, these findings may have been limited by 481 

reduced statistical power.  482 

Our study has several strengths. In particular, the cohort consists of cognitively unimpaired 483 

older adults with longitudinal measurements and well-characterized physical and cognitive 484 

health. Moreover, the twin-difference design of monozygotic twins enabled unique twin-based 485 

analyses to account for shared genetic and environmental confounding. The relatively healthy 486 

nature of the cohort is also an advantage, as it enables the investigation of the earliest stages of 487 

disease development and progression prior to overt clinical impairment.  488 

 489 

5. Limitations 490 
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The relatively healthy nature of the cohort may have increased susceptibility to practice effects 491 

from repeated cognitive testing, which is seen in individuals without amyloid pathology (56). 492 

This practice effect may have masked subtle declines in cognition. The healthy nature of our 493 

cohort also resulted in limited variability in disease progression, with only a small proportion 494 

of participants converting from Aβ− to Aβ+. As additional limitations, we point to the overall 495 

sample size which was relatively small, and the Aβ PET scans only being performed at baseline 496 

and 4-year follow-up. This  precluded exact determination of the timing of conversion from 497 

Aβ− to Aβ+ within the four-year interval. Future studies in larger and more diverse cohorts, 498 

with a longer follow-up time, are warranted to better capture the temporal dynamics of Aβ 499 

conversion. The fact that such associations were already observable within a relatively small 500 

and healthy cohort over a limited time frame suggests that the predictive value of these 501 

biomarkers may be even more pronounced in larger cohorts with extended follow-up periods.   502 

 503 

6. Conclusions 504 

In conclusion, our findings expand on previous works by demonstrating that in addition to its 505 

diagnostic and prognostic utility, p-tau217 may serve as a predictive marker of future AD 506 

pathology and AD-related cognitive decline, even in cognitively healthy individuals currently 507 

free of AD pathology. Future research should aim to identify additional factors which may 508 

enhance the predictive utility of these biomarkers, for example by incorporating known risk 509 

factors for AD, such as family history, genetics, comorbidities (obesity, traumatic brain injuries) 510 

and life style factors (alcohol consumption, smoking) (57). Further work is also needed to 511 

elucidate the biological mechanisms linking plasma p-tau217 dynamics to early amyloid 512 

accumulation and cognitive decline. Accurate risk biomarkers would enable identification of 513 

individuals at risk of developing AD prior to biological disease onset, facilitating preventive 514 

interventions.  515 
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AD: Alzheimer’s disease  519 

FDR: False discovery rate 520 

GFAP: Glial fibrillary acidic protein 521 

LMM: Linear mixed models 522 

MCI: Mild cognitive impairment 523 

NfL: Neurofilament light 524 

PET: Positron emission tomography 525 

p-tau: Phosphorylated-tau 526 

SCD: Subjective cognitive decline 527 

  528 



24 

 

Declarations 529 

Ethics approval and consent to participate 530 

The Medical Ethics Review Committee of the Amsterdam University Medical Center 531 

approved the study. Research was performed according to the principles of the Declaration of 532 

Helsinki and in accordance with the Medical Research Involving Human Subjects Act and 533 

codes on ‘good use’ of clinical data and biological samples as developed by the Dutch 534 

Federation of Medical Scientific Societies. All participants gave written informed consent. 535 

Consent for publication 536 

Not applicable.  537 

Availability of data and materials 538 

Data will be made available to researchers who provide a methodologically sound research 539 

proposal. Data sharing requests for such research proposals should be directed to 540 

ntr.datamanagement.fgb@vu.nl (see 541 

https://tweelingenregister.vu.nl/information_for_researchers/working-with-ntr-data for NTR 542 

data sharing procedures). To gain access, data requestors will need to sign a data access 543 

agreement. 544 

Competing interests 545 

E.d.G. is chair of the executive board of the VUmc research BV. P.S. has received consultancy 546 

fees (paid to the university) from AC Immune, Alzheon, Brainstorm Cell and ImmunoBrain 547 

Checkpoint. Within his university affiliation, he is PI of studies with AC Immune, FUJI-548 

film/Toyama, IONIS, UCB, Novartis, Novo Nordisk and Vivoryon. He is also an employee of 549 

Life Sciences Partners Amsterdam. L.E.C. has received research support from GE Healthcare 550 

(paid to institution). C.E.T. has a collaboration contract with ADx Neurosciences, Quanterix 551 

and Eli Lilly and performed contract research or received grants from AC-Immune, Axon 552 



25 

 

Neurosciences, Bioconnect, Biogen, Bioorchstra, Brainstorm Therapeutics, Celgene, EIP 553 

Pharma, Eisai, Novo Nordisk, PeopleBio, Roche, Toyama and Vivoryon. She serves on 554 

editorial boards of Medidact Neurologie/Springer, Alzheimer Research and 555 

Therapy and Neurology: Neuroimmunology & Neuroinflammation and is editor of 556 

a Neuromethods book Springer.  557 

Funding 558 

This work was partially funded by the CANTATE project, which is funded by the Alzheimer 559 

Drug Discovery Program.  560 

This work was supported by the Top Sector Life Sciences & Health, as designated by the 561 

Ministry of Economic Affairs and Climate Policy in 2012. 562 

This work has received support from the European Federation of Pharmaceutical Industries 563 

and Associations Innovative Medicines Initiative Joint Undertaking (European Medical 564 

Information Framework grant 115372). 565 

The project leading to this paper has received funding from the Innovative Medicines 566 

Initiative Joint Undertaking under grant agreement (115952). This Joint Undertaking receives 567 

the support from the European Union’s Horizon 2020 research and innovation programme and 568 

European Federation Pharmaceutical Industries and Associations. This communication 569 

reflects the views of the authors and neither Innovative Medicines Initiative nor the European 570 

Union and European Federation Pharmaceutical Industries and Associations are liable for any 571 

use that may be made of the information contained herein. 572 

Research of Alzheimer Centre Amsterdam is part of the neurodegeneration research 573 

programme of Amsterdam Neuroscience. Alzheimer Centre Amsterdam is supported by the 574 

Stichting Alzheimer Nederland and Stichting VUmc fonds. 575 

Funding for Netherlands Twin Register biobanking was obtained from the Netherlands 576 

Organisation for Scientific Research (904-61-090, 904-61-193, 480-04-004, 40-0056-98-577 



26 

 

9032, 480-15-001/674); the Centre for Medical Systems Biology (Genomics); and the 578 

European Science Foundation: Genomewide analyses of European twin and population 579 

cohorts (2001-01254). 580 

This work received in-kind sponsoring of the CSF and blood biomarker assays from ADx 581 

NeuroSciences, Quanterix corporation, Eli Lilly and Company and Euroimmun, and the PET 582 

tracer [18F]flutemetamol from General Electric Healthcare. 583 

Authors’ contributions 584 

RZR was involved in the measurements of biomarkers, performed all analyses pertaining to 585 

conversion from Aβ- to Aβ+, and was a main participant in the writing of the manuscript.  586 

EMD performed all analyses pertaining to cognitive decline and was a main participant in the 587 

writing of the manuscript. 588 

CET and AdB conceptualized the study and provided specialized input.  589 

AdB was a main participant in the writing of the manuscript.  590 

EdG and PJV contributed to cohort design and statistical analyses. 591 

IMWV supervised blood sample processing and biomarker analyses.  592 

JT, SMvdL, and MtK contributed to EMIF data collection.  593 

LC contributed to amyloid PET imaging processing and visual assessment.  594 

EdG, IMWV, JT, SMvdL, MtK, LC, PJV, CET and AdB all reviewed the manuscript critically.  595 

Acknowledgments 596 

We kindly thank all twins for their participation in this study.   597 

 598 

  599 



27 

 

REFERENCES 600 

1. 2025 Alzheimer's disease facts and figures. Alzheimer's & Dementia. 2025;21(4):e70235. 601 

2. Jansen WJ, Ossenkoppele R, Knol DL, Tijms BM, Scheltens P, Verhey FRJ, et al. Prevalence of 602 

cerebral amyloid pathology in persons without dementia: a meta-analysis. JAMA. 2015;313(19):1924–603 

38. 604 

3. Jack CJR, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS, et al. Tracking 605 

pathophysiological processes in Alzheimer's disease: an updated hypothetical model of dynamic 606 

biomarkers. Lancet Neurology. 2013;12(2):207–16. 607 

4. Winblad B, Amouyel P, Andrieu S, Ballard C, Brayne C, Brodaty H, et al. Defeating 608 

Alzheimer's disease and other dementias: a priority for European science and society. Lancet 609 

Neurology. 2016;15(5):455–532. 610 

5. Zhang J, Zhang Y, Wang J, Xia Y, Zhang J, Chen L. Recent advances in Alzheimer's disease: 611 

mechanisms, clinical trials and new drug development strategies. signal transfuction and targeted 612 

therapy. 2024;9(211). 613 

6. Chowdhury S, Chowdhury NS. Novel anti-amyloid-beta (Aβ) monoclonal antibody lecanemab 614 

for Alzheimer’s disease: A systematic review. International Journal of Immunopathology and 615 

Pharmacology. 2023;37:03946320231209839. 616 

7. Dyck CHv, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee M, et al. Lecanemab in Early 617 

Alzheimer's Disease. The New England Journal of Medicine. 2022;388(1):9–21. 618 

8. Rabinovici GD, Selkoe DJ, Schindler SE, Aisen P, Apostolova LG, Atri A, et al. Donanemab: 619 

Appropriate use recommendations. The Journal of Prevention of Alzheimer's Disease. 620 

2025;12(5):100150. 621 

9. Sims JR, Zimmer JA, Evans CD, Lu M, Ardayfio P, Sparks J, et al. Donanemab in Early 622 

Symptomatic Alzheimer Disease. JAMA. 2023;330(6):512–27. 623 

10. Lecanemab Approved for Treatment of Early Alzheimer's Disease Alzheimer's Association2024 624 

[Available from: https://www.alz.org/alzheimers-dementia/treatments/lecanemab-leqembi. 625 

11. Leqembi recommended for treatment of early Alzheimer’s disease European Medecines 626 

AgencyNovember 14, 2024 [Available from: https://www.ema.europa.eu/en/news/leqembi-627 

recommended-treatment-early-alzheimers-disease. 628 

12. Teunissen CE, Verberk IMW, Thijssen EH, Vermunt L, Hansson O, Zetterberg H, et al. Blood-629 

based biomarkers for Alzheimer's disease towards clinical implementation. Lancet Neurology. 630 

2022;21(1):66–77. 631 

13. Lombardi G, Pancani S, Manca R, Mitolo M, Baiardi S, Massa F, et al. Role of Blood P-Tau 632 

Isoforms (181, 217, 231) in Predicting Conversion from MCI to Dementia Due to Alzheimer's Disease: 633 

A Review and Meta-Analysis. International Journal of Molecular Sciences. 2024;25(23):12916. 634 

14. Dyer AH, Dolphin H, O'Connor A, Morrison L, Sedgwick G, Young C, et al. Performance of 635 

plasma p-tau217 for the detection of amyloid-β positivity in a memory clinic cohort using an 636 

electrochemiluminescence immunoassay. Alzheimer's Research & Therapy. 2024;16:186. 637 

15. Ashton NJ, Brum WS, Molfetta GD, Benedet AL, Arslan B, Jonaitis E, et al. Diagnostic 638 

Accuracy of a Plasma Phosphorylated Tau 217 Immunoassay for Alzheimer Disease Pathology. JAMA 639 

Neurology. 2024:e235319. 640 

16. Ashton NJ, Brum WS, Molfetta GD, Benedet AL, Arslan B, Jonatis E, et al. Diagnostic 641 

accuracy of the plasma ALZpath pTau217 immunoassay to identify Alzheimer’s disease pathology. 642 

medRxiv. 2023. 643 

17. Pahlke S, Kahale LA, Mahinrad S, Sousa-Pinto B, Vieira RJ, McAteer MB, et al. Blood-based 644 

biomarkers for detecting Alzheimer's disease pathology in cognitively impaired individuals within 645 

specialized care settings: A systematic review and meta-analysis. Alzheimer's & Dementia. 646 

2025;21(11). 647 

18. Feizpour A, Doecke JD, Doré V, Krishnadas N, Huang K, Bourgeat P, et al. Detections and 648 

staging of Alzheimer's disease by plasma pTau217 on a high throughput immunoassay platform. 649 

eBioMedicine. 2024;109:105405. 650 

19. Milà-Alomà M, Ashton NJ, Shekari M, Salvadó G, Ortiz-Romero P, Montoliu-Gaya L, et al. 651 

Plasma p-tau231 and p-tau217 as state markers of amyloid-β pathology in preclinical Alzheimer’s 652 

disease. nature Medicine. 2022;28(9):1797–801. 653 

20. Chatterjee P, Pedrini S, Doecke JD, Thota R, Villemagne VL, Doré V, et al. Plasma Aβ42/40 654 

ratio, p-tau181, GFAP, and NfL across the Alzheimer's disease continuum: A cross-sectional and 655 

longitudinal study in the AIBL cohort. Alzheimer's & Dementia. 2022;19(4):1117–34. 656 



28 

 

21. Bun S, Ito D, Tezuka T, Kubota M, Ueda R, Takahata K, et al. Performance of plasma 657 

Aβ42/40, measured using a fully automated immunoassay, across a broad patient population in 658 

identifying amyloid status. Alzheimer's Research & Therapy. 2023;15:149. 659 

22. Braber Ad, Verberk IMW, Tomassen J, Dulk Bd, Stoops E, Dage JL, et al. Plasma biomarkers 660 

predict amyloid pathology in cognitively normal monozygotic twins after 10 years. Brain 661 

Communications. 2023;5(1):fcad024. 662 

23. Giacomucci G, Mazzeo S, Bagnoli S, Ingannato A, Leccese D, Berti V, et al. Plasma 663 

neurofilament light chain as a biomarker of Alzheimer’s disease in Subjective Cognitive Decline and 664 

Mild Cognitive Impairment. Journal of Neurology. 2022;269(8):4270–80. 665 

24. Cicognola C, Janelidze S, Hertze J, Zetterberg H, Blennow K, Mattsson-Carlgren N, et al. 666 

Plasma glial fibrillary acidic protein detects Alzheimer pathology and predicts future conversion to 667 

Alzheimer dementia in patients with mild cognitive impairment. Alzheimer's Research & Therapy. 668 

2021;13:68. 669 

25. Gonzéles-Escalante A, Milà-Alomà M, Brum WS, Ashton NJ, Ortiz-Romero P, Shekari M, et al. 670 

A plasma biomarker panel for detecting early amyloid-β accumulation and its changes in middle-671 

aged cognitively unimpaired individuals at risk for Alzheimer’s disease. eBioMedicine. 672 

2025;116(105741). 673 

26. Yakoub Y, Qiu T, Peyrot C, Salvadó G, Villeneuve S, Binette AP, et al. Trajectories of plasma 674 

biomarkers, amyloid-beta burden and cognitive decline in Alzheimer's disease: A Longitudinal ADNI 675 

Study. 2025. 676 

27. Trieu C, Harten ACv, Leeuwenstijn MSSSv, Schlüter L-M, Boonkamp L, Aladdin A, et al. 677 

Longitudinal Blood-Based Biomarkers and Clinical Progression in Subjective Cognitive Decline. JAMA 678 

Network Open. 2025;8(12):e254862. 679 

28. Ebenau JL, Pelkmans W, Verberk IMW, Verfaillie SCJ, Bosch KAvd, Leeuwenstijn Mv, et al. 680 

Association of CSF, Plasma, and Imaging Markers in Neurodegeneration With Clinical Progression in 681 

People With Subjective Cognitive Decline. Neurology. 2022;98(13):e1315–26. 682 

29. Honey MIJ, Maurik ISv, Harten ACv, Gouda M, Leeuwenstijn Mv, Mank A, et al. Individualized 683 

prediction of clinical progression to dementia using plasma biomarkers in non-demented elderly. 684 

Alzheimer's Research & Therapy. 2025;18(1). 685 

30. Cullen NC, Leuzy A, Palmqvist S, Janelidze S, Stomrud E, Pesini P, et al. Individualized 686 

prognosis of cognitive decline and dementia in mild cognitive impairment based on plasma 687 

biomarker combinations. nature aging. 2021;1:114–23. 688 

31. Park M-K, Ahn J, Kim Y-J, Lee J-W, Lee J-C, Hwang S-J, et al. Predicting Longitudinal 689 

Cognitive Decline and Alzheimer’s Conversion in Mild Cognitive Impairment Patients Based on Plasma 690 

Biomarkers. Cells. 2024;13(13):1085. 691 

32. Simrén J, Leuzy A, Karikari TK, Hye A, Benedet AL, Lantero-Rodriguez J, et al. The 692 

diagnostic and prognostic capabilities of plasma biomarkers in Alzheimer's disease. Alzheimer's & 693 

Dementia. 2021;17(7):1145–56. 694 

33. Tsai C-L, Liang C-S, Lee J-T, Su M-W, Lin C-C, Chu H-T, et al. Associations between Plasma 695 

Biomarkers and Cognition in Patients with Alzheimer’s Disease and Amnestic Mild Cognitive 696 

Impairment: A Cross-Sectional and Longitudinal Study. Journal of Clinical Medicine. 2019;8(11):1893. 697 

34. Mattsson-Carlgren N, Salvadó G, Ashton NJ, Tideman P, Stomrud E, Zetterberg H, et al. 698 

Prediction of Longitudinal Cognitive Decline in Preclinical Alzheimer Disease Using Plasma 699 

Biomarkers. JAMA Neurology. 2023;80(4):360–69. 700 

35. Jessen F, Amariglio RE, Buckley RF, Flier WMvd, Han Y, Molinuevo JL, et al. The 701 

characterisation of subjective cognitive decline. Lancet Neurology. 2020;19(3):271–78. 702 

36. Pinto TCC, Machado L, Bulgacov TM, Rodrigues-Júnior AL, Costa MLG, Ximenes RCC, et al. Is 703 

the Montreal Cognitive Assessment (MoCA) screening superior to the Mini-Mental State Examination 704 

(MMSE) in the detection of mild cognitive impairment (MCI) and Alzheimer’s Disease (AD) in the 705 

elderly? International Psychogeriatrics. 2019;31(4):491–504. 706 

37. Trzepacz PT, Hochstetler H, Wang S, Walker B, Saykin AJ, Initiative AsDN. Relationship 707 

between the Montreal Cognitive Assessment and Mini-mental State Examination for assessment of 708 

mild cognitive impairment in older adults. BMC Geriatrics. 2015;15:107. 709 

38. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CJR, Kawas CH, et al. The diagnosis 710 

of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-711 

Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimer's & 712 

Dementia. 2011;7(3):263–69. 713 

39. Baker E, Leonenko G, Schmidt KM, Hill M, Myers AJ, Shoai M, et al. What does heritability of 714 

Alzheimer's disease represent? PLoS One. 2023;18(4):e0281440. 715 



29 

 

40. Rousset RZ, Braber Ad, Verberk IMW, Boonkamp L, Wilson DH, Ligthart L, et al. Heritability 716 

of Alzheimer's disease plasma biomarkers: A nuclear twin family design. Alzheimer's & Dementia. 717 

2024:1–13. 718 

41. Rousset RZ, Dolan CV, Wilson DH, Veld Lit, Ligthart L, Teunissen CE, et al. Genetic and 719 

environmental contributions to variation in plasma phosphorylated tau 217. Alzheimer's & Dementia. 720 

2025;21(11). 721 

42. Gillespie NA, Elman JA, McKenzie RE, Tu XM, Xian H, Reynolds CA, et al. The heritability of 722 

blood-based biomarkers related to risk of Alzheimer's disease in a population-based sample of early 723 

old-age men. Alzheimer's & Dementia. 2023. 724 

43. Konijnenberg E, Carter SF, Kate MT, Braber Ad, Tomassen J, Amadi C, et al. The EMIF-AD 725 

PreclinAD study: study design and baseline cohort overview. Alzheimer's Research & Therapy. 726 

2018;10(1):75. 727 

44. Verberk IMW, Misdorp EO, Koelewijn J, Ball AJ, Blennow K, Dage JL, et al. Characterization 728 

of pre-analytical sample handling effects on a panel of Alzheimer's disease–related blood-based 729 

biomarkers: Results from the Standardization of Alzheimer's Blood Biomarkers (SABB) working group. 730 

Alzheimer's & Dementia. 2022;18(8):1484–97. 731 

45. Saan RJ, Deelman BG. De 15-Woordentests A en B. Een voorlopige handleiding (Intern 732 

rapport). Groningen: AZG, afd. Neuropsychologie; 1986. 733 

46. Meyers JE, Bayless JD, Meyers KR. Rey complex figure: memory error patterns and 734 

functional abilities. Applied Neuropsychology. 1996;3(2):89–92. 735 

47. Papp KV, Amariglio RE, Dekhtyar M, Roy K, Wigman S, Bamfo R, et al. Development of a 736 

Psychometrically Equivalent Short Form of the Face–Name Associative Memory Exam for use Along 737 

the Early Alzheimer’s Disease Trajectory The Clinical Neuropsychologist. 2014;28(5):771–85. 738 

48. Reitan RM. Validity of the Trail Making Test as an Indicator of Organic Brain Damage. 739 

Perceptual and Motor Skills. 1958;8(3):271–76. 740 

49. Wechsler D. WAIS-R: Manual : Wechsler adult intelligence scale--revised: Harcourt Brace 741 

Jovanovich [for] Psychological Corp; 1981. 742 

50. Schmand B, Groenink SC, Dungen Mvd. Letterfluency: psychometrische eigenschappen en 743 

Nederlandse normen. Tijdschrift Voor Gerontologie En Geriatrie. 2008;2. 744 

51. Dekker R, Mulder JL, Dekker PH. Woord- en figuur-fluencytests: Handleiding. Leiden: PITS; 745 

2006. 746 

52. Lindeboom J, Schmand B, Tulner L, Walstra G, Jonker C. Visual association test to detect 747 

early dementia of the Alzheimer type. Journal of Neurology, Neurosurgery & Psychiatry. 748 

2002;73:126–33. 749 

53. Rabe C, Bittner T, Jethwa A, Suridjan I, Manuilova E, Friesenhahn M, et al. Clinical 750 

performance and robustness evaluation of plasma amyloid-β42/40 prescreening. Alzheimer's & 751 

Dementia. 2022;19(4):1393–402. 752 

54. Peretti DE, Boccalini C, Ribaldi F, Scheffler M, Marizzoni M, Ashton NJ, et al. Association of 753 

glial fibrillary acid protein, Alzheimer's disease pathology and cognitive decline. Brain. 754 

2024;147(12):4094–104. 755 

55. Kueper JK, Speechley M, Montero-Odasso M. The Alzheimer's Disease Assessment Scale-756 

Cognitive Subscale (ADAS-Cog): Modifications and Responsiveness in Pre-Dementia Populations. A 757 

Narrative Review. Journal of Alzheimer's Disease. 2018;63(2):423–44. 758 

56. Tomassen J, Braber Ad, Landen SMvd, Konijnberg E, Teunissen CE, Vermunt L, et al. 759 

Abnormal cerebrospinal fluid levels of amyloid and tau are associated with cognitive decline over 760 

time in cognitively normal older adults: A monozygotic twin study. Alzheimer's & Dementia. 761 

2022;8(1). 762 

57. Livingston G, Huntley J, Liu KY, Costafreda SG, Selbæk G, Alladi S, et al. Dementia 763 

prevention, intervention, and care: 2024 report of the Lancet standing Commission. The Lancet. 764 

2024;404(10452):572–628. 765 

 766 

 767 



30 

 

Table 1. Demographic information of the cohort at baseline and follow-ups.  
 Baseline 

(n = 205) 
Follow-up 1 
(n = 192) 

Follow-up 2 
(n = 152) 

Follow-up 3 
(n = 131) 

Aβ+ participants at baseline who were lost to follow-up 
(% of total drop-outs per FU) 

— 2 (15.38%) 6 (15%) 7 (31.82%) 

Age 
Mean, SD 

70.7 (7.86) 72.18 (7.4) 73.1 (6.83) 74.6 (5.7) 

Sex 
Female, % 

120 (58.54%) 110 (57.29%) 84 (55.26%) 73 (55.73%) 

Year of Education 
Mean, SD 

11.39 (2.60) 11.49 (2.62) 11.8 (2.64) 11.8 (2.69) 

Aβ status  
Aβ+, %  27 (13.3%) — 37 (25.9%) — 

p-tau217 (pg/mL) 
Median, IQR 

0.037  
[0.026 – 0.049] 

0.037 
[0.028 – 0.052] 

0.037 
[0.029 – 0.054] 

0.040 
[0.027 – 0.061] 

Aβ-42/40 
Median, IQR 

0.062 
[0.054 – 0.068] 

0.061 
[0.053 – 0.067] 

0.061 
[0.054 – 0.067] 

0.061 
[0.053 – 0.065] 

NfL (pg/mL) 
Median, IQR 

14.5 
[11.1 – 19.77] 

15.2 
[11.3 – 19.6] 

16.0  
[12.9 – 19.5] 

17.6 
[13.7 – 23.0] 

GFAP (pg/mL) 
Median, IQR 

97.26 
[73.22 – 139.32] 

104 
[72.6 – 143] 

104 
[78.1 – 148] 

117 
[87.5 – 157] 

Memory composite score (Mean, SD) -0.03 (0.77) -0.01 (0.80) 0.25 (0.85) 0.09 (0.89) 
Language composite score (mean, SD) 0.003 (0.81) 0.04 (0.81) 0.19 (0.82) 0.01 (0.88) 
Attention composite score (mean, SD) -0.008 (0.73) -0.07 (0.74) 0.10 (0.68) 0.01 (0.96) 
Executive function composite score (mean, SD) -0.005 (0.67) -0.095 (0.69) 0.05 (0.81) -0.13 (0.73) 

Aβ = amyloid beta. Aβ-42/40 = amyloid beta 42/40 ratio. GFAP = glial fibrillary acidic protein. IQR = interquartile range. NfL = neurofilament 768 

light. P-tau217 = phosphorylated tau-217. SD = standard deviation. Time between each follow-up is about 2 years.  769 
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Table 2. Association between within twin-pair difference in plasma biomarkers and in Aβ status over time. 
Model β (SE) p FDRp 

Baseline biomarker concentration prediction of conversion from Aβ- to Aβ+ at follow-up within twin pair 
p-tau217  0.22 (0.23) 0.37 NA 

Biomarker concentration change over time prediction of conversion from Aβ- to Aβ+ at follow-up 

p-tau217  0.72 (0.26) 0.004 NA 

FDR-corrected p-values are not computed, as only one test was performed per condition.  771 

Aβ = amyloid beta. Aβ-42/40 = amyloid beta 42/40 ratio. AUC = area under the curve. GFAP = glial fibrillary acidic protein. NfL = 772 

neurofilament light. P-tau217 = phosphorylated tau-217. P = p-value. FDRp = FDR-corrected p-value.  773 
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Table 3. Association between within twin pair difference in plasma biomarkers and in cognitive change over time.  
 Memory Language Attention 

Model β (SE) p FDRp β (SE) p FDRp β (SE) p FDRp 

Baseline biomarker concentration association with cognitive change 

p-tau217 
-0.059 
(0.038) 0.112 0.304 

-0.019 
(0.038) 0.611 0.743 – – – 

NfL – – – – – – 0.012 (0.025) 0.615 0.918 

GFAP 
-0.013 
(0.029) 0.648 0.740 – – – – – – 

Biomarker concentration change association with cognitive change 

p-tau217 
-0.099 
(0.041) 0.016 0.055±

 
0.010 

(0.042) 0.815 0.868 – – – 

GFAP 
-0.036 
(0.043) 0.408 0.916  – – – – – 

± p < 0.05, but FDRp non-significant ; * FDRp < 0.05 ; ** FDRp < 0.01 ; *** FDRp < 0.001 775 

β = beta coefficient. GFAP = glial fibrillary acidic protein. NfL = neurofilament light. P-tau217 = phosphorylated tau-217. P = p-value. FDRp = 776 

FDR-corrected p-value. SE = standard error. Change in cognition was evaluated over a period of minimum 2 years and maximum 6 years. 777 
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 780 

Figure 1. Performance of baseline and change in biomarker concentrations for 781 

discriminating between Aβ- and Aβ+. A = Performance of individual baseline biomarkers 782 
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for discriminating between baseline Aβ- and Aβ+. B = Performance of individual baseline 783 

biomarkers for predicting conversion to Aβ+ at follow-up. C = Performance of individual 784 

change in biomarker over time for predicting conversion to Aβ+ at follow-up. Aβ = Amyloid-785 

β. GFAP = Glial fibrillary acidic protein. NfL = Neurofilament light chain. P-tau217 = 786 

phosphorylated-tau 217.  787 
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 789 

Figure 2. Relations between baseline plasma biomarkers and cognitive change over time.  790 

Baseline biomarker concentrations are on the X axis, while individual cognitive slopes 791 

(representing the rate of cognitive change over time) are on the Y axis. The results displayed 792 

above each scatter plot are derived from a linear mixed-effects model testing the interaction 793 

between baseline plasma biomarker concentrations and time on cognitive composite scores. 794 

Models were adjusted for age, sex, and education. Abbreviations: Aβ, amyloid beta; GFAP, 795 

glial fibrillary acidic protein; NfL, neurofilament light chain; pTau, 217‐phosphorylated‐tau.  796 
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 797 

Figure 3. Relations between plasma biomarker change and cognitive change over time.   798 

Individual biomarker slopes (representing the rate of concentration change over time) are on 799 

the X axis, while individual cognitive slopes (representing the rate of cognitive change over 800 

time) are on the Y axis. The results displayed above each scatter plot are derived from a linear 801 

mixed-effects model testing the interaction between the rate of plasma biomarker 802 

concentrations change over time and time on cognitive composite scores. Models were 803 

adjusted for age, sex, and education. Abbreviations: Aβ, amyloid beta; GFAP, glial fibrillary 804 

acidic protein; NfL, neurofilament light chain; pTau, 217‐phosphorylated‐tau.  805 
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 806 

Figure 4. Associations between baseline and change in biomarker concentrations and cognitive change stratified by Aβ status. Baseline 807 

biomarker concentrations (A, B, C, D) or individual biomarker slopes (representing the rate of concentration change over time; E, F, G) are on 808 
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the X axis, while individual cognitive slopes (representing the rate of cognitive change over time) are on the Y axis. The results displayed above 809 

each scatter plot are derived from a linear mixed-effects model testing the interaction between baseline plasma biomarker concentrations (A, B, 810 

C, D) or rate of biomarker change over time (E, F, G), time, and amyloid-β PET status on cognitive composite scores. Models were adjusted for 811 

age, sex, and education. Subjects are stratifies into stable negatives (Aβ- at baseline and follow-up, in green), stable positives (Aβ+ at baseline 812 

and follow-up, in red) and converters (Aβ- at baseline and Aβ+ at follow-up, in yellow). Abbreviations: Aβ, amyloid beta; GFAP, glial fibrillary 813 

acidic protein; NfL, neurofilament light chain; pTau, 217‐phosphorylated‐tau.  814 
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