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Abstract
Cognitive assessment and analysis of plasma biomarkers are 
lower-cost options for the early assessment of Alzheimer's 
disease (AD). In this study, we examined whether serial 
position markers in the Rey's AVLT were sensitive to plasma 
AD biomarkers in cognitively unimpaired older individuals. 
Participants (n = 327; mean age = 70.4, SD = 10.4) were free 
of dementia (MMSE = 24+) at baseline and recruited as 
part of the Memory Evaluation Research Initiative (MERI; 
Nathan Kline Institute, NY, USA). Data included plasma 
p-tau231, Aβ40 and Aβ42, AVLT scores and demographics. 
Bayesian linear and logistic regression analyses were carried 
out with plasma biomarkers as outcomes (including the 
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INTRODUCTION

Early detection of Alzheimer's disease (AD) is one of the critical components of the global response to 
the growing dementia crisis. Accurate, affordable and accessible detection tools are needed to address 
the increasing prevalence of dementia in low- and middle-income countries. Plasma biomarkers are 
developing into a very attractive tool for early screening and diagnostics as they are lower-cost options 
for early diagnostics compared to positron emission tomography (PET) imaging and less invasive alter-
natives than lumbar puncture. However, plasma testing may still be difficult to access within rural com-
munities and remote locations (Anticona Huaynate et al., 2015), which presents with a series of practical 
challenges when implementing in clinical practice (Della Monica et al., 2024; Schöll et al., 2024).

A second alternative to PET imaging and lumbar puncture is cognitive assessment. Cognitive as-
sessment provides direct information on an individual's cognitive state, but only indirect information 
about their possible underlying neuropathology. Moreover, cognitive assessment is relatively inexpen-
sive and, in some cases, shows good concordance with biomarker results (Bruno, Jauregi Zinkunegi, 
Kollmorgen, et al., 2023; Bruno, Jauregi Zinkunegi, Pomara, et al., 2023). One way to improve cogni-
tive assessment sensitivity to underlying AD and related dementias neuropathology is to adopt item-
level analysis of cognitive responses (Bruno et al., 2024). Item-level analysis requires the assessment of 
item-by-item responses of participants and aims at identifying the underlying neurocognitive processes 
leading to the cognitive performance (Mueller et al., 2022), in tune with the process approach (Libon 
et al., 2013; Milberg et al., 2009).

Analysis of serial position performance, where memory is better for stimuli learned at the begin-
ning (primacy) and/or at the end (recency) of a list, is one type of process scoring applied to word-list 
recall that improves detection of AD pathology over traditional metrics (Bruno, Jauregi Zinkunegi, 
Kollmorgen, et al., 2023). For example, delayed primacy from a word-list test has been found to be asso-
ciated with global AD pathology and neuritic plaques, which are the consequence of amyloid-β protein 
aggregation (Bruno et al., 2024), while loss of recency in both word lists and stories has been linked 
to higher levels of CSF tau levels (Bruno, Jauregi Zinkunegi, Pomara, et al., 2023; Bruno, Zinkunegi, 
et al., 2023).

In this study, we examined whether serial position markers in the Rey's auditory verbal learning 
test (AVLT; Rey,  1983) were sensitive to cross-sectional plasma AD biomarker levels in a cohort 
of community-dwelling free-of-dementia older adults: the Memory Evaluation Research Initiative 
(MERI) from the Nathan Kline Institute (NY, USA). We focused specifically on the relationship 
between serial position performance and plasma phosphorylated (p)-tau231. Evidence shows that 

Aβ42/40 ratio); memory scores, including traditional 
metrics and serial position scores, were predictors; and age, 
years of education, APOE ε4-status and reported gender 
were control variables. Results indicated that plasma p-
tau231 was associated primarily with delayed primacy recall 
(first four words): the more primacy words were recalled, 
the lower the plasma p-tau231 levels were. This study 
confirms that serial position analysis of word-list recall data, 
and particularly delayed primacy, is a valuable tool for the 
identification of in vivo AD-related pathology in cognitively 
unimpaired individuals.

K E Y W O R D S
Alzheimer's disease, memory assessment, plasma biomarkers
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p-tau231 may be the first isoform to respond to brain tau pathology (Antonioni et al., 2023), but 
few studies have examined how this marker is related to cognitive performance in individuals who 
are free of dementia (Martínez-Dubarbie et  al.,  2024). Secondary analyses also examined the re-
lationship between serial position scores in AVLT and plasma levels of amyloid β (Aβ) 40 and 42 
(including the 42/40 ratio).

METHODS

Sample

A total of 725 MERI participants completed an evaluation, including AVLT and a blood draw for plasma 
determination. In a first set of analyses, 327 participants were included after applying the following 
criteria: participants had to be free of dementia, as determined by a Mini-mental State Exam (MMSE; 
Folstein et  al.,  1983) score of 24 or higher (Creavin et  al.,  2016; Rohden et  al.,  2025); participants' 
data had to include plasma p-tau231, Aβ40 and Aβ42, and AVLT performance at the same visit, plus 
demographic data. Average age was 70.4 years (SD = 10.4) and 188 individuals were female (57.5%; see 
Table 1 for more information).

Second, to provide a sensitivity check, we replicated the main analysis, including only participants 
whose MMSE score was 26+, while all other criteria remained the same. This sample was 311 partici-
pants; the average age was 69.6 (SD = 10.3), and females were 178 (57.2%).

T A B L E  1   Mean and standard deviation (SD) of p-tau231, Aβ40, Aβ42 (in pg/mL) and Aβ42/40 ratio; demographics 
variables; mini-mental state exam (MMSE) score; AVLT scores, including serial position and the learning ratio.

MMSE 24+ (mean, SD) MMSE 26+ (mean, SD)

p-tau231 8.69, 5.13 8.43, 5.14

Aβ40 97.31, 33.41 97.15, 32.41a

Aβ42 5.87, 2.10 5.91, 2.09a

Aβ42/40 ratio 0.06, 0.01 0.06, 0.01a

Age 70.43, 10.36 69.64, 10.33

Education 15.60, 2.83 15.81, 2.73

MMSE 28.37, 1.70 28.73, 1.26

AVLT total 40.77, 13.24 42.56, 12.46

AVLT delayed 6.80, 4.47 7.35, 4.31

Trial1 primacy 1.79, 1.18 2.04, 3.12

Trial1 middle 1.83, 5.13 1.94, 5.24

Trial1 recency 1.99, 1.13 2.02, 1.11

Delayed primacy 2.09, 1.45 2.24, 1.39

Delayed middle 3.16, 2.29 3.44, 2.24

Delayed recency 1.55, 1.31 1.67, 1.31

Learning ratio 0.50, 0.28 0.53, 0.28

Frequency Frequency

Gender (# of females) 188 (57.5%) 178 (57.2%)

APOE ε4-status 106 (32.4%) 96 (30.9%)

Note: On the left are data for the MMSE 24+ sample (n = 327), and on the right are data for the MMSE 26+ sample (n = 311). Also reported are 
frequency and % of reported female gender and APOE ε4-status.
aData from 299 participants due to missing scores.
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The complete MERI procedures have been discussed previously (Reichert et al., 2015), but briefly: 
MERI is a community-based programme offering residents of Rockland County, NY, USA, free clinical 
and neuropsychological assessment and evaluation. Most volunteers take part in MERI due to age-
related concerns with their memory or because of a family history of dementia. The MERI programme 
was reviewed and approved by the Nathan S. Kline Institute/Rockland Psychiatry Center Institutional 
Review Board. All participants provided informed consent.

Cognitive assessment

The AVLT comprises 15 semantically unrelated words read and tested over five learning trials; after 
about 20 minutes, a delayed recall test is also performed. Traditional memory metrics in use were total 
recall (over the five learning trials) and delayed recall. Serial position metrics, as per previous papers (e.g. 
Bruno et al., 2013; Talamonti et al., 2020), were the number of words recalled at the primacy (first four), 
middle (middle seven) and recency (last four) positions in the first (immediate recall) and delayed trials. 
We also wanted to compare serial position metrics with the learning ratio, a score indexing forgetting 
(Boscarino et al., 2024). The learning ratio is calculated using this formula, as applied to AVLT: (final 
learning trial (5th) recall – first learning trial recall)/(15 – first learning trial recall); to note, 15 is the 
total number of items to recall in each trial.

Blood biomarkers

Plasma concentrations of Aβ40 and Aβ42 were measured using the Neuro-4-Plex-E Single molecule 
array (Simoa) assay (Quanterix, Billerica, MA). Plasma p-tau231 concentration was measured by an in-
house Simoa assay (Ashton et al., 2021).

Analysis plan

Bayesian linear regression analyses were carried out with p-tau231, Aβ40, Aβ42 and the Aβ42/40 ratio, as 
outcomes, in separate analyses; memory scores, including traditional metrics and serial position scores, 
were used as predictors; we also compared serial position metrics with the learning ratio. Age, years of 
education, APOE ε4-status, MMSE score and reported gender were used as control variables, forming 
the null model. Credible intervals (CIs) were set to 95%. The prior was set to the Jeffreys-Zellner-
Siow prior, which assigns a normal distribution to each regression coefficient and is recommended for 
Bayesian regression analyses (Heo & Van de Schoot, 2020). The model prior was set to Uniform, which 
assigns equal prior probabilities to all models under consideration. One thousand Markov chain Monte-
Carlo simulations were conducted to determine parameters and compensate for possible violations of 
normality. Following that, a post-hoc Bayesian logistic regression analysis was conducted comparing 
people who exceeded the clinical p-tau231 cut-off of 17.7 with those below to determine utility for 
diagnostic purposes. The main predictor from the initial analysis was applied alongside the same 
covariates. Analyses were conducted using JASP (0.18.3; https://​jasp-​stats.​org/​).

R ESULTS

MMSE 24+

Visual inspection of q-q plots suggested that the plasma p-tau231 outcome should be adjusted. A 
natural-log transformation yielded q-q plots indicating a normal distribution. The linear regression 
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analysis on the transformed data suggested the best fitting model had only delayed primacy recall 
(moderate evidence: BF10 = 4.6, BFinclusion = 1.2; see Figure  1). The second-best model (BF10 = 3.8) 
included delayed recall. Following this analysis, the test coefficient for delayed primacy was calculated 
over the untransformed plasma p-tau231, after removal of the other predictors. The fewer delayed 
primacy words that were recalled cross-sectionally, the higher the plasma p-tau231 levels were (mean 
coefficient = −0.54, SD = 0.27; one fewer delayed primacy word recalled corresponded to approximately 
6% higher plasma p-tau231; CIs: −1 to 0, i.e. 12% to 0%).

The Bayesian logistic regression (22 of 327 individuals exceeded the p-tau231 cutoff; 7%; see Table 2 
for a comparison across sub-groups) confirmed these findings: lower levels of delayed primacy were 
associated with a higher risk of positive classification (moderate evidence; BF10 = 4.8). Diagnostic esti-
mates were also derived. In general, adding delayed primacy to the model with the covariates increased 
the area under the curve from 0.73 to 0.77. When setting a low delayed primacy cut-off of 0.5, essentially 
comparing those who scored 0 (i.e. complete failure to recall any item from the primacy region) to those 
who scored 1–4 (any item recalled), we obtained 81% specificity (i.e. correct rejection, or true negative, 
rate), 50% sensitivity (i.e. hit, or true positive, rate), 96% negative predictive value (NPV; i.e. the proba-
bility that a negative response is a correct rejection rather than a miss, i.e. a false negative) and 16% pos-
itive predictive value (PPV; i.e. the probability that a positive response is a hit rather than a false alarm, 
i.e. a false positive). In contrast, when setting a higher cut-off of 3.5, comparing perfect performers vs. 
everyone else, we obtained 47% specificity, 82% sensitivity, 97% NPV and 10% PPV.

Plasma Aβ40 and Aβ42 levels were adjusted by the square root to improve q-q plots, as the natural 
log transformation did not fix the issue; the ratio scores were left untransformed as their q-q plots were 
fine. However, no model was better than the null model for any of these outcomes, indicating that no 
AVLT metric was a good predictor.

MMSE 26+ sensitivity check

The natural log transformation with this sample did not produce normal q-q plots, so we applied a square 
root transformation to the p-tau231 values, which yielded a better plot. The linear regression analysis on 
the square-root-transformed data indicated that the best fitting model had delayed primacy recall alone 
(moderate evidence: BF10 = 5.304, BFinclusion = 1.0; see Figure 2). Following this analysis, the test coefficient 
for delayed primacy was calculated over the untransformed plasma p-tau231, after removal of the other 

F I G U R E  1   Relationship between transformed plasma p-tau 231 levels (natural log) and delayed primacy recall (with 95% 
confidence intervals).
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predictors. The fewer delayed primacy words were recalled cross-sectionally, the higher the plasma p-tau231 
levels were (mean coefficient = −0.30, SD = 0.35; one fewer delayed primacy word recalled corresponded to 
approximately 4% higher plasma p-tau231; CIs: −1.0 to 0, i.e. 12% to 0%).

T A B L E  2   Mean and standard deviation (SD) of p-tau231, Aβ40, Aβ42 (in pg/mL) and Aβ42/40 ratio; demographic 
variables; mini-mental state exam (MMSE) score; AVLT scores, including serial position and the learning ratio.

Negative Positive

p-tau231 7.69, 3.36 22.55, 5.42

Aβ40 96.25, 32.20 112.08, 45.51

Aβ42 5.84, 2.10 6.28, 2.12

Aβ42/40 ratio 0.06, 0.01 0.06, 0.01

Age 69.92, 10.41 77.41, 6.66

Education 15.58, 2.83 15.86, 2.90

MMSE 28.41, 1.70 27.77, 1.63

AVLT total 41.46, 13.06 31.18, 12.09

AVLT delayed 7.00, 4.46 4.00, 3.74

Trial1 primacy 1.84, 1.19 1.14, 0.89

Trial1 middle 1.89, 5.29 1.00, 1.38

Trial1 recency 1.99, 1.12 2.05, 1.29

Delayed primacy 2.17, 1.42 1.05, 1.36

Delayed middle 3.25, 2.28 1.96, 2.04

Delayed recency 1.59, 1.32 1.00, 1.07

Learning ratio 0.51, 0.28 0.32, 0.19

Frequency Frequency

Gender (# of females) 175 (57.4%) 13 (59.1%)

APOE ε4-status 99 (32.5%) 7 (31.8%)

Note: On the left are data for p-tau231 negative participants (n = 305), and on the right are data for p-tau231 positive participants (n = 22). Also 
reported are frequency and % of reported female gender and APOE ε4-status.

F I G U R E  2   Relationship between transformed plasma p-tau 231 levels (square root) and delayed primacy recall (with 
95% confidence intervals).
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DISCUSSION

With this cohort study of free-of-dementia elderly volunteers, we set out to test whether AVLT-derived 
serial position metrics were sensitive to plasma p-tau231 levels cross-sectionally. Our results show that 
delayed primacy recall, more than any other portion of the serial curve or than traditional AVLT metrics, 
was associated with plasma p-tau231 levels in this population. As plasma p-tau231 levels have been 
shown to be sensitive to the earliest stages of AD pathology (Antonioni et al., 2023; Varma et al., 2024), 
increasing at small amounts of brain amyloidosis as assessed by amyloid PET (Milà-Alomà et al., 2022), 
it is arguable, consistent with previous publications (Bruno et al., 2024), that delayed primacy recall in 
word-list learning tests may be a useful tool to identify individuals at risk of AD pathology early and 
prior to further testing.

This study was carried out on up-to-date data from MERI and using the AVLT as the word-learning 
task. As such, the data were derived from different participants compared to recent publications 
using serial position analyses from our team (cf. Rush Alzheimer's Disease Center databases; Bruno 
et al., 2024; Wisconsin Registry for Alzheimer's Prevention; Bruno, Jauregi Zinkunegi, Kollmorgen, 
et al., 2023; Bruno, Jauregi Zinkunegi, Pomara, et al., 2023); and using a different test (cf. CERAD; 
Bruno et al., 2024). In addition, we examined a different biomarker outcome (i.e. plasma p-tau231). We 
believe that it is important for research investigating cognitive metrics to attempt replication with and 
generalisation to different cohorts, tests, and outcomes.

Diagnostics derived from the analyses suggest that delayed primacy performance in the AVLT pro-
vides consistently high NPVs but also consistently low PPVs. However, the low prevalence of plasma 
p-tau231 positivity, likely because participants were free of dementia, makes these diagnostic scores less 
reliable, especially PPV especially (Ranganathan & Aggarwal, 2018). Prevalence-free measures of speci-
ficity and sensitivity were affected by the cut-off applied. Setting a low cut-off of 0.5 favoured specificity 
(81%), whereas a higher cut-off of 3.5 favoured sensitivity (82%). Depending on needs, that is wanting 
to reduce false positives or increase true positives, respectively, different solutions may therefore be 
therefore preferable.

Limitations should be noted. First, due to the absence of other p-tau plasma biomarkers, in the 
available data, we were unable to compare the association of delayed primacy and p-tau231 to possible 
associations with other markers, such as p-tau181 and p-tau217. Future studies should assess whether 
AVLT-based serial position scores, such as delayed primacy, provide better correlations than traditional 
AVLT metrics to a range of plasma biomarkers in similar cohorts. Second, it should be noted that the 
vast majority (84%) of the sample self-reported as White-European. The lack of diversity, which is 
unfortunately common in much of AD and related dementia research (Heng & Rittman, 2023; Vyas 
et al., 2018), makes it impossible in our study to evaluate potential differences across diverse groups of 
participants. Future research and recruitment within longitudinal cohorts should attempt to address 
this significant limitation. Third, we defined the lack of overall cognitive impairment with MMSE alone 
due to a scarcity of other data available for better characterization of the study cohort – ideally, more 
indices of general cognitive ability are available to obtain a better profile of the participant. Finally, the 
AUC we reported only reached 0.77, suggesting a potentially sub-optimal diagnostic measure. However, 
as p-tau231 may increase earlier in AD development compared to other blood biomarkers, our findings 
may suggest that AVLT delayed primacy could be a useful metric for early risk identification, rather than 
a diagnostic tool per se.

In summary, this study confirms that delayed primacy performance in word-list recall may be af-
fected in the early stages of AD-related pathology; it may also be useful in settings where no biomarker 
testing is available or synergistically with plasma biomarkers to detect clinically relevant brain Aβ and 
tau pathology.
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