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ABSTRACT
Objective: Blood-based biomarkers are valued for their lower cost 
and less invasive nature, though issues with widespread implemen-
tation and accessibility remain. Process-based scores from story recall 
have been shown to detect neuronal network disturbances typical of 
Alzheimer’s disease (AD) pathology more effectively than traditional 
metrics. This study examined the associations between process-based 
scores and concurrent plasma AD biomarkers in older adults without 
dementia, while also comparing them to traditional metrics. 
Additionally, it also investigated the diagnostic utility of these metrics 
in detecting plasma p-tau217 positivity. Methods: Data from 416 
participants (mean age = 66.6 ± 7) free of dementia were extracted 
from the Wisconsin Registry for Alzheimer’s Prevention (WRAP). 
Logical Memory Test (LMT) and plasma p-tau217, p-tau181, p-tau231, 
Aβ42/Aβ40 ratio, GFAP and NfL levels were analyzed. Bayesian 
regression models assessed associations between plasma biomarkers 
and both process-based and traditional LMT scores, controlling for 
the covariates. Results:  The best-fitting model for plasma p-tau217 
included Total ratio (Tr) and Immediate recall (BF10=573), but Tr 
showed stronger evidence of association (mean coefficient = 0.208; 
BFinclusion=14.4) than Immediate recall (mean coefficient=-0.007; 
BFinclusion=1.7). Tr was also the best predictor of plasma p-tau181 
(mean coefficient = 0.144; BF10=10.5) and GFAP (mean coefficient = 
0.141; BF10=5.8), outperforming traditional LMT scores. No memory 
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scores were associated with plasma p-tau231 or Aβ42/40 ratio levels. 
Tr score was the strongest single predictor of p-tau217 positivity 
(BF10=38). Conclusions:  These findings suggest that process-based 
memory scores might be useful in enhancing the detection of neu-
ronal network disturbances associated with AD pathology, especially 
in settings where biomarker testing is unavailable.

1.  Introduction

Alzheimer’s disease (AD) can be diagnosed and/or staged by in vivo abnormalities 
of core biomarkers, using positron emission tomography (PET) scans, cerebrospinal 
fluid (CSF) tests, and blood-based markers (Jack et  al., 2024a). In recent years, 
there has been increasing interest in blood-based biomarkers, especially due to 
their potential accessibility, as they carry a lower cost than imaging and are less 
invasive than lumbar puncture (Karikari et  al., 2022). Previous studies have reported 
reduced plasma levels of the Aβ42/40 ratio (Schindler et  al., 2019) and increased 
plasma levels of phosphorylated tau (p-tau; Ashton et  al., 2021; Janelidze et  al., 
2022; Mattsson-Carlgren et  al., 2020; Meyer et  al., 2022), glial acidic fibrillary pro-
tein (GFAP; Benedet et  al., 2021), and neurofilament light (NfL; Benedet et  al., 
2021) in preclinical AD, when individuals are cognitively unimpaired (Milà-Alomà 
et  al., 2022).

Among plasma biomarkers, p-tau has emerged as the leading option due to 
its higher diagnostic accuracy and specificity for clinical AD (Ashton et  al., 2024). 
Plasma p-tau181 for example, is associated with tau and amyloid β pathology in 
the brain and predicts progression to cognitive decline and AD (Karikari et  al., 
2020, 2022). Similarly, plasma p-tau231 levels can identify amyloid-β positivity, 
while also reportedly increasing earlier than p-tau181 with underlying tau pathol-
ogy in cognitively unimpaired (CU) individuals (Ashton et  al., 2021). As with plasma 
p-tau181 and p-tau231, levels of plasma p-tau217 are also associated with 
amyloid-β and tau pathology (Mattsson-Carlgren et  al., 2021; Palmqvist et  al., 
2020). However, plasma p-tau217 has shown higher accuracy than other plasma 
biomarkers in discriminating AD from other neurodegenerative diseases, with 
comparable performance to CSF p-tau and tau PET biomarkers (Ashton et  al., 2024; 
Janelidze et  al., 2023; Palmqvist et  al., 2020; Therriault et  al., 2023). Furthermore, 
plasma p-tau217 is capable of detecting changes in preclinical AD (Mattsson-Carlgren 
et  al., 2020), accurately mirroring the progression of the disease pathology (Ashton 
et  al., 2022).

Nevertheless, plasma testing is yet to be widely implemented (Blennow et  al., 
2023), while rural communities and remote settings continue to be affected by limited 
access to diagnostic tools (Anticona Huaynate et  al., 2015). Therefore, alternatives to 
neuroimaging, lumbar puncture, and plasma remain necessary to address the increas-
ing prevalence of dementia in low- and middle-income countries (World Health 
Organization, 2023). One potential solution is the use of cognitive assessment, which 
is relatively inexpensive and provides direct information on an individual’s cognitive 
state, but only indirect information about possible underlying neuropathology. 
Nonetheless, evidence indicates that even subtle cognitive decline may precede the 
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development of biomarker-positive states, mild cognitive impairment (MCI) or AD 
(Edmonds et  al. 2015), and that cognitive differences can be observed in 
biomarker-positive individuals who are otherwise cognitively normal (Duke Han et  al., 
2017). Therefore, identifying early cognitive markers is crucial to accurately monitor 
progression (Blennow et  al., 2023).

Previous studies have investigated the relationship between plasma biomarkers 
and cognitive function. For example, plasma levels of p-tau181, GFAP, and NfL, have 
been found to be associated with future cognitive decline in CU individuals (Chatterjee 
et  al., 2023). Other studies have shown that plasma p-tau217 levels correlate with 
longitudinal cognitive decline in preclinical and prodromal AD (Ashton et  al., 2022; 
Mattsson-Carlgren et  al., 2020), outperforming other plasma biomarkers in CU indi-
viduals (Jack et  al., 2024b; Mattsson-Carlgren et  al., 2023). Cross-sectionally, a study 
found that in individuals with and without cognitive impairment, plasma levels of 
Aβ42, Aβ42/Aβ40, p-tau181, and NfL, were associated with global cognition, memory 
(delayed recall in word-list recall) and other cognitive domains; and that p-tau181 
had higher correlations with these measures than other plasma biomarkers (Xiao 
et  al., 2021). However, a recent meta-analysis revealed that none of the cross-sectional 
studies of CU individuals they reviewed, found associations between plasma tau 
biomarkers and cognitive performance; suggesting that associations might depend 
on the cognitive status of the sample (Garcia-Escobar et  al., 2024).

Investigating if cognitive performance is cross-sectionally associated with AD pathol-
ogy in older CU individuals is especially relevant. AD progression typically begins 
with a preclinical stage in which individuals may exhibit subtle or no cognitive decline 
symptoms, yet amyloid deposition and tau pathology may have already begun in 
certain brain regions (Dubois et  al., 2016; Igarashi, 2023). From these regions, the 
medial temporal lobe (MTL) appears to be crucial (Song et  al., 2015), especially the 
entorhinal cortex, where tau pathology first appears and then spreads to other MTL 
regions, such as the hippocampus, before progressing to cortical regions in later 
stages of the disease (Braak & Braak, 1991; Igarashi, 2023). Previous findings support 
the idea that the entorhinal cortex and hippocampus are essential for memory con-
solidation (Wixted, 2004; Wixted & Cai, 2013), with episodic memory loss being a key 
characteristic of AD (Albert et  al., 2011; De Simone et al., 2017; De Tollis et al., 2021; 
Dubois et al., 2007). Furthermore, in preclinical AD, cognitive decline is strongly asso-
ciated with episodic memory task performance (Aschenbrenner et  al., 2024; Lim et  al., 
2013, 2016; Vos et  al., 2013). Thus, the association between plasma biomarker levels 
and longitudinal cognitive decline observed in previous studies (e.g. Ashton et  al., 
2022; Chatterjee et  al., 2023; Jack et  al., 2024b; Mattsson-Carlgren et  al., 2020, 2023) 
might reflect the impact tau pathology has in memory loss. Plasma biomarkers may 
serve as peripheral indicators of these early neuropathological changes in the MTL, 
linking pathology to worse memory performance, even in CU individuals 
(Mattsson-Carlgren et  al., 2020).

In studies of other biomarkers of AD, such as amyloid and tau PET or CSF, we have 
shown that process-based scores of episodic memory tests can enrich the detection 
of in vivo AD pathology (Bruno et  al., 2021, 2023a, 2023b, 2024a). For example, we 
demonstrated that loss of primacy recall in stories (i.e. memory for the beginning of 
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a story), predicts longitudinal PET amyloid load from an unimpaired baseline (Bruno 
et  al., 2021), that loss of recency (i.e. memory for the end of a story) is associated 
with CSF biomarkers (Bruno et  al., 2023a) and can predict amyloid and tau PET pos-
itivity (Bruno et  al., 2024a), while both loss of primacy and, to a lesser extent, loss 
of recency, predict biomarker-determined AD cross-sectionally (Bruno et  al., 2023b), 
as measured by CSF levels of the p-tau/Aβ42 ratio. The process-based scores examined 
in these studies are based on the analysis of serial position effects, where patterns 
of recall are considered alongside “traditional” scores (Bruno et  al., 2013; Díaz-Orueta 
et  al., 2018; Grant & Adams, 2009; Talamonti et  al., 2020). The serial position curve is 
a common pattern observed in memory tests, where individuals often recall items 
from the beginning (primacy) and/or end (recency) of a list better than those in the 
middle, creating an U-shaped curve (e.g. Murdock, 1962). Even though little is known 
about how serial position effects relate to plasma biomarkers, in a recent unpublished 
study, Bruno et  al. (2024b) found that serial position scores derived from word-list 
recall, and especially delayed primacy, are cross-sectionally associated with plasma 
p-tau231 levels in CU individuals. However, this study did not investigate the associ-
ation with plasma p-tau217, and considering the high diagnostic accuracy and pre-
dictive ability of this biomarker (Ashton et al., 2024; Jack et al., 2024b; Mattsson-Carlgren 
et  al., 2023; Palmqvist et  al., 2020), the examination of their potential link is promising. 
Additionally, whether process-based scores derived from story recall are also linked 
to plasma biomarkers of AD and how they compare to traditional scores is unknown.

In the current study, we examined whether process-based scores derived from the 
Logical Memory Task, a test of episodic memory, were associated to cross-sectional 
plasma biomarkers of AD, specifically p-tau217, p-tau181, p-tau231, Aβ42/Aβ40 ratio, 
GFAP, and NfL, in a cohort of older adults free of dementia. We also explored whether 
these scores outperformed traditional scores of the same test. Moreover, considering 
that the most recent guidelines for diagnosing and staging AD include plasma 
p-tau217 as a core biomarker (Jack et  al., 2024a), due to its higher diagnostic accuracy 
and specificity for clinical AD (Ashton et  al., 2024), further analyses were carried out 
with this biomarker. In particular, we investigated the ability of process-based and 
traditional scores in detecting plasma p-tau217 positivity and the diagnostic accuracy 
of these scores. Based on previous findings with other biomarkers of AD (Bruno et  al., 
2021, 2023a, 2023b, 2024a), we hypothesized process-based scores of story recall 
would be associated with cross-sectional plasma biomarkers of AD, outperforming 
traditional metrics, while also showing high diagnostic accuracy.

2.  Methods

2.1.  Participants

Data were drawn from the Wisconsin Registry of Alzheimer’s Prevention (WRAP), an 
ongoing longitudinal cohort study based at the University of Wisconsin–Madison, 
USA. Participants are volunteers who were recruited through advertisments, word of 
mouth, or memory clinics where a parent was diagnosed or treated; yet those with 
a dementia diagnosis or evidence of dementia at enrollment are excluded. Participants 
attend regular visits, the first follow-up occurs 2 to 4 years after baseline and then 
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every 2 years (for details, see Johnson et  al., 2018). To be included in the analysis, 
participants had to have measures of plasma samples and story recall data, derived 
from the LMT (Wechsler, 1987). In cases where multiple plasma samples were available 
for a participant, we selected the most recent sample and the corresponding cognitive 
assessment. Typically, blood extraction and cognitive assessment were concurrent, yet 
there were some exceptions. Participants were excluded if the time between the 
blood extraction and cognitive assessment exceeded one year. In addition, participants 
had to be classified as cognitively unimpaired (stable or declining) or with mild cog-
nitive impairment at cognitive assessment visit. Cognitive statuses were assessed using 
a two-tiered consensus conference approach (for details, see Johnson et  al., 2018; 
Langhough Koscik et  al., 2021), based on core clinical criteria developed by the 
National Institute on Aging and the Alzheimer’s Association (Albert et  al., 2011; 
McKhann et  al., 2011). All in all, these criteria left us with 416 individuals, means and 
standard deviations of demographic variables are reported in Table 1. Among the 
416 participants, 360 were classified as cognitively unimpaired stable, 42 as cognitively 
unimpaired declining, and 14 with mild cognitive impairment, at cognitive assessment 
visit. Of these 416 participants, five (1.20%) reported their race as American Indian 
or Alaska Native, one (0.24%) as Asian, 10 (2.40%) as Black or African American, 397 
(95.43%) as White, and three (0.72%) as unknown. Some participants included in this 
study were also included in previous publications from our group (Bruno et  al., 2021, 
2023a, 2023b, 2024a), yet these studies focused on either PET or CSF biomarkers, and 
not plasma biomarkers. All activities for this study were approved by the ethics com-
mittees of the authors’ universities and conducted in accordance with the Declaration 
of Helsinki. All participants provided informed consent prior to testing.

2.2.  Cognitive assessment

The Logical Memory Task (LMT) is a subtest of the Wechsler Memory Scale Revised 
(WMS-R; Wechsler, 1987), and comprises two stories (“A” and “B”), each with 25 items 

Table 1.  Mean and standard deviation (or median and minimum-maximum for cognitive visit 
number) of the study variables.

Total (n = 416) CUS (n = 360) CUD (n = 42) MCI (n = 14)

Age at blood extraction 66.60 (6.8) 66.13 (6.8) 68.20 (6.2) 73.83 (3.5)
Elapsed time (years) 0.00 (0.0) 0.0 (0.0) 0.00 (0.0) 0.03 (0.1)
APOE Risk score 1.17 (0.7) 1.15 (0.7) 1.21 (0.8) 1.65 (1.1)
Education (years) 16.60 (2.8) 16.65 (2.9) 16.33 (2.5) 16.07 (2.5)
Cognitive visit number 6 (1–7) 6 (1–7) 6 (2–7) 6 (4–7)
Plasma p-tau217 0.50 (0.4) 0.45 (0.3) 0.63 (0.4) 1.29 (0.8)
Plasma p-tau181 2.68 (1.4) 2.55 (1.2) 3.26 (1.9) 4.30 (1.4)
Plasma p-tau231 12.0 (5.2) 11.7 (5.1) 13.4 (5.3) 16.4 (4.3)
Plasma Aβ42/40 0.07 (0.0) 0.07 (0.0) 0.07 (0.0) 0.06 (0.0)
Plasma GFAP 119 (67.8) 113 (63.5) 131 (70.8) 224 (78.4)
Plasma NfL 22.1 (16.3) 20.8 (11.7) 30.1 (36.9) 30.0 (10.2)
LMT Immediate recall 14.55 (3.4) 15.18 (3.03) 10.70 (3.0) 9.71 (3.2)
LMT Delayed recall 13.21 (3.9) 13.99 (3.3) 8.77 (3.1) 6.43 (3.2)
LMT Recency ratio 1.05 (0.2) 1.03 (0.1) 1.15 (0.4) 1.21 (0.3)
LMT Total ratio 1.13 (0.2) 1.10 (0.1) 1.24 (0.2) 1.57 (0.5)
LMT Primacy ratio 1.22 (0.3) 1.18 (0.3) 1.34 (0.3) 1.72 (0.5)

Note. CUS: cognitively unimpaired stable; CUD: cognitively unimpared declining; MCI: mild cognitive impairment; 
APOE: apolipoprotein E; p-tau: phosphorylated tau; Aβ: amyloid-beta; GFAP: glial fibrillary acidic protein; NfL: 
neurofilament light chain; LMT: Logical Memory Task. Plasma biomarker levels in pg/mL.
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(“idea units”). Each story is read aloud to the participant, and then the participant is 
asked to recall each story immediately after presentation, and again after a 25–30 min 
delay. Participants are free to recall the items in any order they prefer. Scoring proce-
dures from the WMS-R manual were applied. Although the scoring criteria permits 
some alteration from the original item (for a hypothetical example, “slid off the table” 
is allowed instead of “fell off the table”), certain items must be recalled verbatim, e.g. 
numerical expressions or proper names. Two conventional clinical metrics were extracted 
from LMT (averaging over A and B): LMT Immediate recall, derived from the total 
number of idea units recalled immediately after learning the story; and LMT Delayed 
recall, derived from the total number of idea units recalled after the delay. The reliability 
of Immediate and Delayed recall has been reported as .76 and .74, respectively (The 
Psychological Corporation, 1997), and as large practice effects have been found with 
this test (Lo et  al., 2012), the number of visits was also accounted for in the statistical 
analyses. Process scores were primacy ratio, indexing primacy forgetting of idea units 
from immediate to delayed recall (Pr; Bruno et al., 2021); recency ratio, indexing recency 
forgetting of idea units from immediate to delayed recall (Rr; Bruno et  al., 2018); and 
total ratio, which indexes overall forgetting of idea units from immediate to delayed 
recall (Tr; Bruno et  al., 2021; Jauregi Zinkunegi et  al., 2024). Primacy and recency were 
defined as the first and final eight idea units of the story (out of 25) respectively, as 
in previous studies (Bruno et  al., 2021, 2023a, 2023b). All three scores were calculated 
by dividing immediate performance by delayed performance, after applying a + 1 cor-
rection at each term to compensate for possible 0 scores; thus, higher numbers indicate 
more forgetting. Participants’ cognitive data were taken from whichever visit was closest 
to the plasma visit. Among the 416 participants, all had concurrent cognitive assess-
ment to plasma visit except six, and to account for this time difference, elapsed times 
were calculated and controlled for in the statistical analyses.

2.3.  Blood biomarkers

Plasma samples were analyzed at the Department of Psychiatry and Neurochemistry, 
University of Gothenburg (see Ashton et  al., 2024 for details). Plasma amyloid-beta (Aβ) 
42/40, glial fibrillary acidic protein (GFAP), and neurofilament light chain (NfL) were 
quantified using the Simoa® Human Neurology 4-Plex E assay. Plasma phosphorylated 
tau (p-tau) 231 was measured using Simoa® assays developed at the University of 
Gothenburg, while plasma p-tau181 was quantified using the commercial Advantage 
V2.1 kit. Plasma p-tau 217 levels were measured using the Simoa® ALZpath p-tau 217 
assay. All plasma levels were analyzed using Quanterix’s HD-X™ Analyzer. Plasma p-tau217 
positivity was determined using the clinical cutoff of 0.42 pg/mL (Ashton et  al., 2024), 
which was derived to optimally distinguish individuals with amyloid-PET positivity from 
those without. Positivity indicates a high likelihood of underlying amyloid pathology.

2.4.  Genotyping

DNA was extracted from whole blood. Samples were aliquoted on 96-well plates for 
determination of apolipoprotein E (APOE) genotypes. An APOE risk score was calculated 
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based on the odds ratios of the ε2/ε3/ε4 genotype, as previously reported (McKhann 
et  al., 2011).

2.5.  Statistical analyses

Partial correlations, controlling for age at blood draw, gender, years of education, 
APOE risk score, elapsed time between cognitive assessment and blood extraction, 
and cognitive visit number, were used to explore the relationship between the LMT 
scores and plasma biomarker levels. Steiger’s Z tests (Steiger, 1980) were conducted 
on partial correlation coefficients between any two significant predictors, to determine 
if the strength of one association between one memory score and each biomarker 
was stronger than the association between another memory score and the same 
biomarker, by using a calculator (http://quantpsy.org; Lee & Preacher, 2013). We 
adjusted for multiple testing using a false discovery rate-based approach (FDR; 
Benjamini & Hochberg, 1995) for all the comparisons, corrected across biomarkers.

To examine whether process-based and traditional scores of story recall were 
cross-sectionally associated to plasma biomarkers of AD, and whether process-based 
scores outperformed traditional scores of the same test, Bayesian linear regression 
analyses were carried out. These analyses were conducted separately with plasma 
p-tau217, p-tau231, p-tau181, GFAP, NfL, and Aβ42/40 ratio as outcomes; for each 
outcome, memory scores, including traditional metrics and serial position scores, were 
included as predictors (individually or in every possible combination of LMT scores). 
Age at blood draw, gender, years of education, APOE risk score, elapsed time between 
cognitive assessment and blood extraction, and visit number to account for practice 
effects, were used as control variables, forming the null model. The posterior summary 
was calculated based on the best model and credible intervals (CIs) were set to 95%. 
The prior was set to the default JZS, and the model prior was set to Uniform. One 
thousand Markov chain Monte-Carlo simulations were conducted to determine param-
eters and compensate for possible violations of normality, but we also evaluated q-q 
plots of residuals to estimate normality.

We then specifically focused our analyses on plasma p-tau217, to determine if 
process-based and traditional scores can detect a positive result, based on the clinical 
cutoff of 0.42 pg/mL (Ashton et  al., 2024), and discriminate between p-tau217 positive 
and negative individuals, in the same sample. Bayesian logistic regression analyses 
were carried out to identify the best predictors of plasma p-tau217 positivity, binary 
plasma p-tau217 status (negatve vs. positive) was included as outcome, traditional 
and process-based scores were included as predictors, and the same covariates as 
above. Next, the memory scores that emerged as the strongest predictors of plasma 
p-tau217 positivity in the logistic regression were examined further using separate 
Bayesian Analysis of Covariance (ANCOVAs). In these models, the identified memory 
scores were included as dependent variables, binary plasma p-tau217 status as inde-
pendent variable, and the same covariates as in previous analyses.

In addition, to compare the diagnostic performance of these scores, classification 
analyses were conducted using a fixed probability threshold of 0.5 to ensure consis-
tency. Diagnostic performance was evaluated using sensitivity (i.e. hit, or true positive, 
rate), specificity (i.e. correct rejection, or true negative, rate), positive predictive value 

http://quantpsy.org
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(PPV; i.e. the probability that a positive response is a hit rather than a false alarm, 
i.e. a false positive), and negative predictive value (NPV; i.e. the probability that a 
negative response is a correct rejection rather than a miss, i.e. a false negative). The 
area under the receiver operating characteristic curve (AUC) was calculated for each 
score to assess their ability to discriminate between plasma p-tau217 negativity and 
positivity. Analyses were conducted using JASP (0.18.3; https://jasp-stats.org/).

3.  Results

Table 1 reports demographic variables, memory scores, and plasma levels, by whole 
sample and by diagnosis at cognitive assessment visit. Visual inspection of q-q plots 
suggested that plasma p-tau217, p-tau231, p-tau181, GFAP, NfL and Aβ42/40 ratio 
displayed some degree of non-normality, so we applied log10 transformations, which 
gave us more linear q-q plots.

3.1.  Partial correlations

Partial correlations indicated LMT scores significantly correlated with plasma p-tau217, 
p-tau181, GFAP, and NfL, all log10 transformed; see Table 2 for partial correlation coeffi-
cients. Steiger’s Z-tests, corrected for multiple comparisons with FDR, showed that for 
p-tau217, the association with Tr was significantly stronger than with Immediate recall 
(Z = 4.42; unadjusted-p < .001; adjusted-p = .001), Delayed recall (Z = 4.26; unadjusted-p < 
.001; adjusted-p = .001), Pr (Z = 2.27; unadjusted-p = .023; adjusted-p = .034) and Rr 
(Z = 2.25; unadjusted-p = .024; adjusted-p = .034). For plasma p-tau181, the association 
with Tr was significantly stronger than with Delayed recall (Z = 2.81; unadjusted-p = .005, 
adjusted-p = .012), but not than with Rr (Z = 0.13; unadjusted-p = .893; adjusted-p = .893). 
For plasma GFAP, the association with Tr was not significantly stronger than with Pr 
(Z = 0.92; unadjusted-p = .360; adjusted-p = .420), while for plasma NfL, a significant 
association was only found with Delayed recall scores. See Figure S1 in Supplementary 
materials for scatterplots of the strongest associations.

3.2.  Cross-sectional associations with plasma biomarker levels

Plasma p-tau217. The linear regression analysis showed that the best fitting model  
(BF10 = 573.58, extreme evidence) included two predictors: Tr (BFinclusion = 14.44) and 
Immediate recall (BFinclusion = 1.74). BFinclusion values indicate how much more likely the 

Table 2. P artial correlations between plasma biomarkers and Logical Memory Task scores.
Variable p-tau217 p-tau231 p-tau181 Aβ42/40 NfL GFAP

Immediate recall −0.144** −0.011 −0.073 .073 −0.096 −0.042
Delayed recall −0.172*** −0.023 −0.105* .060 −0.103* −0.070
Primacy ratio .116* .006 .069 −0.048 .033 .098*
Recency ratio .097* .058 .133** .001 .049 .067
Total ratio .197*** .069 .139** −0.013 .057 .131**
Note. N = 416. Control variables: gender, education years, apolipoprotein E (APOE) risk score, age at blood extraction, 

cognitive visit number, elapsed time between blood extraction and cognitive assessment. p-tau: phosphorylated 
tau; Aβ: amyloid-beta; NfL: neurofilament light chain; GFAP: glial fibrillary acidic protein. *p < .05, **p < .01,  
***p < .001. Bold: indicates the stronger partial coefficients in the column after correcting for multiple 
comparisons.

https://jasp-stats.org/
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https://doi.org/10.1080/13854046.2025.2481119
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data are under a model that includes a given variable compared to a model without it. 
For example, the model with Tr is 14.4 times more likely than the model with only the 
covariates, while the model with Immediate recall is 1.7 times more likely than the model 
with covariates alone. Cross-sectionally, higher Tr scores, representing more forgetting, 
were associated with increased plasma p-tau217 levels (mean coefficient = 0.208,  
SD = 0.062, CIs 0.086 to 0.331), and higher Immediate recall scores, reflecting better recall, 
were associated with decreased plasma p-tau217 levels (mean coefficient = −0.007,  
SD = 0.003, CIs −0.014 to 0.000).

As the dependent variable was log10 transformed, the mean coefficients were 
exponentiated with base 10 to obtain the multiplicative factor on the original scale 
(Benoit, 2011), this calculation was also carried out with credible intervals. 
Cross-sectionally, a one-unit increase in Tr corresponded to 61.4% higher plasma 
p-tau217 levels, with credible intervals ranging from 21.9% to 114.3%, whereas 
one-unit decrease in Immediate recall corresponded to 1.6% higher plasma p-tau217 
levels, with credible intervals ranging from −3.2% to 0%. However, the scales of Tr 
and Immediate recall are not directly comparable due to how each scores are calcu-
lated (for details, see section 2.2). For example, an individual with an Immediate recall 
score of 13, approximately half of the 25 items, would have 21% higher plasma 
p-tau217 levels than an individual who recalled all the items, i.e. had a score of 25. 
On the other hand, an individual with a Tr score of 2, who forgot half of the items 
from the immediate to the delayed trial, would have 61% higher plasma p-tau217 
levels than an individual who did not forget any, and thus, had a Tr score of 1.

Plasma p-tau181. The linear regression analysis yielded a best fitting model with 
Tr alone (BF10 = 10.54, strong evidence; BFinclusion = 1.40). Cross-sectionally, higher Tr 
scores were associated with increased plasma p-tau181 levels (mean coefficient = 
0.144, SD = 0.053, CIs 0.040 to 0.247). As the dependent variable was log10 trans-
formed, the mean coefficient and credible intervals were exponentiated, as explained 
above. Cross-sectionally, a one-unit increase in Tr corresponded to 39.3% higher 
plasma p-tau181 levels, with credible intervals ranging from 9.6% to 76.6%.

Plasma p-tau231. The linear regression analysis showed that the null model was the 
best fitting model.

Plasma GFAP. The linear regression analysis yielded a best fitting model with Tr 
alone (BF10 = 5.82, moderate evidence; BFinclusion = 2.56). Cross-sectionally, higher Tr 
scores were associated with increased plasma GFAP levels (mean coefficient = 0.141, 
SD = 0.054, CIs 0.035 to 0.247). After exponentiating the mean coefficients, a one-unit 
increase in Tr corresponded to 38.4% higher plasma GFAP levels, with credible intervals 
ranging from 8.4% to 76.6%.

Plasma NfL. The linear regression analysis yielded a best fitting model with Delayed 
recall (BF10 = 1.49, anecdotal evidence; BFinclusion = 0.70).

Plasma Aβ42/40 ratio. The linear regression analysis showed that the null model was 
the best fitting model.

3.3.  Additional analyses with plasma p-tau217

To identify the best predictors of plasma p-tau217 positivity, we ran Bayesian logistic 
regression analyses. The logistic regression analysis (164 of 416 individuals were 
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classified as p-tau217 positive; 39%) showed that the best fitting model (BF10 = 79.69, 
very strong evidence) included three predictors: Tr (BFinclusion = 9.59), Immediate recall 
(BFinclusion = 1.78) and Delayed recall (BFinclusion = 1.58). BFinclusion values indicate that 
model odds increase when including either variable 9.6, 1.8 or 1.6 times, respectively. 
The second-best model included Tr alone (BF10 = 38.43, very strong evidence). See 
Figure 1 for a plot of the probability of being classified as plasma p-tau217 positive 
versus LMT Tr, Immediate and Delayed recall scores.

To investigate whether there was evidence for differences between plasma 
p-tau217– and p-tau217+ groups in the identified memory scores, while also con-
trolling for the covariates, we ran separate Bayesian ANCOVAs with Tr, Immediate and 
Delayed recall scores, as dependent variables. There was strong evidence that Tr 
scores were influenced by plasma p-tau217 classification (BF10 = 10.28), and a post-hoc 
comparison showed that Tr scores discriminated between p-tau217– and p-tau217+ 
individuals (BF10 = 566.97; extreme evidence). There was anecdotal evidence that 
Delayed recall scores were influenced by p-tau217 classification (BF10 = 2.14), yet a 
post-hoc comparison showed that Delayed recall scores discriminated between groups 
(BF10 = 25.49, strong evidence). These analyses also showed Immediate recall scores 
were not influenced by p-tau217 classification (BF10 = 0.58), as the null model 
was better.

Figure 1. P lots of the probability of being classified as plasma phosphorylated tau (p-tau) 217 
positive versus Logical Memory Task Total ratio, Immediate and Delayed recall scores, with 95% 
confidence interval, N = 416.
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Finally, to compare the diagnostic performance of the three metrics, classification 
analyses were performed using a fixed probability threshold of 0.5. Tr score had a 
sensitivity of 50.0%, specificity of 85.7%, PPV of 69.5%, NPV of 72.5% and AUC value 
of 0.733, indicating good discriminatory ability. Immediate recall showed a sensitivity 
of 47.0%, specificity of 85.7%, PPV of 68.1%, NPV of 71.3%, and an AUC of 0.725. 
Similarly, Delayed recall scores showed a sensitivity of 47.0%, specificity of 83.7%, 
PPV of 65.3%, NPV of 70.8%, and AUC of 0.726.

4.  Discussion

In this study, we examined whether process-based scores in story recall were associ-
ated with cross-sectional plasma biomarkers of AD in a cohort of older adults free 
of dementia, while also comparing their sensitivity to that of traditional scores of the 
same test. In addition, considering that among blood-based biomarkers, plasma 
p-tau217 has shown higher diagnostic accuracy and specificity for clinical AD (Ashton 
et  al., 2024), further analyses were carried out to determine the ability of story recall 
metrics in detecting plasma p-tau217 positivity and the diagnostic accuracy of these 
scores. We hypothesized that process-based scores of story recall would be associated 
with cross-sectional plasma biomarkers of AD, outperforming traditional metrics, while 
also showing high diagnostic accuracy. Our results showed that story recall scores 
were cross-sectionally associated with plasma p-tau217, p-tau181 and GFAP levels in 
this population. Process-based scores, particularly the Total ratio, which is an index 
of total forgetting, outperformed traditional LMT scores such as Immediate and 
Delayed recall. However, we did not find evidence for associations between story 
recall metrics and plasma p-tau231, NfL or Aβ42/40 ratio levels. Specific analyses with 
plasma p-tau217 status, based on a clinical cutoff of this biomarker (Ashton et  al., 
2024), indicated that while Delayed recall and Tr scores discriminated between 
p-tau217– and p-tau217+ individuals, Tr was the strongest single predictor and showed 
better diagnostic performance.

Past studies have shown plasma biomarkers are associated with longitudinal cog-
nitive decline in CU individuals (Chatterjee et  al., 2023; Jack et  al., 2024b), and in 
preclinical and prodromal AD (Ashton et  al., 2022; Mattsson-Carlgren et  al., 2020, 
2023). However, findings on cross-sectional associations have been mixed, while studies 
with mixed samples found associations between cognitive tests and plasma Aβ42/40 
and/or p-tau181 (Karikari et  al., 2020; Sun et al., 2022; Tsai et al., 2019; Wang et al., 
2021; Weigand et al., 2023; Xiao et  al., 2021), some studies of CU individuals have 
not (Aschenbrenner et  al., 2024; Snellman et al., 2023). Contradictory findings have 
been suggested to be due to differences in study populations and the cognitive tests 
used, which might not be sensitive enough to detect the subtle cognitive changes 
occurring in unimpaired individuals (Garcia-Escobar et  al., 2024). One way to improve 
the sensitivity of cognitive tests is to implement an item-level analysis of cognitive 
responses (Bruno et  al., 2024c), which aims at identifying the underlying neurocog-
nitive processes leading to cognitive performance (Mueller et  al., 2022). An example 
of this approach is the analysis of serial position effects, which has been shown to 
enhance the detection of in vivo AD pathology, as measured by amyloid and tau PET 
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or CSF (Bruno et  al., 2021, 2023a, 2023b, 2024a; Jauregi-Zinkunegi et  al., 2025), even 
in samples comprised of CU individuals only.

The findings presented here provide evidence for cross-sectional associations 
between plasma biomarkers and story recall, especially for process-based scores 
derived from serial position analysis. Consistent with previous studies, the regression 
analyses show strong associations between memory scores and concurrent p-tau 
biomarkers, specifically p-tau217 and p-tau181. However, in contrast to others (Sun 
et al., 2022; Xiao et  al., 2021), we found no associations with plasma Aβ42/40 ratio 
levels. Notably, most studies indicate that plasma p-tau biomarkers have stronger 
associations with cognition than other plasma biomarkers (for a review, see 
Garcia-Escobar et  al., 2024). Additionally, our results offer novel evidence supporting 
the utility of process-based scores, specifically Total ratio, in relation to plasma 
p-tau217, p-tau181, and GFAP biomarker levels, as they outperformed traditional 
scores of the same test; thus, extending previous findings involving other biomark-
ers of AD.

To be certain current results are also found in individuals who are cognitively 
unimpaired, especially considering the contradictory findings reported depending on 
cognitive status, we carried out a post hoc analysis excluding those with MCI at 
cognitive assessment visit (N = 14). Analyses showed that with plasma p-tau217 levels 
as outcome, Tr remained the strongest single predictor, while the model with Rr was 
the strongest for plasma p-tau181 levels, followed by Tr (for details, see Tables S1 
and S2 in Supplementary materials); yet the null model was better for all other bio-
markers. Moreover, when inspecting all regression models, analyses show neither 
Immediate nor Delayed recall scores alone were cross-sectionally associated with 
plasma p-tau181 levels, while with plasma p-tau217, the evidence for associations 
with traditional scores was none or anecdotal. These results indicate that not only 
process-based scores of story recall outperform traditional scores of the same test in 
older individuals free of dementia, but also remain associated with plasma p-tau 
biomarkers in CU individuals, whereas traditional scores do not.

Overall, it could be argued that process-based scores derived from story recall 
might be more strongly associated with plasma biomarkers of AD than traditional 
metrics of the same test, especially in older individuals without cognitive impairment. 
While current findings suggest process-based scores might aid in the early detection 
of AD, further research, and particularly longitudinal studies, are needed to confirm 
and expand these results.

Considering the advantages p-tau217 offers over other plasma biomarkers, as 
described before and elsewhere (Ashton et  al., 2022, 2024; Mattsson-Carlgren et  al., 
2020, 2021, 2023, Palmqvist et  al., 2020), whether story recall-derived measures also 
predict plasma p-tau217 status was investigated using a clinical cutoff from a previous 
study of WRAP data (Ashton et  al., 2024). Results from logistic regression and ANCOVA 
analyses revealed Total ratio showed the strongest association with plasma p-tau217 
positivity, and provided the strongest evidence for discriminating between p-tau217– 
and p-tau217+ groups. These findings suggest this process-based score of story recall 
reflects the differences in memory performance that might be vulnerable to tau 
pathology. Considering that early pathological changes appear to begin in the MTL, 
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which has a key role in episodic memory, the association and discriminative ability 
of Tr to plasma p-tau217 positivity may reflect the disruptions already occurring in 
enconding, consolidation and retrieval processes, in individuals who are free of demen-
tia. In contrast, the weaker associations with Delayed recall, or the lack of discriminative 
ability of Immediate recall, suggest simpler recall measures might not be able to fully 
capture pathological changes in this population. As for diagnostic performance, results 
indicated that although Tr, Immediate and Delayed recall scores had modest sensitivity, 
they had high specificity, with Tr for example, correctly identifying plasma p-tau217– 
individuals approximately 85% of the time. The positive and negative predictive values 
of the three scores were modest, approximately 70%, with Tr showing the highest 
and Delayed recall the lowest, yet all three showed a reasonable balance between 
correctly identifying p-tau217+ and excluding p-tau217– individuals, making it par-
ticularly valuable in screening or early detection in clinical and research settings.

To be certain these results are also found in individuals who are CU, we carried 
out a post hoc analysis in which individuals with MCI were excluded. Analyses showed 
that Tr remained the strongest predictor of plasma p-tau217 status (see Table S3), 
while also being able to discriminate between negative and positive individuals, 
whereas Immediate and Delayed recall scores did not (see Table S4 in Supplementary 
materials). Furthermore, if among cognitive unimpaired individuals, only those who 
were stable were included in the analyses (N = 360), and those declining were excluded, 
results indicated Tr was still the strongest single predictor of plasma p-tau217 status, 
while also discriminating between negative and positive individuals, albeit anecdotally, 
but traditional scores did not (see Tables S5 and S6 in Supplementary materials). 
Overall, current findings emphasize the early vulnerability of episodic memory to tau 
pathology, even in CU individuals, and highlight the utility of measures like Tr to 
detect these changes, which should be considered along traditional scores to maxi-
mize their predictive ability.

A potential limitation of the current study is that most of the sample consisted of 
individuals who identified as non-Hispanic and white (95.43%), and as a result, other 
races and ethnicities were underrepresented. Considering the importance of including 
a more diverse range of ethnicities and backgrounds in AD research (Manly et  al., 
2021; Morris et al., 2019), we believe future research should consider exploring whether 
the patterns observed in the current study would also apply to a more diverse sample. 
Another limitation is that even though we initially planned to assess the diagnostic 
accuracy of story recall metrics in relation to other plasma biomarkers too, we ulti-
mately decided against it due to the lack of established cutoff values within this 
cohort. Given that cutoffs vary based on analytical methods and reference populations, 
current recommendations advise establishing population-specific thresholds to ensure 
interpretability (Pais et  al., 2023). Additionally, although we report cross-sectional 
associations between story recall-derived scores and plasma biomarkers, we did not 
analyze repeated measurements across visits. Future studies should consider investi-
gating whether process-based scores of story recall also predict plasma biomarker 
levels longitudinally.

In summary, this cross-sectional study showed that in individuals free of dementia, 
story recall-derived memory scores, and particularly Total ratio, a measure of total 
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forgetting, are associated with plasma p-tau217, p-tau181 and GFAP levels, but not 
with plasma p-tau231, NfL or Aβ42/40 ratio levels. Furthermore, Total ratio was also 
the strongest predictor of plasma p-tau217 positivity, outperforming traditional metrics 
of story recall. These findings showed that tracking forgetting in LMT, as opposed to 
simply measuring total recall performance, is a better option when predicting plasma 
p-tau217 in older adults free of dementia. We believe process-based scores of story 
recall can be particularly useful in settings without biomarker testing or in combina-
tion with plasma biomarkers to detect clinically relevant brain Aβ and tau pathology.
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