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Abstract

Background: Alzheimer’s disease (AD) detection with blood-based biomarkers promises to
revolutionise dementia diagnosis. However, blood testing is still a challenge in remote
settings. Cognitive testing that is sensitive to plasma biomarker levels can be a useful proxy.
A common test for dementia assessment is the logical memory test (LMT) — where a story is
read out loud to the individual and then freely recalled. Alongside standard metrics, item-
based metrics, such as recall of proper names and serial positions, are effective at detecting
AD-related pathology. We set out to compare a range of LMT metrics against plasma AD

biomarkers, and examine differences between men and women.

Methods: The Wisconsin Registry for Alzheimer’s Prevention cohort was used for analysis:
participants (n=1195, 69% women; mean age = 67.2, SD = 7.7) were free from dementia.
Data included logical memory performance, demographics, clinical and genetic information,
and plasma biomarkers. Analyses were cross-sectional with a maximum of two years
between assessment and biomarker extraction. We carried out multiverse analyses to allow

comparison of alternative models with permutations of covariates.

Results. In the full sample, associations were most stable between LMT scores and p-tau217,
and were significant across all models, while associations with other plasma biomarkers were
generally less reliable. In the stratified analyses, associations were overall more robust and

consistent in women than in men.

Discussion. Current findings show LMT metrics are consistently associated with in vivo
levels of pathology as measured by plasma p-tau217. The discrepancies observed between

men and women require further investigation.
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Background

Alzheimer’s disease (AD) detection with blood-based biomarkers promises to revolutionise
dementia diagnosis. Plasma phosphorylated tau 217 (p-tau217) has been shown to predict AD
with considerable accuracy (1-3), and to be AD-specific (4). Positive results have also been
obtained outside of typical North American and European cohorts (5-7). Nevertheless, blood
testing for AD still presents a few challenges (8), such as: failing to detect very low levels,
which is critical when assessing individuals free of dementia (9); cost (10); and diurnal
variation (11). Additionally, blood testing in regions where access to fully equipped

laboratories is limited (12) or in prison settings (13) is challenging.

Neuropsychological assessment is non-invasive, relatively inexpensive, and utilizes
accessible technologies (14), consistent with a low-tech approach (15). Cognitive testing that
is sensitive to plasma biomarkers, therefore, can be a useful proxy if necessary (16). A
common test for dementia assessment is story recall (17), and the logical memory test (LMT;
18), in particular, has been used to define mild cognitive impairment (MCI) in Alzheimer's
Disease Neuroimaging Initiative (ADNI) studies (19; but see 20 for a critique). LMT
provides consistent results compared to other story recall tests, such as the Craft Story 21 test
(21, 22), and has shown concordance with AD biomarker outputs in cerebrospinal fluid (CSF;
16, 23) and positron emission tomography (PET; 24, 25). However, it is still possible to
extract a richer cognitive signal from LMT without the need to change the task itself, as done

previously with other tests (e.g., 26).

Alongside standard scores, in fact, a few process-based metrics have been applied to the
LMT, showing effectiveness at detecting AD-related pathology. For example, in a previous
study (27), LMT metrics were also successfully associated with plasma p-tau217 levels. In

this research, prediction of p-tau217 was improved when measuring how many idea units



were forgotten between immediate and delayed recall. This measure of story forgetting
(dubbed total ratio, Tr) is a process score, meaning that it attempts to quantify a cognitive
process that underlies test scores (28, 29). Moreover, individuals with AD struggle to retrieve
proper names significantly more than age-matched controls (30) and this may be owed to
degradation of both phonological and semantic capacity (31). Retrieval of proper names has
been linked to activity of the anterior inferior temporal lobe (32), which is affected by the
spread of tauopathy. Unsurprisingly then, lexical analysis (i.e., analysis of the specific words
individuals recall) is an effective marker of AD (33). In particular, failure to delay recall
proper names shows strong correlations to AD biomarkers, including PET (34) and CSF (23).
Additionally, serial position analysis refers to quantifying the serial position curve, a common
pattern in tests of human memory where performance tends to be better for stimuli learned at
the beginning (primacy) and/or at the end (recency) of a list, as opposed to the middle (35-
37). When applying serial position analysis of the LMT to AD biomarkers, loss of primacy
recall has been associated with PET- and CSF-determined AD pathology (16, 25), and

forgetting of the entire story was linked to plasma p-tau217 levels (27).

With the present study, we compared a range of LMT metrics against plasma AD biomarkers
to determine the most effective at detecting in vivo levels of pathology, cross-sectionally.
Cross-sectional analyses, compared to longitudinal analyses, provide information about what
may be clinically relevant to assess in order to establish current level of pathology. We
carried out specification curve analysis (SCA; 38) on data from the Wisconsin Registry of
Alzheimer’s Prevention (WRAP). This approach allows to run various (plausible) models
with different permutations of covariates while maintaining predictor and outcome constant
(39), which allows us to ascertain how often a certain predictor is significant across
permutations, thus giving us an estimate of its robustness. In these tests, predictors were LMT

metrics, and outcomes were the plasma levels of p-tau217; amyloid-b 1-40 (Ab40), amyloid-



b 1-42 (Ab42), and their ratio (Ab42/40); neurofilament light (NfL), which measures axonal
damage (40); and glial fibrillary acidic protein (GFAP), which is a marker of reactive
astrogliosis (41). To note, this study is analogous to the one we previously conducted in this
same cohort (27) — however, the current examination intends to compare serial position- and
forgetting-based metrics to lexical markers directly; employ a larger sample size (416 vs.
1195); and evaluate potential sex-related differences, given that women account for more AD

cases than men (42).

Methods

Participants

Data were obtained from WRAP (43), an ongoing longitudinal cohort study based at the
University of Wisconsin—Madison, USA. Participants are volunteers from the local area.
None have a dementia diagnosis or evidence of dementia at enrolment. Participants attend a
baseline visit, then are invited for a first follow-up two to four years after baseline and then
every two years after that. Participants in our analyses all had to have measures of plasma
biomarkers and LMT data. In cases where multiple plasma samples were available for a
participant, we selected the most recent sample and the corresponding cognitive assessment.
Typically, biomarker extraction and cognitive assessment were concurrent, and when not, we
only included cases in which these events were within two years of each other. Participants
were only included in our analyses if cognitively unimpaired (stable or declining) or with
MCT at the assessment visit of relevance. Cognitive statuses were assessed using a two-tiered
consensus conference approach (44), based on core clinical criteria developed by the National
Institute on Aging and the Alzheimer’s Association (45, 46). All in all, these criteria left us

with 1195 individuals, means and standard deviations of demographic variables are reported



in Table 1. Of the total sample, 947 were classified as cognitively unimpaired stable, 181 as
cognitively unimpaired declining, and 67 with MCI. Approximately 35% of these participants
were included in a previous study from our group with LMT and plasma biomarkers (27). In
addition to a larger sample, the present study also benefits from updated data, a different and
more comprehensive analytical approach, a wider comparison of predictors, and sex-
differential analyses. All activities for this study were approved by the ethics committees of
the authors’ universities and conducted in accordance with the Declaration of Helsinki. All

participants provided informed consent prior to testing.

Materials

The LMT is a subtest of the Wechsler Memory Scale Revised (WMS-R; 18), and comprised
two stories (“A” and “B”), each with 25 items (“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. Scoring procedures from the WMS-R manual were applied. Two standard metrics were
extracted from the LMT (averaging over A and B): the raw score for LMT Immediate recall,
derived from the total number of idea units recalled immediately after learning the story; and
the raw score for LMT Delayed recall, derived from the total number of idea units recalled
after the delay. Process metrics were delayed proper noun (dPN) recall, the primacy ratio
(Pr), the recency ratio (Rr), and the total ratio (Tr). dPN recall was calculated by assigning
each correct response to delayed LMT a lexical category (e.g., proper names, verbs,
numerical expressions) by running a transcript of the LMT stories through CLAN
(Computerized Language Analysis Program), a part-of-speech tagger (47). Idea units
identified as proper names were then summed for stories A and B to create a dPN recall
score. A higher dPN score indicated better recall (for previous literature on this method see:

34,48, 49). To create Pr, Rr and Tr first primacy and recency were defined as the first and



final eight idea units of each story. Pr then was given by dividing immediate primacy
performance (+1) by delayed primacy performance (+1), averaging across stories. The +1
correction is applied to avoid 0 scores. Rr was given by dividing immediate recency
performance (+1) by delayed recency performance (+1), and averaging across stories. And Tr
was given by dividing immediate recall (i.e., the whole story) performance (+1) by delayed
recall performance (+1), averaging across stories. Higher scores for these ratios indicate more

forgetting, hence poorer recall (for previous literature on this method see: 16, 22, 25).

Blood biomarkers

Plasma samples were analyzed at the Department of Psychiatry and Neurochemistry,
University of Gothenburg (50). Plasma AB42 and AB40, GFAP and NfL were quantified
using the Simoa® Human Neurology 4-Plex E assay. P-tau217 levels were measured using
the Simoa® ALZpath p-tau 217 assay. All plasma levels were analyzed using Quanterix’s

HD-X™ Analyzer.

Genotyping

DNA was extracted from whole blood. Samples were aliquoted on 96-well plates for
determination of apolipoprotein E (4POE) genotypes. An APOE risk score was calculated

based on the odds ratios of the £2/e3/e4 genotype, as previously reported (45).

Design and Analysis

Assumptions of normality and homoscedasticity were checked, along with Q-Q plots. Plasma
biomarkers, p-tau217, GFAP, NfL, AB42, ApB40, and the AB42/40 ratio, were log10
transformed due to non-normal distributions. Total Immediate recall, Total Delayed recall,
Pr, Rr, Tr and Delayed Proper Nouns recall scores were z-standardised to allow their
comparison. Bivariate Pearson correlations were conducted between LMT scores, covariates

and plasma biomarker levels, for descriptive purposes.



To determine which LMT scores are most effective at detecting plasma biomarker levels, we
carried out a SCA, which is a multiverse-based approach that examines all plausible
combinations of predictors, outcomes, and covariates to address a given research question
(39). This approach offers important advantages, including reducing the overall false-positive
rate and strengthening the robustness of findings (51-54). SCA allows us to explore multiple
plausible frequentist analytical choices simultaneously and to quantify how often a predictor
remains statistically significant, providing an estimate of how stable and consistent the

association is across models.

In the analysis, we kept the outcome-predictor combinations constant and varied model
specifications along two dimensions: covariate inclusion and sample subset. For covariates,
we tested all 32 possible combinations of the five control variables: age at blood extraction,
years of education, APOE risk score, cognitive visit number (as practice effects), and the
elapsed time between cognitive assessment and blood extraction. For sample subset, models
were run separately with 1) the full sample, 2) males only, and 3) females only, based on self-
reported sex. Thus, each model specification included one predictor, one outcome, a covariate
combination, and one subset, resulting in 6 outcomes x 6 predictors x 32 covariate sets x 3
subsets = 3,456 linear models. Specification curves were used to visualise the full distribution

of associations, along with density, forest and percentage of significance plots.

To test the robustness of our findings, we implemented two inferential procedures as
recommended by Simonsohn et al. (38). First, to assess whether the overall pattern of results
across the multiverse could have occurred by chance, we conducted a global permutation test.
Specifically, a null distribution was generated by repeating the full SCA 1,000 times using
permuted data in which the outcome variables were independently shuffled across
participants. For each permuted dataset, the total number of significant associations across the

multiverse was recorded. The observed number of significant effects in the original (non-



shuffled) data was then compared to this null distribution to obtain a global permutation-
based p-value, which reflects the probability of observing as many or more significant effects
under the null hypothesis of no true association. Second, to assess the robustness of
individual predictor-outcome combinations, we used two complementary approaches. Using
Stouffer’s method (55), p-values from all 32 covariate models were aggregated to produce a
single p-value per predictor-outcome pair. We also computed a permutation-based p-value for
the median effect size by comparing the observed median to the distribution of medians
obtained from the 1,000 permuted SCAs. For all statistical analyses, significance was set as

p<.05.

Statistical analyses were carried out using R software (version 4.4.0). Data processing and
visualisation were performed using the fidyverse suite of packages. Bivariate correlations
were calculated with the corrr package, and the specification curve analysis was conducted
with the specr package (56). All packages are available from the Comprehensive R Archive

Network (CRAN).

Results

In Table 1, means, standard deviations and ranges are described for all the variables included

in the current study, for the whole sample, females and males.

-- Table 1 --

3.1. Bivariate correlations. As shown in Table 2, bivariate Pearson correlations between
LMT scores and plasma biomarkers were generally small in magnitude. The largest LMT—
biomarker correlation was observed between Total ratio and plasma p-tau217 (r = .157).
Plasma p-tau217 showed the broadest pattern of correlations, with all LMT metrics reaching

statistical significance. Several LMT metrics were also significantly correlated with NfL. and



GFAP, although these correlations were similarly small. Correlations with A42/40, AB40,
and AP42 were present for fewer LMT metrics. Detailed correlation heatmaps for the whole

sample, females, and males are provided in Supplementary Figures S1-S3.

--- Table 2 --

3.2. Specification curve analysis (SCA). A specification curve analysis was conducted to
identify which LMT metrics were most consistently associated with cross-sectional plasma
biomarker levels across alternative model specifications. A summary of results, including
median effect sizes, confidence intervals and robustness estimates for each significant model,
is shown in Table 3. Only the associations that passed the permutation test are shown
(permutation p < .05), as this ensures a better control against false positives, see
Supplementary Table 1 for results with all models. Additional plots, including forest and
percentage of significance plots for each outcome and subset can be viewed in Figures 1 and
2. Figure S4 shows the specification curve, specifically, standardised regression coefficients
for each model specification are shown in panel A, and in panel B, the modelling decisions
corresponding to each specification are shown. The global permutation test confirmed that
the number of statistically significant associations observed in the data was greater than
expected by chance (permutation-based p <.001; see also the histogram in Supplementary
Figure S5). Density plots for each outcome by whole sample, female and males, are provided

in Supplementary Figure S6.

-- Table 3 --

Plasma p-tau217. Across the multiverse, the most consistent and stable relationships were
found for plasma p-tau217 biomarker levels. All six LMT scores were statistically robust, and

as expected, Immediate, Delayed recall, and Delayed PN showed negative associations, while



the ratios, i.e., Pr, Rr, and Tr, showed positive associations. The six predictors showed 100%
specification significance and remained statistically significant under both permutation and

Stouffer p-value thresholds in the full sample.

Subset analyses revealed more stable associations in females, where all six LMT predictors
remained statistically robust and showed consistency across specifications. In males, Delayed
recall, Pr, Tr, and Delayed PN were significant, yet specification consistency was low for all

except Tr and Delayed PN.

Plasma Af42/40 ratio. As AB40 is meant to provide a control value for AB42, rather than a
signal of AD pathology per se, we focus here on the ratio results, but leave both Af40 and
AP42 values in Table and Figures for full illustrative purposes. In the full sample, only
Immediate recall showed a weak but statistically robust positive association, yet consistency
across model specifications was of 53%. Stratified analyses revealed no consistent or robust

predictors in female or male subgroups.

Plasma NfL. Consistent and statistically robust associations were observed between LMT
scores and plasma NfL levels. In the full sample, Immediate and Delayed recall showed
robust negative associations, and although Delayed PN was also negatively associated, it did
not survive the permutation threshold. These associations were strongest and most robust in
females, where all three (Immediate, Delayed, and Delayed PN) were consistent across
specifications and remained statistically robust. In males, the three showed significant
associations in 50% of model specifications, but none met robustness criteria. Only Rr
showed a high proportion of significant associations, but it did not survive the permutation

test.

Plasma GFAP. Several LMT scores were associated with GFAP. In the full sample,

Immediate and Delayed recall showed a high proportion of significant and robust negative



associations. In females, all LMT predictors except Rr and Pr were significantly and robustly
associated with GFAP, showing significant associations in 100% of model specifications.
This pattern was not found in males, where the specification significance was low and no

associations survived permutation-based significance.

Overall, the SCA indicated that associations with p-tau217 were the most stable across LMT
metrics and model specifications. Associations with NfL and GFAP were also observed for
some LMT metrics but varied more by metric and subgroup, while associations with A

measures were less consistent.

-- Figure 1 --

-- Figure 2 --

Discussion

The purpose of this investigation was to compare a range of story recall metrics against
plasma AD biomarkers to determine which are the most sensitive to in vivo levels of
pathology, cross-sectionally. To this end, we carried out multiverse analysis / SCA, which
allowed us to look at a variety of alternative analytical choices simultaneously. Predictors
were LMT-derived standard and process-based metrics, while outcomes were p-tau217, the
Ab42/40 ratio, NfL and GFAP. Within the full sample, we observed that associations were
the most stable and predictable between LMT scores and p-tau217, as all metrics predicted
biomarker levels significantly 100% of the time. In contrast, associations between LMT

scores and other plasma biomarkers were generally less reliable.



Plasma p-tau217 has been at the forefront of research on blood-based biomarkers of early
detection of AD, due to its widely reported sensitivity and robustness (57), as previously
discussed, therefore it is not surprising that its levels should be strongly correlated with cross-
sectional memory performance, particularly when examining the full sample. In contrast,
research has shown plasma Ab markers, including the Ab42/40 ratio, to be generally less
sensitive in comparison (58) — possibly owing to their reduced stability across time, lab-based
variables and patient-related factors (59). Our findings are consistent with these claims:
amyloid-b levels did not significantly associate with any story recall metric as often as p-
tau217 levels did, at least in the full group. Finally, NfL and GFAP are effective biomarkers
of neurodegeneration across a range of pathologies (60) rather than being AD-specific. Our
results showed that NfL and GFAP are consistently predicted in the full cohort by traditional
LMT scores, immediate and delayed recall, rather than by process scores — this finding
suggests that traditional metrics may be preferable for detecting overall and unspecific

damage to the cognitive infrastructure.

Women account for more AD cases than men (42), as such we wanted to evaluate differences
in the associations between LMT metrics and plasma biomarkers across sexes. One caveat is
that the female group was larger (n=828) than the male group (n=367), so differences may
also be due to relative power, although the male group was still sizeable. Examining
associations between p-tau217 and LMT metrics in females, we found that the associations
were significant 100% of the time except for Rr (reaching 87.5%). However, in males, only
delayed PN recall (61) and Tr (consistent with our previous report, 27) were predictive 100%
of the time. Similar sex-differential associations between memory performance and plasma p-
tau217 have been reported previously (62). Notably, in our data, the levels of p-tau217 across
groups were analogous (Table 1), presumably discounting differences in the levels of

pathology. Relative power may play a role, as noted, suggesting that delayed PN recall and



Tr, possibly having stronger cross-sectional associations with p-tau217, are more resistant to
smaller sample sizes. In this respect, Figure S5 provides a visual illustration of how these two
LMT metrics’ coefficients reach the out the farthest to the left and the right, respectively,
denoting the highest effect sizes (in males). Hence, these results suggest that using delayed
PN recall and Tr as a proxy of p-tau 217, regardless of gender, could yield the most sensitive
results. Alternatively, AD pathology may have affected memory less in the male sub-group
compared to the female sub-group, perhaps due the slightly higher level of education or by
the lower APOE risk reported by the former (Table 1) — although, of course, education and
APOE risk were included as covariates, and thus controlled for, in some of the model

permutations.

In general, across the remaining outcomes, associations were more robust and consistent in
females than in males, as illustrated in Table 3 and Figure 2. This discrepancy is especially
visible with GFAP, where levels are higher in females than males in our sample (Table 1),
and there are reliable associations between GFAP and delayed PN recall, Tr, and delayed and
immediate LMT recall in females (100% of the time across permutations), but only weak
associations in males. A recent report also echoes these findings (63) and suggests that
increased astrocytic activation may underline at least in part the increased risk of
neurodegeneration in women. Considering these and other findings, we conducted post-hoc
analyses to determine whether the association between p-tau217 and LMT metrics was
moderated by plasma GFAP levels and/or sex. Our results showed that plasma p-tau217 and
GFAP interacted in predicting delayed LMT (p=0.046), Pr (p=0.005), Tr (p=0.010), and
delayed PN recall (p=0.036), but none of the three-way interactions with sex were significant
(p’s > 0.078). These post hoc analyses emphasize the important role of astrocyte activity and
inflammation in conjunction with tauopathy for predicting memory decline, although they are

partial and do not inform on directionality. These results do not directly implicate sex,



suggesting that elevated GFAP may be deleterious regardless of sex. However, as women
tend to have on average higher plasma GFAP levels (potentially due to multiple factors), this
sex-related discrepancy may help explain why plasma p-tau217 levels correlate more strongly
with cognitive performance in this group compared to males. All in all, we join many

researchers in the AD field advocating for a deeper exploration of these differences (64).

A strength of this study is that we employed a Multiverse/SCA approach which allows to
explore multiple plausible analytical choices simultaneously — in other words, we were able
to compare multiple LMT metrics, against multiple plasma biomarkers, and determine
quantitatively how frequently an association was significant across permutations of
covariates. In this way, we can determine conclusively which metrics consistently predict
biomarker outcomes, under various conditions. However, a key limitation is that the total
sample, only less than 8% of the participants identified as non-white, thus emphasising a lack
of ethnic variety, which is unfortunately common in AD research (64). The small number of
non-white participants also preclude the possibility of examining differences across racial or
ethnic groups. Future research should delve further into the sex-related differences in AD

pathology, biomarkers levels, and cognitive performance outputs in a more diverse sample.

To conclude, in this multiverse analysis of 1195 WRAP participants, LMT scores and plasma
biomarkers, we observed the following: p-tau217 levels were most consistently associated
with memory performance, compared to other biomarkers; there were clear sex differences in
the strength of these associations; and delayed recall of proper nouns (dPN) and overall
forgetting (Tr) were the most reliable predictors of plasma p-tau217 levels in this cohort. The
final point further suggests that, when using LMT (and including when evaluating ADNI
data), regardless of sex, but in particular with males, calculating and evaluating dPN and Tr
may provide sensitive cognitive data to evaluate a person’s likelihood of underlying AD

pathology. The development of metrics able to signal subtle impairment, beyond the



traditional diagnostic cutlines, is key to revealing phenotypic heterogeneity in otherwise
cognitively-unimpaired subjects (66), and will aid accounting for subtle differences that

emerge during the preclinical phases of AD.
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Legends

Figure 1. Forest plots for each outcome by whole sample, female and males. Note. p-tau:
phosphorylated tau; AB: amyloid-beta; GFAP: glial fibrillary acidic protein; NfL:
neurofilament light chain; LMT: Logical Memory Task; Tr: Total ratio; Rr: Recency ratio;

Pr: Primacy ratio; Del PN: Delayed Proper Nouns.

Figure 2. Plots of percentages of significance for each outcome by whole sample, female and
males. Note. p-tau: phosphorylated tau; AB: amyloid-beta; GFAP: glial fibrillary acidic
protein; NfL: neurofilament light chain; LMT: Logical Memory Task; Tr: Total ratio; Rr:

Recency ratio; Pr: Primacy ratio; Del PN: Delayed Proper Nouns.






