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ABSTRACT
Background: Wordlist and story recall tests are routinely employed in clinical practice for demen-
tia diagnosis. In this study, our aim was to establish how well-standard clinical metrics compared to 
process scores derived from wordlist and story recall tests in predicting biomarker determined 
Alzheimer’s disease, as defined by CSF ptau/Aβ42 ratio.
Methods: Data from 295 participants (mean age = 65 ± 9.) were drawn from the University of 
Wisconsin – Madison Alzheimer’s Disease Research Center (ADRC) and Wisconsin Registry for 
Alzheimer’s Prevention (WRAP). Rey’s Auditory Verbal Learning Test (AVLT; wordlist) and Logical 
Memory Test (LMT; story) data were used. Bayesian linear regression analyses were carried out with 
CSF ptau/Aβ42 ratio as outcome. Sensitivity analyses were carried out with logistic regressions to 
assess diagnosticity.
Results: LMT generally outperformed AVLT. Notably, the best predictors were primacy ratio, a 
process score indexing loss of information learned early during test administration, and recency 
ratio, which tracks loss of recently learned information. Sensitivity analyses confirmed this conclusion.
Conclusions: Our study shows that story recall tests may be better than wordlist tests for detection 
of dementia, especially when employing process scores alongside conventional clinical scores.
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Introduction

Early detection of neurodegeneration is critical for clin-
ical and research decision making in dementia 
(Trevethan, 2017). Biomarker research has seen 
impressive progress of late, allowing for the identifica-
tion of individuals who are yet to present with clinical 
symptoms, while showing emerging neuropathology. 
However, biomarker-based screening, particularly 
when relying on positron-emission tomography and/or 
lumbar puncture, can be intimidating, and requires 
access to highly specialized clinical settings (Manera et 
al., 2023). As over 60% of people living with dementia 
are currently in low-to-middle income countries (World 

Health Organization, 2023), access to affordable, but 
accurate, screening measures becomes critical.

Testing neuropsychological function is noninvasive, 
requires minimal training, and is inexpensive. In parti-
cular, loss of episodic memory ability is a key feature of 
Alzheimer’s disease (AD) and related dementias symp-
tomatology (Albert et al., 2011; Dubois et al., 2007; De 
Simone et al., 2019; De Tollis et al., 2021). Episodic 
memory ability is most commonly assessed with verbal 
recall tests, and typically these are either word-list or 
story recall tests (Mansbach et al., 2014; Perri et al.,  
2013; De Simone et al., 2017). Word-list tests of memory 
recall employ a list of (semantically unrelated or related) 
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common nouns which are read sequentially to a person, 
who, after the list has been read in full, will be asked to 
repeat all the words they can remember, in any order. In 
contrast, story recall tests will present a person with one 
or more stories, which will then be expected to be 
recalled, again without demands on the order of recall.

Previous research has shown that both word list and 
story recall tests are useful tools in the diagnosis of 
dementia and AD (Lemos et al., 2014; Perri et al.,  
2013; Teichmann et al., 2017; Turchetta et al., 2018). 
While some studies favor the former (Baek et al., 2012), 
and others prefer the latter (Park et al., 2017; De Simone 
et al., 2017), Mansbach et al. (2014) concluded that both 
types of tests should be included whenever possible, and 
provided evidence that combining the two yielded a 
stronger predictor of cognitive diagnosis than using 
either test alone.

Alongside standard test scores, which typically repre-
sent the sum of the units recalled correctly, process 
scores are also frequently examined (Libon et al., 2013; 
Milberg et al., 2009). Analysis of process scores, an 
exemplar being the Boston Process Approach, is based 
upon the principle that different cognitive processes 
underlie overall test performance, and that unearthing 
these processes may be more informative than simply 
evaluating typical composite scores. An example of a 
process score applied to story recall comes from De 
Simone et al. (2017), where the authors reported that 
forgetting story information over time associated 
strongly with more elevated risk, and with faster con-
version times to a clinical diagnosis of AD. Similarly, 
Bruno et al. (2018) examined forgetting in word list 
tests, but focused on the final portion of the list (i.e., 
recency position). They showed that examining recency 
forgetting improved longitudinal prediction of early 
mild cognitive impairment (MCI; see also Bruno et al.,  
2022). Bruno et al. (2013; see also Talamonti et al., 2019) 
also proposed that loss of primacy (i.e., information 
learned early on a list or story), particularly after a 
delay, may indicate an issue of consolidation. 
Consistent with this notion, they showed that delayed 
primacy (as measured with delayed word list recall) was 
a better predictor of global cognitive decline, compared 
to the other portions of the serial position curve and 
standard metrics; and that primacy forgetting was asso-
ciated to AD neuropathology (Bruno et al., 2021).

In recent years, the field of AD research has seen a 
push to embrace diagnoses that relied on the analysis of 
biomarker data, as opposed to clinical symptoms 
(Porteri et al., 2017), albeit not without controversy 
(Illán-Gala et al., 2018). Consequently, we noticed that 
the scientific literature was lacking with regards to 
examining how sensitive word-list and story recall 

tests were to biomarker-determined AD (bdAD). One 
advantage of using bdAD as testing grounds for cogni-
tive assessment is that it avoids potential issues of cir-
cularity between memory testing and clinical diagnoses, 
given that the latter will often rely upon the former. In 
this study, therefore, we aimed to test how sensitive 
standard and process scores derived from word-list 
and story recall tests were to bdAD. We employed the 
cerebro-spinal fluid (CSF) p-tau/Aβ42 ratio (Salvadó et 
al., 2022), either continuously or as a cutoff, as the tool 
for bdAD diagnosis (Van Hulle et al., 2021). We pre-
dicted that poorer performance in process metrics, 
including more forgetting, would associate with 
increased risk of bdAD classification.

Methods

Participants: Data were drawn from the University of 
Wisconsin – Madison Alzheimer’s Disease Research 
Center (ADRC) and the Wisconsin Registry for 
Alzheimer’s Prevention (WRAP). To be included in 
the analysis, participants had to have had at least two 
assessment visits in either ADRC or WRAP: one lumbar 
puncture (LP) visit for CSF extraction, and one cogni-
tive evaluation. These visits had to be within a year of 
each other to ensure assessment validity. The initial 
reference pool comprised of 2,498 participants, then 
reduced to 295 participants (mean age = 64.6, ± 9.0) 
after applying the inclusion criteria above.

All activities for this study were approved by the 
ethics committees of the authors’ universities and com-
peted in accordance with the Declaration of Helsinki. 
All participants provided informed consent prior to 
testing. Table 1 reports demographic variables, CSF 
levels, and memory scores.

Memory assessment. Word-list recall performance 
was assessed with the Rey Auditory Verbal Learning 
Test (AVLT; Rey, 1958). In this test, participants are 
read a list of 15 unrelated nouns a total of five times, and 
are asked to free recall these words after each presenta-
tion, in any order. Then a new 15-word list is tested 
(interference), followed again by free recall of the ori-
ginally presented list. Finally, after about 20–30 min, 
subjects are asked to free recall the original list once 
again, ending with a recognition test. To evaluate epi-
sodic memory, we scored total recall (sum of all the 
correctly recalled items across all five initial trials), and 
delayed recall (number of words recalled correctly after 
the 20–30 min delay), which represent the typical test 
scores extracted from the AVLT. We then scored the 
recency ratio (Rr), a measure of recency forgetting, 
following previously reported works (Bruno et al.,  
2022, 2018). In brief, the final four words of the learning 
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list are considered to be within the recency region: a 
ratio is then calculated between recency performance at 
the first learning trial (trial 1), and recency performance 
at the delayed trial. Finally, a + 1 correction is applied to 
both terms to avoid 0 scores (e.g., trial 1 recency = 3; 
delayed trial recency = 2; (3 + 1)/(2 + 1) = 4/3 = 1.33). 
Additionally, we also calculated a total forgetting score 
(Tr; Bruno et al., 2022), by dividing overall trial 1 recall 
by overall delayed recall, and applying the same +1 
adjustment (e.g., trial 1 = 13; delayed trial = 9; 
(13 + 1)/(9 + 1) = 14/10 = 1.4).

Story recall performance was assessed with the Logical 
Memory Task (LMT), a subtest of the Weschler Memory 
Scale Revised (WMS-R; Wechsler, 1987). LMT comprises 
two stories, 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. Also on the LMT, 
participants are free to recall the items in any order they 
prefer. Scoring procedures from the WMS-R manual 
were applied. Although the scoring criteria permit some 
alteration from the original item (e.g., “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. To note, while both stories were used in 
WRAP, only story A was employed in ADRC. Two con-
ventional clinical metrics were extracted from LMT 
(averaging over A and B for WRAP data): Immediate 
LMT, derived from the total number of idea units recalled 
immediately after learning the story; and Delayed LMT, 
derived from the total number of idea units recalled after 
the 20–25 min delay.

Process scores were primacy ratio (Pr; Bruno et al.,  
2021), and Rr (Bruno et al., 2018) and Tr (Bruno et al.,  
2021). Primacy and recency were defined as the first and 
final eight idea units of the story (out of 25), in keeping 
with previous studies (Bruno et al., 2021). Rr and Tr 
were computed as with AVLT, while Pr was calculated 
following Bruno et al. (2021) by dividing delayed pri-
macy by immediate primacy, with no adjustments. 
While Pr’s formula is inconsistent with the way Rr and 
Tr are computed, and should arguably be aligned, we 
opted here for maintaining the original formula for the 
sake of comparison.

Table 1. Demographics, CSF and memory data by biomarker-determined diagnosis. LP = lumbar puncture. Imm = Immediate. 
Del = Delayed. Pr = primacy ratio. Rr = recency ratio. Tr = total ratio.

Group N Mean SD

Females Control 147 – –

AD 34 – –
Years of education Control 225 16.333 2.469

AD 70 15.814 2.778

APOE risk score Control 225 1.141 0.733
AD 70 1.884 0.915

Age at LP Control 225 62.450 8.201
AD 70 71.337 8.087

Time elapsed Control 225 0.308 0.233
AD 70 0.219 0.196

CSF p-tau/Abeta42 (ng/L) Control 225 0.069 0.011
AD 70 0.032 0.009

LMT Imm Control 225 14.051 3.701

AD 70 8.593 5.685
LMT Del Control 225 12.904 3.971

AD 70 6.829 6.124
LMT Pr Control 225 0.831 0.262

AD 70 0.416 0.436
LMT Rr Control 225 1.030 0.208

AD 70 1.365 0.767

LMT Tr Control 225 1.125 0.356
AD 70 1.751 1.422

AVLT total Control 225 49.502 9.769
AD 70 33.814 15.359

AVLT delayed Control 225 9.724 3.605
AD 70 4.243 4.874

AVLT Rr Control 225 1.340 0.779

AD 70 2.295 1.323
AVLT Tr Control 225 0.870 0.940

AD 70 2.306 1.931
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Participants’ cognitive data were taken from which-
ever visit was closest to the visit where the LP was per-
formed (average time between visits was 0.8 years, 
SD = 1.0) and from whichever visit was last recorded 
(average time between visits was 5.3 years later, SD = 5.9, 
for AVLT, and 3.5 years later, SD = 4.0, for LMT).

Biomarker determination. All CSF samples were 
assayed at the Clinical Neurochemistry Laboratory, 
University of Gothenburg, under strict quality control 
procedures. CSF markers (phosphorylated tau 181, hen-
ceforth p-tau; and amyloid β 1–42, henceforth Aβ42) 
were measured using the exploratory Roche 
NeuroToolKit assays, a panel of automated robust pro-
totype immunoassays (Roche Diagnostics International 
Ltd, Rotkreuz, Switzerland), as previously described 
(Van Hulle et al., 2021).

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

Analysis plan. We first carried out a Bayesian regres-
sion analysis with CSF p-tau/Aβ42 ratio as outcome; all 
memory scores (standard and process), as predictors (in 
the same analysis to allow for interactions); and the 
following covariates: age; time elapsed between memory 
assessment and the lumbar puncture; years of education; 
gender; visit number (to account for potential practice 
effects); and APOE risk score. The null model comprised 
all control variables. Credible intervals (CIs) were set to 
95%. The prior was set to JZS, and the model prior was set 
to Uniform. One thousand Markov chain Monte-Carlo 
simulations were conducted to determine parameters.

Second, we performed sensitivity analyses with the best 
predictors from the Bayesian regression by running 
Frequentist bivariate regression analyses and extracting 

diagnostic data. Outcome in this case was a CSF p-tau/ 
Aβ42 ratio cutoff of 0.038, as previously determined for 
this cohort (Van Hulle et al., 2021): a low ratio, up to and 
including 0.038, identified individuals without bdAD, 
whereas a higher ratio identified individuals with bdAD. 
Of the 295 participants included in the analysis, 225 were 
controls and 70 displayed bdAD. Covariates in these ana-
lyses were the same as in the Bayesian regressions. 
Analyses were conducted using JASP (0.17.1; https://jasp- 
stats.org/).

Results

Table 1 reports demographics, CSF and memory data by 
bdAD.

The best fitting model, with a BF10 over 1 billion, 
included Immediate LMT, Delayed LMT, LMT Pr and 
LMT Rr. To note, the best model did not include any 
AVLT predictors, thus suggesting that LMT scores may 
be better overall when predicting bdAD classification. 
Inclusion probabilities favored Pr (>0.999; BFinclusion>1 
billion) and Rr (>0.999; BFinclusion >1,000,000), over 
LMT Immediate (0.998; BFinclusion = 207), and LMT 
Delayed (0.992; BFinclusion = 53; see Supplementary 
Materials for the full results). Therefore, the logistic 
sensitivity analyses included Pr and Rr as predictors. 
Pr reduced the AIC from 226 to 207, p < 0.001. Pr also 
was a significant predictor (p < 0.001; ORs = 0.084). Rr 
reduced AIC to 215, p < 0.001, and also was a significant 
predictor (p = 0.002; ORs = 4.790). When combining 
both Pr and Rr as predictors in the same analysis, multi-
collinearity did not appear to be an issue (VIF<1.5). AIC 
was a little lower than with Pr alone (205). LMT Pr 
remained significant (p < 0.001, ORs = 0.128), while 
Rr displayed a trend (p = 0.051, ORs = 2.940). These 
results suggest that LMT Pr may be slightly better 

Figure 1. Conditional estimates plot (95% confidence intervals). LMT primacy ratio (Pr) to lumbar puncture for bdAD classification (0: 
without bdAD; 1: with bdAD). The Y-axis represents the probability of a bdAD classification based on the p-tau/Abeta42 cut off of 
0.038. As the primacy ratio score increases, the likelihood of a bdAD classification decreases.
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overall as a predictor of bdAD classification in these 
data compared to LMT Rr, but that LMT Rr should 
not be completely discounted. Diagnostic metrics 
(including covariates) for Pr alone show high specificity 
(0.942), lower sensitivity (0.686), moderate PPV (0.787), 
and high NPV (0.906). Removing covariates and using 
0.26 as Pr cutoff increased specificity to 0.960, reduced 
sensitivity to 0.471; PPV was 0.786 and NPV was 0.854 
(Figure 1a). Diagnostic metrics (including covariates) 
for Rr alone show high specificity (0.960), lower sensi-
tivity (0.614), good PPV (0.827), and high NPV (0.889). 
Removing covariates and using 1.70 as a cut-point 
increased specificity to 0.996, reduced sensitivity to 
0.229; PPV was 0.941 and NPV was 0.806 (Figure 1b).

Discussion

Tests that are noninvasive yet relatively accurate are 
important for clinical decision making (Trevethan, 2017). 
With this paper, we aimed to test how well conventionally 
used test scores compared to process scores derived from 
word-list and story recall tests predicted biomarker-deter-
mined AD. We did this by using the CSF p-tau/Aβ42 ratio, 
either continuously or as a cutoff in sensitivity analyses, as 
outcome. Our results support the use of story-recall pro-
cess scores, specifically Pr, which indices loss of primacy 
information over time, and to a lesser extent Rr, which 
tracks loss of recency information, as valuable predictors of 
bdAD classification. Moreover, we noted that LMT- 
derived process scores provided better fits than AVLT- 
derived metrics, in these data.

The identification of Pr as a sensitive process score 
for the identification of bdAD is consistent with pre-
vious work showing that LMT-derived Pr was sensitive 
to a longitudinal classification as amyloid-positive, 
based on Pittsburgh compound B PET tracing (Bruno 
et al., 2021). The population tested in that paper partly 
overlapped with the participants included in the present 
manuscript, although overall sample size was nearly 
doubled here. We previously argued that loss of primacy 
may signal a failure to consolidate contextual informa-
tion (Bruno et al., 2021), which in turn serves as a strong 
cue for recalling the learned material (e.g., Howard & 
Kahana, 2002; Howard et al., 2006). However, this 
hypothesis cannot be tested within the current dataset, 
and will require further examination. Nevertheless, 
beyond theoretical concerns, our findings suggest that 
LMT Pr is a valuable tool for identifying individuals 
whose memory may be declining but who are unlikely 
to have AD presently or in the subsequent few years. In 
fact, when we examine Pr values cross-sectionally, 
scores above 0.26 allowed to identify controls correctly 
95% of the time (false positive rate ~ 5%). Similarly, 

scores above 0.32 allowed for 96% correct classification 
of individuals without longitudinal bdAD. In turn, 
scores below the cutoffs identified people with bdAD 
approximately three out of four times.

Previous work has shown Rr, both with word-lists 
and story recall tests, to be a valuable predictor of AD 
biomarkers (Bruno et al., 2022, 2021), and tauopathy in 
particular (Bruno et al., 2022). Indeed, Rr was also a 
strong predictor of p-tau/Ab42 levels in the present 
analyses as well, although it was superseded by Pr in 
binary logistic regressions. It is possible that while Pr is 
more sensitive to changes in brain amyloid deposition, 
as proposed in Bruno et al. (2021), Rr is more responsive 
to tau-related neuronal damage. However, this is cur-
rently speculation and further investigation, examining 
more closely neurocognitive activity with brain imaging, 
would be required to address this hypothesis.

One notable limitation of this study is that AVLT and 
LMT baselines were not always the same. We attempted to 
account for this discrepancy by controlling for both time 
differences in analyses where both tests were included. 
However, this is not an ideal methodological choice. 
Nevertheless, LMT scores still yielded better correlations 
with CSF p-tau/Aβ42 compared to AVLT scores when we 
examined the nearest cognitive assessments to lumbar 
puncture – in which case, LMT and AVLT were adminis-
tered during the same session. However, exactly why LMT 
outperformed AVLT in these analyses is not clear and 
warrants further inspection, including whether these 
results can be generalized to other story-recall or word- 
list learning tasks. Moreover, several other process scores, 
such as intrusions or learning slopes, were not included in 
the present analyses. Further research may want to address 
this limitation, and compare Pr and Rr to other established 
process scores.

Finally, as noted, while both stories were used in WRAP, 
only story A was employed in ADRC. Therefore, we also 
carried out separate analyses in WRAP only (n = 212) and 
ADRC only (n = 83) participants. With WRAP only parti-
cipants, the overall results were unchanged: the best fitting 
model included Immediate LMT, Delayed LMT, LMT Pr 
and LMT Rr, with a BF10 over 1 billion. Inclusion probabil-
ities favored Pr (>0.999; BFinclusion>20,000,000) and Rr 
(>0.999; BFinclusion>10,000,000), over LMT Immediate 
(0.995; BFinclusion = 60), and LMT Delayed (0.931; 
BFinclusion = 11). Again, the logistic sensitivity analyses 
included Pr and Rr as predictors. Pr reduced the AIC 
from 174 to 154, p < 0.001. Pr also was a significant 
predictor (p < 0.001; ORs = 0.057). Rr reduced AIC to 
161, p < 0.001, and also was a significant predictor 
(p = 0.003; ORs = 8.353). In contrast, when examining 
ADRC only participants, no model predicted CSF p-tau/ 
Aβ42 better than the null model. However, it is unclear 
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whether this lack of prediction is due to using a single story 
in LMT, or due to the substantially reduced sample size. 
Further evidence is required to elucidate this question.

In summary, with this study, we showed that LMT- 
based process scores that account for forgetting of serial 
position information, and primacy ratio in particular, 
may be useful tools to detect individuals with suspected 
biomarker-defined AD. In particular, we showed that 
these metrics associated with pathology better than tra-
ditional scores, such as total and delayed recall. While 
these tests may not be fully diagnostic, they can aid 
clinicians by gathering valuable information on the pos-
sible state of the individual quickly and cost-effectively.
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