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ABSTRACT
Objective: Process-based scores of episodic memory tests, such as 
the recency ratio (Rr), have been found to compare favourably to, or 
to be better than, most conventional or “traditional” scores employed 
to estimate memory ability in older individuals (Bock et  al., 2021; 
Bruno et  al., 2019). We explored the relationship between 
process-based scores and hippocampal volume in older adults, 
while comparing process-based to traditional story recall-derived 
scores, to examine potential differences in their predictive abilities. 
Methods: We analysed data from 355 participants extracted from 
the WRAP and WADRC databases, who were classified as cognitively 
unimpaired, or exhibited mild cognitive impairment (MCI) or demen-
tia. Story Recall was measured with the Logical Memory Test (LMT) 
from the Weschler Memory Scale Revised, collected within twelve 
months of the magnetic resonance imaging scan. Linear regression 
analyses were conducted with left or right hippocampal volume 
(HV) as outcomes separately, and with Rr, Total ratio, Immediate 
LMT, or Delayed LMT scores as predictors, along with covariates. 
Results: Higher Rr and Tr scores significantly predicted lower left 
and right HV, while Tr showed the best model fit of all, as indicated 
by AIC. Traditional scores, Immediate LMT and Delayed LMT, were 
significantly associated with left and right HV, but were outper-
formed by both process-based scores for left HV, and by Tr for right 
HV. Conclusions: Current findings show the direct relationship 
between hippocampal volume and all the LMT scores examined 
here, and that process-based scores outperform traditional scores as 
markers of hippocampal volume.
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Introduction

In research studies and clinical settings, performance on common neuropsychological 
tests is often calculated by adding the number of correct responses into a total score, 
which is then interpreted using cut-off points from standard normative data. However, 
this quantitative or “traditional” scoring and interpretation method does not provide 
much information on the cognitive functions engaged during the test or the strategies 
used by patients to obtain the scores (Grant & Adams, 2009), or which of these factors 
may be contributing to an impaired score (Blanco-Campal et  al., 2021). To overcome 
these limitations, a qualitative or “process-based” approach, also known as the Boston 
Process Approach (BPA), was first developed by Kaplan (1988). This approach focuses 
on the strategies used and errors committed during the test (Libon et  al., 2022), and 
can be implemented with procedural modifications of the tasks, such as time limits 
or adding new components, or by modifying the calculation of their scores (for a 
review, see Milberg et  al., 2009). An example of process approach applied to episodic 
memory tests (e.g. list-learning and story recall tasks) is analysis of serial position, 
where primacy, recency, or clustering effects can be analysed in addition to “tradi-
tional” scores (Bruno et  al., 2013; Diaz-Orueta et  al., 2018; Grant & Adams, 2009 
Talamonti et  al., 2020).

Serial position effects are found when early items (primacy) and late items (recency) 
on a list are remembered better than items in the middle (Murdock, 1962). Individuals 
with Alzheimer’s disease (AD) have been reported to show intact or exaggerated 
immediate memory recall of items learned at the end of a list (recency items, e.g. 
Foldi et  al., 2003), while performing poorly when recalling the same items after a 
delay (Carlesimo et  al., 1995). To leverage this discrepancy in recency performance, 
Bruno et  al. (2016, 2018) proposed a process-based score, the recency ratio (Rr), which 
is calculated by dividing the recency scores in the immediate recall trial by the cor-
responding scores in the delayed recall trial. Higher Rr scores, showing disproportion-
ate loss of recency recall from immediate to delayed testing, indicate more recency 
forgetting and, consequently, more overall risk of cognitive impairment (Bruno et  al., 
2022). Studies using Rr from list-learning tasks have shown that higher (i.e. worse) 
scores predict cognitive decline (Bruno et  al., 2016), early mild cognitive impairment 
(MCI; Bruno et  al., 2018; Egeland, 2021), and amyloid-β pathology in individuals with 
MCI (Bruno et  al., 2019). Rr scores have also been found to accurately discriminate 
between individuals diagnosed with AD and other types of dementia, such as fron-
totemporal, Lewy body and vascular dementias (Turchetta et al., 2018), and to correctly 
classify MCI patients who are more likely to convert to AD (Turchetta et  al., 2020). 
Bruno et  al. (2021a) found Rr to be sensitive to the levels of cerebrospinal fluid (CSF) 
Neurogranin, a post-synaptic protein reported to reflect synaptic dysfunction in AD 
and MCI, in individuals with major depressive disorder. Furthermore, higher Rr scores 
have been found to be associated with increased CSF levels of p-tau and t-tau in 
older adults with and without cognitive impairment, while total and delayed recall 
scores were not linked with any of the AD biomarkers (Bruno et  al., 2022). Overall, 
Rr tends to compare favourably to, or perform better than, most conventional or 
“traditional” scores employed to estimate memory ability in older individuals (Bock 
et  al., 2021; Bruno et  al., 2019).
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In principle, serial position effects can be examined in any common neuropsycho-
logical test of recall, however, until recently, these have been studied primarily in 
list-learning tasks. In contrast to list-learning tasks, story recall tasks require participants 
to learn coherent stories comprised of items of varying semantic and lexical categories. 
These stories must also be recalled immediately and after a delay. Although story 
recall tasks, such as the Logical Memory test (LMT; Wechsler, 1987), are very commonly 
used cognitive tools in research and clinical practice, little is known about serial 
position effects within these tasks compared to list-learning tasks. Only recently, a 
study by Bruno et  al. (2023) found Rr to be applicable to story recall and to be sen-
sitive to CSF levels of amyloid beta 1-40 (Aβ40), p-tau, t-tau, Neurogranin and alpha 
synuclein—overall outperforming traditional LMT scores, but more evidence that Rr 
works in story recall tasks is needed.

It has been suggested that higher Rr scores could be due to a combination of 
reduction in long-term retention, possibly as a result of diminished consolidation 
ability, paired with a compensatory increased reliance upon short-term memory 
processing (Bruno et  al., 2018). The medial-temporal lobe (MTL) in general, and 
hippocampus in particular, are essential in the formation and consolidation of 
long-term memory (Wixted, 2004; Wixted & Cai, 2013). Considering that early 
neuropathological changes in AD occur within the MTL, especially in the entorhinal 
cortex and hippocampus (Weiner et  al., 2015), it could be argued that higher Rr 
scores in AD might be associated with changes in these areas (Turchetta et  al., 
2020). Additionally, verbal episodic memory performance has been shown to be 
associated with left, rather than right, hippocampal volume (Ezzati et  al., 2016; 
Shi et  al.,2009) and greater left hippocampal reductions, compared to right hip-
pocampal reductions, have been reported in individuals with AD (Dhikav et  al., 
2016; Ezzati et  al., 2016; Li et  al., 2016; Müller et  al., 2005; Shi et  al., 2009; 
Thompson et  al., 2003, 2007; Wicking et  al., 2014).Thus, Rr might be sensitive to 
hippocampal health, and more specifically, to that of the left hippocampus.

To be certain that any possible effects are due to recency forgetting and not 
total forgetting, we propose a relatively novel process-based score, the Total ratio 
(Tr) which indices forgetting independently of recency (Bruno et  al., 2021b, 2023). 
Tr is obtained by dividing the immediate recall trial scores by the delayed recall 
trial scores, where higher Tr scores reflect more total forgetting. Bruno et  al. (2023) 
found Rr to be more sensitive to CSF biomarkers of neurodegeneration than Tr, but 
we know little about how Tr fairs, compared to Rr, with different AD biomarker 
outcomes.

The aim of the current study was to explore the relationship between 
process-based scores, Rr and Tr, and hippocampal volume in older adults with and 
without cognitive impairment. We examined this relationship using memory scores 
collected within twelve months of the MRI scan, while also comparing process-based 
to traditional story recall-derived memory scores, by analysing data from both 
WRAP and WADRC samples. We predicted that Rr and Tr from story recall would 
be negatively associated with hippocampal volume, and that Rr and Tr would be 
a better predictor of hippocampal volume than traditional LMT and compos-
ite scores.
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Methods

Participants

Data were extracted from the Wisconsin Alzheimer’s Disease Research Center (WADRC) 
and the Wisconsin Registry for Alzheimer’s Prevention (WRAP) studies. Participants 
were selected based on having completed one T1-weighted structural magnetic res-
onance imaging (MRI) scan, and one cognitive screening visit within twelve months 
of the MRI scan, including complete Logical Memory Test (LMT) story recall data, in 
either WRAP or WADRC. Exclusion criteria for both studies included major neurologic 
disorder (e.g. head trauma with loss of consciousness, seizures, or neoplasms), current 
(within the previous 12 months) major psychiatric disorders, or any other significant 
medical illness. From the total pool of 2,498 participants, 355 participants fulfilled 
the above criteria: 351 were native English speakers; four participants (1.13%) reported 
their race as American Indian or Native American, one (0.28%) as Asian, nine (2.54%) 
as Black, African American, or mixed, 340 (95.78%) as non-Hispanic White or White, 
and one (0.28%) as Spanish or Hispanic.

Participants were classified as either cognitively unimpaired, with MCI due to pre-
sumed AD (MCI-AD), or with dementia due to presumed AD (Dementia-AD), via 
multi-disciplinary consensus conference review that was blind to AD biomarkers 
statuses. In WRAP, a two-tiered consensus conference approach was used (for details, 
see Johnson et  al., 2018; Langhough Koscik et  al., 2021). For both WRAP and ADRC, 
cognitive statuses were determined by teams that included physicians, clinical neu-
ropsychologists, and clinical nurse practitioners, and 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). Among the 355 participants included in the study, 
282 individuals were cognitively unimpaired, 39 had a diagnosis of MCI-AD, and 34 
had a diagnosis of Dementia-AD. All activities for this study were approved by the 
institutional review board of the University of Wisconsin–Madison and completed in 
accordance with the Helsinki Declaration. All participants provided informed consent 
prior to testing.

Structural MRI

MRI images were acquired using two identical GE 3.0 Tesla MR750 scanners (Waukesha, 
WI, USA) with an 8-channel head coil (Excite HD Brain Coil; GE Healthcare) in one 
scanning session. T1-weighted brain volumes were acquired in the axial plane with 
a 3-D inversion-recovery prepared fast spoiled gradient-echo sequence using the 
following parameters: inversion time (TI) = 450 ms; repetition time (TR) = 8.2 ms; echo 
time (TE) = 3.2 ms; flip angle = 12°; acquisition matrix = 256 × 256 × 156 mm; field of 
view (FOV) = 256 mm; slice thickness = 1.0 mm. Cushions inside the head coil helped 
reduce head movement during scanning. All MRI scans were read by an experienced 
clinical neuroradiologist, who excluded participants from further analyses due to 
structural abnormalities, if required (see other exclusion criteria above).

During pre-processing, T1-weighted volumes were segmented into tissue classes 
(grey matter, white matter, and cerebrospinal fluid) using Statistical Parametric Mapping 
(SPM), Version 12 (https://www.fil.ion.ucl.ac.uk/spm). Hippocampal volume was 

https://www.fil.ion.ucl.ac.uk/spm
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estimated using FSL-FIRST (Patenaude et  al., 2011) and total intracranial volume was 
determined using the reverse brain mask method in SPM, Version 12. See Table 1 for 
elapsed times between MRI scan and neuropsychological assessment in each diag-
nostic group.

Cognitive assessment

The Logical Memory Test
The LMT was used to assess learning and memory performance. The LMT is a subtest 
of the Weschler Memory Scale Revised (WMS-R; Wechsler, 1987) which comprises two 
stories, A and B, with 25 items each (“idea units”), of different semantic and lexical 
categories. Each story is read aloud to the participant and then the participant is 
asked to recall both stories immediately and again after a 25–30-minute delay. Scoring 
procedures from the WMS-R manual were applied. Although the scoring criteria per-
mits 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 such as numerical 
expressions or proper names.

In the ADRC sample, story recall was measured with story A of the LMT, as story 
B was not administered, while in the WRAP sample, story recall was measured with 
story A and B of the LMT. Regardless of the number of stories tested, because scores 
from story A and B are averaged, LMT scores from WRAP are computed by averaging 
story A and B, whereas LMT scores from WADRC are based on one story, resulting in 
the same number of scores across the WRAP and WADRC samples. Immediate LMT 
and Delayed LMT recall scores were calculated by adding all the correctly recalled 
items in the immediate recall trial and delayed recall trial, respectively, and were 
analysed as raw scores, as in previous studies examining traditional and process-based 
LMT measures (Bruno et  al., 2021b, 2023). Possible scores for Immediate and Delayed 
Recall trials range from 0 to 25 for each, where higher scores reflect more items being 
recalled. Immediate LMT and Delayed LMT scores were calculated individually from 
the closest visit to MRI scan data, if collected within twelve months of the scan.

Process-based measures of the LMT: recency ratio and Total ratio
Recency was defined as the final eight items of the story (Bruno et  al., 2021b) and 
immediate and delayed recency scores were calculated as the number of correctly 
recalled recency items in immediate and delayed recall trials, respectively. Rr was 
obtained by dividing the recency scores in the immediate recall trial by the corre-
sponding scores in the delayed recall trial. A correction also was applied ((immediate 
recency score + 1)/(delayed recency score + 1)) to avoid missing data due to zero 
scores (Bruno et  al., 2018), possible Rr scores range from 1 to 9, where higher scores 
reflect more recency forgetting.

To provide a non-recency-based Rr analogue that would account for memory loss, 
we also computed a ratio score with Immediate LMT and Delayed LMT ((Immediate 
LMT + 1)/(Delayed LMT + 1)), the Total ratio (Tr; see also Bruno et  al., 2021b). Possible 
Tr scores range from 1 to 26, where higher scores reflect more total forgetting. As 
with traditional story recall-derived memory scores, Rr and Tr scores were calculated 
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individually from the closest visit to MRI scan data, if collected within twelve months 
of the scan.

Global cognitive composite score
A composite score analogous to the Preclinical Alzheimer’s Cognitive Composite 4 
(PACC4; for details, see Donohue et  al., 2014), based on available tests, was included 
as a measure of global cognitive functioning, for comparison. In the WRAP study, this 
composite score was calculated using the average of standardised tests scores of the 
following tests: total scores for the Logical Memory II subtest (i.e. delayed recall of 
stories A and B) from the Wechsler Memory Scale—Revised (WMS-R; Wechsler, 1987), 
total scores from the Digit Substitution test of the Wechsler Abbreviated Intelligence 
Scale-Revised (WAIS-R; Wechsler, 1981), total recall learning trials 1–5 from the Rey 
Auditory Verbal Learning Test (RAVLT; Schmidt, 1996), and the total score from the 
Mini-Mental Status Examination (MMSE; Folstein et  al., 1975); for more details on how 
the score was calculated, see Jonaitis et al. (2019). In the WRAP sample, PACC4-analogue 
scores were collected at the same cognitive screening visit as LMT scores and were 
also calculated individually; we did not have PACC4-analogue scores for the 
WADRC sample.

Genotyping
The APOE e4 allele is considered the most important genetic risk factor of AD (Coon 
et  al., 2007; Hobel et  al., 2019) and thus, genetic risk was accounted for by calculating 
an APOE risk score based on the odds ratios of the e2/e3/e4 genotype, as previously 
reported (Darst et  al., 2017). DNA was extracted from whole blood and samples were 
aliquoted on 96-well plates for determination of APOE genotypes. The APOE risk score 
was included as a covariate in all the regression analyses.

Statistical analysis
An analysis of variance (ANOVA) was carried out to compare age, time elapsed between 
MRI scan and memory assessment (calculated as an absolute value of months), years 
of education, APOE risk score, total intracranial volume (TIV), left hippocampal volume, 
and right hippocampal volume among participants, classified by cognitive status 
(cognitively unimpaired, MCI or dementia). When any of these comparisons was sig-
nificant, a post-hoc paired comparison was conducted, by using Tukey’s honest sig-
nificant difference (HSD) test, to account for multiple testing. Differences in sex and 
sample (WRAP or WADRC) were assessed with a Pearson Chi-square test (p < 0.05). To 
test for differences in LMT scores, an analysis of covariance (ANCOVA) was conducted 
by adding age, gender, sample, elapsed time between MRI scan and neuropsycho-
logical assessment, years of education and APOE risk score as covariates; post-hoc 
comparisons were also adjusted using the Tukey’s HSD test. See Table 1 for sample 
details, reported for the whole sample and by cognitive status.

To understand how correlated the LMT scores were, we ran bivariate Spearman’s 
rank-order correlations between Rr, Tr, Immediate LMT, and Delayed LMT, as these 
scores were not normally distributed. Bivariate Spearman’s rank-order correlations 
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were also conducted between left and right hippocampal volume, to explore how 
associated their size was. Partial correlations, controlling for age, gender, sample, 
elapsed time between MRI scan and neuropsychological assessment, years of education 
and APOE risk score, were used to explore the relationship between the LMT scores 
and left or right hippocampal volume. 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 left or right HV 
outcome was stronger than the association between another memory score and the 
same HV outcome, by using a calculator (http://quantpsy.org; Lee & Preacher, 2013).

Linear regression analyses were conducted with Rr, Tr, Immediate LMT, and Delayed 
LMT as predictors (in separate models); sex, age at MRI scan, elapsed time between 
MRI scan and memory assessment (calculated as an absolute value), years of educa-
tion, sample (WADRC or WRAP), and APOE risk score were used as control variables 
(covariates). Right or left hippocampal volume (HV) divided by total intracranial volume 
(TIV) represented the outcomes in separate analyses. We adjusted for multiple testing 
using a false discovery rate-based approach (FDR; Benjamini & Hochberg, 1995) for 
the four predictors, corrected across left and right HV. To determine which LMT score 
is the best predictor of left and right HV, we compared AIC fit statistics (Aiken at al., 
1991) across otherwise parallel models, lower AIC values indicate a better fit, and a 
model with a delta-AIC (i.e. the difference between the two AIC values being com-
pared) greater than 2 is considered significantly better than the model it is being 
compared to (Burnham & Anderson, 2004).

As an additional analysis, to compare the predictive abilities of process-based scores 
with a standardised measure of global cognition, separate regression analyses were 
carried out with left or right HV (divided by TIV) as outcome, Rr, Tr, and PACC4-analogue 
scores as predictors. The same covariates as above were included, except for sample 
(WADRC or WRAP), since the analyses were conducted only in participants from WRAP 
(N = 232; see Global cognitive composite score above). We adjusted for multiple testing 
using FDR, and AIC fit statistics were compared to determine which model showed 
the best model fit, as above. Analyses were performed with SPSS, Version 27 (IBM).

Results

In Table 1, means and standard deviations are described for all the variables included 
in the current study, for the whole sample and by cognitive status closest to MRI 
scan. All the variables tested showed significant differences between the cognitive 
status groups. Specifically, post-hoc pairwise analysis revealed that participants with 
a worse cognitive status were older, with less years of education, and had less left 
and right HV than participants who were cognitively unimpaired. Mean Rr, Tr, Immediate 
LMT and Delayed LMT scores were also significantly different between groups, post-hoc 
analysis indicating the worse the cognitive status was, the higher the Rr and Tr values, 
and the lower the Immediate LMT and Delayed LMT scores were. In Supplementary 
materials, we report pairwise plots of left vs. right HV (Table S1), and of left or right 
HV vs. age by cognitive status (Tables S2.1 and S2.2, respectively).

Bivariate Spearman’s rank-order correlations showed that Rr, Tr, Immediate LMT, 
and Delayed LMT scores significantly correlated between them, whilst left and right 

http://quantpsy.org
https://doi.org/10.1080/13854046.2023.2223389
https://doi.org/10.1080/13854046.2023.2223389
https://doi.org/10.1080/13854046.2023.2223389
https://doi.org/10.1080/13854046.2023.2223389
https://doi.org/10.1080/13854046.2023.2223389
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HV were also significantly and positively associated. Partial correlations indicated all 
memory scores significantly correlated with left and right HV, see Table 2 for bivariate 
and partial correlation coefficients. Steiger’s Z-tests showed that for left HV, the asso-
ciation with Rr was significantly stronger than with Immediate LMT (Z = −5.42; p < 
.001) or Delayed LMT (Z = −5.99; p < .001), but not than with Tr (Z = 0.62; p = .267), 

Table 2. Bivariate and partial correlations between memory scores, between left and right hip-
pocampal volume, and between memory score and left or right hippocampal volume. rr = recency 
ratio; Tr = Total ratio; lMT = logical memory test; hV = hippocampal volume; TiV = total intracranial 
volume.

rra Tra
immediate  

lMTa
Delayed  

lMTa
left hV  
by TiVb

right hV  
by TiVb c

rr 1 0.503** −0.162* −0.310** −0.270** −0.186**
Tr 1 −0.290** −0.572** −0.297** −0.215**
immediate lMT 1 0.929** 0.168* 0.156*
Delayed lMT 1 0.251** 0.208**
left hV 1 0.733**
right hV 1

Note: N = 355. aBivariate spearman’s rank-order correlations between rr, Tr, immediate lMT and Delayed lMT. bpartial 
correlations, controlling for age, gender, sample, elapsed time between Mri scan and neuropsychological assess-
ment, years of education and apoe risk score, between memory scores and left or right hV. cBivariate spearman’s 
rank-order correlations between left and right hV corrected for TiV. *p < .05; **p < .01; ***p < .001. Bold: indicates 
the stronger partial coefficients in the column, when comparing the strength of the associations between each 
memory score and left or right hV, as per steiger’s Z-test.

Table 1. Demographics, hippocampal volumes, and memory tests scores for the study participants. 
Variables are reported either as n(%) for categorical variables or mean(sd) for continuous variables, 
and as adjusted mean(sd) from anCoVa for lMT scores in each cognitive status.

Characteristic Total (N = 355) Cu (N = 282)
MCi-aD  
(N = 39)

Dementia-aD 
(N = 34) p Value

post-hoc 
(p < .05)

sex (female) 225 (71.8%) 200 (70.9%) 12 (30.8%) 13 (38.2%) <.001
sample (Wrap) 230 (64.8%) 224 (79.4%) 6 (15.4%) 0 (0%) <.001
age at Mri scan 

(years)
65.0 (9.4) 62.6 (7.8) 74.8 (7.0) 73.7 (11.7) <.001 Cu < MCi

Cu < Dem
education (years) 16.1 (2.8) 16.3 (2.7) 16.2 (3.1) 14.5 (2.9) .002 Dem < Cu

Dem < MCi
elapsed time 

(months)
4.9 (3.7) 5.6 (3.7) 3.0 (2.9) 1.5 (1.1) <.001 Dem < Cu

MCi < Cu
apoe risk score 1.3 (0.8) 1.3 (0.8) 1.4 (0.8) 1.8 (1.0) .001 Cu < Dem
TiV (ml) 1471.9 (141.5) 1460.4 (139.3) 1542.9 (148.9) 1485.7 (129.3) .002 Cu < MCi
left hV (ml) 3638.8 (528.2) 3770.7 (452.5) 3168.1 (479.8) 3084.1 (506.6) <.001 MCi < Cu

Dem < Cu
right hV (ml) 3844.5 (542.0) 3955.4 (477.5) 3497.9 (522.3) 3322.1 (606.0) <.001 MCi < Cu

Dem < Cu
recency ratio 1.1 (0.5) 1.0 (0.0) 1.4 (0.1) 2.0 (0.1) <.001 Cu < MCi

Cu < Dem
MCi < Dem

Total ratio 1.4 (1.0) 1.1 (0.1) 2.4 (0.2) 2.7 (0.2) <.001 Cu < MCi
Cu < Dem

immediate lMT 12.7 (4.8) 14.1 (0.2) 9.2 (0.6) 5.8 (0.7) <.001 MCi < Cu
Dem < Cu
Dem < MCi

Delayed lMT 11.3 (5.3) 13.0 (0.2) 6.1 (0.6) 2.9 (0.7) <.001 MCi < Cu
Dem < Cu
Dem < MCi

Note: Cu = cognitively unimpaired; MCi-aD = MCi due to presumed aD; Dementia-aD or Dem = dementia due to 
presumed aD; lMT = logical memory test; hV = hippocampal volume; TiV = total intracranial volume; elapsed 
time = time elapsed between Mri scan and neuropsychological assessment. pvalue for the omnibus test or chi-square 
test.
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whereas the association with Tr was significantly stronger than with Immediate LMT 
(Z = −5.75; p < .001) or Delayed LMT (Z = −6.19; p < .001); the association with Delayed 
LMT was stronger than with Immediate LMT (Z = 3.47; p < .001). For right HV, the 
association with Rr was significantly stronger than with Immediate LMT (Z = −4.18; p 
< .001), but not than with Delayed LMT (Z = −4.46; p < .001) or Tr (Z = 0.65; p = .258), 
whereas the association with Tr was significantly stronger than with Immediate LMT 
(Z = −4.53; p < .001) or Delayed LMT (Z = −4.71; p < .001); the association with Delayed 
LMT was stronger than with Immediate LMT (Z = 2.16; p = 0.015).

Linear regression analyses with right HV divided by TIV as outcome, showed that 
the separate model fits with either Rr, Total ratio, Immediate LMT, or Delayed LMT 
were significant; as were their coefficients, see Table 3 for details. The AIC fit statistics 
across the four models with right HV as outcome were compared and showed that 
the Total ratio and Delayed LMT models had the lowest AIC, as shown in Table 3. 
Delta-AIC between the Total ratio model and either the Rr or Immediate LMT models 
were greater than two, indicating the Total ratio model was significantly better. The 
model with Delayed LMT also showed a delta-AIC difference greater than two with 
either the Rr or Immediate LMT models, revealing the Delayed LMT model was sig-
nificantly better; yet the difference was less than two AIC values between the Total 
ratio and Delayed LMT models.

With left HV divided by TIV as outcome, separate model fits with either Rr, Total 
ratio, Immediate LMT, or Delayed LMT were significant; as were their coefficients, 

Table 3. linear regression models predicting left or right hippocampal volume, corrected for Total 
intracranial volume.

predictor outcome

recency ratio  
Model1 Total ratio Model2

immediate lMT 
Model3

Delayed lMT  
Model4

β p β p β p β p

age at Mri scan left hV −0.34 <.001 −0.33 <.001 −0.31 <.001 −0.29 <.001
right hV −0.31 <.001 −0.30 <.001 −0.28 <.001 −0.26 <.001

gender left hV 0.30 <.001 0.31 <.001 0.30 <.001 0.28 <.001
right hV 0.26 <.001 0.27 <.001 0.25 <.001 0.24 <.001

education left hV 0.07 .114 0.07 .105 0.05 .264 0.04 .343
right hV 0.02 .613 0.02 .598 0.01 .923 0.00 .993

apoe risk score left hV −0.08 .063 −0.08 .078 −0.06 .162 −0.05 .241
right hV −0.04 .363 −0.04 .407 −0.02 .620 −0.02 .730

elapsed time left hV −0.05 .318 −0.07 .188 −0.05 .305 −0.06 .256
right hV −0.06 .258 −0.07 .174 −0.06 .240 −0.07 .210

sample left hV 0.07 .226 0.08 .128 0.05 .379 0.03 .580
right hV 0.13 .022 0.14 .012 0.11 .085 0.10 .111

lMT score left hV −0.23 <.001* −0.25 <.001* 0.18 .002* 0.26 <.001*
right hV −0.17 <.001* −0.19 <.001* 0.17 .004* 0.23 <.001*

AIC left hV −837.50 −843.34 −820.72 −833.68
right hV −818.49 −822.83 −814.68 −821.69

Adjusted R2 left hV .370 .380 .339 .363
right hV .293 .302 .286 .300

Note: N = 355. β = standardised regression coefficient; lMT = logical memory test; hV = hippocampal volume; elapsed 
time = time elapsed between Mri scan and neuropsychological assessment; p = pvalue; * adjusted pvalue for 
multiple comparisons. in all models, variables showed a Variation inflation Factor (ViF) < 2; aiC = akaike information 
Criterion; adjusted r2 = adjusted proportion of explained variance. Bold: model with significantly best model fit, 
as per delta-aiC. Models with left hV by TiV as outcome: 1Model with rr: F(7,347) = 30.644 p < .001; 2Model 
with Tr: F(7,347) = 31.973 p < .001; 3Model with immediate lMT: F(7,347) = 26.940 p < .001; 4Model with Delayed 
lMT: F(7,347) = 29.784 p < .001. With right hV by TiV as outcome: 1Model with rr: F(7,347) = 22.006 p < .001; 
2Model with Tr: F(7,347) = 22.888 p < .001; 3Model with immediate lMT: F(7,347) = 21.244 p < .001; 4Model with 
Delayed lMT: F(7,347) = 22.655 p < .001.
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see Table 3 for details. The AIC fit statistics across the four models with left HIV by 
TIV as outcome were compared and showed that the Total ratio model had the 
lowest AIC, followed by the Rr model, as shown in Table 3. Delta-AIC between the 
Total ratio model and either the Rr, Immediate LMT, or Delayed LMT models were 
greater than two, indicating the Total ratio model was significantly better. Delta-AICs 
between the Rr model and the models with either of the traditional scores were 
also greater than two, showing that the Rr model fit was significantly better than 
that of the Immediate LMT or Delayed LMT models for left HV.

As a secondary analysis, we carried out linear regression analyses to compare the 
model fits of process-based measures of the LMT, Rr and Tr, to that of a standardised 
composite score of global cognition. With PACC4-analogue as predictor, linear regres-
sion analyses showed that the model fit for left HV divided by TIV as outcome was 
significant (F(6,225) = 7.077, p < .001), as was for right HV divided by TIV (F(6,225) = 
5.342, p < .001), yet PACC4-analogue coefficients were not significant for left HV 
(t = 1.082, adjusted-p = .337, β = .073) or right HV (t = 0.914, adjusted-p = .362, β = 
.063). The AIC values of the PACC4-analogue models were 85.457 for left HV and 
87.719 for right HV.

With process-based scores of story recall, Rr or Tr, as predictors in WRAP participants 
only, the model fits were significant for both left HV by TIV (Rr, F(6,225) = 8.382, p < .001; 
Tr, F(6,225) = 8.994, p < .001) and right HV by TIV (Rr, F(6,225) = 5.541, p < .001; Tr, 
F(6,225) = 6.550, p < .001). The Rr coefficient was significant for left HV (t = −2.791, 
adjusted-p = .016, β = −0.169), but not for right HV (t = −1.373, adjusted-p = .257,  
β = −0.086), while the Tr coefficient was significant for both left HV (t = −3.301, adjusted-p 
= .006, β = −0.199) and right HV (t = −2.684, adjusted-p = .016, β = −0.166). The AIC 
values of the Rr model for left HV was 78.762 and 86.664 for right HV, the Tr model had 
an AIC value of 75.686 for left HV, 81.268 for right HV. Delta-AIC between the Total ratio 
model and either the Recency ratio or PACC4-analogue models were greater than two, 
for left and right HV, indicating the Total ratio model was significantly better, while 
delta-AIC was only significantly between Rr and PACC4-analogue for left HV.

Discussion

In this study, we explored the relationship between process-based measures of story 
recall, i.e. Rr and Total ratio, and hippocampal volume in older adults with and with-
out cognitive impairment. We also compared these measures to traditional scoring 
procedures for the same neuropsychological test. We hypothesised that process-based 
scores from story recall would be negatively associated with hippocampal volume, 
and that these scores would be a better predictor of hippocampal volume than 
traditional LMT and standardised composite scores, while controlling for demograph-
ics, elapsed time between MRI scan and neuropsychological assessment, sample, and 
APOE risk. As hypothesised, significant associations were found between story 
recall-derived memory scores and hippocampal volume. Although traditional and 
process-based scores were significantly associated with hippocampal volume, Steiger’s 
Z-tests indicated Rr and Total ratio outperformed traditional scores for left HV, while 
Total ratio outperformed traditional scores for right HV. Furthermore, the model with 
Total ratio had significantly better fit than the models with Rr, Immediate LMT, or 
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Delayed LMT, when predicting left HV; whereas the models with either Total ratio or 
Delayed LMT showed the best fit for right HV, as indicated by AIC values. Altogether, 
current findings showed that tracking forgetting in LMT, as opposed to simply mea-
suring total recall performance, is a better option when predicting hippocam-
pal volume.

Higher Rr scores have been suggested to be the consequence of a reduction in 
long-term memory, due to a loss of consolidation ability, with increased reliance on 
a more intact ability to retain verbal information in the short-term memory (Bruno 
et  al., 2018; Turchetta et  al., 2020). The hippocampus is one of the first structures to 
atrophy in AD (Weiner et  al., 2015). It is essential for the formation of long-term 
memory and for synaptic consolidation. Specifically, hippocampal volume reductions 
are known to occur before converting to AD and are closely related to cognitive 
decline (Weiner et  al., 2015). Previous studies reported hippocampal atrophy to be a 
useful biomarker for early detection of amnestic MCI and AD (Chincarini et  al., 2011; 
Devanand et  al., 2012; Mondragon et  al., 2016), for distinguishing patients, such as 
AD or MCI from controls (Chupin et  al., 2009; Karow et  al., 2010), or those who will 
convert from MCI to AD (Wolz et  al., 2010). Therefore, it could be argued that finding 
predictive markers of hippocampal atrophy is crucial for the early detection of cog-
nitive decline (Weiner at al., 2015). Our findings show that Rr applied to story recall 
is sensitive to hippocampal integrity, as higher Rr scores predicted lower left HV, 
outperforming Immediate and Delayed LMT scores, as shown by Steiger’s Z-tests, 
while also having a significantly better model fit than traditional scores for left HV, 
as indicated by AIC fit statistics.

To be certain that the effects observed here were due to recency forgetting and 
not to total forgetting, a non-recency based Rr analogue was computed that accounted 
for memory loss using a ratio score with Immediate LMT and Delayed LMT, the Total 
ratio. Our findings demonstrated that this novel process-based measure was sensitive 
to hippocampal volume, as higher Total ratio scores predicted lower left HV, outper-
forming Immediate and Delayed LMT scores, as shown by Steiger’s Z-tests. Furthermore, 
the model with Total ratio not only showed a significantly better fit than models with 
traditional scores, but it was also significantly better that the Rr model in predicting 
right and left HV. These findings suggest that the effects observed here, especially 
for left HV, could be due to total forgetting as opposed to recency forgetting. Current 
findings are in contrast with what Bruno et  al. (2023) observed when comparing Rr 
to Tr as predictors of CSF biomarkers, who reported that Rr outperformed Tr in pre-
dicting biomarker outcomes associated with neurodegeneration. It is possible therefore 
that Tr and Rr might each be better under different circumstances, but more research 
is needed to determine whether they represent complementary measures. Process-based 
scores from story recall alone are not intended to serve a diagnostic purpose per se, 
yet we believe these can be useful tools for clinicians, considering their association 
with volumetric changes of the hippocampus, and thus, its implications of cognitive 
decline, in a simple and accessible way.

Against expectations, when evaluating right HV, the models with either Total ratio 
or Delayed LMT showed the best model fits, with no significant difference between 
them, as indicated by their AIC values. Typically, verbal episodic memory performance, 
which was assessed in this analysis, is associated with left, rather than right, 
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hippocampal volume (see Ezzati et  al., 2016; Hardcastle et  al., 2020). Additionally, 
greater left hippocampal reductions, compared to right hippocampal reductions, have 
been reported in individuals with AD (Dhikav et  al., 2016; Ezzati et  al., 2016; Li et  al., 
2016; Müller et  al., 2005; Shi et  al., 2009; Thompson et  al., 2003, 2007; Wicking et  al., 
2014). Therefore, it could be argued that story-recall scores displaying sensitivity to 
left hippocampal volume may be more helpful, for screening and diagnostic purposes, 
than scores more sensitive to right hippocampal volume. It is also possible that story 
recall involves other cognitive abilities, such as narrative coherence, which has been 
reported to engage the right hippocampus (Cohn-Sheehy et  al., 2021). Nevertheless, 
this empirical finding should be investigated in future research.

In the current study, all LMT scores were analysed as raw scores, as in previous 
studies examining traditional and process-based LMT measures (Bruno et  al., 2021b, 
2023). However, composite scores from averaged standardised tests scores, such as 
the Preclinical Alzheimer Cognitive Composite 4 (PACC4; for details, see Methods 
section and Donohue et  al., 2014), are more likely to be used in clinical settings. 
Although composite scores have shown reduced variability and stronger associations 
with amyloid burden-related cognitive changes than raw scores in cognitively unim-
paired individuals (Bransby et  al., 2019; Jonaitis et  al., 2019), the regression models 
with raw process-based scores showed a significantly better fit than the PACC4-analogue 
model when predicting left and right hippocampal volume. Specifically, the model 
with Total ratio was significantly better than the model with PACC4-analogue scores 
for both left and right HV, while the Rr model was significantly better for left HV. 
Current findings suggest that process-based scores derived from story recall offer an 
advantage over standardised composite scores when predicting hippocampal atrophy.

Considering that, as described in Table 1, most cognitively unimpaired participants 
were female (71%), whilst among the cognitively impaired, most were males (69% of 
MCI-AD; Dementia-AD, 62%), differences in sex distribution across consensus diagnoses 
were explored post hoc. Even though a detailed examination of sex-related differences 
is beyond the scope of the current study, potential differences in LMT scores across 
sexes were examined with both parametric and non-parametric tests. The post hoc 
analyses showed that in cognitive unimpaired participants, Delayed LMT scores were 
significantly higher in females than in males, yet no significant differences were 
observed in Immediate LMT, Rr or Tr scores, while in cognitively impaired participants, 
none of the scores significantly differed across sexes. Possible interactions between 
each LMT score and sex were also examined in regression analyses. We found that 
none of the interaction terms significantly predicted left or right HV, indicating that 
sex did not moderate the associations between LMT scores and hippocampal volume 
in participants with or without cognitive impairment.

A potential limitation of the present paper is the difference in the number of 
stories to be recalled, as in the WADRC sample, only story A of the LMT was tested, 
while stories A and B were tested in the WRAP sample. To examine if results differed 
in each sample, we carried out separate analyses in WADRC (N = 123) and WRAP 
(N = 232) participants, controlling for the same covariates except sample, and correcting 
for multiple comparisons across left and right HV (for details, see Table S3 in 
Supplementary materials). In WADRC only, all LMT scores were significantly associated 
with left and right HV, except for Immediate LMT, whereas in WRAP only, all LMT 
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scores were significantly associated with left and right HV, except for Rr, which was 
no longer a significant predictor of right HV. It appears that using a single story 
varied the predictive ability of Immediate LMT scores, favouring the use of both 
stories, while Rr scores varied for right HV only, when using both stories. However, 
considering that the WRAP sample had almost twice the number of participants than 
WADRC, these results should be taken with caution.

Another limitation is that the sample size for cognitively unimpaired participants is 
significantly larger than for MCI and AD, this, however, was determined by availability; 
yet future studies would benefit from larger sample sizes of individuals with MCI, AD, 
and other dementia pathologies. The samples also consisted mostly of non-Hispanic 
White participants. Evidence from previous studies indicates that ethnic groups show 
differences in brain morphology, such as hippocampal volume (DeCarli et  al., 2008), 
white matter hyperintensity volume (Brickman et  al., 2008; Divers et  al., 2013), and 
total cerebral brain volume (Stavitsky et  al., 2010). Thus, current findings need to be 
replicated in a more ethnically diverse sample to confirm its generalizability.

Another possible issue is that all the evidence collected so far in support of the 
utility of Rr and Tr as process scores in story recall derives from a single database 
(WADRC; Bruno et  al., 2023). While this is a drawback, in great part borne out of the 
novelty of these examinations, we believe it emphasises the need for further research, 
including in clinical settings, to explore whether these metrics are effective also 
beyond WRAP and ADRC.

Finally, it should be noted that practice effects were not addressed in the regression 
models, which could result in skewed scores for some participants. To check whether 
results differed in participants for whom the LMT score closest to MRI scan was col-
lected in their first cognitive assessment visit, and thus, were unaffected by practice, 
the same regression analyses were carried out in these participants only (N = 124). 
Results indicated that all LMT scores, except Immediate LMT, were significantly asso-
ciated with left and right hippocampal volume, suggesting that only Immediate recall 
might be affected by practice, while the model with Total ratio showed the best fit 
of all (for details, see Table S4 in Supplementary materials).

To summarise, the current results demonstrated the direct relationship between story 
recall-derived memory scores and hippocampal volume. Higher Rr scores, reflecting 
disproportionate recency recall in the immediate test, were associated with lower left 
hippocampal volume when controlling for covariates (demographics, elapsed time 
between MRI scan and neuropsychological assessment, sample, APOE risk score). Higher 
Total ratio scores, which accounted for total memory loss, significantly predicted lower 
left hippocampal volume, when controlling for the same covariates, and showed sig-
nificantly better model fit than any other model, as per AIC fit statistics; suggesting 
the effects observed here could be due to total forgetting as opposed to recency 
forgetting. Immediate LMT and Delayed LMT scores, when adjusting for the same 
covariates, were significantly associated with hippocampal volume, specifically, the model 
with Delayed LMT showed the best fit along with the model with Total ratio for right 
HV; yet traditional scores were outperformed by Rr and Total ratio for left HV, and by 
Total ratio for right HV. Altogether, these findings showed that tracking forgetting in 
LMT, as opposed to simply measuring total recall performance, is a better option when 
predicting hippocampal volume in older adults with and without cognitive impairment.
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