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  Abstract

Word count: 346

 

Background: Story recall (SR) tests have shown sensitivity to rate of cognitive decline in individuals with Alzheimer’s disease (AD)
biomarkers. Although SR tasks are typically scored by obtaining a sum of items recalled, item-level analyses may provide additional
sensitivity to change and AD processes. Here we examined the difficulty and discrimination indices of each item from the Logical
Memory (LM) SR task, and determined if these metrics differed by recall conditions, story version (A vs. B), lexical categories,
serial position, and amyloid status.
Methods: n=1141 participants from the Wisconsin Registry for Alzheimer’s Prevention longitudinal study who had item-level data
were included in these analyses, as well as a subset of n=338 who also had amyloid PET imaging. LM data were categorized into 4
lexical categories (proper names, verbs, numbers, and ‘other’), and by serial position (primacy, middle, and recency).  We
calculated difficulty and discriminability/memorability by item, category, and serial position and ran separate repeated measures
ANOVAs for each recall condition, lexical category, and serial position. For the subset with amyloid imaging, we used a two-sample
t-test to examine whether amyloid positive (A+) and amyloid negative (A-) groups differed in difficulty or discrimination for the
same summary metrics.
Results: In the larger sample, items were more difficult (less memorable) in the delayed recall condition across both story A and
story B. Item discrimination was higher at delayed than immediate recall, and proper names had better discrimination than any
of the other lexical categories or serial position groups. In the subsample with amyloid PET imaging, proper names were more
difficult for A+ than A-; items in the verb and ‘other’ lexical categories and all serial positions from delayed recall were more
discriminate for the A+ group compared to the A- group.
Conclusion: This study provides empirical evidence that both LM stories are effective at discriminating ability levels and amyloid
status, and that individual items vary in difficulty and discrimination by amyloid status, while total scores do not. These results
can be informative for the future development of sensitive tasks or composite scores for early detection of cognitive decline.

   

  Contribution to the field

The development of sensitive measures of early cognitive decline associated with Alzheimer's disease and related dementias (ADRD)
is of critical importance to the field; it is in this window that interventions are most likely to confer the most benefit to
individuals with ADRD. While many existing measures of verbal learning and memory are typically scored by obtaining a sum of
the items recalled, item-level analyses examining the semantic properties, serial position, and memorability indices may provide
more detailed information about the processes involved in storage and retrieval. In this study, we examined the difficulty and
discrimination indices of each item on the Logical Memory story recall task from the Wechsler Memory Scale - Revised, and
evaluated these metrics by story version, lexical categories, and serial position of each item, as well as by the amyloid status of
individuals. This study provides empirical evidence that both stories of the Logical Memory task are effective at discriminating
ability levels, as well as amyloid status, and that individual items vary in difficulty and discrimination by amyloid status, while
total scores do not. These results can be informative for the future development of sensitive tasks or composite scores for early
detection of cognitive decline, identification of at-risk groups for clinical trial enrichment, disease monitoring, and response to
treatment for AD clinical trials.
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Background: Story recall (SR) tests have shown variable sensitivity to rate of cognitive decline in 33 
individuals with Alzheimer’s disease (AD) biomarkers. Although SR tasks are typically scored by 34 
obtaining a sum of items recalled, item-level analyses may provide additional sensitivity to change 35 
and AD processes. Here we examined the difficulty and discrimination indices of each item from the 36 
Logical Memory (LM) SR task, and determined if these metrics differed by recall conditions, story 37 
version (A vs. B), lexical categories, serial position, and amyloid status.  38 

Methods: n=1141 participants from the Wisconsin Registry for Alzheimer’s Prevention longitudinal 39 
study who had item-level data were included in these analyses, as well as a subset of n=338 who also 40 
had amyloid PET imaging. LM data were categorized into 4 lexical categories (proper names, verbs, 41 
numbers, and ‘other’), and by serial position (primacy, middle, and recency).  We calculated 42 
difficulty and discriminability/memorability by item, category, and serial position and ran separate 43 
repeated measures ANOVAs for each recall condition, lexical category, and serial position. For the 44 
subset with amyloid imaging, we used a two-sample t-test to examine whether amyloid positive 45 
(Aß+) and amyloid negative (Aß-) groups differed in difficulty or discrimination for the same 46 
summary metrics.  47 

Results: In the larger sample, items were more difficult (less memorable) in the delayed recall 48 
condition across both story A and story B. Item discrimination was higher at delayed than immediate 49 
recall, and proper names had better discrimination than any of the other lexical categories or serial 50 
position groups. In the subsample with amyloid PET imaging, proper names were more difficult for  51 
Aß+ than  Aß-; items in the verb and ‘other’ lexical categories and all serial positions from delayed 52 
recall were more discriminate for the  Aß+ group compared to the  Aß- group. 53 

Conclusion: This study provides empirical evidence that both LM stories are effective at 54 
discriminating ability levels and amyloid status, and that individual items vary in difficulty and 55 
discrimination by amyloid status, while total scores do not. These results can be informative for the 56 
future development of sensitive tasks or composite scores for early detection of cognitive decline. 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
 77 

In review



  Item-level Analysis of Story Recall 

 
3 

1 Introduction 78 

Alzheimer’s disease research studies are increasingly focused on identifying those participants who 79 
are at the earliest stages on the continuum of Alzheimer’s disease (AD), when AD pathology is 80 
present but cognitive decline is subtle or absent (Arenaza-Urquijo & Vemuri, 2018). It is during this 81 
timeframe when treatments are likely to show the most benefit in slowing or preventing AD clinical 82 
signs and symptoms (Food & Administration, 2018). To this end, it is important to identify cognitive 83 
measures that are highly sensitive to cognitive decline at the preclinical phase. Most long-standing 84 
neuropsychological tests used in AD studies were originally designed to detect decline associated 85 
with Mild Cognitive Impairment (MCI, often the precursor to dementia) or dementia, but are often 86 
insensitive to subtle changes associated with AD pathology when overt symptoms may not be 87 
present, but still fall within the normative range (i.e., “preclinical AD”) (Jutten et al., 2021; 88 
Mortamais et al., 2017). The NI Aß-AA research framework for Alzheimer’s disease defines this as 89 
Stage 2, when cognitive decline may be documented by evidence of subtle decline on longitudinal 90 
testing, subjective cognitive complaints, or both (Jack et al., 2018; Jessen et al., 2020; Jessen et al., 91 
2014). 92 
 93 
Performance on commonly utilized neuropsychological tests is typically described and analyzed by 94 
calculating an aggregate of correctly recalled or answered items into a total score. This is true for 95 
tests of episodic memory, such as word list learning and memory (e.g., Rey Auditory Verbal 96 
Learning Test (R-AVLT (Schmidt, 1996)) and non-verbal figure learning and memory (e.g., Brief 97 
Visuospatial Memory Test (BVMT (Benedict et al., 1996)), as well as for tests of semantic memory 98 
such as category fluency tests (e.g., “name as many animals as you can think of in 60 seconds”) or 99 
confrontation naming tasks (e.g., Boston Naming Test, (Goodglass & Kaplan, 1983)).  However, 100 
multiple studies have shown that detailed, item-level analyses of these data can provide additional 101 
information that is either more sensitive than the total score alone, informative about the underlying 102 
mechanisms of task performance in both disease and typical aging, or both. For example, while 103 
impairment in category fluency tasks (as measured by total score) is a well-known distinguishing 104 
factor between dementia, MCI, and typical aging (Putcha et al., 2020), the mechanisms of this 105 
impairment and whether or not the difficulty stems from degradation of the semantic store (i.e. 106 
temporal lobe memory functions), or from search and selection retrieval processes (i.e., frontal lobe 107 
executive control processes), is under investigation through item-level analyses (Papp et al., 2016; 108 
Papp et al., 2017; Weakley & Schmitter-Edgecombe, 2014). Specifically, in category fluency tasks, 109 
the kinds of words recalled are analyzed according to subcategories (“clusters”), and the temporal 110 
processes of moving from one cluster to the next are referred to as “switches,” with the latter 111 
representing the executive control portion of the task and cluster size representing the semantic 112 
storage component (Troyer et al., 1998).  Other item-level approaches to memory and language 113 
testing include measuring the serial position effect in list learning tasks (Bruno et al., 2018; Bruno et 114 
al., 2016), or analyzing the types of cues needed for naming tasks (phonemic versus semantic cues; 115 
(Balthazar et al., 2008; Lin et al., 2014), all with the goal of understanding the basis of dysfunction. 116 
A potential primary endpoint for these item-level approaches is the development of more sensitive 117 
measures for early detection of cognitive decline based on the patterns of neuropathology and their 118 
associated functions. 119 
 120 
Recently our group deconstructed another commonly utilized episodic memory test for early 121 
detection of decline due to AD: the story recall task, “Logical Memory” from the Wechsler Memory 122 
Scale -Revised, stories A and B (WMS-R, (Wechsler, 1987).  In this task, the participant listens to a 123 
story read aloud and is instructed to “tell me everything I read to you, using as close to the same 124 
words as you can, begin at the beginning,” immediately after hearing the story, and again after a 30-125 
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minute delay. In our first paper (Mueller et al., 2020), we examined whether recall of items from 126 
stories A and B that belonged to a particular lexical category (proper names, verbs, or numerical 127 
expressions) was more likely to be associated with cognitively unimpaired participants at 128 
substantially higher risk of AD dementia due to positivity for bet Aß-amyloid ( Aß+) versus those 129 
who were negative ( Aß-). We found a compelling association between  Aß+ and proper names, such 130 
that participants who were  Aß+ were less likely to recall proper names (across stories A and B) at 131 
the 30-minute delay than those who were  Aß-. We did not find this association with the total score. 132 
Interestingly, the two groups did not differ on proper name recall at the immediate delay condition, 133 
suggesting a deficit with retrieval and/or storage, but not learning.  134 
 135 
Another prior study using data from this cohort examined item-level data from Logical Memory to 136 
determine if the serial position of the items’ presentation was associated with progression to clinical 137 
MCI or with  Aß+/-. In typical aging, items at the beginning of the list (i.e., primacy items) and items 138 
at the end of the list (i.e., recency items) are recalled more easily than items in the middle, but in 139 
persons with MCI and dementia, recall of the primacy items tends to be poorer (Bruno et al., 2013; 140 
La Rue et al., 2008; Talamonti et al., 2019), and there is a prominent loss of recency recall between 141 
immediate and delayed testing (Bruno et al. 2016; 2018). In this second study, we calculated serial 142 
position (primacy, middle, and recency, i.e., the end of the story) effects in the Logical Memory story 143 
and found a loss of recall for the primacy items from immediate to delayed recall in individuals who 144 
progressed to  Aß+ status (Bruno et al., 2020).  145 
 146 
Although evidence shows that there is similar sensitivity and specificity in both immediate and 147 
delayed recall conditions in discriminating between dementia, MCI, and healthy controls, this prior 148 
research evaluated total scores (Weissberger et al., 2017). Similarly, even in nonverbal tasks, 149 
participants with AD dementia performed worse on immediate, delayed and recognition tasks than 150 
healthy controls or participants with depression (Contador et al., 2010). Furthermore, there is 151 
controversy regarding whether rates of encoding (learning) versus disrupted storage of learned 152 
material are the primary deficit in AD dementia (Christensen et al., 1998). This and other previous 153 
research have involved patients with clinical impairment (i.e., dementia), and many of these studies 154 
have evaluated aggregated scores as opposed to item-level or process scores. It is largely unknown 155 
how these memory processes are affected very early in the disease continuum (i.e., at the stage when 156 
AD neuropathology is developing but cognition is not clinically impaired, or “preclinical AD”). It is 157 
possible that item-level analyses allow for more fine-grained understanding of early cognitive 158 
changes. 159 
 160 
Neural correlates and neural network theories are compelling explanations as to why we saw a proper 161 
name effect in persons who were Aß+: first, proper name recall has been localized to the inferior 162 
anterior temporal lobe (Fresnoza et al., 2022; Ross et al., 2010; Semenza, 2011), adjacent to regions 163 
such as the perirhinal and entorhinal cortices, which are sites of early AD neuropathology 164 
accumulation (Braak et al., 2011). Second, the neural networks (attributes and similarities that aid in 165 
recall) are sparse for names of people and places compared to regular nouns. However, a potential 166 
confound exists, in that the Logical Memory task has a high concentration of proper names at the 167 
beginning of the two stories (Story A and Story B). Thus, the need to disambiguate proper name 168 
effects from their position in the story is important for understanding the mechanistic principles 169 
underlying deficits in story recall due to ADRD. One method for understanding contributing factors 170 
to disparate performance on proper name recall between Ab groups is by examining the item-level 171 
difficulty, as was done by Salthouse et al. (2017). In that study, item recall patterns were compared 172 
across differing age groups, differing baseline memory ability groups, and groups showing 173 
longitudinal decline. The study found uniform differences in item difficulty across age, ability and 174 
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longitudinal decline groups. The study also included memorability analyses across different serial 175 
positions, in which item accuracy in the poorer-performing group was plotted as a function of item 176 
accuracy in the better-performing group. 177 
Results showed lower memorability of items in the primacy and recency positions for delayed recall 178 
than for immediate recall (Salthouse, 2017). Whether item-level difficulty patterns from story recall 179 
differ between groups at increased/decreased risk for Alzheimer’s disease is unknown and has the 180 
potential to provide information about sensitive measures for AD-related cognitive decline. By 181 
identifying specific items or groups of items that are most sensitive to AD-related decline, shortened 182 
versions of tests or automated scoring algorithms can be developed for screening, early detection, and 183 
disease monitoring. 184 
The present study had two aims: first, using a large sample of late-middle-aged adults from the 185 
Wisconsin Registry for Alzheimer’s Prevention (WRAP; n=1141, cognitively unimpaired at 186 
baseline), we calculated difficulty and discrimination indices of each item by study visit and recall 187 
condition (immediate and delayed) from the Logical Memory story recall task. We then examined 188 
whether these metrics differed between recall conditions, story versions (Story A vs B), lexical 189 
categories, or serial position groups. For the second aim, we used the subset that had completed 190 
positron emission tomography (PET) amyloid imaging (n=338) and calculated difficulty and 191 
discrimination indices separately for the Aß+ (n=79) and Aß- (n=259) groups. We then examined 192 
whether these metrics differed between Aß+ and Aß- groups by recall condition, story version, 193 
lexical categories, and serial position groups. 194 

2 Method 195 

2.1 Participants  196 

Participants were drawn from WRAP, a longitudinal cohort study enriched for parental history of 197 
late-onset sporadic AD (Johnson et al., 2018; Sager et al., 2005). WRAP visits began in 2001; 198 
participants are excluded from enrollment if they have a prior diagnosis of dementia or evidence of 199 
dementia at baseline testing. The baseline mean age is 54 years, 73% have a parent with AD 200 
dementia, and 40% of the total sample are APOE ε4 carriers. Participants complete detailed 201 
neuropsychological testing, medical examinations, and health and lifestyle questionnaires at each 202 
biennial visit (n~1778, range of visits = 1-7). To track subtle, preclinical and/or clinically significant 203 
decline, WRAP researchers developed a “robust” norms approach in which internal normative 204 
distributions for cognitive test scores are generated adjusting for age, sex and literacy, where the 205 
normative group is non-declining over time. An algorithm was created according to the robust norms 206 
to “flag” participants who are declining outside the range of the internal norms (1.5 standard 207 
deviations below the robust normative means).  The flagged participants’ cognitive test performance, 208 
medical history, subjective and informant appraisals of memory, and medical examinations are 209 
reviewed and one of four determinations of cognitive status are made, based on NI Aß-AA criteria 210 
(Albert et al., 2011; Jack et al., 2018; McKhann et al., 2011): “cognitively unimpaired – stable,” 211 
“cognitively unimpaired – declining,” “MCI”, “Impaired not MCI”, or “dementia.” Further details 212 
regarding these approaches are detailed elsewhere (Clark et al., 2016; Jonaitis et al., 2019; Koscik et 213 
al., 2019; Koscik et al., 2014; Langhough Koscik et al., 2021). 214 

Participants were included in the present study if they were native English speakers, had complete 215 
item level data from the Logical Memory test for at least one visit, were clinically unimpaired (no 216 
diagnosis of MCI or dementia) at their baseline Logical Memory visit (median=visit 2), were free 217 
from neurological disorders at any visit including Parkinson disease, multiple sclerosis, stroke, or 218 
epilepsy/seizures (Figure 1, n=1141). A subset of participants who had completed amyloid PET 219 
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scans (completed near WRAP visit median = 3) and met the above-described inclusion criteria 220 
(n=338) were used for the second aim. All activities for this study were approved by the University 221 
of Wisconsin – Madison Institutional Review Board and completed in accordance with the Helsinki 222 
Declaration. 223 

2.0 Items and variables from Logical Memory story recall 224 

Logical Memory is a story recall subtest from the WMS-R (Wechsler, 1987), a standardized, norm-225 
referenced assessment of learning and episodic memory. Logical Memory was introduced to the 226 
WRAP battery at the median visit 2; thus “baseline” in the present study refers to each participant’s 227 
first Logical Memory assessment. Standardized test administration procedures for both stories A and 228 
B were followed in accordance with the WMS-R manual. Participants were read the following 229 
instructions prior to reading each story verbatim: “I am going to read you a story of just a few lines, 230 
and when I am through, tell the story back to me, using as close to the same words as you can 231 
remember; you should tell me all you can remember, even if you are not sure.” Participants 232 
immediately recalled each story following presentation (immediate recall) and again after a 25–35-233 
minute delay (delayed recall). The traditional scoring procedure includes 25 items or “idea units”, 234 
which comprise the item-level data used for these analyses. For the lexical categories which are 235 
described in detail elsewhere (Mueller et al., 2020), we assigned idea units into one of three lexical 236 
categories and summed across the two stories: proper names (n=9), verbs (n=14), and numerical 237 
expressions (n=4; from here on, referred to as “numbers”). All other items were characterized as 238 
“other” (n=23). Finally, following Bruno et al. (2020), we defined serial position in the following 239 
manner: “primacy” consisted of the first 8 items in each story, “middle” included the next 9 items, 240 
and the last 8 items were defined as “recency.” 241 

2.1 Difficulty and discrimination indices 242 

Item “difficulty” is defined as the proportion of participants who answer an item correctly 243 
(Hambleton et al., 1991).The difficulty of each item from Stories A (n=25) and B (n=25) from logical 244 
memory was calculated by dividing the number of correct responses by the total number of responses 245 
(n=50) (Crocker & Algina, 1986). A difficulty index between 0.2 and 0.8 is usually considered 246 
acceptable (Golden et al., 1984). Item “discrimination” is the extent to which items distinguish 247 
between high versus low performers on the test; item discrimination was calculated by corrected 248 
item-total correlations for each item with the remaining items. The acceptable values are 0.2 or 249 
higher; the closer to 1, the better the discrimination (Golden et al., 1984). Items with very high or 250 
very low difficulty values will therefore often have low discrimination values. For Aim 1, we 251 
calculated difficulty and discrimination indices for each item, lexical category, and serial position 252 
group for each visit with at least one Logical Memory assessment and used these in analyses 253 
described in section 2.3. For Aim 2, we selected the Logical Memory assessment closest to the most 254 
recent PET assessment for each person with at least one PET amyloid scan, and we used these values 255 
to calculate difficulty and discrimination indices for Aim 2 analyses.  256 

2.2 Molecular Neuroimaging 257 

All participants in the Aim 2 analyses underwent a [11C] Pittsburgh compound B (PiB) PET scan on a 258 
Siemens EXACT HR+ scanner; PiB processing and quantification methods are described in detail 259 
elsewhere (Johnson et al., 2014). A 70-minute dynamic acquisition using reference Logan graphical 260 
analysis (cerebellum grey matter reference region) was used to estimate the PiB distribution volume 261 
ratio (DVR). A previously defined global DVR threshold of >1.19 (Sprecher et al., 2015) was used to 262 
dichotomize individuals as amyloid positive or negative ( Aß+/-). 263 
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 264 
2.3 Statistical Analyses 265 
 266 
Participant demographics and clinical characteristics are presented overall, as well as by those with vs 267 
without a PET amyloid scan. In the subset with PET amyloid data, the  Aß+ vs  Aß- groups are 268 
described using tests appropriate for the distribution of the variables (e.g., t-tests, chi-square tests, or 269 
ANCOVA).  270 
 271 
Difficulty and discrimination indices were calculated for each visit as described in 2.1 using “sjPlot” 272 
[https://cran.r-project.org/web/packages/sjPlot/sjPlot.pdf]. For Aim 1 analyses testing whether item 273 
difficulty or discrimination indices differ by recall condition, we conducted repeated measures 274 
ANOVAs of the paired item-level differences (immediate minus delayed recall; separate models for 275 
differences in difficulty and discrimination), adjusting for repeated measures across visits. We included 276 
a story version group variable to test whether paired differences in immediate to delay difficulty or 277 
discrimination indices were the same across story versions A and B. We plotted the item difficulty and 278 
discrimination differences (mean across visits and by visits) and qualitatively described which items 279 
differ most from immediate to delayed condition.  280 
 281 
For analyses examining whether each of the two psychometric indices (difficulty and discrimination) 282 
differed by story version, lexical category, or serial position within a recall condition, we ran separate 283 
repeated measures ANOVAs for immediate recall and delayed recall difficulty and discrimination. 284 
After observing that the residuals of the models failed the normality assumption, we reran the analyses 285 
using general linear mixed effect models (R package “glmmTMB”; we used R package “DHARMa” 286 
to run residual diagnostics for these models). Post hoc analysis (e.g., pairwise comparisons following 287 
a significant omnibus test for a group variable with more than two groups) and effect size were 288 
calculated by R package “emmeans.” 289 
 290 
For Aim 2 analyses testing whether item difficulty or discrimination indices differed by amyloid status, 291 
we calculated the item-level difficulty and discrimination indices separately for the  Aß+ and  Aß- 292 
groups using the item-level data for the Logical Memory visit closest to the PET PiB scan. To examine 293 
whether  Aß+ and  Aß- groups differed in difficulty or discrimination, we used a two-sample t-test if 294 
the normality and homogeneity of variances assumptions were satisfied; otherwise, a Mann-Whitney 295 
U test was used. We followed this procedure for each recall condition, and within recall condition, for 296 
each story version, lexical category, and serial position group. For qualitative inspection of differences, 297 
we calculated the paired item-level differences in difficulty and discrimination indices between the  298 
Aß+ and  Aß- groups for each item, story version, and recall condition and then used paired t-tests or 299 
Wilcoxon signed rank tests to test whether items within a subset of items differed in difficulty or 300 
discrimination between  Aß+ and  Aß- (item subsets for each recall condition included story version, 301 
lexical categories, serial position groups).  302 
 303 
For all models, magnitudes of between-group differences were characterized using Cliff’s delta, which 304 
were calculated using the “effsize” package in R (Torchiano, 2020). Cliff’s delta is a non-parametric 305 
effect size measure that quantifies the amount of difference between two groups of observations beyond 306 
p-values interpretation, which is less susceptible to outliers and skewness than Hedges’ g or Cohen’s 307 
d and better in circumstances where the homogeneity of variance assumption does not hold (Cliff, 308 
1993). The magnitude is assessed using the thresholds provided in (Romano 2006), i.e., |d|<0.147 309 
"negligible", |d|<0.33 "small", |d|<0.474 "medium", otherwise "large". Analyses were performed in R 310 
4.0.2. Significance level was set at p < .05.  311 
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3 Results 312 

Participant demographics and clinical characteristics are presented overall for the Aim 1 sample 313 
(n=1141) and overall and by amyloid status for the Aim 2 subsample (n=338) in Table 1. The overall 314 
sample had an average age of 58.6 (SD=6.6) at the first Logical Memory visit, 6% identified as Black 315 
or African American, 92% identified as non-Hispanic White, 2% identified as Hispanic, Asian, Native 316 
American/Indian, or other; the sample overall had 16 years of education (SD=2.3).  317 
 318 
 319 
 320 
 321 
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3.1 Aim 1: Difficulty and Discrimination Indices in the Full Sample 322 

3.1.1 Difficulty indices and differences between recall condition: Item-level mean difficulty indices 323 
across visits for Stories A and B are presented in Figure 2 by immediate (left) and delayed recall 324 
(right); colored circles indicate lexical categories, and vertical dotted lines delineate serial position 325 
subgroups (Figure S1 shows the same, by visit). The triangles in the right-hand panel represent the 326 
difference in percent correct between immediate and delayed recall for each item; negative values 327 
indicate increased difficulty for delayed relative to immediate recall condition. Qualitatively, items 1 328 
and 2 show the largest drops in proportion correct within each story (i.e., showed the largest increase 329 
in item difficulty from immediate to delayed recall). Mean(sd) change in difficulty between immediate 330 
and delayed recall was 0.056(0.08), indicating a significant increase in difficulty at delayed recall 331 
(generalized linear mixed model adjusting for multiple visits, intercept beta=0.56; p<0.001). The 332 
change in difficulty between recall conditions did not differ between stories A and B (Story version 333 
beta=-0.01; p=0.39).    334 
3.1.2 Difficulty indices: differences within recall condition between story, serial position, and 335 
lexical category 336 
Boxplots of item difficulties are shown separately for immediate and delayed recall conditions in 337 
Figure 3 by Story (left), Lexical Category (middle) and Serial Position group (right). GLMM’s showed 338 
that Lexical Category was a significant predictor of difficulty for both Immediate and Delayed Recall 339 
conditions (p<0.0001; Table 2); serial position group and story version were not significant predictors 340 
in either recall condition. Boxplots of item difficulties (Figure 3) depict across-visit mean difficulties 341 
by story version, lexical category, and serial position. Post-hoc pairwise differences between lexical 342 
categories showed significantly lower proportions correct in the “Other” category compared to each of 343 
the other Lexical Categories at both immediate and delayed recall. At delayed recall, Proper Names 344 
were significantly more difficult than Numerical Expressions (Table 2, Figure 3). 345 

3.1.3 Item level discrimination indices and differences between recall condition: Item-level mean 346 
discrimination indices across visits for Stories A and B are presented in Figure 4 by immediate (left) 347 
and delayed recall (right); colored circles indicate lexical categories and vertical dotted lines delineate 348 
serial position subgroups (Figure S2 shows same, by visit). The triangles in the right-hand panel 349 
represent the difference in discrimination indices between immediate and delayed recall for each item; 350 
positive values indicate increased discrimination for delayed relative to immediate recall condition.  351 
Qualitatively, all story A items, and most Story B items show an increase in discrimination for the 352 
delayed recall condition. Mean(sd) change in discrimination indices between immediate and delayed 353 
recall was 0.043(0.05), indicating a significant increase in discrimination at delayed recall (Generalized 354 
linear mixed model adjusting for multiple visits, intercept beta=0.22; p<0.001). The change in 355 
discrimination between recall conditions did differ between stories A and B (Story version beta=0.01; 356 
p=0.04), indicating a significant increase in discrimination at Story B delayed recall. 357 

 358 
3.1.4 Discrimination Indices: differences within recall condition between story, serial position, 359 
and lexical category 360 
Boxplots of item discrimination indices are shown separately for immediate and delayed recall 361 
conditions in Figure 5 by Story (left), Lexical Category (middle) and Serial Position group (right). 362 
GLMM’s showed that Lexical Category was a significant predictor of discrimination for both 363 
Immediate and Delayed Recall conditions (p=.012 and p<.0001 respectively; Table 3); serial position 364 
group were also significant predictors in immediate (p=.006) and delayed recall conditions (p=.027); 365 
story version was a significant predictor in immediate recall condition only (p<.001). Boxplots of item 366 
discrimination (Figure 5) depict across-visit mean discriminations by story version, lexical category, 367 
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and serial position. Post-hoc pairwise differences between story versions showed significantly higher 368 
discriminations in story B at immediate recall, the differences between lexical categories showed lower 369 
discriminations in PNs at delayed recall compared to each of the other categories. At immediate recall, 370 
PNs discriminated a bit less than the ‘other’ category, too. Verbs had higher discriminations compared 371 
to ‘other’ category, and the recency serial position had higher discriminations compared to primary 372 
and mid position at both immediate and delayed recall (Table 3, Figure 5).  373 

3.2 Aim 2: Difficulty and Discrimination Indices in PET subsample 374 

Table 2 shows demographic and clinical characteristics stratified by those individuals who 375 
completed PET amyloid scans (n=338) versus those who did not (n=803), as well as by  Aß+ (n=79, 376 
23%) and  Aß- (n=259, 77%). Those participants who completed a PET scan had significantly higher 377 
WRAT-3 reading standard scores (109 vs. 107), reported more education, and had higher baseline 378 
Logical Memory total scores (immediate and delayed) than those who did not complete PET scans. 379 
Relative to the  Aß- group, the  Aß+ group was significantly older at logical memory baseline (61 vs. 380 
58), had a higher percentage of parental history of AD (85% vs. 71%), and had more APOE-e4 381 
carriers (69% vs. 30%).  Aß+ did not differ from Aß- on any of the cognitive measures at baseline. 382 
3.2.1 Difficulty Indices:   383 
Figure 6 depicts the difficulty indices by Aß+ vs  Aß- for the Logical Memory closest to each person’s 384 
last PET scan by story (top=Story A; bottom=Story B) and recall condition (left=Immediate; 385 
right=delayed). Boxplots of item difficulty indices are shown separately for immediate (left) and 386 
delayed recall (right) conditions in Figure 7 by Story (top), Lexical Category (middle) and Serial 387 
Position group (below). Descriptive statistics for paired t tests or Wilcoxon signed rank tests are 388 
summarized in Table 4; briefly, the difficulty indices of Aß+ and Aß- are significantly different in 389 
proper names in delayed recall (large Cliff’s delta effect sizes), but not in story versions, other lexical 390 
categories, and serial positions both in immediate recall and delayed recall (negligible or small effect 391 
sizes). 392 
3.2.2 Discrimination Indices:   393 
Figure 8 depicts the discrimination indices for the Logical Memory closest to each person’s last PET 394 
scan by story (top=Story A; bottom=Story B) and recall condition (left=Immediate; right=delayed). 395 
Boxplots of item discrimination indices are shown separately for immediate (left) and delayed recall 396 
(right) conditions in Figure 9 by Story (top), Lexical Category (middle) and Serial Position group 397 
(bottom). Descriptive statistics for paired t tests or Wilcoxon signed rank tests are summarized in Table 398 
5; briefly, the discrimination indices differed between  Aß+ and  Aß- by story versions, proper names, 399 
“other” lexical categories, and all serial positions, with large or medium Cliff’s delta effect sizes. 400 
 401 
Discussion  402 
The current study investigated the item-level difficulty and discrimination indices from a classic 403 
widely used neuropsychological measure to assess episodic memory function , the Logical Memory 404 
story recall task from the Wechsler Memory Scale – Revised (Wechsler, 1987). This test was first 405 
published in 1945, with revisions in 1987, 1997 and 2009, thus we draw attention to its longevity and 406 
long-standing usage in the field of neuropsychology, aging, and cognitive disorders. The indices were 407 
calculated for two story versions, A and B, and for the immediate and delayed recall conditions. We 408 
further examined items by other process scores, including the lexical categories to which the items 409 
belonged (proper names, verbs, numerical expressions) and the serial position in which the items 410 
were presented. Finally, we evaluated the degree to which the process score groupings differed in 411 
their difficulty and discrimination between amyloid positive and negative groups. It was anticipated 412 
that item difficulty and discrimination would vary by position in the story (serial position) and/or the 413 
lexical category to which the item belonged (e.g., proper names, verbs), as well as by amyloid status.  414 
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In a large sample with longitudinal Logical Memory data, item difficulty dropped (i.e., became more 415 
difficult) by an average of 10% from the immediate to delayed recall across both story A and story B. 416 
This drop did not differ between the two story versions. Poorer delayed recall versus immediate 417 
recall is an unsurprising finding, given that the delayed recall of Logical Memory and other learning 418 
tasks such as the Auditory Verbal Learning Test (AVLT) have been shown to be sensitive to MCI 419 
and dementia, and are included in widely utilized composite scores (Donohue et al., 2014; Knopman 420 
et al., 2019). Although several studies have demonstrated that list learning tasks such as AVLT are 421 
more sensitive to decline than story recall (Weissberger et al., 2017), the item-level approach we 422 
show here may spur renewed interest in evaluating existing measures or implementing new story 423 
recall tasks in future AD studies. Because AD treatments are most likely to be beneficial at the 424 
earliest stage of disease, it is important to develop more sensitive measures of cognitive decline for 425 
clinical trials (Snyder et al., 2014). The Federal Drug Administration has indicated the need for 426 
improved outcomes for AD clinical trials, not only for those that are more sensitive to change, but 427 
also for those that measure functional abilities (Health & Services, 2018). Story recall tasks have an 428 
element of ecological validity that learning a list of 10 unrelated items does not. By developing new 429 
story recall scoring metrics or tasks that weigh semantic/lexical properties, serial position, and item 430 
difficulty and discrimination, we may be able to increase sensitivity to AD-related cognitive decline, 431 
while maximizing an ecologically valid task.   432 
Our findings also highlight that there was no difference in delayed recall item difficulty between 433 
story A and story B. Previous studies examining alternate forms of story recall have shown similar 434 
diagnostic sensitivity to one another (Cunje et al., 2007). To our knowledge, our study is the first to 435 
empirically confirm the similarity in difficulty of items for story A and story B of Logical Memory 436 
delayed recall. This finding is important, because many worldwide AD studies are utilizing Logical 437 
Memory, administering only Story A, only story B, or both (Toga et al., 2016). Therefore, this 438 
empirically derived information may be useful for other studies utilizing (or planning to implement) 439 
various forms of Logical Memory in longitudinal, aging cohorts. Moreover, the results presented here 440 
offer support for the prospect of using Story A and Story B as alternate versions of one another in a 441 
test-retest scenario. 442 
Item difficulty on immediate recall differed between lexical categories, with the “other” category 443 
being more difficult than the other three lexical categories (proper names, verbs, numerical 444 
expressions) on both recall conditions. This may relate to the fact that many of the items in the 445 
“other” category are less concrete (i.e., imageable), than proper names, nouns, and verbs; for 446 
example, the idea unit “the night before” presents as more difficult than the idea unit/verb “robbed.” 447 
Furthermore, some of the items with the highest emotional valence tended to be verbs (“had not 448 
eaten”); abundant evidence indicates that individuals tend to encode items with emotional valence 449 
over those without (Kensinger & Corkin, 2004; Petrican et al., 2008; Satler et al., 2007; Thomas & 450 
Hasher, 2006).   451 
We did not see overall differences in item difficulty by their position in the stories, in either 452 
immediate or delayed recall. However, there was higher discrimination for items in the recency 453 
position as compared to the middle and primacy positions in both the immediate and delayed recall 454 
conditions. In other words, more recent items were better discriminated among ability levels than 455 
items in the primacy or middle positions. The typical pattern in list learning tasks is that performance 456 
is better for stimuli learned at the beginning (primacy) or at the end (recency), as compared with 457 
items in the middle (Murdock Jr, 1962), while individuals with mild cognitive impairment or 458 
dementia tend to show a pronounced deficit at the recency position when comparing immediate to 459 
delayed recall conditions (Bruno et al., 2018; Bruno et al., 2016; Carlesimo et al., 1995). The fact that 460 
our analyses showed that items in the recency position were best at discriminating between ability 461 
levels may reflect differences in underlying cognitive abilities (or decline in abilities) in this at-risk 462 
cohort.  463 
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Item discrimination was higher at delayed than the immediate recall condition, with Story B having a 464 
significantly higher discrimination than Story A. On immediate recall, average item discrimination 465 
was higher for Story B compared to A; for “other” compared to proper names. On delayed recall, 466 
proper names had better discrimination than each of the other lexical categories. Proper name recall 467 
in conversation is a common complaint of older individuals (Burke et al., 1991; Gollan et al., 2005; 468 
van Harten et al., 2018), and proper name recall has been shown to decline with age (Burke et al., 469 
2004; Maylor & Valentine, 1992). However, whether there is an age differential in the actual 470 
difficulty in learning and recall of proper names versus other lexical categories in aging is up for 471 
debate (Cohen & Burke, 1993; Cohen & Faulkner, 1986; James, 2006). The results of the present 472 
study indicate that proper names are better able to discriminate among ability levels than other lexical 473 
categories, and may provide further evidence for utilizing semantic memory tasks that target proper 474 
names for early detection of subtle cognitive decline (Alegret et al., 2020; Fine et al., 2011; Papp et 475 
al., 2014; Rubiño & Andrés, 2018). 476 
In the subset with PET amyloid imaging, item-level analyses suggest that all items in the delayed 477 
recall condition of Logical memory (both story A and B) discriminate well between  Aß+ and  Aß-, 478 
which is consistent with reports of the story recall tasks’ sensitivity to stages of cognitive decline and 479 
AD pathology, and helps explain why the task is featured in popular AD memory composite scores 480 
(Donohue et al., 2014; Knopman et al., 2019). With respect to item difficulty, proper names at 481 
delayed recall were significantly more difficult for Aß+ than Aß-. This finding is consistent with our 482 
previous study showing an association between delayed recall of proper names and amyloid 483 
positivity (Mueller et al., 2020). Although most items of both stories in both conditions appear to be 484 
more difficult in the Aß+ group, none of the other lexical categories or any of the serial position 485 
difficulty indices were significantly different between the two groups.  486 

Analyses also revealed the items in the verb and ‘other’ lexical categories and all serial positions 487 
from delayed recall were more discriminate for the Aß+ group compared to the Aß- group. That 488 
proper names were not significantly more discriminate than the other lexical categories (but were 489 
more difficult) may indicate an earlier “loss” of these items in the Aß+ group. When applying item 490 
response theory to items of the Mini-Mental Status Examination (MMSE) (Folstein et al., 1975), 491 
Ashford et al. described difficulty as a continuum of ability, and discrimination as how well an item 492 
can differentiate between examinees with a range of ability levels. Applying these concepts to the 493 
MMSE, difficulty indicates a loss of ability underlying performance, while discrimination is an 494 
indicator of how quickly that function is lost, such that high difficulty and low discrimination 495 
indicates early loss across a longer range of progression. Items on the MMSE with the highest 496 
difficulty and lowest discrimination in that study were the three words at delayed recall (ball, flag, 497 
tree), indicating that delayed memory was the earliest ability lost on the continuum of dementia 498 
severity (Ashford et al., 1989). Another item-level analysis of the MMSE-37 in a Spanish speaking 499 
population found that language items were among the best at discriminating between groups with 500 
dementia and healthy controls (Prieto et al., 2012). Although we did not examine people with 501 
dementia, dementia severity, or progression of AD, it is possible that proper name recall is an ability 502 
that is particularly vulnerable to early amyloid pathology; future studies can evaluate item sensitivity 503 
to estimated age of onset or projected rate of amyloid accumulation using methods developed by our 504 
group (Betthauser et al., 2021; Koscik et al., 2020).  505 
 506 
Items significantly discriminated between Aß+ and  Aß- groups, but when comparing amyloid groups 507 
using the typical total score from Logical Memory, there were no significant differences (Table 1; 508 
mean(sd)  Aß+ = 27(7),  Aß- = 27(6)). Here we show that by performing item difficulty and 509 
discrimination indices, sensitivity of specific items to Aß+ may be higher than using the total score 510 
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alone. By understanding the item’s characteristics and properties, a more sensitive test, or a more 511 
sensitive scoring algorithm than total score, can be developed. This approach of utilizing item 512 
response theory has been applied toward groups of items from the Mini-Mental Status Examination 513 
(Fillenbaum et al., 1994), where sets of four items were able to discriminate among controls, 514 
participants with MCI, and those with dementia with high sensitivity and specificity (Fillenbaum et 515 
al., 1994). Additionally, item response theory has been used to create new global cognitive function 516 
measures from an array of existing measures (Gershon et al., 2010; Mungas & Reed, 2000; Mungas 517 
et al., 2003). Because story recall tasks have an ecologically valid component (the task simulates 518 
conversations that often need to be recalled later), the development of a more sensitive story that 519 
includes types of items that best discriminate among individuals with evidence of AD pathology 520 
would make a needed metric for evaluating response to treatment or disease monitoring in clinical 521 
trials (Posner et al., 2017). 522 
 523 
Strengths of this study include the large sample size, the longitudinal cohort, the subsample with 524 
neuroimaging data, and the detailed analysis of item difficulty and discrimination for two different 525 
stories of Logical Memory. Further, this is the first study to characterize these indices by amyloid 526 
status in a group of cognitively unimpaired individuals. 	527 
	528 
A limitation of this study is that the lexical categories of the stories are not balanced or equal in 529 
scores, which may bias the results. Additionally, the sample is a highly educated (~16 years 530 
education), predominantly white (91%), self-selected cohort of individuals at risk for AD; therefore, 531 
the results of this work need to be replicated in diverse cohorts to be able to generalize the findings. 532 
The number of individuals who are amyloid positive is relatively small compared to those who are 533 
amyloid negative (23% positive, versus 77% negative). Although these percentages are representative 534 
of the general population at this early stage of AD neuropathological development, i.e., 25-30% of 535 
individuals in this age group are purported to be amyloid positive (Jack et al., 2018), this likely 536 
reduces power to detect significant effect sizes. Furthermore, for the amyloid analyses, we selected 537 
the Logical Memory test closest to the PET scan for each participant. For the amyloid positive group, 538 
the mean difference in time was 1.07 years, for the amyloid negative group, the mean difference was 539 
.55 years between logical memory and PET scan. Although it is unlikely that many participants were 540 
on the cusp of amyloid positivity, it is possible that a small number of participants may be very close 541 
to the amyloid positivity cutoff. Future analyses that potentially include longitudinal modeling of AD 542 
biomarkers may help address this potential confound. Finally, we did not address practice effects in 543 
our amyloid models, which may either skew results for some participants, or may miss important 544 
differences in others (Jutten et al., 2020). Future analyses will examine whether practice effects vary 545 
by amyloid status.  546 
 547 
In sum, we provide empirical evidence that both stories of the Logical Memory task are effective at 548 
discriminating ability levels, as well as amyloid status, and that individual items vary in difficulty 549 
and discrimination by amyloid status, while total scores do not. These results can be informative for 550 
the future development of sensitive tasks or composite scores for early detection, disease monitoring, 551 
and response to treatment for clinical trials. 552 
 553 

 554 
 555 
 556 
 557 
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Table 1. Demographic and clinical characteristics by total sample and subsample with amyloid imaging. 839 
 
 

Whole 
Sample 

No PET 
subsample 

PET 
subsample 

Amyloid 
Positive 
(Aß+) 

Amyloid 
Negative 

(Aß-) 
n 1141 803 338 79 259 

Age at logical memory baseline 58.55 (6.64) 58.44 (6.68) 58.82 (6.54) 61.05 (4.93) 58.14 (6.82)# 

Age at most recent visit 65.27 (7.18) 64.57 (7.23) 66.92 (6.79) 69.56 (4.88) 66.11 (7.08)# 

Age at most recent PET scan   67.58 (7.13) 70.59 (5.14) 66.66 (7.41) 

Sex (% female) 800 (70.1) 571 (71.1) 229 (67.8) 53 (67.1) 176 (68.0) 

Race (%)      

           African-American 67 ( 5.9) 54 ( 6.7) 13 ( 3.8) 3 ( 3.8) 10 ( 3.9) 

           Non-Hispanic White 1046 (91.7) 727 (90.5) 319 (94.4) 75 (94.9) 244 (94.2) 

           Other 28 ( 2.5) 22 ( 2.7) 6 ( 1.8) 1 ( 1.3) 5 ( 1.9) 

Parental History of AD (%) 839 (73.7) 589 (73.4) 250 (74.2) 67 (84.8) 183 (70.9)# 

WRAT-3 Reading Standard Score 107.46 (9.21) 106.90 (9.52) 108.77 (8.31)* 108.97 (7.40) 108.71 (8.58) 

Total years of education 15.82 (2.26) 15.70 (2.25) 16.09 (2.25)* 16.19 (2.12) 16.07 (2.29) 

APOE-e4 carriers (%) 439 (39.2) 309 (39.2) 130 (39.2) 54 (69.2) 76 (29.9)# 

CDR or QDRS  0.05 (0.16) 0.06 (0.16) 0.04 (0.13) 0.00 (0.00) 0.04 (0.14) 

MMSE  29.39 (0.94) 29.37 (0.96) 29.44 (0.89) 29.44 (0.90) 29.44 (0.88) 

R-AVLT Total  50.87 (8.57) 50.69 (8.72) 51.30 (8.18) 51.96 (8.54) 51.10 (8.08) 
Logical Memory Total Immediate Recall Score 
(range = 0-50)  

29.16 (6.23) 28.77 (6.33) 30.07 (5.91)* 30.72 (5.77) 29.87 (5.95) 

Logical Memory Total Delayed Recall Score 
(range = 0-50)  

25.81 (6.96) 25.39 (7.12) 26.80 (6.46)* 27.25 (6.68) 26.66 (6.40) 

Logical Memory Proper Names Immediate 
(range 0-9)  

6.34 (1.59) 6.30 (1.61) 6.46 (1.53) 6.44 (1.35) 6.46 (1.59) 

Logical Memory Proper Names Delayed (range 
0-9)  

4.89 (2.10) 4.81 (2.15) 5.08 (1.99) 4.99 (2.08) 5.10 (1.96) 

Logical Memory Verbs Immediate (range 0-14)  8.77 (2.28) 8.67 (2.30) 9.03 (2.22)* 9.14 (2.21) 9.00 (2.23) 
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Abbreviations: WRAT-3 = Wide Range Achievement Test-3 Reading Subtest (Wilkinson, 1993); MMSE = Mini-Mental Status Examination (Folstein et al., 1983); R-AVLT = Rey 840 
Auditory Verbal Learning Test (Schmidt, 1996); Logical Memory = subtest from the Wechsler Memory Scale-Revised (WMS-R; Wechsler, 1987). PET = Positron Emission Tomography; 841 
CDR = Clinical Dementia Rating Scale (Morris, 1997); QDRS: Quick Dementia Rating System (Galvin, 2015) ; APOE-e4 = Apoliopoprotein, allele 4; * indicates column 2 vs column 3 842 
statistical significance at p < .05 and # indicates column 4 vs 5 statistical significance at p < .05; t-tests, chi-square tests and Mann-Whitney U tests used, depending on distribution.843 

Logical Memory Verbs Delayed (range 0-14)  8.00 (2.46) 7.91 (2.49) 8.21 (2.36) 8.37 (2.45) 8.17 (2.34) 

Logical Memory Numbers Immediate (range 0-4)  2.64 (1.01) 2.63 (1.02) 2.69 (0.99) 2.78 (0.97) 2.66 (0.99) 

Logical Memory  Numbers Delayed (range 0-4)  2.49 (1.08) 2.47 (1.08) 2.53 (1.07) 2.61 (1.07) 2.50 (1.07) 

Logical Memory Others Immediate (range 0-20)  10.78 (2.87) 10.59 (2.88) 11.24 (2.81)* 11.72 (2.79) 11.10 (2.81) 

Logical Memory Others Delayed (range 0-20)  9.89 (2.98) 9.68 (2.99) 10.41 (2.90)* 10.75 (3.00) 10.30 (2.87) In review



  

Table 2 GLMM with the difficulty indices for immediate recall and delayed recall predicted by story, lexical category, and serial position 844 

  Estimate CI P value Post hoc 

Immediate Recall Intercept 0.77 0.64  – 0.90 <0.0001  
 Story B (reference group = Story A)  -0.01 -0.05 – 0.03 0.567  
 Lexical Category (reference group = PN)  <0.0001 PN vs other (p<.0001) 

 Verb -0.02 -0.11 – 0.08  Verb vs other (p<.0001) 

 Num 0.04 -0.07 – 0.15  Num vs other (p<.0001) 

 Other  -0.20 -0.29 – -0.12   
 Serial Position (reference group = Primacy)   0.065  
 Mid -0.18 -0.33 – -0.03   
 Recency  -0.06 -0.22 – 0.10   
      
Delayed Recall Intercept 0.58 0.45 – 0.72 <0.0001  
 Story B  0.01 -0.03 – 0.05 0.583  
 Lexical Category   <0.0001 PN vs other (p=0.008) 
 Verb 0.06 -0.04 – 0.15  Verb vs other (p<.0001) 
 Num 0.13 0.01 – 0.24  Num vs other (p<.0001) 
 Other  -0.12 -0.21 – -0.03  PN vs Num (p=0.036) 
 Serial Position   0.190  
 Mid -0.13 -0.29 – 0.03   
 Recency  0.0022 -0.16 – 0.17   

Model: Generalized Linear Mixed Models were run for Immediate Recall and Delayed Recall separately. Item difficulty indices ~ Story + Lexical 845 
Category + Serial Position + repeated measure time + random effects (random item-level intercepts and repeated measurement slopes). Reference group 846 
for Story version = Story A; Reference group for Lexical Category=Proper Names; Reference group for Serial Position=Primacy. Post hoc pairwise 847 
group differences at unadjusted P < 0.05 are noted in the right‐hand column. For example, PN vs other indicates Proper Names differed from other 848 
categories in pairwise comparisons. Abbreviations: PN, Proper Names; Num, Numbers.  849 
 850 
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Table 3 GLMM with the discrimination indices for immediate recall and delayed recall predicted by story, lexical category and serial position 862 

  Estimate CI P value Post hoc 

Immediate Recall Intercept 0.19 0.14 – 0.24 <0.0001  
 Story B (Reference group = Story A) 0.03 0.01 – 0.05 <0.001  
 Lexical Category (Reference group = PN)  0.012 PN vs other (p=0.004) 

 Verb -0.02 -0.06 – 0.01  Verb vs other (p=0.033) 

 Num -0.02 -0.07 – 0.03   
 Other  -0.05 -0.09 – -0.02   

 Serial Position (Reference group = Primacy)   0.0055 Primacy vs recency (p=0.003) 

 Mid 0.02 -0.04 – 0.08  Mid vs recency (p=0.010) 
 Recency  0.10 0.03 – 0.17   
      
Delayed Recall Intercept 0.28 0.23 – 0.33 <0.0001  
 Story B  -0.0034 -0.02 – 0.01 0.67 PN vs other (p <.0001) 
 Lexical Category   <0.0001 Verb vs other (p= 0.0059) 
 Verb -0.05 -0.09 – -0.01  PN vs verb (p= 0.0089) 
 Num -0.07 -0.11 – -0.02  PN vs num (p= 0.0056) 
 Other  -0.09 -0.12 – -0.05   
 Serial Position   0.027 Primacy vs recency (p=0.024) 
 Mid 0.00026 -0.06 – 0.06  Mid vs recency (p=0.018) 
 Recency  0.07 0.01 – 0.13   

Model: Generalized Linear Mixed Model were run for Immediate Recall and Delayed Recall separately. Item discrimination indices ~ Story + Lexical 863 
Category + Serial Position + repeated measure time + random effects (random item-level intercepts and repeated measurement slopes). Story A, Lexical 864 
Category Proper Names, and Serial Position Primacy are reference levels.  Post hoc pairwise group differences at unadjusted P < 0.05 noted in right‐865 
hand column. For example, PN vs other indicates Proper Names differed from other category in pairwise comparisons. Abbreviations: PN, Proper 866 
Names; Num, Numbers.  867 
 868 
 869 
 870 
 871 
 872 
Table 4 The difficulty indices difference between  Aß+ and  Aß- group for immediate recall and delayed recall by story, lexical category and serial 873 
position 874 

		 		  Aß+ Mean(sd)  Aß- Mean(sd) T Statistic P value Cliff's deltaa  
Immediate Recall Story A 0.556(0.25)  0.612(0.25) -0.795 0.43 -0.14  
 Story B  0.524(0.20)  0.576(0.22)  -0.879 0.38 -0.14  
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 Lexical Category  
  

  
 Proper names 0.590(0.20)  0.687(0.18) -1.081 0.30 -0.33  
 Verb 0.593(0.21)  0.651(0.21)  -0.743 0.46 -0.16  
 Num 0.575(0.17)  0.643(0.17)  -0.55 0.60 -0.38  
 Other  0.482(0.24) 0.514(0.26)  -0.437 0.66 -0.08  
 Serial Position      

 
 Primacy 0.652(0.19)  0.678(0.21) -0.35 0.72 -0.10  
 Mid 0.464(0.21)  0.514(0.23)  -0.687 0.50 -0.11  
 Recency  0.512(0.24)  0.601(0.25)  -1.023 0.31 -0.23  
       

 
Delayed Recall Story A 0.496(0.24)  0.554(0.25)  -0.849 0.40 -0.17  
 Story B  0.474(0.20)  0.536(0.23)  -1.047 0.30 -0.19  
 Lexical Category      

 
 Proper names 0.441(0.11)  0.544(0.12) 68.5* 0.015 -0.69  
 Verb 0.551(0.24)  0.619(0.24)  -0.756 0.457 -0.19  
 Num 0.498(0.14)  0.602(0.17)  12* 0.30 -0.50  
 Other  0.460(0.24) 0.490(0.27)  -0.41 0.68 -0.10  
 Serial Position      

 
 Primacy 0.542(0.17)  0.575(0.20) 154* 0.34 -0.20  
 Mid 0.415(0.22)  0.482(0.24)  -0.869 0.39 -0.19  
  Recency  0.507(0.23)  0.586(0.26)  -0.915 0.37 -0.19  

*Statistical tests: Wilcoxon signed rank tests were performed when both  Aß+ and  Aß- are not approximately normally distributed or do not have approximately the 875 
same variance.a The magnitude is assessed using the thresholds provided in (Romano 2006), i.e. |d|<0.147 "negligible", |d|<0.33 "small", |d|<0.474 "medium", 876 
otherwise "large". 877 
 878 
 879 
 880 
Table 5. The discrimination indices difference between  Aß+ and  Aß- group for immediate recall and delayed recall by story, lexical category and 881 
serial position 882 

		 		  Aß+ Mean(sd)  Aß- Mean(sd) T Statistic P value Cliff's deltaa  
Immediate Recall Story A 0.256(0.16)  0.188(0.12)  1.758 0.086 0.25  
 Story B  0.284(0.13)  0.21(0.09)  2.279 0.028 0.40  
 Lexical Category  

  
  

 Proper names 0.243(0.11)  0.159(0.10) 1.737 0.10 0.46  
 Verb 0.298(0.16) 0.241(0.12)  1.08 0.29 0.24  
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 Num 0.305(0.14)  0.262(0.11)  0.49 0.64 0.13  
 Other  0.258(0.16)  0.177(0.09)  2.13 0.04 0.36  
 Serial Position      

 
 Primacy 0.220(0.15)  0.171(0.08) 104.5* 0.39 0.18  
 Mid 0.247(0.12)  0.182(0.09)  1.823 0.078 0.36  
 Recency  0.346(0.15)  0.246(0.13)  2.07 0.047 0.45  
       

 
Delayed Recall Story A 0.367(0.14) 0.228(0.11)  3.869 0.00035 0.54  
 Story B  0.351(0.12)  0.236(0.10)  3.729 0.00053 0.60  
 Lexical Category      

 
 Proper names 0.322(0.10)  0.249(0.07) 1.779 0.097 0.43  
 Verb 0.419(0.11)  0.246(0.12)  3.933 0.00057 0.73  
 Num 0.394(0.08)  0.251(0.13)  1.83 0.13 0.63  
 Other  0.331(0.15)  0.214(0.09)  3.149 0.0032 0.50  
 Serial Position      

 
 Primacy 0.337(0.11)  0.218(0.09) 3.431 0.0018 0.59  
 Mid 0.337(0.13)  0.215(0.07)  71* 0.0042 0.56  
  Recency  0.405(0.16)  0.265(0.14)  2.728 0.011 0.54  

*Statistical tests: Wilcoxon signed rank tests were performed when both Aß+ and  Aß- are not approximately normally distributed or do not have approximately the 883 
same variance.a The magnitude is assessed using the thresholds provided in (Romano 2006), i.e. |d|<0.147 "negligible", |d|<0.33 "small", |d|<0.474 "medium", 884 
otherwise "large". 885 
 886 
 887 
FIGURE LEGENDS 888 
Figure 1 Flowchart indicating the study analysis inclusion/exclusion criteria applied to the Wisconsin Registry for Alzheimer’s Prevention 889 
longitudinal cohort. 890 
Figure 2 Item difficulty plots (averaged across visits) according to the serial position (primacy, mid, recency) as well as the lexical category of the 891 
items, by story A and story B. Across the primacy, mid and recency positions, proper name recall shows a drop in percent correct (increase in difficulty) 892 
for both story A and story B. The triangles in the right-hand panels are the mean delayed condition percent correct minus mean immediate percent 893 
correct for story A and story B. The horizontal dashed lines are desirable difficulty values (between .2 and .8). Figure S1 shows item difficulties by 894 
visit, revealing a consistent pattern across all study visits. 895 
Figure 3 Item difficulty plots at all visits according to the story (A and B), serial position (primacy, mid, recency) as well as the lexical category (proper 896 
names, verbs, numbers and others) of the items, by Immediate Recall and Delayed Recall. The corresponding model information is in Table 2. The Y-897 
axis values represent proportion correct (and thus, lower values indicate more difficult items). Post hoc pairwise group differences at unadjusted P < 898 
0.05 noted as *. * < .05, ** < .01, *** <0.001, **** <0.0001 899 Commented [BPH1]: Great figures!!--the one on the right 

answers my prior question--only primacy is changing  
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Figure 4 Item discrimination plots (averaged across visits) according to the serial position (primacy, mid, recency) as well as the lexical category of 900 
the items, by story A and story B. Higher discrimination values = better discrimination. Across the primacy, mid and recency positions, proper name 901 
recall shows an increase in discrimination for both story A and story B. The triangles are the mean difference between recall condition for story A and 902 
story B. The horizontal dashed lines are desirable discrimination values (>.2). Figure S2 shows item discrimination by visit, revealing a consistent 903 
pattern across all study visits. 904 
Figure 5 Item Discrimination plots at all visits according to the story (A and B), serial position (primacy, mid, recency) as well as the lexical category 905 
(proper names, verbs, numbers and others) of the items, by Immediate Recall and Delayed Recall. The corresponding model information is in Table 3. 906 
Post hoc pairwise group differences at unadjusted P < 0.05 noted as *.  * < .05, ** < .01, *** <0.001, **** <0.0001. 907 
Figure 6 Item difficulty plots by amyloid status according to the serial position (primacy, mid, recency) as well as the lexical category of the items, by 908 
story A and story B. The colored circles indicate lexical categories, vertical dotted lines delineate serial position subgroups, and line types are Aß+ and  909 
Aß- groups. The horizontal dashed lines are desirable difficulty values (between .2 and .8). Overall, the mean(sd) immediate recall difficulty was 910 
0.540(0.22) for the Aß+ group compared with 0.594(0.23) in the Aß- group (w=1425.5; p= 0.24; Cliff’s delta= 0.14). The mean(sd) delayed recall 911 
difficulty was 0.485(0.21) for the Aß+ group compared with 0.545(0.24) in the Aß- group (w= 1466.5; p= 0.14; Cliff’s delta= 0.17). 912 
Figure 7 Item difficulty plots by amyloid status according to the story (A and B), serial position (primacy, mid, recency) as well as the lexical category 913 
of the items, by Immediate Recall and Delayed Recall. * < .05, ** < .01, *** <0.001, **** <0.0001 914 
Figure 8 Item discrimination plots according to the serial position (primacy, mid, recency) as well as the lexical category of the items, by story A and 915 
story B. The colored circles indicate lexical categories, vertical dotted lines delineate serial position subgroups and line types are Aß+ and Aß- group. 916 
The horizontal dashed lines are desirable discrimination values (>.2). For immediate recall, the mean(sd) discrimination index was 0.540(0.22) for the  917 
Aß+ group compared with 0.594(0.23) in the  Aß- group (w= 850.5; p= 0.0059; Cliff’s delta= -0.32). For delayed recall, discrimination was 0.485(0.21) 918 
for the  Aß+ group compared with 0.545(0.24) in the  Aß- group (w= 530.5; p < 0.0001; Cliff’s delta= -0.58). 919 
Figure 9. Item discrimination plots by amyloid status according to the story (A and B), serial position (primacy, mid, recency) as well as the lexical 920 
category of the items, by Immediate Recall and Delayed Recall. * < .05, ** < .01, *** <0.001, **** <0.0001.  921 
 922 
 923 
 924 
 925 
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