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INTRODUCTION: The Rey Auditory Verbal Learning Test (RAVLT) is a useful
neuropsychological test for describing episodic memory impairment in dementia. However, there
is limited research on its utility in early-onset Alzheimer’s disease (EOAD). We assess the
influence of amyloid and diagnostic syndrome on several memory scores in EOAD.

METHODS: We transcribed RAVLT recordings from 303 subjects in the Longitudinal Early-
Onset Alzheimer’s Disease Study. Subjects were grouped by amyloid status and syndrome.
Primacy, recency, J-curve, duration, stopping time, and speed score were calculated and entered
into linear mixed effects models as dependent variables.

RESULTS: Compared with amyloid negative subjects, positive subjects exhibited effects on raw
score, primacy, recency, and stopping time. Inter-syndromic differences were noted with raw
score, primacy, recency, J-curve, and stopping time.

DISCUSSION: RAVLT measures are sensitive to the effects of amyloid and syndrome in EOAD.
Future work is needed to quantify the predictive value of these scores.

Keywords
Alzheimer’s; amnestic; amyloid; memory; neuropsychology; PCA; PPA; primacy; recency

1| INTRODUCTION

Neuropsychological tests have traditionally served as the foundation for the detection and
monitoring of Alzheimer’s disease (AD) and related disorders (ADRD).12 Depending on
the type of neuropsychological test, digital analysis can provide additional scores based

on speech quality,3# acceleration of motion,® or timing measurements (e.g., during writing
tasks®).

Early detection of ADRD will depend on understanding relationships between biological
markers of disease and cognitive test scores, whether novel, digital, or traditional. The study
of preclinical, dominantly inherited AD shows that Mini-Mental State Exam (MMSE) and
story recall scores for mutation carriers diverge from scores of non-carriers about 8 years
before estimated onset.” The presence of apolipoprotein 24 (APOE4) alleles is associated
with changes in verbal fluency, including the timings and lexical frequencies of words
generated.82 In late-onset AD (LOAD), amyloid deposition is associated with deficits in
story memory delayed free recall'® and composite visual-verbal memory scores.!! While the
current work focuses on audio recordings of a memory test, we are interested in automatic
extraction of diagnostically valuable scores, including traditional scores that do not depend
on sophisticated technology.

LOAD and early-onset AD (EOAD) is characterized clinically by comparable impairment
of verbal episodic memory,12-17 although patients with LOAD may exhibit greater semantic
impairment and those with EOAD may exhibit greater deficits of visuoconstructive and
executive function,8 or praxis.1® Atypical presentations, including logopenic progressive
aphasia,20 posterior cortical atrophy,2! and a dysexecutive subtype?2 are more common in
EOAD than in LOAD, although the amnestic presentation is still the most common.23
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Novel methods for scoring episodic memory tests could establish stronger relationships
between cognition and biomarkers. Serial position effects (SPEs) aim to capture the
tendencies of remembering (or forgetting) certain parts of a word list. Primacy and recency
are the tendencies to remember words from the beginning and end of lists, respectively,
with recency typically showing the highest rate of recall, although recency effects may

be attenuated by aging, cognitive impairment, or imposition of a delay.24-2% Studies
consistently show primacy to be diminished in subjects with mild cognitive impairment
(MCI) or LOAD,39:31 and to be associated with the integrity of the hippocampus.32 Some
recent research links SPEs to AD biomarker status. Among individuals with amnestic MCl,
primacy scores are lower in those positive for beta-amyloid.33 A ratio of recency scores
from a story recall task (immediate recency/long-delay recency) is a strong predictor of total
tau, phosphorylated tau, and neurofilament light in the cerebrospinal fluid (CSF).3* To our
knowledge, SPEs have not been specifically evaluated in EOAD, and one goal of the current
work is to evaluate their utility in this population.

Owing to the importance of word-list learning tasks for AD diagnosis, we seek to evaluate
traditional and novel measures of word list recall in a cross-sectional sample of individuals
with early-onset dementia. We focus specifically on the influence of amyloid positivity on
scores across the eight tasks of the Rey Auditory Verbal Learning Test (RAVLT).35:36 We
hypothesize that presence of amyloid will be associated with reduction in a speed score
analogous to one from our previous work (detailed in Section 2.4).37 Because the RAVLT
test is not administered within a fixed time frame (unlike verbal fluency), we calculated two
additional scores based on timing. One of these scores is the duration of each task. The other
score is a novel ratio indexing an individual’s perception of time, which may be altered by
hippocampal changes in LOAD.38-40 We hypothesize these timing-based scores will reflect
slowing in subjects with amyloid. Regarding SPEs, we expect a reduction in primacy and
J-curve (refer to Section 2.4). We hypothesize a lower primacy score and higher J-curve
score in amnestic subjects. In addition, we explore the patterns of performance seen among
the various early-onset dementia presentations, which are variably associated with AD and
non-AD pathology.

2| METHODS
2.1| Subjects

At the time of this analysis, the Longitudinal Early-Onset Alzheimer’s Disease Study
(LEADS)*! had enrolled 91 participants with normal cognition and 314 participants with
cognitive impairment. Age below 65 was a criterion for entry into the study. We selected 303
subjects with either normal cognition (A = 89) or cognitive impairment (A= 214) who had
been audio recorded while undergoing the RAVLT at the baseline evaluation. Cognitively
impaired subjects were categorized according to severity, that is, dementia or MCI, using
criteria from the National Institute on Aging-Alzheimer’s Association (NIA-AA).41-43
Cases of cognitive impairment were also assigned to diagnostic categories: amnestic, non-
amnestic, posterior cortical atrophy (PCA), and logopenic primary progressive aphasia
(PPA\) following standardized criteria.#1:44.45 All cognitively impaired subjects underwent
amyloid positron emission tomography scans and were classified as “amyloid-positive” or

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bushnell et al. Page 5
“amyloid-negative” according to the U.S. Food and Drug Administration-approved criteria
for visual interpretation.146 For the biomarker analysis, we combined cognitively normal
(all amyloid-negative) and amyloid-negative, cognitively impaired (EOnonAD) subjects.
Although we lack biomarker-based diagnoses for the EononAD subjects, we consider these
subjects critical for discerning the influence of amyloid on our outcomes of interest.

22| RAVLT

The RAVLT consists of eight tasks with auditory stimulus presentation and verbal responses
from the participant: five consecutive learning trials of a 15-word list “A,” a 15-word

list “B” interference trial, a short-delay free recall of list A immediately succeeding the
interference trial, and a long-delay free recall of list A (approximately a 30-min delay) after
the short-delay free recall. Cued recognition is performed in written format and was not
recorded or included in this analysis. We obtained a total of 2315 RAVLT task recordings
(average of 7.64 per subject). Some task recordings were missing because the participant
elected not to finish the test. Note that all eight tasks have the same range of potential
scores, 0 to 15 words. For each outcome measure, all 2315 tasks were entered into a single
statistical model.

This study was conducted in accordance with the Declaration of Helsinki and was approved
by the Institutional Review Board (IRB) at Indiana University as the central IRB for the
study. All subjects or their legally authorized representatives provided written informed
consent.

2.3 | Data pre-processing

We obtained a preliminary transcription of each RAVLT audio file using the Amazon Web
Services Transcribe tool. To improve accuracy, we provided the Transcribe tool with a list
of the 30 RAVLT stimulus words. We manually corrected the timings and contents of these
automatic transcriptions using a custom MATLAB (Natick, MA) audiovisual transcription
tool. For the purpose of calculating two of the time-based scores, we marked the duration
of each task during the transcription process. We marked the beginning of each task
immediately following the reading of the word list (or clarification of instructions if needed).
We marked the end of each task using the moment before the participant confirmed they
were finished or the moment the test administrator began the next task. To account for
potential influence from the test administrator, we also marked any prompts given during
each task (e.g., “Any more words?,” “Is that all?””). Prompts were found in 808 tasks of the
2315 total tasks (34.9%).

2.4| Scoring

We included four count-based scores for each task in this study:

1. Raw score is the total number of valid words produced in each task. We analyze
raw score as a dependent variable and include it as a covariate in the evaluation
of other scores.

2. Primacy is calculated as the total number of correct words produced from the
first third (i.e., first five words) of a given word list.
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3. Recency is calculated as the total number of correct words produced from the
final third (i.e., last five words) of a given word list.

4. J-curve is calculated by subtracting recency from primacy, and ranges from -5 to
+5. It is so named because of the J shape of the SPE histogram.

We included three timing-based scores, as follows:

1. Duration is defined as the total time in seconds that a subject takes to recall a
given word list.

2. We explore here a novel timing-based score, the “stopping time,” that likely
relates to a participant’s perception of time. Stopping time (t,) is calculated as
t, = (t — t,)/t, where t is defined as the total duration of the task in seconds and ¢,
is defined as the point in time of the last valid word’s offset. This score can be
viewed as a percentage of the total task time that a participant requires to decide
there are no more words accessible for recall. If a participant fails to recall any
words, the stopping time is equal to 1. Division by zero is not an issue as the total
duration for a task is never zero seconds.

3. Aspeed score was calculated as in previous work on verbal fluency.4”48 Briefly,
the entire set of inter-word intervals (i.e., durations between valid words) is
subjected to a sequence of three transformations: first, by taking the 4th root
to mitigate positive skew, second, normalizing the values to lie between 0 and
1, and third, subtracting from 1. Thus, the very fastest transition receives a full
point, while the slowest transition receives zero points. An individual’s speed
score is the sum of these transformed durations. The speed score is thus a
modified raw score where a higher number represents more words with faster
response times.

Although all RAVLT tasks were incorporated into each statistical model, we selected two of
the RAVLT tasks for further illustration (list A, learning trial 5, and list A, delayed recall).
The outcome variable values for these two tasks were tabulated (separated by amyloid status
and clinical syndrome) and illustrated in Figures 1 and 2. The figures were formatted as
matrices, with scatter plots between two scores on the lower triangular portion, correlation
coefficients on the upper triangular portion, and Kernel density estimates (KDEs) along the
diagonal.

25| Statistical analyses

We fit a linear mixed-effects model for each of the seven scores, entering data on all
participants and all eight RAVLT tasks into each model. Clinical syndrome (control,
amnestic, PCA, PPA, non-amnestic), presence of dementia, and amyloid status (based

on cohort assignment: EOAD and EOnonAD) were entered as predictor variables. We
added age, education, and sex as nuisance covariates. For scores that were sensitive to
timing (duration, stopping time, and speed), we included the number of prompts from the
test administrator. Knowing that our non-traditional scores would be correlated with raw
score, we wished to account for these correlations to the extent permitted by our statistical
methodology. For example, raw score was included as a covariate for all three timing-based
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outcomes. The same approach could not be used for SPE scores, however, in order to ensure
that raw score did not account for all the variance in SPE models. Instead, for primacy,

we covaried only for the score on the final ten items of the list. Similarly, for recency we
covaried with the score from the first ten words, and for J-curve, we covaried with the

score from the middle five words. This way, we could covary for general learning capacity
without controlling for performance on the exact items incorporated into the SPE score.
Random intercepts for participant and task were included in all models. Incorporation of
these random effects permits fitting a single model that simultaneously accounts for random
variation in participants and RAVLT tasks while providing more traditional regression
results (“fixed” effects) that quantify average relationships between each predictor and the
dependent variable. Each model uses the normal group as the reference. However, all models
were repeated using three of the four syndromes as a reference to examine every possible
contrast. In total, there were 28 models (7 scores x 4 syndrome categories). Because of the
small PCA and PPA sample sizes, we ran a supplemental analysis in which the PCA and
PPA groups were combined with the non-amnestic group.

3| RESULTS
3.1| Subjects

Table 1 shows demographic and biomarker data on the participants, broken down by
clinical syndrome. Most participants (168, 78.5%) had an amnestic presentation. Twenty-
four (11.2%) were non-amnestic, 10 (4.7%) presented with PCA, and 12 (5.6%) presented
with PPA. Our sample included 89 (29.4%) cognitively normal controls (CN). CN and
participants with PCA exhibited a female predominance, while those with PPA and non-
amnestic presentation exhibited a slight male predominance. When grouped by cohort
assignment, EOAD is roughly equal (48.8% male) and EOnonAD exhibits a male
predominance (65.4%). Most individuals in each of the four syndromic categories were
positive for amyloid, but the proportions were highest in the amnestic and PCA groups.
Dementia was more common than MCI among the cognitively impaired subjects as a whole
and within each syndrome. We performed one-way analysis of variance to assess for group
differences in terms of age and education and Chi-squared or Fisher’s exact test to assess for
group differences in terms of severity.

3.2| Scores

Figure 1 illustrates data from learning trial 5 of list A across the entire sample. The strongest
correlation is between the raw and speed scores (r= 0.99). These scores correlated strongly
with primacy and recency (r~values ranging from 0.75 to 0.88). Primacy and J-curve scores
were strongly correlated (r=0.70), as one would expect, since J-curve is calculated by
subtracting recency from primacy. KDEs revealed stronger separation of CN controls from
EOAD individuals than what is seen between controls and EOnonAD individuals, with the
exceptions of duration, stopping time, and J-curve. For duration, there was no appreciable
separation among groups. For both stopping time and J-curve, there was appreciable
separation of EOAD from the other two groups.
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Figure 2 illustrates data from long-delay free recall of list A. The overall pattern is similar to
what was observed in Figure 1, but the separation between EOAD and the control group was
starker. The main exceptions are duration and J-curve, for which there was no appreciable
separation among groups.

Table 2 shows the means and standard deviations of the scores on the tasks of learning trial
5 and long delay free recall, broken down by biomarker status and clinical syndrome. In
general, amyloid-positive (EOAD) individuals performed worse on each measure.

3.3 | Linear mixed-effects models

Table 3 shows the betas and standard errors for the linear mixed effects models. The RAVLT
scores are used as the dependent variable with amyloid status, syndrome, and nuisance
variables used as covariates.

Nuisance covariates (age, education, sex) did not exhibit a strong influence on the scores.
However, age and sex were significantly associated with raw score. A higher age was
associated with a 0.05 reduction in raw score (8= —0.05 [0.02], {293) = -2.08, 95% ClI
[-0.09, -0.003], p= 0.0381). Those with female sex scored higher by 0.55 points across
tasks (p = 0.55 [0.23], t(293) = 2.41, 95% CI [0.11, 0.99], p=0.0167).

3.3.1 Raw score—Presence of amyloid was associated with a 2.11 point reduction in
raw score (8= -2.11[0.33], {294) = -6.39, 95% CI [-2.75, -1.47], p< 0.0001). Dementia
status was associated with a reduction in raw score (8 =—1.64 [0.30], £294) = -5.56, 95%
Cl [-2.21, -1.07], p< 0.0001). When contrasted with controls, all syndromes except for
PCA were associated a reduction in raw score (coefficients ranging from —-1.61 to —2.38).
The smallest reduction was seen in non-amnestics and the largest in PPA (non-amnestics: g
=-1.61[0.52], £290) = -3.10, 95% CI [-2.62, -0.61], p=0.0021; PPA: g=-2.38 [0.64],
#(299) = -3.71, 95% CI [-3.62, —1.14], p=0.0002). Changing the reference to contrast
syndromes with one another showed that subjects with PCA had a greater raw score than
amnestic subjects (8= 1.24 [0.63], £290) = 1.98, 95% CI [0.03, 2.45], p= 0.049).

3.3.2| Primacy—Amyloid was associated with a reduction in primacy score (8=-0.76
[0.13], £283) =—6.06, 95% CI [-1.01, —0.52], p < 0.0001). The raw score covariate (see
Section 2.5) was associated with an increment in primacy score of 0.14 (8= 0.14 [0.01],
#(2255) = 10.67, 95% CI [0.12, 0.17], p < 0.0001). Dementia was associated with a reduction
in primacy (8=-0.50 [0.11], £282) =—4.41, 95% CI [-0.71, —0.28], p < 0.0001). All clinical
syndromes except for PCA were associated with reductions in primacy score, with the
largest reduction seen in amnestic (8 =-0.82 [0.14], {280) =-5.92, 95% CI [-1.09, -0.55], p
< 0.0001). Changing the reference to contrast syndromes with one another showed that PCA
and non-amnestic presentations showed greater primacy scores compared with the amnestic
presentation (8= 0.47 [0.24], £273) = 1.99, 95% CI [0.01, 0.93], p=0.0471) and (5 =0.41
[0.16], £271) = 2.55, 95% CI [0.10, 0.72], p=0.0113), respectively.

3.3.3] Recency—Amyloid was associated with a reduction in recency score of (8=

-0.47 [0.12], /284) = —-3.98, 95% CI [-0.70, —0.24], p= 0.0001). The “raw score” covariate
(see Section 2.5) was associated with an increment in recency score (8= 0.09 [0.01], £2034)
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=6.35, 95% CI [0.06, 0.11], p< 0.0001). Dementia was associated with a reduction in
recency (8 =-0.43 [0.11], £280) = —4.06, 95% CI [-0.63, —0.22], p= 0.0001). PPA and
non-amnestic presentation were associated with a significant reduction in recency score,
with PPA associated with the largest effect (8= -0.61 [0.23], {285) = —2.68, 95% CI
[-1.05, -0.17], p=0.0077). When amnestic presentation was used as the reference, PPA
was associated with a significant reduction in recency score (8= —0.45 [0.21], £289) =
-2.20, 95% CI [-0.85, -0.06], p=0.0283). When PCA was used as the reference, PPA was
associated with a significant reduction in recency score (8= —0.63 [0.29], £279) = -2.15,
95% CI [-1.20, —0.06], p= 0.0320).

3.3.4 J-curve—Amyloid status was not a significant predictor of J-curve score. The raw
score covariate (see section 2.5) was positively associated with J-curve score (8= 0.15
[0.03], £2110) = 5.12, 95% CI [0.09, 0.21], p < 0.0001). Of the syndromes, only amnestic
presentation was associated with a reduction in J-curve score (8= —0.53 [0.16], £297)
=-3.22, 95% CI [-0.84, —-0.21], p= 0.0014). Non-amnestic presentation was associated
with higher J-curve score than amnestic presentation in the pairwise comparisons (5= 0.54
[0.19], £283) = 2.88, 95% CI [0.18, 0.90], p = 0.0043).

3.3.5| Duration—Each prompt from the test administrator increased duration of tasks by
12.12s (seconds) on average (8= 12.12 [0.85], £2214) = 14.29, 95% CI [10.48, 13.82], p<
0.0001). Each item correctly retrieved increased duration by 1.92s (8= 1.92 [0.18], £2234)
=10.55, 95% CI [1.57, 2.28], p < 0.0001). The various clinical groups did not differ from
the CN group, nor from one another.

3.3.6 | Stopping time—Amyloid increased stopping time by 5% (8= 0.05 [0.02],

#301) = 3.04, 95% CI [0.02, 0.08], p=0.0025). Each prompt from the test administrator
increased stopping time by 4% (8= 0.04 [0.01], {1614) = 4.38, 95% CI [0.02, 0.06], p <
0.0001). Increasing raw score reduced stopping time by 5% per word retrieved (8= —0.05
[0.00], #385) = -27.00, 95% CI [-0.05, —0.04], p < 0.0001). All syndromic diagnoses were
associated with a reduction in stopping time. Beta coefficients ranged from —0.06 (PPA: g =
-0.06 [0.03], £304) = -2.01, 95% CI [-0.13, —0.003], p = 0.0448) to -0.15 (PCA: g=-0.15
[0.03], £282) = —4.41, 95% CI [-0.22, -0.09], p< 0.0001). Pairwise contrasts revealed that
PCA was associated with a lower stopping time than amnestic (8= —0.08 [0.03], £282) =
-2.59, 95% CI [-0.14, -0.02], p=0.0100). PPA subjects presented with a higher stopping
time with reference to PCA subjects (5= 0.09 [0.04], {296) = 2.15, 95% CI [0.01, 0.17], p=
0.0323).

3.3.7| Speed—Each prompt diminished speed (8= -0.07 [0.02], £2301) = —3.65, 95%
Cl [-0.12, -0.03], p=0.0003). Raw score was positively associated with speed score (3
=0.78[0.00], 4994) = 185.62, 95% CI [0.78, 0.79], p < 0.0001). All clinical syndromes
were associated with reductions in speed score, with betas ranging from -0.28 for amnestic
presentation (8= —0.28 [0.07], {300) = -4.06, 95% CI [-0.41, -0.14], p=0.0001) to —0.41
for PPA (8=-0.41[0.12], £303) = -3.48, 95% CI [-0.64, —0.18], p = 0.0006). Changing
the reference to contrast syndromes with one another did not yield any additional significant
results.
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3.3.8 Supplementary results—See Supplementary Table e-1 for results of the analysis
with PCA, PPA, and non-amnestic groups combined.

Supplementary Table e-2 shows the random intercept values for the tasks, across the seven
outcome variables. These intercept values show that scores tend to improve with each
learning trial and decline with delay. Of note, the random effects for primacy, recency, and
J-curve replicate other research suggesting that delay has a greater impact on recency.?’

4| DISCUSSION

We examine the RAVLT performance of cognitively impaired individuals from the LEADS,
most of whom have biomarker evidence of Alzheimer disease, using the traditional raw
score and six non-traditional scoring methods. Of these additional methods, three consist of
scoring subsets of the word lists (primacy, recency, and J-curve). The other three depend on
precise measurement of the timings of responses. These measurements are greatly facilitated
by the use of automatic speech recognition, technology that is critical if speech- and
language-based digital biomarkers are to be applied to cognitive screening on a massive
scale.

As the value of digital biomarkers depends ultimately on their relationship to pathology, one
of our key objectives is to evaluate the effect of amyloid on various scores of an episodic
memory test. We find that regardless of clinical presentation, RAVLT raw scores across

the eight tasks are on average 2.11 points lower for amyloid-positive individuals than for
amyloid-negative individuals. This finding is supported in part by Stricker et al.,*® where
long-delay free recall is lower among amyloid-positive subjects. Clark et al.?9 found that
elevated amyloid in CSF is associated with an accelerated decline in total output of all
learning trials over time compared with biomarker-negative subjects. With regard to SPEs,
we found that brain amyloidosis is associated with significant reductions in both the primacy
and recency subset scores, but not with the difference between the two (J-curve score).

In previous work, we found that scores based on speed of word generation were more
informative than raw scores for predicting onset of cognitive impairment from semantic
fluency,*8 especially in the subset of individuals most likely to have AD. However, in the
current analysis, we do not find that amyloid positivity is associated with identically derived
speed scores for the RAVLT. The apparent divergence of these findings might be due to
differences between the verbal fluency and list-learning tasks. The former task is thought to
engage executive processes and semantic memory, while the second is supported chiefly by
episodic memory. It is possible that timing differences emerge for verbal fluency, but not the
RAVLT, due to the relatively large number of valid items that may potentially be retrieved
during verbal fluency. Another possibility is that verbal fluency is administered with a fixed
time frame (usually 60 seconds) and the participant is aware that a higher score is dependent
on rate of output. The RAVLT does not have a time constraint and therefore is completed
without such urgency.

The proportion of the total duration between generation of the final valid word and the
end of the task (stopping time) is associated with biomarker status, as amyloid-positive
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individuals take longer to finish searching for additional words. Critically, this effect is
present despite inclusion of raw score and number of prompts in the model. However, there
is some uncertainty regarding the normal range for stopping time. If the stopping time is too
short, the participant potentially misses out on recalling more words. If the stopping time

is too long, the participant exhibits inefficiency. This inefficiency could be due to lack of
attention, reduced awareness of the passage of time,*° or anosognosia (lack of awareness

of the memory deficit). Further, the presence of repetitions or intrusions during the recall
period could create a false sense of progress that may contribute to the relative delay to end
the task.

Some investigators have proposed that primacy scores relate to the integrity of episodic
memory, while recency scores relate to simple attention.> Some of our findings support
this view. Comparing the effects within the syndromic groups for primacy and recency,

for example, we observe different patterns between the amnestic and hon-amnestic groups.
The effect (B) for primacy is strongest in the amnestic group (—0.82), while the effect for
recency in this group is among the lowest (-0.16), and the raw difference between the two
coefficients is of the largest magnitude (0.66). Moreover, only the amnestic group differs
significantly from controls in terms of J-curve. In the non-amnestic group, the effect for
primacy is among the lowest (-0.41), while the effect for recency is among the highest
(-0.38, a difference of 0.03), with the non-amnestic group differing significantly from the
amnestic group on primacy. A very different pattern is seen within the PPA group, for
which the coefficient magnitude of primacy (-0.75) is quite large and recency (-0.61) is the
largest among all syndromes. Impairment of attention has been observed in subjects with
amnestic and non-amnestic MCI,%2 and also subjects with (logopenic variant) PPA,53 which
our recency findings support. However, the large effect of PPA syndrome on recency score
could be due to the combination of attention and language deficits. Finally, the PCA group
exhibits low magnitudes for both coefficients (-0.35 and -0.02).

The patterns observed across these clinical syndromes may be accounted for by variable
contributions of dysfunction within mesial temporal regions supporting episodic memory,>*
dorsolateral frontal regions supporting attention to verbal material,>® and posterior superior
temporal or inferior parietal regions important for the phonological loop of verbal working
memory.® The pattern for the amnestic group suggests relatively isolated hippocampal
dysfunction (leading to low primacy and relatively higher recency scores). Low primacy
and recency scores among the individuals in the PPA group may result from involvement of
both frontal and temporo-parietal regions supporting verbal working memory, leading to a
secondary impairment of verbal episodic memory. The non-amnestic group may suffer from
isolated frontal dysfunction, disrupting attention in a way that equally affects primacy and
recency. Finally, the PCA group exhibits the least evidence of damage to these structures
supporting verbal short- and long-term memory, and manifests with the highest primacy and
recency scores.

We observed a sex effect for raw score, with women producing more words in general. This
finding agrees in part with \an der Elst et al.,>’ who report that women produced more
words, but also note an effect of age (likely due to inclusion of participants with a broader
range of ages). We observed no effects of age and sex with regard to primacy and recency.
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The limitations of this work point to the need for further research. First, the sample sizes

in some clinically defined groups (PCA and PPA) are small. Our ability to detect effects

of these syndromes on the outcome measures is therefore weakened and may have led to
Type Il errors for some scores. Second, this analysis of performance in early-onset cognitive
decline may not generalize to patients with late onset decline. Patients with early-onset
dementia manifest more heterogeneously than those with late-onset dementia, even when
evaluating only those with biomarker support for Alzheimer disease.®> Though short- and
long-delay free recall scores are similar between EOAD and LOAD, learning trial scores
are significantly lower in subjects with EOAD.® Third, RAVLT raw scores were one of
three memory measures inspected by members of the consensus team when determining
the severity and nature of cognitive impairment. Thus, there is a risk of circularity where
the raw scores are concerned. However, this concern does not apply to the influence of
amyloid status, nor to the non-traditional outcomes of interest (e.g., SPES). Fourth, some

of the measures we report here depend on measuring the duration of each task (duration
and stopping time). In most cases, the end of each task is unambiguous, as the participant
states explicitly that he or she could think of no more target words. However, in some cases,
the test administrator (perhaps following nonverbal cues from the participant) opts to move
on to the next task. Thus, it is possible that the test administrators truncate some of the
tasks, leading to measurement of a smaller stopping time. It is therefore possible that the
true effect of our predictor variables (including amyloid positivity) might be larger than
what we report here. This concern is somewhat mitigated by our observation that all three
KDEs for duration overlap neatly (see Figures 1 and 2); thus, there is little evidence that
test administrators inadvertently shorten the duration of tasks for EOAD individuals in a
systematic way. If the stopping time is to be explored further as a digital marker of amyloid
status, it will be helpful to modify the test administration to ensure a uniform protocol for
ending each task. Finally, while we demonstrate several statistically significant effects based
only on the presence of amyloid, it is likely that concomitant tau aggregation is present in
most of these individuals and may bear a stronger relationship to cognitive performance.

In summary, we identify four episodic memory scores with a statistically significant
relationship to brain amyloid: the raw score, primacy and recency scores, and stopping

time. Patterns of performance with primacy and recency may reflect the extent of pathologic
involvement of cerebral regions supporting episodic memory, language, or attention. Future
work with detailed brain imaging will help to confirm or falsify these hypotheses. Stopping
time is a novel score based on timing measurements that should be investigated for its ability
to predict biomarker status of patients with suspected neurodegenerative disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We would like to thank all of the LEADS participants, members of the LEADS Consortium, as well as the
LEADS Clinical Outcomes group. This study is generously supported by R56 AG057195, U01AG6057195,
U24AG021886, Alzheimer’s Assaciation LEADS GENETICS-19-639372, Alzheimer’s Association LDRFP-21—
818464, Alzheimer’s Association LDRFP-21-824473 and Alzheimer’s Association LDRFP-21-828356. NACC is
funded by the NIA (U24 AG072122). NACC data are contributed by the following NIA-funded ADRCs: P30

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bushnell et al.

Page 13

AGO010133, P30 AG062422, P30 AG066462, P30AG066507, P30 AG062421, P30 AG066506, P30AG072977, P30
AG066444, P30 AG066515, P30 AG062677, P30 AG072980, P30 AG072979, P30 AG066511.

Funding information

Alzheimer’s Association LEADS GENETICS, Grant/Award Number: 19-639372; Alzheimer’s Association, Grant/
Award Numbers: LDRFP-21-818464, LDRFP-21-824473, LDRFP-21-828356; NIA, Grant/Award Number: U24
AGO072122; NIA-funded ADRCs, Grant/Award Numbers: P30 AG010133, P30 AG062422, P30 AG066462,
P30AG066507, P30 AG062421, P30 AG066506, P30AG072977, P30 AG066444, P30 AG066515, P30 AG062677,
P30 AG072980, P30 AG072979, P30 AG066511

REFERENCES

1.

10

11.

12.

13.

14.

15.

Jacova C, Kertesz A, Blair M, Fisk JD, Feldman HH. Neuropsychological testing and assessment for
dementia. Alzheimers Dement. 2007;3(4):299-317. [PubMed: 19595951]

. Diehl J, Monsch AU, Aebi C, et al. Frontotemporal dementia, semantic dementia, and Alzheimer’s

disease: the contribution of standard neuropsychological tests to differential diagnosis. J Geriatr
Psychiatry Neurol. 2005;18(1):39-44. [PubMed: 15681627]

. Themistocleous C, Eckerstrom M, Kokkinakis D. Voice quality and speech fluency

distinguish individuals with mild cognitive impairment from healthy controls. PLoS One.
2020;15(7):e0236009. doi:10.1371/journal.pone.0236009 [PubMed: 32658934]

. Balagopalan A, Eyre B, Robin J, Rudzicz F, Novikova J. Comparing pre-trained and feature-

based models for prediction of Alzheimer’s disease based on speech. Front Aging Neurosci.
2021;13:635945. [PubMed: 33986655]

.Gao L, Li P, Gaba A, Musiek E, Ju Y'S, Hu K. Fractal motor activity regulation and sex differences

in preclinical Alzheimer’s disease pathology. Alzheimers Dement (Amst). 2021;13(1):e12211.
[PubMed: 34189248]

. Fellows RP, Dahmen J, Cook D, Schmitter-Edgecombe M. Multi-component analysis of a digital

trail making test. Clin Neuropsychol. 2017;31(1):154-167. [PubMed: 27690752]

. Bateman RJ, Xiong C, Benzinger TL, et al. Clinical and biomarker changes in dominantly inherited

Alzheimer’s disease. N Engl J Med. 2012;367(9):795-804. [PubMed: 22784036]

. Vonk JMJ, Flores RJ, Rosado D, et al. Semantic network function captured by word frequency in

nondemented APOE e4 carriers. Neuropsychology. 2019;33(2):256-262. doi:10.1037/neu0000508
[PubMed: 30489116]

. Rosen VM, Sunderland T, Levy J, et al. Apolipoprotein E and category fluency: evidence for

reduced semantic access in healthy normal controls at risk for developing Alzheimer’s disease.
Neuropsychologia. 2005;43(4):647-658. doi:10.1016/j.neuropsychologia.2004.06.022 [PubMed:
15716154]

. Alves L, Cardoso S, Silva D, et al. Neuropsychological profile of amyloid-positive versus amyloid-
negative amnestic mild cognitive impairment. J Neuropsychol. 2021;15(1):41-52. do0i:10.1111/
jnp.12218.Suppl. [PubMed: 32588984]

Pike KE, Savage G, Villemagne VL, et al. g-amyloid imaging and memory in non-demented
individuals: evidence for preclinical Alzheimer’s disease. Brain. 2007;130(11):2837-2844.
[PubMed: 17928318]

Béackman L, Small B, Fratiglioni L. Stability of preclinical episodic memory deficit in Alzheimer’s
disease. Brain. 2001;124:96-102. [PubMed: 11133790]

Lacritz LH, Cullum CM, Weiner MF, Rosenberg RN. Comparison of the hopkins verbal learning
test-revised to the California verbal learning test in Alzheimer’s disease. Appl Neuropsychol.
2001;8(3):180-184. [PubMed: 11686654]

Estévez-Gonzalez A, Kulisevsky J, Boltes A, Otermin P, Garcia-Sanchez C. Rey verbal

learning test is a useful tool for differential diagnosis in the preclinical phase of Alzheimer’s
disease: comparison with mild cognitive impairment and normal aging. Int J Geriatr Psychiatry.
2003;18(11):1021-1028. [PubMed: 14618554]

Welsh K, Butters N, Hughes J, Mohs R, Heyman A. Detection of abnormal memory decline

in mild cases of Alzheimer’s disease using CERAD neuropsychological measures. Arch Neurol.
1991;48(3):278-281. [PubMed: 2001185]

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bushnell et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 14

Cherrier MM, Mendez MF, Dave M, Perryman KM. Performance on the Rey-Osterrieth complex
figure test in Alzheimer disease and vascular dementia. Neuropsychiatry Neuropsychol Behav
Neurol 1999;12(2):95-101. [PubMed: 10223256]

Possin KL, Laluz VR, Alcantar OZ, Miller BL, Kramer JH. Distinct neuroanatomical substrates
and cognitive mechanisms of figure copy performance in Alzheimer’s disease and behavioral
variant frontotemporal dementia. Neuropsychologia. 2011;49(1):43-48. [PubMed: 21029744]

Joubert S, Gour N, Guedj E, et al. Early-onset and late-onset Alzheimer’s disease are
associated with distinct patterns of memory impairment. Cortex. 2016;74:217-232. doi:10.1016/
j.cortex.2015.10.014 [PubMed: 26694580]

Sa F, Pinto P, Cunha C, et al. Differences between early and late-onset Alzheimer’s disease

in neuropsychological tests. Front Neurol. 2012;3:81. doi:10.3389/fneur.2012.00081 [PubMed:
22593755]

Henry ML, Gorno-Tempini ML. The logopenic variant of primary progressive aphasia. Curr Opin
Neurol. 2010;23(6):633-637. d0i:10.1097/WCO.0b013e32833fb93e [PubMed: 20852419]
Crutch SJ, Lehmann M, Schott JM, Rabinovici GD, Rossor MN, Fox NC. Posterior cortical
atrophy. Lancet Neurol. 2012;11(2):170-178. doi:10.1016/s1474-4422(11)70289-7 [PubMed:
22265212]

Ossenkoppele R, Pijnenburg Y, Perry D, et al. The behavioural/dysexecutive variant of
Alzheimer’s disease: clinical, neuroimaging and pathological features. Brain. 2015;138(9):2732-
2749. doi:10.1093/brain/awv191.Pt. [PubMed: 26141491]

Joubert S, Gour N, Guedj E, et al. Early-onset and late-onset Alzheimer’s disease are

associated with distinct patterns of memory impairment. Cortex. 2016;74:217-232. doi:10.1016/
j.cortex.2015.10.014 [PubMed: 26694580]

Murdock BB Jr. The serial position effect of free recall. J Exp Psychol. 1962;64:482-488.

Glanzer M, Cunitz AR. Two storage mechanisms in free recall. J Verb Learning Verb Behav.
1966;5:351-360.

Jahnke JC. Delayed recall and the serial-position effect of short-term memory. J Exp Psychol.
1968;76(4):618-622. https://psycnet.apa.org/doi/10.1037/h0025692 [PubMed: 5650578]

Griffin JW, John SE, Adams JW, Bussell CA, Saurman JL, Gavett BE. The effects of age on the
learning and forgetting of primacy, middle, and recency components of a multi-trial word list.

J Clin Exp Neuropsychol. 2017;39(9):900-912. doi:10.1080/13803395.2017.1278746 [PubMed:
28095744]

Kasper E, Brueggen K, Grothe M, et al. Neuronal correlates of serial position

performance in amnestic mild cognitive impairment. Neuropsychology. 2016;30(8):906-914.
https://psycnet.apa.org/doi/10.1037/neu0000287 [PubMed: 27182709]

Martin ME, Sasson Y, Crivelli L, et al. Relevance of the serial position effect in the differential
diagnosis of mild cognitive impairment, Alzheimer-type dementia, and normal ageing. Neurologia.
2013;28(4):219-225. [PubMed: 22695314]

Howieson DB, Mattek N, Seeyle AM, et al. Serial position effects in mild cognitive impairment.
J Clin Exp Neuropsychol. 2011;33(3):292-299. doi:10.1080/13803395.2010.516742 [PubMed:
21128149]

Weitzner DS, Calamia M. Serial position effects on list learning tasks in mild cognitive impairment
and Alzheimer’s disease. Neuropsychology. 2020;34(4):467-478. [PubMed: 31999168]

Gicas KM, Honer WG, Wilson RS, et al. Association of serial position scores on memory tests
and hippocampal-related neuropathologic outcomes. Neurology. 2020;95(24):e3303. [PubMed:
33144516]

Tomadesso C, Gonneaud J, Egret S, et al. Is there a specific memory signature associated with
Abeta-PET positivity in patients with amnestic mild cognitive impairment? Neurobiol Aging.
2019;77:94-103. doi:10.1016/j.neurobiolaging.2019.01.017 [PubMed: 30784816]

Bruno D, Jauregi Zinkunegi A, Kollmorgen G, et al. The recency ratio assessed by story

recall is associated with cerebrospinal fluid levels of neurodegeneration biomarkers. Cortex.
2023;159:167-174. doi:10.1016/j.cortex.2022.12.004 [PubMed: 36630749]

Rey A L’examen Clinique en Psychologie (The Clinical Psychological Examination). Presse
Universitaires de France; 1964.

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.


https://psycnet.apa.org/doi/10.1037/h0025692
https://psycnet.apa.org/doi/10.1037/neu0000287

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bushnell et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

Page 15

Schmidt M Rey auditory verbal learning test: a handbook. Western Psychological Services Los
Angeles, CA. 1996.

Ayers MR, Bushnell J, Gao S, et al. Verbal fluency response times predict incident cognitive
impairment. Alzheimers Dement (Amst). 2022;14(1):e12277. doi:10.1002/dad2.12277 [PubMed:
35571962]

Eichenbaum H Time cells in the hippocampus: a new dimension for mapping memories. Nat Rev
Neurosci. 2014;15(11):732-744. [PubMed: 25269553]

El Haj M, Kapogiannis D. Time distortions in Alzheimer’s disease: a systematic review and
theoretical integration. NPJ Aging Mech Dis. 2016;2:16016. [PubMed: 28721270]

El Haj M, Moroni C, Samson S, Fasotti L, Allain P. Prospective and retrospective time perception
are related to mental time travel: evidence from Alzheimer’s disease. Brain Cogn. 2013;83(1):45-
51. [PubMed: 23872099]

Apostolova LG, Aisen P, Eloyan A, et al. The longitudinal early-onset Alzheimer’s disease study
(LEADS): framework and methodology. Alzheimers Dement. 2021;17(12):2043-2055. [PubMed:
34018654]

Albert M, DeKosky S, Dickson D, et al. The diagnosis of mild cognitive impairment due

to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s
association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7:270-279. [PubMed: 21514249]

McKhann G, Knopman D, Chertkow H, et al. The diagnosis of dementia due to Alzheimer’s
disease: recommendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers dement. 2011;7:263—
269. [PubMed: 21514250]

Crutch S, Schott J, Rabinovici G, et al. Consensus classification of posterior cortical atrophy.
Alzheimers Dement. 2017;13(8):870-884. [PubMed: 28259709]

Gorno-Tempini ML, Hillis AE, Weintraub S, et al. Classification of primary progressive aphasia
and its variants. Neurology. 2011;76:1006-1014. [PubMed: 21325651]

Sabri O, Sabbagh M, Seibyl J, et al. Florbetaben PET imaging to detect amyloid plaques in
Alzheimer disease: phase 3 study. Alzheimers Dement. 2015;11(8):964-974. [PubMed: 25824567]

Bushnell J, Svaldi D, Ayers M, et al. A comparison of techniques for deriving clustering and
switching scores from verbal fluency word lists. Front Psychol. 2022;13:743557. [PubMed:
36186334]

Ayers M, Bushnell J, Gao S, et al. Verbal fluency response times predict incident cognitive
impairment. Alzheimers Dement(Amst). 2022;14(1):e12277. [PubMed: 35571962]

Stricker NH, Lundt ES, Albertson SM, et al. Diagnostic and prognostic accuracy of the cogstate
brief battery and auditory verbal learning test in preclinical alzheimer’s disease and incident
mild cognitive impairment: implications for defining subtle objective cognitive impairment. J
Alzheimers Dis. 2020;76(1):261-274. doi:10.3233/jad-200087 [PubMed: 32538841]

Clark LR, Racine AM, Koscik RL, et al. Beta-amyloid and cognitive decline in late middle

age: findings from the wisconsin registry for Alzheimer’s prevention study. Alzheimers Dement.
2016;12(7):805-814. [PubMed: 26806386]

Martin ME, Sasson Y, Crivelli L, et al. Relevance of the serial position effect in the differential
diagnosis of mild cognitive impairment, Alzheimer-type dementia, and normal ageing. Neurologia.
2013;28(4):219-225. English Edition. [PubMed: 22695314]

Saunders NL, Summers MJ. Longitudinal deficits to attention, executive, and working memory
in subtypes of mild cognitive impairment. Neuropsychology. 2011;25(2):237-248. doi:10.1037/
20021134 [PubMed: 21381828]

Kamath V, Sutherland ER, Chaney GA. A meta-analysis of neuropsychological functioning in
the logopenic variant of primary progressive aphasia: comparison with the semantic and non-
fluent variants. J Int Neuropsychol Soc. 2020;26(3):322-330. d0i:10.1017/s1355617719001115
[PubMed: 31658919]

Squire LR, Zola-Morgan S. The medial temporal lobe memory system. Science.
1991;253(5026):1380-1386. doi:10.1126/science.1896849 [PubMed: 1896849]

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bushnell et al.

55.

56.

57.

58.

59.

Page 16

Smith EE, Jonides J. Storage and executive processes in the frontal lobes. Science.
1999;283(5408):1657-1661. doi:10.1126/science.283.5408.1657 [PubMed: 10073923]

Baddeley A, Gathercole S, Papagno C. The phonological loop as a language learning device.
Psychol Rev. 1998;105(1):158-173. doi:10.1037/0033-295x.105.1.158 [PubMed: 9450375]

Van der Elst W, van Boxtel MP, van Breukelen GJ, Jolles J. Rey’s verbal learning test: normative
data for 1855 healthy participants aged 24-81 years and the influence of age, sex, education, and
mode of presentation. J Int Neuropsychol Soc. 2005;11(3):290-302. [PubMed: 15892905]
Sirkis D, Bonham L, Johnson T, La Joie R, Yokoyama J. Dissecting the clinical heterogeneity of
early-onset Alzheimer’s disease. Mol Psychiatry. 2022;27:1-15. [PubMed: 33972691]

Palasi A, Gutiérrez-Iglesias B, Alegret M, et al. Differentiated clinical presentation of early

and late-onset Alzheimer’s disease: is 65 years of age providing a reliable threshold? J Neurol.
2015;262(5):1238-1246. [PubMed: 25791224]

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bushnell et al.

Page 17

Highlights
. RAVLT patterns characterize various presentations of EOAD and EOnonAD
. Amyloid impacts raw score, primacy, recency, and stopping time

. Timing-based scores add value over traditional count-based scores
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RESEARCHINCONTEXT

Systematic review: Literature review was done mainly through PubMed,
Google Scholar, and bibliographies of relevant papers. Though the RAVLT
is heavily cited, there are few relevant articles pertaining to atypical AD
presentations. Inferences were made from general characteristics of these
syndromes where necessary.

Interpretation: The work presented here demonstrates the sensitivity of
RAVLT scores, based on timing and serial position, for showing differences
among amyloid positive or negative individuals. Further, some scores reliably
differ among subjects with varying presentations of early-onset Alzheimer’s
disease.

Future direction: The application of these scores to subjects with late-onset
Alzheimer’s disease needs to be studied in order to determine whether these
findings are generalizable. Further, the field would benefit from quantifying
the predictive value of such scores. Finally, building on previous literature,
identification of asymptomatic amyloid-positive subjects using serial or novel
time-based scores needs to be assessed.
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FIGURE 1.

Scatterplot of trial 5. Data matrix for the trial 5 task, with data points in the categories of
cognitively normal, EOAD, and EOnonAD. The upper triangle depicts Pearson’s rbetween
corresponding scores. The lower triangle depicts scatter plots between corresponding
scores. KDEs are on the diagonal. Abbreviations: EOAD, early-onset Alzheimer’s disease;
EOnonAD, cognitively impaired; KDE, Kernel density estimate.
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FIGURE 2.

Scatterplot of long delay. Data matrix for the long-delay task, with data points in the
categories of cognitively normal, EOAD, and EOnonAD. The upper triangle depicts
Pearson’s rbetween corresponding scores. The lower triangle depicts scatter plots between
corresponding scores. KDEs are on the diagonal. KDEs are on the diagonal. Abbreviations:
EOAD, early-onset Alzheimer’s disease; EOnonAD, cognitively impaired; KDE, Kernel
density estimate.
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