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Abstract

OBJECTIVE: Investigation of learning slopes in early-onset dementias has been limited. The
current study aimed to highlight the sensitivity of learning slopes to discriminate disease severity
in cognitively normal participants and those diagnosed with early-onset dementia with and without
B-amyloid positivity

METHOD: Data from 310 participants in the Longitudinal Early-Onset Alzheimer’s Disease
Study (aged 41 to 65) were used to calculate learning slope metrics. Learning slopes among
diagnostic groups were compared, and the relationships of slopes with standard memory measures
were determined

RESULTS: Worse learning slopes were associated with more severe disease states, even after
controlling for demographics, total learning, and cognitive severity. A particular metric—the
learning ratio (LR)—outperformed other learning slope calculations across analyses

CONCLUSIONS: Learning slopes appear to be sensitive to early-onset dementias, even when
controlling for the effect of total learning and cognitive severity. The LR may be the learning
measure of choice for such analyses.
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1| INTRODUCTION

While an estimated 6.5 million Americans over the 65 are living with Alzheimer’s disease
(AD) in 2022,1 only 4% to 6% of those with AD manifest clinical symptoms and are
diagnosed with early-onset AD (EOAD) before the age of 65.2 Early studies suggest that
patients with EOAD experience a steeper rate of cognitive decline® and greater burden of
cognitive impairments* than the traditional late-onset AD (LOAD). Greater involvement

of non-memory cognitive domains as the predominant presenting symptom are observed,”
with EOAD being associated with atypical dementia phenotypes (e.g., logopenic primary
progressive aphasia, posterior cortical atrophy).* Research on memory functioning in EOAD
has been somewhat equivocal, with some studies suggesting a relative sparing of memory

in EOAD,%7 whereas others have noted memory impairments.8:9 More specific investigation
into the influence of EOAD on unique aspects of memory has been limited, and to date
examination of other factors like learning slopes have yet to been considered.

Learning slopes represent an individual’s capacity to acquire information across repeated
trials of a learning task. They have been associated with encoding abilities, as well as
enhanced retention of incoming information.10 They tap into both episodic memory-related
and working memory/attention-related aspects of cognition,11 with impairments in learning
slopes associated with hippocampal,12 ventrolateral prefrontal,}! and dorsolateral prefrontal
atrophy.13 These regions coincide with the diffuse network involvement of EOAD—greater
overall cortical atrophy and white matter degeneration relative to prominent temporal lobe
changes in LOAD415__syggesting that patients with EOAD may be particularly susceptible
to deficiencies in learning slope. Several methods of calculating learning slopes exist,
including the simple difference between first-trial and final/best trial performance (raw
learning score, or RLS), reflecting the simple gain in acquired knowledge after trial 1 of

a multi-trial learning task.16-18 |earning over trials (LOT) represents incremental learning
after factoring out trial 1 performance of a task,1%-20 by subtracting the first trial value from
each subsequent trial. Finally, the learning ratio (LR) builds on the RLS by dividing the
difference between the first and final/best trial by the number of items yet to be learned after
trial 1,21 and therefore reflects the proportion of information learned after trial 1 relative to
the amount of information left to learn. The reader is referred to the Methods for detailed
equations for each learning slope.

The purpose of this research is twofold. The first aim of the study is to examine whether
individuals with EOAD possess deficiencies in learning slope, as this represents a gap in

the literature at the present time. Given the necessary incorporation of several cognitive
demands in the acquisition of information, it is hypothesized that patients with EOAD wiill
have greater difficulty with learning slope performance on the Rey Auditory Verbal Learning
Test (RAVLT)?2 than cognitively-intact same-aged peers. As learning slopes have also been
shown to be sensitive to AD pathology,12 EOAD participants are also anticipated to possess
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weaker learning slopes than a cohort of same-aged peers with cognitive deficits related to
non-AD pathology (early-onset non-AD; EOnonAD).

Second, we aim to investigate differences in sensitivity between learning slope metrics in
EOAD populations. Previous research has suggested that LR tends to be (1) more closely
associated with traditional measures of learning and memory21:23 and AD biomarkers of
hippocampal volumes and B-amyloid (AB) burden,2324 and (2) better at discriminating
between those along the LOAD continuum?2® than other learning slopes. Additionally,
preliminary evidence suggests that LR may be a stronger predictor of memory retention

in cognitively healthy older adults.2® Correspondingly, declines in LR may identify
patients with clinically meaningful cognitive decline, early in the symptomatic course. The
proposed mechanism for this outperformance by LR is that in other learning slope metrics,
acquisition of information is constrained by performance at trial 1.21 In essence, learning
more information at trial 1 means less information is available to learn on successive
trials. However, LR controls for the competition between trial 1 and subsequent trial
performance by dividing by the yet-to-be-learned information, therefore it appears to be
free of this confound. It is therefore hypothesized that LR will better discriminate diagnostic
classification status than the other learning slopes examined.

Overall, should our hypotheses be correct, our results would provide documentation that
learning slopes are sensitive to decline in EOAD. This has applications to diagnosis and
decision-making in the clinic (and research studies), and for tracking response for patients
with EOAD following interventions (eg, clinical trials). In particular, use of learning slopes
in EOAD may enable greater consideration of trial-by-trial learning capacity than total
recall scores, and may permit more personalized treatment recommendations for some
patients. Additionally, it would expand findings of the superiority of the LR metric over
other learning slopes into younger stages of the AD continuum. Together, these results
would represent an important step forward in advancing our knowledge of this understudied
neurodegenerative condition.

2| METHODS

Participant data were obtained from the multi-center Longitudinal Early-Onset AD Study
(LEADS).?” The LEADS was launched in 2018. Please see the LEADS website (https:/
leads-study.medicine.iu.edu/) for a detailed explanation of the study leadership, resources,
and data sharing policies. Institutional Review Board approval is provided through a central
IRB overseen by Indiana University. Written informed consent was obtained from study
participants or their authorized representatives.

As of July 2021, finalized baseline cognitive data were available for 310 LEADS
participants, including 166 participants classified as EOAD, 62 participants classified as
EOnonAD, and 82 participants classified as being cognitively normal (CN). Inclusion
criteria for the LEADS involved being within the age range of 40 to 64 at the time

of consent; fluent in English; and having a knowledgeable informant. Relevant exclusion
criteria included magnetic resonance imaging (MRI) evidence of significant vascular disease
or other central nervous system disorder; known pathogenic variants in APP, PSEN1,
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PSENZ, GRN, MAPT, or pathogenic repeat expansions in CIORF72, having participated
in therapeutic trials targeting A and/or tau; moderate or severe substance abuse; severe
medical or psychiatric disorders, suicidal ideation, or another neurological disorder.2

EOAD and EOnonAD participants met National Institute on Aging and Alzheimer’s
Association (NIA-AA) criteria for dementia or mild cognitive impairment (MCI) via
diagnostic consensus criteria with neurologists, neuropsychologists, and/or psychiatrists,2’
and had a global Clinical Dementia Rating (CDR) scale?8 score of <1.0 at the time

of enrollment. The key feature separating EOAD from EOnonAD participants was the
presence of positive Ag deposition on amyloid-PET scan for EOAD participants on visual
read. CN participants possessed a global CDR = 0 and a Mini-Mental State Examination
(MMSE)?9 score of =24, and had cognitive scores consistently within the normal range on
neuropsychological testing (National Alzheimer’s Coordinating Center’s Uniform Data Set
[NACC UDS])30; participants meeting the threshold for MCI or dementia were classified as
either EOAD or EOnonAD. Of note, while RAVLT recall scores—from which the learning
slopes were derived—informed diagnosis, they represented a fraction of the clinical,
cognitive, and imaging data utilized for diagnostic consideration.

2.1| Procedure

All participants underwent an extensive clinical and neuropsychological battery at a baseline
visit. For the current study, the following neuropsychological and clinical measures were of
relevance:

1.  The RAVLT??is a verbal list-learning task containing 15 words presented over
five trials. The Total Recall score is the total number of words correctly recalled
across all trials (range = 0 to 75), and the Delayed Recall score is the number
of words correctly recalled following a 20- to 30-min delay (range = 0 to 15).
Learning slope performances were evaluated by raw data from individual trials.
Higher raw values indicate better performance.

2. The Craft Story 21 Memory Test®! is a verbal paragraph recall task requiring
acquisition of a short story both immediately (Recall Immediate) and after a
20-min delay (Recall Delayed). Consistent with usage in the NACC UDS 3.0
battery,30 the Immediate and Delayed Recall paraphrase scores (range = 0 to
25) were used as independent variables in the current study. Higher raw values
indicate better performance.

3. The Benson Delayed Recall Test32 measures nonverbal memory and requires
recall of details of the previously-copied Benson Delayed Recall after a 15-min
delay. The Benson Delayed Recall score is the number of details correctly
recalled (range = 0 to 17), with higher raw values indicating better performance.

4. The Word Recall subtest from the Alzheimer’s Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog)32 is a verbal list-learning task with 10 words
presented over three trials. For the current study, Total Score reflects the number
of words correctly recalled across trials (range = 0 to 30), and Delayed Recall
score is the number of correctly recalled words after a 10-min delay (range = 0 to
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10).26 While this scoring deviates from test developer’s protocols, it permits
higher raw values to indicate better performance—consistent with all other
memory measures in the study. Of note, the Total Score from the ADAS-Cog
was also included in the current study, with a range of 0 to 85 and lower scores
indicating better performance.

5. The Barona Index34 is a regression-based estimate of premorbid intellect
using age, education, race, occupational attainment, geographic region, and
sex. Recent findings suggest that the Barona Index—after adjustment for the
Flynn Effect3®>—predicts intelligence comparably to other performance-based
premorbid intellect estimates.38 The Barona Index with Flynn Effect adjustment
results in an intelligence estimate in standard scores (M = 100, SD = 15), with
higher values indicating greater baseline intellectual functioning.

6. The 15-item Geriatric Depression Scale (GDS)37 was used to assess self-reported
depression. Higher scores indicate greater self-reported depression.

7. Additional neuropsychological tests were incorporated related to supplemental
analyses. As these tests are common to most dementia clinicians and researchers,
they will not be described here. They included the Montreal Cognitive
Assessment (MoCA),38 Trail Making Test Parts A and B (TMT-A and
TMT-B),3 Animal (Semantic) Fluency,*? and the Multilingual Naming Test
(MINT).41

Finally, advanced brain imaging was undertaken using positron emission tomography (PET)
for AB (18F-Florbetaben) for supplemental analyses, as per the LEADS protocol.2

2.2 | Calculation of learning slopes

As indicated previously, learning slopes were derived from performance on learning trials of
the RAVLT. Please see the formulas for the RLS, LOT, and LR below for a mathematical
description of the calculation for each metric. The RLS scores were computed as the highest
number of items learned on trials 2 through 5, relative to trial 1.1718 The LOT scores were
calculated as the sum of trials 1 through 5 minus the value of trial 1 multiplied by 5.1°

The LR scores reflect the following proportion: the difference in performance between the
highest trial score (of trials 2 through 5) and trial 1 in the numerator, and the difference
between the maximum possible trial score and trial 1 performance in the denominator.2!

RLS = (Highest Trial Score [of Trials 2 through 5] — Trial 1)

LOT = (Sum of Trials 1 through 5 — ( Trial 1 * 5))

LR = (Highest Trial Score [of Trials 2 through 5] — Trial 1)
~  (Number of items possible to be learned — Trial 1)
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2.3 | Data analysis

For the primary criterion analyses, analyses of covariance (ANCOVA) were conducted
comparing diagnostic classification (NC, EOnonAD, and EOAD) on the RAVLT learning
slope performances (LR, RLS, LOT, and trial 1) after controlling for appropriate
demographic covariates. For significant ANCOVA analyses, Bonferroni post hoc corrections
were implemented among diagnostic group performances. To determine the appropriateness
of covariates in these ANCOVA analyses, analyses of variance were conducted between
continuous demographic variables (eg, age, education) and diagnostic group, and chi-square
analyses were conducted between categorical demographic variables (eg, sex, and ethnicity)
and diagnostic group. Supplemental analyses included RAVLT Total Recall and MoCA
performances as additional covariates to examine if group differences were present in
learning slopes above and beyond total learning and global cognitive severity; relatedly,
hierarchical regression was additionally included with demographic variables and RAVLT
Total Recall in Model 1 and RAVLT LR in Model 2 to assess RAVLT LR’s incremental
variability accounted for when predicting Diagnostic Group membership.

For the convergent analyses, partial correlation coefficients were calculated comparing
learning slope performances to standard immediate and delayed memory measures.
Supplementary analyses included partial correlation comparing RAVLT LR performance

to non-memory cognitive measures (TMT-B, Animal Fluency, and MINT), as well as to

Ap deposition standardized uptake value ratio (SUVR) using 18F-Florbetaben amyloid-PET.
To determine appropriateness of covariates for the partial correlation analyses, bivariate
correlation coefficients were calculated between demographic variables and learning slope
scores.

Measures of effect size were expressed as Cohen’s @ (ANCOVA) and 72 values (partial
correlations). Comparisons between Cohen’s d'values were investigated by examining
the overlap in 95% compatibility intervals (Cls), as described by Cumming & Finch.#2
Comparisons between correlations were examined using Fisher rto ztransformations. To
protect against multiple comparisons, a Holm-Bonferroni method of adjustment of the
two-tailed alpha level was undertaken for all primary analyses.

3| RESULTS
3.1| Demographics

This study included 310 participants, classified as CN (n7= 82), amyloid-positive EOAD
(n=166), or amyloid-negative EOnonAD (7= 62) participants (Table 1). The mean age
was 57.70 (SD = 5.2) years old, with the total sample having an average of 15.82 (SD =

2.5) years of education. Age was different between the three groups (P < 0.001, d= 0.54),
with the CN group being younger than the EOAD group (£ < 0.001). Similarly, education
differences existed between groups (P < 0.001, d= 0.53), with the CN group having higher
levels of education than either the EOAD or EOnonAD groups (£ = 0.001 to 0.01). No
differences existed in age and education when comparing the EOAD and EOnonAD cohorts
(P=0.2110 0.99). Please see the Supplement for expanded results of demographic analyses.
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Additionally, differences existed between groups for sex (P=0.004, ¢ = 0.18) and ethnicity
(P<0.001, ¢ =0.22). Specifically, the EOnonAD group had a greater percentage of men
than the CN or EOAD groups, and the CN group had a higher number of Hispanic/non-
Caucasian participants than the EOAD or EOnonAD cohorts. While self-reported depression
was generally low across the total sample, group differences were observed (P< 0.001, d=
0.55). Specifically, both EOAD and EOnonAD groups endorsed higher levels of depression
than the CN group (all £<0.001), though there was no difference between EOnonAD and
EOAD groups (P = 0.33). The sample had a high level of estimated baseline intelligence,
with no differences between groups (P=0.19, d=0.21).

Differences were observed between groups for global cognitive status, based on the MoCA
(P<0.001, d=1.88). The EOAD group performed worse than the EOnonAD group (P <
0.001), who performed worse than the CN group (P < 0.001). Differences were additionally
observed between groups for the RAVLT Total Recall, RAVLT Delayed Recall, CRAFT
Immediate Recall, CRAFT Delayed Recall, Benson Delayed Recall, ADAS-Cog Word
Recall Immediate Recall, ADAS-Cog Word Recall Delayed Recall, and ADAS-Cog Total
Score (all £<0.001; d=1.54 to 2.41). In each case, the EOAD group performed worse than
the EOnonAD group (all < 0.001), which performed worse than the CN group (all P<
0.001).

3.2| Criterion analyses

Based on the aforementioned demographic results, age, education, sex, and ethnicity were
used as covariates in the subsequent ANCOVA analyses. As seen in Table 2, differences
were observed between groups for all learning scores when controlling for covariates: LR
(A2,301) = 141.00, P< 0.001, d=1.94), RLS (H2,301) = 71.99, P<0.001, d=1.38), LOT
(A2,301) = 75.28, P<0.001, d=1.41), and trial 1 (A2,301) = 62.35, P< 0.001, d=1.29).
For LR, RLS, and LOT, EOAD participants performed worse than EOnonAD participants,
who performed worse than CN participants (all < 0.001). For trial 1, EOAD participants
performed worse than both EOnonAD and CN participants (all < 0.001), but only a trend
existed between EOnonAD and CN participants (P = 0.03). Upon direct comparison in Table
2, the magnitude of the omnibus effect for LR was stronger than for RLS, LOT, and trial 1.
Specifically, the lack of overlap in the 95% Cls between LR’s midpoint and the upper bound
of the other learning slopes indicates distinct magnitudes of effect. As indicated above,
supplemental analyses were additionally conducted with RAVLT Total Recall and MoCA
performances as further covariates (in addition to demographic variables) to examine if
group differences were present in learning slopes above and beyond severity of total learning
and global cognitive severity. Similar to the primary analyses, group differences persisted
following adjustment for both RAVLT Total Recall (LR: A< 0.001, d= 0.49; RLS: P<
0.001, ¢=0.43; LOT: P<0.001, d=0.45; and trial 1: A< 0.001, ¢=0.45) and MoCA

(LR: P<0.001, d=1.03; RLS: P<0.001, d=0.73; LOT: £P<0.001, d=0.78; and trial

1: £<0.001, d=0.51). For all four learning slopes, EOAD participants performed worse
than CN participants for both sets of analyses (= 0.001 to 0.002, = 0.40 to 0.54 for
RAVLT Total Recall; £=0.001 to 0.007, d=0.37 to 1.34 for MoCA). EOAD participants
performed worse than EOnonAD participants for LR and trial 1 performances (all P<
0.001, d=0.49 to 0.52) after MoCA covariation, but for not the other comparisons (all 2
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> 0.05). Further, hierarchical regression indicated that when RAVLT LR was added to a
model that already contained demographic variables (age, education, sex, and ethnicity) and
RAVLT Total Recall, RAVLT LR explained an additional 16.4% of variation in Diagnostic
Group; this change in 72 was significant (P< 0.001). When factoring out the contribution of
demographic variables, RAVLT LR explained an additional 23.3% of variation in Diagnostic
Group beyond RAVLT Total Recall alone.

3.3| Convergent analyses

Bivariate correlation coefficients between LR and age, education, and ethnicity were
significant (r= -0.23, P< 0.001, /2 = 0.05 for age, r=0.24, P< 0.001, 2 = 0.06 for
education, and 7= -0.16, P= 0.004, /2 = 0.03 for ethnicity). While LR and sex were not
associated, r=—-0.09, = 0.11, /2 = 0.01, RAVLT Total Recall and sex were, r=—0.11, P=
0.05, /2 = 0.01. Consequently, age, education, ethnicity, and sex were used as covariates in
the subsequent learning slope comparisons.

After controlling for covariates, all four learning slopes were significantly and positively
related to immediate and delayed memory performances (all £< 0.001; see Table 3)

across the total sample. When comparing across learning slopes, LR score correlations

were consistently larger than those for RLS, LOT, and trial 1. Specifically, Fisher rto 2
transformations indicated that partial correlations were greater for LR than all other learning
slope calculations (eg, RLS, LOT, and trial 1) for RAVLT Delayed Recall (z=5.32 to 7.84,
all < 0.001) and ADAS-Cog Word Recall Delayed Recall (z=2.75 to 5.15, = 0.001 to
0.005). Additionally, partial correlations were greater for LR than RLS and LOT for RAVLT
Total Recall (z=5.99 to 6.67, all < 0.001) and ADAS-Cog Word Recall Immediate Recall
(z=2.891t0 3.21, all P<0.01). Partial correlations were additionally greater for LR versus
trial 1 for Craft Delayed Recall (z=3.25, = 0.001) and Benson Delayed Recall (z= 4.10,
P<0.001). Comparable results across tests can be observed when examining the analyses
within diagnostic groups.

Finally, further consideration of convergent validity was undertaken by conducting
supplemental partial correlations between RAVLT LR and (1) non-memory-related
neuropsychological measures, and (2) AB SUVR values across the total sample. As seen

in Table 3, after controlling for covariates LR was significantly related to language and
executive functioning performances (all £< 0.001) across the total sample. Lower LR scores
corresponded with lower semantic fluency, confrontation naming, and mental flexibility
performances, with Fisher rto ztransformation indicating that the correlations between LR
and both semantic fluency and mental flexibility were significantly larger than that with
confrontation naming (z= 3.78, £< 0.001). Additionally, RAVLT LR was significantly and
negatively related to AS deposition in the total sample of participants after controlling for
covariates (r=-0.54, P< 0.001), such that higher Ag deposition was associated with lower
RAVLT LR performance.

4| DISCUSSION

Learning slopes derived from the RAVLT were significantly worse for more severe
early-onset disease states in this study, such that CN participants outperformed
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EOnonAD participants, who outperformed EOAD participants. As this represents the first
documentation of learning slope performance differences in EOAD, these results should be
replicated in future research. This finding is consistent with previous work suggesting that
learning slopes are sensitive to disease severity along the LOAD continuum, 1.2 including
that participants with MCI outperform those with dementia due to AD. Additionally, our
work coincides with observations of cognitive impairment in patients with EOAD for

both memory®:9 and non-memory domains® (attention), which makes conceptual sense as
learning slopes are thought to incorporate aspects of both memory and working memory/
attention (as will be described below).11 As the presence of Ag pathology represented a key
distinction between the EOAD and EOnonAD groups, our results suggest that learning slope
performance is particularly sensitive to AD pathology. This suggestion is reinforced by the
moderate (2 = 0.29) and inverse relationship we observed between LR and Ag deposition,
which corresponds to other recent research suggesting that learning slope performance

is associated with A deposition and hippocampal atrophy.11:12 While initial research is
promising,*3 future research into learning slopes as a function of tau pathology may shed
further light on its sensitivity toward AD pathology.

When considering group performances on individual markers of learning slope, our results
suggest that the LR metric was more sensitive to group differences than other metrics (Table
2). This is based on the magnitude of the effect across CN to EOAD groups being larger for
LR than other metrics. These findings are consistent with previous results that LR is more
sensitive to neurodegeneration?3 and AD pathology2 than traditional learning slope metrics.
More recent work has also shown that LR is also more sensitive to cognitive deficit than
LOT in older adults.*4

Additionally, supplemental analyses suggested that these group differences in learning slope
remained even after total learning and cognitive severity were added as covariates to the
learning slope ANCOVA analyses. Also, hierarchical regression was conducted to better
understand the degree of incremental utility of LR over RAVLT Total Recall, which showed
that RAVLT LR explained an additional 16.4% to 23.3% of the variance in Diagnostic
Group membership—above and beyond demographics and RAVLT Total Recall (£ <0.001).
These results suggest that learning slopes in general—and LR in particular—appear to
enhance our ability to predict group membership along the EOAD continuum—more so than
summary scores or measures of global cognition alone. This is consistent with previous
research suggesting that learning slopes explained more variance with neuroimaging
markers in AD after accounting for other common memory indices, such as total learning.11
Use of process scores like LR in the diagnosis or clinical-decision making of EOAD may
enable greater consideration of trial-by-trial learning capacity than total learning, delayed
recall, or global screening scores—or the currently used raw learning calculations. This
may therefore enhance a provider’s clinical decision-making for an individual, and allow
for more personalized treatment recommendations for some patients in clinical settings.
Consequently, the use of LR or other learning slopes is not intended to replace Total or
Delayed Recall scores, but to supplement them.

Further, although all learning slope performances were positively and significantly
correlated with traditional learning and memory measures after accounting for covariates
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(Table 3), the associations for LR were consistently larger than other learning metrics
(following Fisher rto ztransformation). This was observed not only with the RAVLT Total
Recall and Delayed Recall, but also with learning and memory tasks that were not related
to the learning slope calculation (eg, Craft 21 Story Memory Test, Benson Delayed Recall,
and ADAS-Cog Word Recall). The magnitude of the correlations for LR were consistent
with—if not slightly larger than—previous LR research derived from the Hopkins Verbal
Learning Test-Revised!® (HVLT-R) across a mixed AD continuum sample. Specifically,
association of LR with Total Recall aspects of the same measure (eg, HVLT-R LR with
HVLT-R Total Recall) have been observed at 7= 0.71,%° relative to 7= 0.87 in the current
study. Current association of LR and both another word-list-learning task (r= 0.70) and a
story memory task (= 0.57) were also either stronger than or comparable with previous
findings (7= 0.58 and r= 0.54, respectively).*> These slight differences in the magnitude
of association between studies may be accounted for by differences used in the calculation
of RLS and subsequently LR. Whereas Spencer’s original calculation included “Final Trial
— Trial 1” for the RLS (and for the numerator of LR), we used “Highest Trial Score (of
Trials 2 through 5)” — Trial 1”17 because for 1/3 of our sample the final trial was not the
highest trial score—likely a result of the greater number of trials in the RAVLT relative to
other measures used in LR research.18:46 This led to slightly larger ranges of performance
than would have resulted using Spencer’s original calculation, and subsequently enhanced
the correlation coefficients observed.*’

Convergent validity analyses additionally indicated that lower LR scores corresponded with
lower semantic fluency (7= 0.58), confrontation naming (r= 0.33), and mental flexibility
performances (7= 0.59). This represents the first documentation of convergence between
LR and non-memory cognitive measures. Analyzing the data more closely, Fisher rto z
transformation indicated that the correlations between LR and both semantic fluency and
mental flexibility were significantly larger than that with confrontation naming (z= 3.78,
P<0.001). As recent findings have suggested that (animal) semantic fluency is impacted
by both language and executive functioning in AD,*8 these results raise the possibility that
LR is highly influenced by executive processes—almost to the level though quite not as
highly as memory processes (eg, 7= 0.70 to 0.78 with Word Recall from ADAS-Cog). This
corresponds with past work implicating the dorsolateral prefrontal cortex in learning slope
performance,® and suggests that future research to more thoroughly examine the impact of
executive functioning on LR should be encouraged.

Together, this work supports previous assertions that LR should be the preferred learning
slope metric for use with individuals either with or without cognitive impairment.2! This
is true even for the LOT calculation that has been used in a variety of prediction studies
—Tlike predicting Ag deposition and neurodegeneration?? or performance on computerized
cognitive testing.19 Thomas and colleagues®® previously considered LOT to be a sensitive
enough process measure to predict progression to MCI; however, our findings suggest that
prediction accuracy may have been even stronger if LR were selected as their measure of
choice.

The current study is not without limitations. First, the demographic make-up of our sample
(mostly Caucasian and highly educated) restricts the generalizability of these findings.
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Although the CN participants reflected a broader racial/ethnic representation of the US
population (25% being Hispanic/non-Caucasian individuals), only 7% to 11% of the
clinical groups were Hispanic/non-Caucasian participants. Future work should consider
replication of these findings in more diverse populations. Second, these results are unique
to the RAVLT in samples under the age of 65 and cannot necessarily be generalized

to participants with later-onset forms of dementia. Future investigation is encouraged to
consider if learning slopes possess sensitivity at discerning EOAD from LOAD. Finally,
while LR has shown to be both sensitive to early manifestation of AD and more consistent
with trajectories observed in aging than other learning slopes,2145 it may overlook some
patterns of performance across trial-based learning tasks. Future research to identify
different performance patterns of learning—which have not yet been fully idealized—is
recommended.

Despite these limitations, our results suggest that learning slopes appear sensitive to early-
onset dementias, with LR being the learning measure of choice for such analyses. These
findings advance our knowledge of EOAD, and suggest that LR may serve as a valuable tool
for diagnosis, decision-making, and tracking of EOAD in the clinic and clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT
Systematic review:

The authors reviewed the literature using traditional sources (eg, PubMed) and the
expertise of the LEADS Consortium. While early evidence suggests that early-onset
Alzheimer’s disease (EOAD) may present cognitively in a unique fashion to late-onset
Alzheimer’s disease (LOAD), the literature on learning in EOAD is limited.

Interpretation:

In a sample of 310 participants aged <65 across a range of diagnostic groups (cognitively
normal, EOAD, and early-onset non-Alzheimer’s disease), results showed that learning
slopes—the ability to improve acquisition after the initial trial of a multi-trial memory
task—are sensitive to early-onset dementias, above and beyond the impact of total
learning and cognitive severity. This finding is consistent with preliminary evidence that
patients with EOAD commaonly experience non-amnestic cognitive changes.

Future direction:

This manuscript supports future work into understanding biological differences between
EOAD and LOAD, which inform variances in performance patterns in learning.
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Highlights
. Learning is impaired in amyloid-positive EOAD, beyond cognitive severity
scores alone.
. Amyloid-positive EOAD participants perform worse on learning slopes than

amyloid-negative participants.

. Learning ratio appears to be the learning metric of choice for EOAD
participants.
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