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Abstract

Background: The Learning Ratio (LR) is a new learning score created to examine the proportion
of information learned over successive learning trials relative to information available to be
learned. LR factors in the opportunity for future learning that will vary depending on performance
during the initial learning trial. Validation of this novel LR score is warranted to understand its
sensitivity to Alzheimer’s disease (AD) pathology.

Method: One-hundred twenty-three participants across the AD continuum underwent memory
assessment, quantitative brain imaging, and genetic analysis. LR scores were calculated from the
HVLT-R, BVMT-R, RBANS List Learning, and RBANS Story Memory, and compared to total
hippocampal volumes, 18F-Flutemetamol composite SUVR uptake, and APOE &4 status.

Results: Lower LR scores were consistently associated with smaller total hippocampal volumes,
greater cerebral g-amyloid deposition, and APOE e4 positivity. This LR score outperformed a
traditional learning slope calculation — raw improvement subsequent to the initial learning trial —
in all analyses, and were generally equivalent across measures using different trial length and trial
number.

Conclusions: LR is sensitive to AD pathology along the AD continuum — more so than the
traditional raw learning score — and reducing the competition between the first trial and subsequent
trials can better depict learning capacity.

Corresponding author: Dustin B. Hammers, Ph.D., ABPP(CN), Center for Alzheimer’s Care, Imaging & Research, University
of Utah, 650 Komas Dr., Suite 106-A, Salt Lake City, UT, 84108, dustin.hammers@hsc.utah.edu, Ph. (801) 585-3929, Fax (801)
581-2483.
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INTRODUCTION

Quantifying learning curves for memory tasks reflects the rate of learning (Jones et al.,
2005). Differences in learning slopes are frequently observed in individuals with normal
cognition, Mild Cognitive Impairment (MCI), or Alzheimer’s disease (AD). Weaker learning
curves signify less potential to benefit from repeated exposure to information over multiple
trials, which is associated with greater severity of cognitive impairment (Gifford et al.,
2015). Although the relationship between episodic memory and AD biomarkers like
hippocampal volume, cerebral p-amyloid deposition, and Apolipoprotein e4 (APOE e4
allele) carrier status has been well studied, limited investigation has been undertaken to date
between learning slopes and AD biomarkers.

To date, the focus on learning slopes and AD biomarkers has been related to

hippocampal volumes. Gifford and colleagues (2015) investigated structural imaging
markers (hippocampal volume and cortical thickness across a variety of brain regions) and a
variety of learning slopes for a commonly administered memory task. Among patients with
MCI, they observed that stronger learning slopes (denoting greater learning) were related
to larger hippocampal volumes and both greater ventrolateral prefrontal cortex and greater
parahippocampal thickness. No significant relationships were observed between learning
and structural imaging markers in normal control or AD samples. Additionally, Bender
and colleagues (Bender et al., 2020) found that the interaction of greater hippocampal
volume and limbic white matter microstructure predicted larger verbal learning rates in

a population-based sample of older adults, although hippocampal volume did not predict
learning on its own. Further, Bonner-Jackson and colleagues (Bonner-Jackson et al., 2015)
observed positive associations between bilateral hippocampal volumes and performance on
both the Hopkins Verbal Learning Test — Revised (HVLT-R; Brandt & Benedict, 1997)

and the Brief Visual Memory Test — Revised (BVMT-R; Benedict, 1997). In a sample of
memory clinic patients, they observed that BVMT-R learning slope — using what will be
described below as the raw learning score — possessed a stronger positive relationship with
hippocampal volumes than HVLT-R learning slope.

Conversely, investigation of relationships between learning slopes and other AD biomarkers
has been minimal. No research has been reported examining the association between
learning slope and cerebral B-amyloid deposition. Only one study has been reported
investigating learning slope and APOE e4 status. Specifically, Wehling and colleagues
(Wehling et al., 2007) observed that while APOE e4 status was associated with a variety of
cognitive measures — including initial learning in a memory clinic sample, carrier status did
not impact the slope of the learning curve.

Recently, Spencer and colleagues (Spencer et al., 2020) developed the Learning Ratio (LR)
in an effort to overcome the inherent competition between the first trial — or Trial One —
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performance and performance on subsequent trials of a multi-trial learning task in most
learning slope calculations. Traditionally, performance at Trial One impacts the slope of the
learning curve, as more items learned at Trial One leaves fewer opportunities to improve

in future trials. For example, consider two patients being assessed on a 12-item learning
test over multiple trials, with Patient One recalling 1 word at Trial One and 4 words at the
Final Trial, and Patient Two recalling 9 words at Trial One and 12 words at the Final Trial.
Traditional learning slope calculations tend to consider learning slope — or raw learning
score (RLS) — as performance on the Final Trial minus performance on Trial One (see RLS
equation in the Methods), therefore both patients would be shown to obtain a learning slope
score of 3. This comparable learning slope score is counter to the apparent disparity in
learning efficiency between these individuals.

LR, conversely, is calculated as the number of items learned after Trial One divided by the
number of items still yet to be learned after Trial One (see LR equation in the Methods;
Spencer et al., 2020). Consequently, LR represents the proportion of information learned
over successive trials relative to information available to be learned, and factors in the
opportunity for future learning that will vary depending on Trial One performance. From
our example above, because Patient One learned only 1 item on Trial One of a 12-item
word list, (s)he has the potential to learn 11 more words on subsequent trials. In contrast,
because Patient Two learned 9 items on Trial One from the 12-item word list, (s)he has the
opportunity to learn only three more items on future trials. Both patients learned 3 more
words at the Final Trial relative to Trial One, therefore Patient One’s LR score would be
0.27 (or 27%; 3/11), whereas Patient Two’s LR score would be 1.00 (or 100%; 3/3). These
LR differences reflect the intuitive difference in learning ability between the two individuals.

Preliminary validation of this LR equation for the List Learning and Story Memory tasks
of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS;
Randolph, 2012) was established by Spencer et al. (2020) for a sample of 289 older veterans
from an outpatient memory clinic. Their findings suggested that this LR equation, and
the associated Aggregate score, possessed superior correlations with traditional measures
of memory when compared with RLS. The LR composite score also better discriminated
between patients with and without a neurocognitive diagnosis. Hammers and colleagues
(Hammers et al., In Press) subsequently showed validity for this LR learning slope when
calculated from performances on the HVLT-R and BVMT-R in an independent sample of
56 memory clinic patients. Lower LR scores were associated with smaller hippocampal
volumes using quantitative brain imaging, along with worse performances on traditional
memory measures. Exploratory analyses showed that LR scores were smaller for patients
with AD than those with MCI. Further, all findings in Hammers et al. indicated greater
effects for the LR calculation than for traditional learning slope scores.

The current study sought to expand the limited research on the relationship between learning
slopes and AD biomarkers to include LR metrics calculated from the HVLT-R, BVMT-R,
RBANS List Learning, and RBANS Story Memory. Specifically, we investigated this novel
LR calculation and its associations with total hippocampal volume, cerebral p-amyloid
deposition, and APOE e4 status using an independent sample of well-characterized older
adults along the AD continuum. This study represents an improvement over Hammers
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and colleagues’ recent work by using more robust sample sizes and incorporating a larger
set of AD biomarkers (i.e., Hammers et al. only evaluated hippocampal volumes). LR

is hypothesized to be positively associated with hippocampal volumes and negatively
associated with B-amyloid deposition, such that worse learning ratios will be related

to smaller hippocampal volumes and greater p-amyloid deposition in our sample. It is
additionally anticipated that lower LR performance will be related to positive APOE &4
status. Overall, should our hypotheses be correct, our results would provide further support
for use of LR score to assess learning slope in participants along the AD continuum, and
suggest that this learning slope metric is sensitive to AD pathology.

METHODS

Sample

Our sample included 123 older adults recruited either from a memory disorders clinic at

a university medical center (49%) or through the community (51%). The mean age of our
total sample of participants was 74.1 years old (SD = 5.7; range = 65 — 91) and the mean
education was 16.1 years (SD = 2.4; range = 12 — 20). Please see Table 1. The mean
premorbid intellectual functioning was in the average range (Standard Score Mean = 109.5;
SD = 8.5; range = 88 — 134) according to the Wide Range Achievement Test — Fourth
Edition Reading subtest (WRAT-4; Wilkinson & Raobertson, 2006). Approximately half the
sample was female (58.5%) and most participants were white (98.4%).

Categorization of participants into diagnostic groups was based on a two-step approach.
First, for participants recruited from the clinic — which included 100% of the AD dementia
participants (hereafter referred to as “AD” participants) and approximately 85% of the
MCI participants — information was obtained from multi-disciplinary consensus clinical
diagnosis (from neurological consultations, comprehensive neuropsychology evaluations,
and brain MRI/FDG-PET/Amyloid-PET imaging) prior to the study to inform diagnosis.
Second, the classification battery developed by ADNI (ADNI2, 2020) was used to confirm
diagnosis. These ADNI measures included the Clinical Dementia Rating Scale (CDR;
Morris, 1993), the Mini Mental State Examination (MMSE; Folstein et al., 1975), and the
Wechsler Memory Scale-Revised (WMS-R; Wechsler, 1987) Logical Memory Il Paragraph
A. Recruitment of participants from the community — which included 100% of the Normal
Cognition participants and approximately 15% of the MCI participants —relied solely on the
application of ADNI2 criteria. Of note, no data from the HVLT-R, BVMT-R, or RBANS
—nor learning slope indices — were used to inform diagnosis either from the pre-study
consensus diagnostic evaluations or from the current study in order to reduce circularity
between diagnosis and LR calculations, which has hindered previous learning slope research
(Hammers et al., In Press; Spencer et al., 2020). Diagnostic composition of participants
after applying clinical consensus and ADNI2 criteria included Normal Cognition (n = 52),
MCI (n = 37), and mild AD (n = 34). Table 1 displays the significant differences between
diagnostic groups that can be observed for age, A2, 120) = 8.52, p<.001, and education,
A2, 120) = 4.00, p=.02. AD participants were older than both the Normal Cognition (p
<.001) and MCI groups (p = .01), and Normal Cognition participants possessed higher
education than MCI participants (p = .02). No differences can be observed between groups

Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hammers et al.

Procedure

Page 5

for premorbid intellect or other demographic variables (all gs > .05). As can be expected
based on diagnosis, the AD group performed significantly worse on all immediate and
delayed memory measures (HVLT-R, BVMT-R, and RBANS Immediate/Delayed Memory
Indexes) than the MCI group (all ps <.005), who performed worse than the Normal
Cognition group (all ps < .001). Expanded results (e.g., Fvalues, effect sizes) are available
upon request.

Study exclusion criteria involved being < 65 years of age, not having a knowledgeable
collateral source available to comment on the participant’s cognition and daily functioning,
and medical comorbidities likely to affect cognition (including neurological conditions

like stroke, epilepsy/seizure, brain tumor, and TBI; current severe depression; substance
abuse; and major psychiatric conditions). The mean total score for the Modified Hachinski
Ischemic Scale (Rosen et al., 1980) for the sample was 1.34 (SD = 1.3), and the means for
the Charlson Comorbidity Index Total Score (Charlson et al., 1987) was 1.21 (SD = 1.4) and
the Chronic Disease Score (Von Korff et al., 1992) was 3.69 (SD = 3.7). Participants with

a past history of cancer whose course or treatment was not felt to impact cognition were
included, which was relevant for 21 participants. A total of 18 participants self-reported
possessing a diagnosis of diabetes mellitus Il in the current study. Additional exclusion
criteria included the inability to complete Magnetic Resonance Imaging (MRI) or Positron
Emission Tomography (PET) imaging, being enrolled in a clinical drug trial related to
anti-amyloid agents, scoring greater than 5 on the 15-item Geriatric Depression Scale (GDS;
Yesavage et al., 1982), or having moderate or severe dementia as indicated by a CDR score
of 2 or greater or a MMSE score of less than 20.

Procedures were approved by the local Institutional Review Board before participants
enrolled. Following informed consent, participants underwent neuropsychological testing.
Approximately 10 days later (M= 10.7 days; SD = 19.2 days) participants received an
MRI of the brain, and approximately 20 days after cognitive testing (M= 19.5 days; SD

= 16.9 days) participants returned to receive amyloid-PET imaging of the brain using
18F_Flutemetamol and receive a blood draw that assessed for APOE e4 status.

Neuropsychological and Behavioral Measures

In addition to the diagnostic classification measures, all participants underwent
neuropsychological testing as follows:

. The WRAT-4 (Wilkinson & Robertson, 2006) Reading subtest was administered
to assess premorbid intellect. This task requires participants to accurately
pronounce 55 irregular words presented to them on a list. The number of
correct responses is summed and normative comparisons are used to create
standard scores corrected for age (M=100, SD=15). Higher scores indicate
higher premorbid intellectual functioning.

. The HVLT-R (Brandt & Benedict, 1997) is a verbal memory task with 12 words
learned over three trials, with the correct words summed for the Total Recall
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score (range = 0 — 36). The Delayed Recall score is the number of correct words
recalled after a 20 — 25-minute delay (range = 0 — 12).

. The BVMT-R (Benedict, 1997) is a visual memory task with 6 geometric designs
in 6 locations on a card learned over three trials, with correct designs and
locations summed for the Total Recall score (range = 0 — 36). The Delayed
Recall score is the number of correct designs and locations recalled after a
25-minute delay (range = 0 — 12).

. The RBANS (Randolph, 2012) is a brief neuropsychological testing battery
that comprises 12 subtests used to calculate 6 index scores in the domains
of immediate memory, visuospatial/constructional, attention, language, delayed
memory, and a composite score of global neuropsychological functioning. Two
of the subtests germane to the current analyses include List Learning (four
learning trials of 10 words) and Story Memory (two learning trials of 12 items).

Of note, for all HVLT-R, BVMT-R, and RBANS List Learning and Story Memory

scores, raw score values were used in correlational analyses, as described below.

Memory measures additionally utilized age-corrected normative comparisons for descriptive
statistics. Specifically, HVLT-R and BVMT-R normative comparisons generated 7 Score
values (M =50, SD = 10), whereas RBANS Index normative comparisons generated
Standard Score values (M= 100, SD = 15). Learning slope performances were evaluated by
raw data from individual trials of each of the memory measures. For both raw scores and
71Standard Scores, higher values indicate better performance.

Calculation of Learning Slopes

For the HVLT-R, BVMT-R, and RBANS List Learning and RBANS Story Memory tests,
RLS scores were computed as the number of points earned on the Final Trial relative to Trial
One. The aggregated RLS score was computed as the sum of the RLS for each test. The

LR score is represented as a proportion where differences in performance between the Final
Trial and Trial One is in the numerator, and the difference between a maximum score for a
trial and performance on Trial One serves as the denominator. The aggregated LR score was
computed as the combined difference between Trial One and the Final Trial for both tests,
divided by the difference between the combined total points available for a trial for both tests
and the sum of Trial One from both tests. The formulas for RLS, LR, and their respective
aggregates (HVLT-R and BVMT-R, or RBANS List Learning and RBANS Story Memory)
are as follows:

RLS for each test = (Final Trial - Trial One)

Aggregated RLS = (RLS of Measure 1 + RLS of Measure 2)

(Final Trial - Trial One)

LR for each test = (Total Points Available For a Trial — Trial One)
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(Measure 1: Final Trial — Trial One) + (Measure 2: Final Trial — Trial One)
(Total Points Available For a Trial from Both Tests —  Sum of Trial One from Both Tests)

Aggregated LR =

MR Imaging

MRI was acquired on a 3.0-T Siemens Prisma scanner with a standard head coil. Structural
data was acquired using an MP2RAGE sequence (TR = 5000, TE = 2.93, acquired sagittally,
resolution=1 x 1 x 1 mm) to obtain high quality whole brain 1mm isotropic T1 images with
improved signal homogeneity in ~7 minutes. All MRI scans were examined for the presence
of common artifacts, including motion, susceptibility, and distortion, and were determined
to be of sufficient quality for quantitative analysis. All data were processed on the same
workstation using FreeSurfer image analysis suite v6.0 (http://surfer.nmr.mgh.harvard.edu/)
to estimate total intracranial and hippocampal volumes. Technical details are described
previously (Fischl & Dale, 2000; Fischl et al., 2002; Fischl et al., 2004). To address head
size differences, hippocampal volumes have been adjusted by estimated total intracranial
volume.

Amyloid Imaging

Amyloid imaging was performed using 18F-Flutemetamol which is a radioactive diagnostic
agent indicated for PET imaging of the brain to estimate beta-amyloid neuritic plaque
density in adult patients with cognitive impairment. 18F-Flutemetamol was produced

under PET ¢cGMP standards and conducted under an approved FDA Investigational

New Drug application (IND). Twenty minutes of emission imaging was performed 90
minutes after the injection of approximately 185 mBq (5 mCi) of 18F-Flutemetamol.

A GE Discovery PET/CT 710 (GE Healthcare) was used in this study. This PET/CT

scanner has full width at half-maximum spatial resolution of 5.0 mm and excellent
performance characteristics (Sunderland & Christian, 2015; Yester et al., 2014). Volumes

of interest were automatically generated by using the CortexID Suite analysis software

(GE Healthcare). 18F-Flutemetamol binding was analyzed using a regional semi-quantitative
technique described by Vandenberghe et al. (2010) and refined by Thurfjell et al.

(2014) The CortexID Suite software generates, semi-quantitative regional (prefrontal,
anterior cingulate, precuneus/posterior cingulate, parietal, mesial temporal, lateral temporal,
occipital, sensorimotor, cerebellar grey matter, and whole cerebellum) standardized uptake
value ratios (SUVRs) normalized to the pons. A composite standardized uptake value ratio
(SUVR) in the cerebral cortex was generated automatically and normalized to the pons using
the CortexID Suite software (Lundgvist et al., 2013).

APOE Genotyping

Polymerase Chain Reaction and Fluorescence Monitoring using hybridization probes for
APOE genotyping was conducted using whole blood samples. Results were recorded
and participants were categorized as being APOE ¢4 allele carriers (both hetero- and
homozygous) or non-carriers.
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Data Analysis

For characterization of LR learning slope performances among diagnostic groups, multiple
analysis of covariance (MANCOVA) were conducted correcting for age and education,
with one-way analyses of covariance (ANCOVA) analyses conducted for individual
memory measures within the omnibus test. Bonferroni post-hoc comparisons were
subsequently calculated among diagnostic group performances for significant ANCOVA
results. Additionally, bivariate Pearson correlation coefficients were calculated among the
LR learning slope metrics for HVLT-R, BVMT-R, RBANS List Learning, and RBANS
Story Memory, and then separately among the RLS learning slope metrics, Trial One
performances, and total learning score performances.

For the primary biomarker analyses, partial correlation coefficients were calculated
comparing HVLT-R, BVMT-R, RBANS List Learning, and RBANS Story Memory learning
slope metrics (along with Trial One and Total Recall scores) and both total-intracranial-
volume-adjusted hippocampal volumes and cerebral p-amyloid deposition as measured by
the cerebral 18F-Flutemetamol composite uptake (SUVR), controlling for age, education,
and premorbid intellect. Additionally, MANCOVA was conducted comparing APOE

e4 status and learning slope performances, also using age, education, and premorbid
intellect as covariates. To determine appropriateness of covariates, bivariate correlation
coefficients were calculated between continuous demographic variables (e.g., age, education,
premorbid intellect) and (1) LR scores, (2) total hippocampal volumes, and (3) 18F-
Flutemetamol uptake. Relatedly, one-way analyses of variance (ANOVA) were calculated
for the categorical demographic variables (e.g., sex and ethnicity) and (1) LR scores,

(2) total hippocampal volumes, and (3) 18F-Flutemetamol composite SUVR uptake. For
covariates pertaining to APOE 4, ANOVA were conducted for APOE e4 and continuous
demographic variables, and Chi Square analyses were conducted for APOE &4 and
categorical demographic variables.

Measures of effect size were expressed as /2 (correlational analyses) and partial eta squared
(72, MANCOVA/ANCOVA) values, and comparisons between rvalues were examined
using Fisher rto ztransformations. To protect against multiple comparisons, a two-tailed
alpha level was set at .01 for all primary analyses.

RESULTS

Learning Slope Characteristics

Please see Table 2 for total sample and diagnostic group values on the LR, RLS, and Trial
One performance. As can be seen, the mean values for LR for the 123 participants in the
current study ranged from 0.41 to 0.51, which equates to the sample, on average, learning
40% to 51% of the available information after Trial One for these memory measures.
Additionally, statistically significant differences in LR learning slope performances were
observed between Normal Cognition, MCI, and AD diagnostic groups, Wilk’s Lambda =
332, A12, 226) = 13.84, p< .001, 77 = .42. Specifically, group differences existed across
all LR metrics (all ps < .001, 77s = .39 to .57). Scores were lower on all LR metrics for
both the AD and MCI groups relative to the Normal Cognition group (all ps < .001 for each
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group). Similarly, LR performance was significantly worse for the AD group relative to MCI
group on BVMT-R LR, Aggregated HVLT-R/BVMT-R LR, RBANS List Learning LR, and
Aggregated RBANS LR metrics (all ps <.006), but not for HVLT-R LR and RBANS Story
Memory LR (p= .14 and p= .02, respectively).

Additionally, Table 3 reflects the correlational coefficients between learning slopes among
HVLT-R, BVMT-R, RBANS List Learning, RBANS Story Memory, and associated
Aggregates. As observed in the Table, correlational coefficients among LR values were
strongly correlated with each other (all ps < .001), and universally stronger than those
among RLS values according to Fisher rto ztransformations (s = .0001 to .007).
Correlational coefficients among LR values were consistent with those among Trial One
performances (Fisher rto ztransformations ps > .05), but smaller than those among five of
six Total Recall values (Fisher rto ztransformations ps = .0001 to .001).

Demographic Analyses for Covariation

Bivariate correlation coefficients between LR values and age were significant, rs= -.25

to —.35, ps=.001 to .005, for five of the six comparisons, as were correlation coefficients
between LR metrics and education, rs=.19 to 0.25, ps=.007 to .04. Four of six LR metrics
possessed significant correlation coefficients with premorbid intellect, 7s= .26 to 0.33, ps=
.001 to .004. One-way ANOVA indicated that LR values were not significantly associated
with sex (s = .197 to .75), nor ethnicity (os = .32 to .47). Additionally, hemispheric
hippocampal volumes were significantly and positively correlated with each other, r=

.90, 2= .81, p<.001, therefore they were combined into a single “total hippocampal
volume” variable by summing the left and right hemispheres together. Bivariate correlation
coefficients between total hippocampal volume and age were significant, r=-.32, p

=.001, as were coefficients between 18F-Flutemetamol SUVR and age, r= -.18, p<

.05. Correlation coefficients between total hippocampal volume and education were also
significant, = .19, p< .05, as were coefficients between 18F-Flutemetamol SUVR and
education, r=-.18, p<.05. One-way ANOVAs indicated that total hippocampal volumes
and 18F-Flutemetamol composite SUVR values were not significantly associated with sex
(s = .06 to .79), nor ethnicity (ps = .38 to .78). Finally, one-way ANOVAs indicated that
APOE e4 status was not significantly associated with age (o = .49) nor education (p=.51),
and Chi Square analyses indicated that APOE e4 status was not associated with sex (p=.36)
nor ethnicity (p=.37). As a result of these analyses, age, education, and premorbid intellect
were used as covariates in the subsequent analyses.

AD Biomarker Analyses

When examining the relationships between learning slope and total hippocampal volume
after controlling for age, education, and premorbid intellect, a statistically significant
positive association was observed between all LR metrics and total hippocampal volume,
rs=.3710 .46, 2= .14 t0 .21, ps< .001. See Table 4. LR performances increased as a
function of greater hippocampal volumes. Similarly, significant positive associations were
observed between most RLS metrics and total hippocampal volume, rs= .21 to .33, /2=

.04 10 .21, ps=.001 to .03. Also, significant positive associations were observed between
Trial One performances for the associated memory measures and total hippocampal volume,

Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hammers et al.

Page 10

rs=.2510.35, Z=.06to .12, ps=.001 to .008, as well as between total learning

score performances and total hippocampal volume, rs=.36to .42, Z=.1310 .18, ps<
.001. Although correlation coefficients with hippocampal volumes tended to be larger for
LR values relative to RLS values, none of these values were significant based on Fisher
rto ztransformations (s = .04 to .22). Inspection of Table 4 also shows that correlation
coefficients with hippocampal volume were generally comparable between LR values and
Trial One performances (Fisher rto ztransformations ps = .10 to .43) and total score
performances (Fisher rto ztransformations s = .65 to .93).

When examining the relationships between learning slope and cerebral B-amyloid deposition
after controlling for age, education, and premorbid intellect, a statistically significant
negative association was observed between all LR metrics and 18F-Flutemetamol composite
SUVR uptake, rs=-.35t0 -.53, /2= .12 t0 .28, ps< .001 (see Table 4). LR performances
decreased as a function of greater 18F-Flutemetamol uptake (i.e., greater B-amyloid burden).
Similarly, significant negative associations were observed between some RLS metrics and
18F_Flutemetamol composite SUVR, including for BVMT-R RLS, r=-.31, 2= .10, p=
.001, RBANS List Learning RLS, r=-.27, 2= .07, p=.005, and Aggregated RBANS RLS,
r=-.28, 2= .08, p=.003. Further, significant positive associations were observed between
all Trial One performances for the associated memory measures and 18F-Flutemetamol
uptake, rs=—.44 to -.59, 2= .19 to .35, ps<.001, as well as between total learning score
performances and 18F-Flutemetamol uptake, 7s= .57 to —.62, /°= .32 t0 .38, ps< .001.
Correlation coefficients with 18F-Flutemetamol composite SUVR tended to be larger for
LR values relative to RLS values, with Fisher rto ztransformations being significant for
HVLT-R, Aggregated HVLT-R/BVMT-R, RBANS Story Memory, and Aggregated RBANS
(s = .002 to .009). Inspection of Table 4 also shows that correlation coefficients with 18F-
Flutemetamol composite SUVR uptake were generally comparable between LR values and
both Trial One performances (Fisher rto ztransformations ps = .28 to .50) and total score
performances (Fisher rto ztransformations ps = .17 to .28) with the exception of HVLT-R,
which was of stronger magnitude for both Trial One and total learning performances than
LR (ps=.008).

When comparing LR learning slope performances between individuals based on APOE &4
status, statistically significant differences were observed between groups, Wilk’s Lambada
=.763, A6, 111) = 5.74, p< .001, 7% = .24, after controlling for age, education, and
premorbid intellect. As seen in Table 5, the APOE ¢4 positive group performed significantly
worse on all LR metrics than the APOE e4 negative group (all g5 < .002). Conversely,
when comparing RLS learning slope performances between individuals based on APOE 4
status, no statistically significant difference was observed between APOE ¢4 positive and
APOE e4 negative groups, Wilk’s Lambda =930, A4, 113) = 2.13, p= .08, 77 = .07, after
controlling for age, education, and premorbid intellect. Additionally, when comparing Trial
One performances between individuals based on APOE e4 status, statistically significant
differences were observed between groups, Wilk’s Lambda= .775, A4, 113) = 8.19, p<
.001, 77 = .23, after controlling for age, education, and premorbid intellect. Specifically,
the APOE &4 positive group performed significantly worse on all Trial One performances
than the APOE &4 negative group (all gs <.003). Finally, when comparing total score
performances between individuals based on APOE e4 status, statistically significant
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differences were observed between groups, Wilk’s Lambda= .775, A4, 113) =8.21, p<
.001, 72 = .23, after controlling for age, education, and premorbid intellect. Specifically, the
APOE &4 positive group performed significantly worse on all total learning performances
than the APOE e4 negative group (all ps <.001).

DISCUSSION

The current study was undertaken to examine the relationships between LR — a novel
method to assess learning slope that controls for initial trial learning — and AD biomarkers
in a sample of 123 well-characterized older adults along the AD continuum. Our results
indicated that LR performance was consistently associated with AD biomarkers. Lower
performances on each of the LR metrics in the current study were significantly associated
with smaller total hippocampal volumes (or greater hippocampal atrophy). These results are
consistent with our past research (Hammers et al., In Press) observing a relationship between
the LR score calculated from BVMT-R and total hippocampal volume (r= .37, /2 = .14
currently, versus 7= .35, /2= .12 for Hammers et al.). However, our current correlations for
HVLT-R LR with total hippocampal volume appeared to be stronger than Hammers et al.’s
HVLT-R LR findings (7= .39, /2= .15 for the current study, compared to r= .12, 2= .01

in Hammers et al.), with a similar difference between studies for the Aggregated HVLT-R/
BVMT-R LR score correlation. The magnitude of relationships seen in the current study
may have been stronger than Hammers et al.’s because of the larger, better characterized,
and “cleaner” sample of patients along the AD continuum currently used, whereas Hammers
et al. incorporated a convenience sample of patients seen in a memory disorders clinic

with a variety of etiologies. Additionally, Hammers et al. used a conventional MPRAGE
whereas the current study utilized an MP2RAGE structural MRI, which has been shown to
demonstrate better gray/white matter contrasts in deep gray matter regions (Okubo et al.,
2016).

These results are additionally consistent with other research examining the relationship

of learning slopes and hippocampal volumes in the literature — although none assessed

LR, specifically. For example, Gifford and colleagues (Gifford et al., 2015) observed

that a variety of learning slope metrics were associated with hippocampal volumes (and
also ventrolateral prefrontal cortex and parahippocampal thickness) in a sub-sample of
MCI participants, though no relationships were observed within normal cognition or AD
sub-samples (or the combined sample). Similarly, Bonner-Jackson and colleagues (Bonner-
Jackson et al., 2015) found that BVMT-R learning slope possessed a strong positive
relationship with hippocampal volumes — more so than the relationship between HVLT-R
learning slope and hippocampal volume. It is possible that use of LR in these studies could
have enhanced their respective findings, given the magnitude of our observed effects, and
that LR may illuminate future learning-biomarker research. Additionally, the relationship
between reduced episodic memory performance and smaller hippocampal volumes has
repeatedly been observed in the literature, including for cognitively intact individuals (Choi
et al., 2016; Pohlack et al., 2014) and those with cognitive impairment associated with MCI
(Choi et al., 2016; Jack et al., 2000) or probable AD (Choi et al., 2016; Jack et al., 1998;
Mizuno et al., 2000; Mungas et al., 2002). These results, consequently, appear to further
extend this established research to this novel learning slope calculation, and serve as the
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first study to establish criterion validity of the RBANS List Learning and Story Memory LR
metrics with AD hippocampal volumes.

Additionally, lower scores on each of the LR metrics in the current study were

significantly associated with greater cerebral B-amyloid deposition using the radio ligand
18F_Flutemetamol composite SUVR. Although limited research exists regarding learning
slopes and p-amyloid deposition in the literature, this current result is not necessarily
surprising given B-amyloid’s role in AD pathology (Beach et al., 2016; Wu et al., 2012).
Also, research has consistently suggested associations between immediate and delayed
memory performance on the RBANS and 18F-Flutemetamol uptake. For example, Hammers
and colleagues (Hammers et al., 2017) observed that worse performances on RBANS
indexes of Immediate Memory and Delayed Memory were strongly related to increased
18F_Flutemetamol composite uptake in a small sample of participants with MCI, and Duff
and colleagues (Duff et al., 2013) observed similar findings for RBANS Delayed Memory
(but not Immediate Memory). Additionally, Duff and colleagues (Duff et al., 2017) have
observed associations between increased 18F-Flutemetamol composite uptake and decreased
performances on both HVLT-R and BVMT-R Total Recall and Delayed Recall. The current
results observed between amyloid accumulation and learning slope are especially relevant
because amyloid deposition is proposed to occur early in the development of AD pathology
(Jack et al., 2013; Jack et al., 2010), further suggesting that poor LR performance may be
sensitive to early AD pathology. This is especially relevant since the high cost of amyloid-
PET imaging and constraints related to its appropriate use (Johnson et al., 2013) have led to
it being either cost prohibitive or restricted in many clinical settings.

Further, our results indicated that participants who were APOE &4 positive performed worse
than those who were APOE e4 negative for all LR metrics in the study. Specifically,

the APOE &4 negative participants tended to gain between 51 — 62% of the available
information after Trial One for these memory measures (LR scores of 0.51 to 0.62), whereas
the APOE &4 positive participants gained 30 — 41% (LR scores of 0.30 to 0.52). Research
examining learning slopes and APOE e4 status appears to be in its relative infancy, as these
findings reflect the first research to show criterion validity of this LR measure with APOE
e4 status, and the only other literature found to examine learning slopes and APOE &4 was
a null result (Wehling et al., 2007). When considering relationships between APOE e4 status
and cognitive functioning more globally, the results tend to be somewhat ambiguous. For
example, a number of studies (Caselli, 2014; Jorm et al., 2007; Small et al., 2000) failed to
find a clear relationship between APOE e4 status and cognition, and in the Gifford et al.
study referenced above, they observed no changes to the relationship between learning slope
and hippocampal volumes when APOE e4 status was removed from the model (Gifford et
al., 2015). Conversely, APOE &4 has been shown to be significantly related to associative
recognition in older adults with MCI (Troyer et al., 2012), and with more rapid cognitive
decline on a cognitive composite in an AD sample (Cosentino et al., 2008). Further,
meta-analytic findings suggest that non-carriers performed better than e4 carriers in the
domains of global cognitive functioning, episodic memory, and executive functioning (Small
et al., 2004). Together, our results coincide with the findings for hippocampal volumes and
cerebral p-amyloid deposition, and suggest that the LR metric is sensitive to AD pathology.
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It is of note that the magnitude of these relationships observed between learning slope

and each of the AD biomarkers appeared to be generally stronger for the LR metric than
the RLS metric across tasks, and that the magnitudes were generally consistent with those
observed for both Trial One learning and total score learning. These results are consistent
with previous work supporting the use of LR over RLS. When comparing learning slope
metrics with traditional immediate memory measures, both Hammers et al. (In Press) and
Spencer et al. (2020) observed stronger relationships for LR than RLS. Spencer et al. also
observed greater effects for LR than for Trial One performance, as was observed in our
study. Similarly, counter to their aforementioned significant findings with LR and total
hippocampal volume, Hammers et al. did not observe a significant relationship between RLS
and hippocampal volume. These differential findings between LR and RLS may be because
RLS does not consider the competition between Trial One and subsequent learning trials
for calculation of the learning slope. Incorporating “information left to learn” after Trial
One of a learning task reduces this competition, and appears to lead to stronger associations
with both AD biomarkers and traditional measures of memory. Conversely, the lack of
differential findings between LR and either Trial One or total learning score performance
may suggest that LR provides little incremental utility beyond a respective measure’s Trial
One or immediate recall score when predicting biomarker status. However, this overlooks
other key roles that the LR metric could play in evaluating learning. Specifically, use of LR
metrics allows for a more accurate and nuanced conceptualization of trial-by-trial learning
than either a total learning score or the currently-used RLS calculations, which in turn may
permit more personalized treatment recommendations for individual patients.

Given our strong associations between AD biomarkers and this novel learning slope metric,
it is therefore not surprising that participants in our sample with AD or MCI performed
significantly worse than participants with Normal Cognition (see Table 2). Additionally,
participants with AD performed worse than participants with MCI for four of the six LR
metrics calculated, and non-significant trends were observed for the other two LR metrics
(RBANS Story Memory LR, p=.02; HVLT-R LR, p=.14). This is consistent with previous
research suggesting that the BVMT-R is more adept at discriminating impairment in the

AD continuum than the HVLT-R (Bonner-Jackson et al., 2015; Duff et al., 2018). Overall,
when collapsing across measures, the Normal Cognition group tended to learn around

70% of available information after Trial One, the MCI group tended to learn around 35%,
and the AD group tended to learn around 20%. These results are consistent with Spencer
and colleagues’ (2020) observations that LR calculations from the RBANS discriminated
veterans diagnosed with major/minor neurocognitive disorder from those without. These
findings are also consistent with the preponderance of research suggesting that early and
predominant anterograde episodic/semantic memory deficits are a hallmark cognitive marker
of AD due to entorhinal cortex and hippocampal/medial temporal lobe degeneration (Braak
& Braak, 1991; Hyman et al., 1990; Van Hoesen et al., 1991). When combined with the
current results for total hippocampal volume, cerebral p-amyloid deposition, and APOE &4
status, these results support the notion that LR performance is influenced by AD pathology.

Finally, our findings suggest that there was no appreciable difference in the magnitude
of correlations between LR metrics and AD biomarkers as a function of the number
of learning trials present in the measure. Specifically, correlations between RBANS List
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Learning or RBANS Story Memory LR performances were generally comparable for both
total hippocampal volume (75 = .40 and .41 for RBANS List Learning LR and RBANS
Story Memory LR, respectively) and 18F-Flutemetamol composite SUVR (/s = —.44 and
-.50 for RBANS List Learning LR and RBANS Story Memory LR, respectively), despite
the former having a format of 10 words presented over 4 trials and the latter having a
format of 12 details presented over 2 trials. Similarly, HVLT-R and BVMT-R both assessed
learning of 12 items over 3 trials, yet the correlations between LR and total hippocampal
volume were s = .37 and .39 for total hippocampal volume, respectively, and rs = -.35

to —.48 for 18F-Flutemetamol composite SUVR, respectively. Table 5 also indicated that
the proportion of information learned in subsequent trials relative to APOE e4 status was
generally comparable across measures (e.g., 30 — 43% for APOE &4 positive participants
and 50 — 62% for APOE &4 negative participants). By using an external benchmark like AD
pathology and independence between LR and group classification, these findings appear to
provide evidence that trial length and trial number have limited impact on the LR metric.

Limitations regarding the current study should be highlighted. First, this sample was
relatively homogenous in regard to premorbid intellect, ethnicity, and education, therefore it
is unclear how the results from this sample would generalize to a sample more reflective of
the greater population. Future research should consider generalizing these results to samples
that are not mostly Caucasian, well-educated, and with high premorbid intellect. However,
the current study’s proportion of highly educated females appear to reflect long-standing
trends in research participation. Specifically, it has been observed that women tend to
volunteer more than men across all age groups (United States Bureau of the Census, 2015),
which reaches a difference of upwards of 30% (U.S. Bureau of Labor Statistics, 2016).
Individuals with higher education and Caucasians also consistently volunteer at greater
levels (United States Bureau of the Census, 2015). Second, these results are specific to

the LR metric calculated by Spencer and colleague’s methods and applied to the HVLT-R,
BVMT-R, RBANS List Learning, and RBANS Story Memory, therefore future research is
needed to understand if these results will generalize to other learning slope calculations or
particular memory measures. Third, an LR value of 1.00 (100% learned) was assigned in the
rare scenario when participants learned all available items on Trial One of any measure. This
was consistent with Spencer et al., and necessary because a “perfect” score on Trial One
would result in a value of zero in the denominator (Total Points Available For a Single Trial
— Trial One), which represents an undefined mathematical expression. Additionally, as the
calculation of LR does not incorporate intrusion errors, perseveration errors, and paraphasic
substitutions from these learning tasks, it will be important to consider these meaningful
clinical errors separately from the LR metric. Fourth, our sample was not uniform across
diagnostic groups, which may have influenced the associations observed in the current study.
Relatedly, severely impaired participants were excluded from our sample (e.g., very low
MMSE values or high CDR scores), which may have impacted the current findings and
restricts generalizability with severe AD samples. Further, the focus on this manuscript

was on participants with presentations primarily related to memory impairment (e.g., AD
and amnestic MCI), therefore results may differ for samples characterized by other MCI
subtypes. Fifth, as previous research has suggested that ADNI-2 criteria may be prone to
elevated false-positive rates of MCI diagnosis relative to other diagnostic criteria (like the
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actuarial Jak/Bondi criteria for MCI; Bondi et al., 2014; Edmonds et al., 2015), future
research on LR should consider other methods of diagnosis when considering MCI samples.
However, as the primary biomarker analyses in the current study came from a pooled
sample of diagnoses along the AD spectrum, the use of ADNI-2 criteria was not felt to
adversely affect the current primary results. Sixth, cognitive assessment and AD biomarker
status was obtained within a short time-frame of each other, therefore additional research is
necessary to understand if LR has any potential to predict future biomarker changes (e.qg.,
hippocampal atrophy or cerebral g-amyloid deposition). Seventh, the possibility exists that
other cognitive domains like executive functioning (Miyake et al., 2000) or mood-related
issues (Eysenck et al., 2007) may moderate learning slope capacity, therefore these factors
should be incorporated into future work on learning slope. This may be particularly true
because participants with elevated depression on the GDS were excluded from the parent
study. Finally, while these results appear to shed light on this LR metric in response to

AD pathology, these results are still generally experimental in nature and are not directly
applicable in clinical settings. To permit greater use clinically, future research is needed

to develop normative data on these LR learning slopes in cognitively intact or “clean”
individuals (Goodwill et al., 2019; Harrington et al., 2017) for commonly used memory
measures.

Despite these limitations, the current study provides support for Spencer et al.’s (2020)

LR learning slope metric across a variety of AD biomarkers. This LR score tended to
outperform the traditional learning slope calculation — the RLS —in all analyses, and were
generally equivalent across measures using different trial length and trial number. Together,
these results provide evidence that this LR score is sensitive to AD pathology along the
AD continuum — more so than the traditional raw learning score — and that reducing the
competition between Trial One and subsequent trials can better inform learning capacity.
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Demographic, cognitive, and behavioral variables for the total sample and individual diagnostic groups

Table 1.

Variable Total Sample | Normal Cognition MCI AD

n 123 52 37 34
Age 74.1(5.7) 72.5 (4.9) 73.4(5.0) | 77.2(6.4)
Education 16.1 (2.4) 16.7 (2.1) 153 (2.7) | 16.0(2.3)
Sex (% female) 58.5% 61.5% 56.8% 55.6%
Race (% Caucasian) 98.4% 100.0% 94.6% 100.0%
WRAT 109.5 (8.5) 110.6 (7.4) 107.3(9.9) | 110.3(8.3)
RBANS Total Scale 91.0 (22.1) 110.9 (13.4) 82.8(12.0) | 69.7 (14.0)
RBANS Immediate Memory Index | 87.8 (22.5) 107.5 (13.4) 79.0 (15.7) | 67.3(13.9)
RBANS Delayed Memory Index 82.0 (29.4) 110.6 (12.1) 69.9 (20.0) | 51.7 (11.3)
HVLT-R Total Recall 41.8 (15.1) 54.9 (8.7) 36.7 (11.0) | 27.2(8.4)
HVLT-R Delayed Recall 37.5(16.8) 53.9 (7.8) 28.8 (11.5) | 21.9(6.5)
BVMT-R Total Recall 416 (16.2) 56.8 (8.9) 34.8(115) | 25.8(5.2)
BVMT-R Delayed Recall 40.9 (17.6) 57.5(8.0) 35.0(12.9) | 21.9(3.8)

Page 20

Note: MCI = Mild Cognitive Impairment, AD = Alzheimer’s Disease, WRAT = Wide Range Achievement Test — Fourth Edition Reading Subtest,
RBANS = Repeatable Battery for the Assessment of Neuropsychological Status, HVLT-R = Hopkins Verbal Learning Test — Revised, BVMT-R
= Brief Visuospatial Memory Test — Revised. WRAT score and RBANS scores listed as a Standard Score, and HVLT-R and BVMT-R scores are
listed as 7 Scores. All values are Mean (Standard Deviation) unless listed otherwise.
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Learning slope scores and Trial One performances for the total sample and diagnostic groups

Variable Total Sample Normal Cognition MCI AD
n 123 52 37 34
HVLT-RLR 0.44 (0.3; -0.12-1.00) | 0.67 (0.3; 0.00 — 1.00) 0.32 (0.2; 0.00 - 0.75) 0.21 (0.2; -0.12 - 0.58)
BVMT-R LR 0.41 (0.3; -0.20 - 1.00) | 0.67 (0.2; 0.00 —1.00) | 0.32(0.2; -0.10 - 1.00) | 0.09 (0.2; -0.20 — 0.33)

Aggregated HVLT-R/BVMT-R LR

0.42 (0.3; -0.12 - 1.00)

0.67 (0.2; 0.17 — 1.00)

0.32 (0.2; 0.00 — 0.83)

0.15 (0.1; -0.12 - 0.43)

RBANS List Learning LR

0.51 (0.3; —0.20 — 1.00)

0.75 (0.2; 0.20 — 1.00)

0.41 (0.3; -0.20 — 1.00)

0.24 (0.2; 0.00 - 0.50)

RBANS Story Memory LR

0.49 (0.3; -0.20 — 1.00)

0.75 (0.3; 0.00 — 1.00)

0.39 (0.3; -0.20 — 1.00)

0.23 (0.2; 0.00 - 0.67)

Aggregated RBANS LR

0.50 (0.3; =0.20 — 1.00)

0.75 (0.2; 0.18 — 1.00)

0.40 (0.2; —0.20 — 1.00)

0.24 (0.1; 0.05 - 0.50)

HVLT-R RLS

2.7 (1.9; —1.00 - 8.00)

3.4 (1.8; 0.00 — 8.00)

2.5(1.6; 0.00 - 6.00)

2.0 (1.9; -1.00 - 7.00)

BVMT-R RLS

2.7 (2.1; =2.00 - 9.00)

3.9 (1.9; 0.00 - 9.00)

2.7 (1.7; -1.00 - 6.00)

1.1 (1.6; -2.00 — 3.00)

Aggregated HVLT-R/BVMT-R
RLS

5.5 (3.1; —2.00 — 13.00)

7.3 (2.8; 2.00 - 13.00)

5.1 (2.2; 0.00 — 9.00)

3.1 (2.6; —2.00 - 9.00)

RBANS List Learning RLS

2.8 (1.6; ~1.00 - 8.00)

3.7 (1.3; 1.00 - 8.00)

2.5 (1.5; ~1.00 - 5.00)

1.7 (1.1; 0.00 - 4.00)

RBANS Story Memory RLS

2.6 (1.8; ~1.00 - 8.00)

2.9 (1.9; 0.00 — 7.00)

2.8 (1.8; -1.00 - 8.00)

2.0 (1.6; 0.00 - 6.00)

Aggregated RBANS RLS

5.4 (2.6; —2.00 — 12.00)

6.7 (2.4; 2.00 — 12.00)

5.3 (2.6; -2.00 — 9.00)

3.7 (2.0; 1.00 - 8.00)

HVLT-R Trial One

4.9 (2.6; 0.00 - 10.00)

6.7 (1.7; 3.00 — 10.00)

4.3 (2.3; 0.00 - 9.00)

2.5(1.7;0.00 - 8.00)

BVMT-R Trial One

3.7 (2.8; 0.00 — 11.00)

6.0 (2.3; 1.00 — 11.00)

2.6 (2.1; 0.00 — 9.00)

1.5 (1.2; 0.00 — 4.00)

RBANS List Learning Trial One

4.1 (1.4; 1.00 - 8.00)

4.9 (1.2; 2.00 - 8.00)

3.8 (1.3; 1.00 - 6.00)

3.1 (1.0; 1.00 - 5.00)

RBANS Story Memory Trial One

5.7 (2.9; 0.00 — 12.00)

7.9 (2.3; 4.00 - 12.00)

4.8 (2.0; 1.00 - 9.00)

3.2 (2.0; 0.00 - 7.00)

Note: MCI = Mild Cognitive Impairment, AD = Alzheimer’s Disease, HVLT-R = Hopkins Verbal Learning Test — Revised, LR = Learning Ratio,
BVMT-R = Brief Visuospatial Memory Test — Revised, RBANS = Repeatable Battery for the Assessment of Neuropsychological Status, RLS =

Raw Learning Score. All values are Mean (Standard Deviation, range) unless listed otherwise.
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Correlation matrices for learning scores from traditional memory measures

Table 3.

1 2 3 4 5
1. HVLT-R LR -
2. BVMT-R LR .59 -
3. Aggregated HVLT/BVMT LR 86 | 91 -
4. RBANS List Learning LR 61| .71 | 74 -
5. RBANS Story Memory LR 58 | 61 | 67 | .66 -
6. Aggregated RBANS LR .65 | .73 | .77 | .90 | .90
1 2 3 4 5
1. HVLT-R RLS -
2. BVMT-R RLS 21 -
3. Aggregated HVLT/BVMT RLS 75 | .81 -
4. RBANS List Learning RLS 20 | .28 | .31 -
5. RBANS Story Memory RLS 20| .10 | 18 | 22 -
6. Aggregated RBANS RLS 25| 23| 31| .74 | .82
1 2 3 4
1. HVLT-R Trial One -
2. BVMT-R Trial One .69 -
3. RBANS List Learning Trial One .59 | .50 -
4. RBANS Story Memory Trial One 72 | 68 | .64 -
1 2 3 4
1. HVLT-R Total Recall -
2. BVMT-R Total Recall .84 -
3. RBANS List Learning Total Score 83| .81 -
4. RBANS Story Memory Total Score | .83 | .82 | .84 -

Page 22

Note: HVLT-R = Hopkins Verbal Learning Test — Revised, LR = Learning Ratio, BVMT-R = Brief Visuospatial Memory Test — Revised, RBANS
= Repeatable Battery for the Assessment of Neuropsychological Status, and RLS = Raw Learning Slope. All LR, Trial One, and Total Recall/Score
bivariate correlation coefficients were significant at p < .001. RLS bivariate correlation coefficients greater than .22 were significant at p < .01.
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Table 4.

Partial correlation coefficients between learning slope, Trial One, and total learning performance and both total

hippocampal volume and 18F-Flutemetamol composite SUVR uptake, after controlling for age, education, and
premorbid intellect

Measure Total Hippocampal Volume | 18F-Flutemetamol SUVR
r r2 p value r r2 p value

HVLT-R LR .39 15 <.001 -.35 12 <.001
BVMT-R LR 37 14 <.001 -.48 .23 <.001
Aggregate HVLT-R/BVMT-R LR 45 .20 <.001 -.49 .24 <.001
RBANS List Learning LR .40 .16 <.001 -44 19 <.001
RBANS Story Memory LR A1 17 <.001 -.50 .25 <.001
Aggregate RBANS LR .46 21 <.001 -.53 .28 <.001
HVLT-R RLS .27 .07 .006 -.01 .01 .92
BVMT-R RLS .24 .06 .01 -31 .10 .001
Aggregate HVLT-R/BVMT-R RLS .33 A1 <.001 -.22 .05 .03
RBANS List Learning RLS 31 .10 .001 =27 .07 .005
RBANS Story Memory RLS 21 .04 .06 -.18 .03 .06
Aggregate RBANS RLS .32 .10 .001 -.28 .08 .003
HVLT-R Trial One .32 .10 .001 -.59 .35 <.001
BVMT-R Trial One .35 12 <.001 -.47 .22 <.001
RBANS List Learning Trial One .25 .06 .008 -44 19 <.001
RBANS Story Memory Trial One .28 .08 .004 -.53 .28 <.001
HVLT-R Total Recall 42 .18 <.001 -61 .37 <.001
BVMT-R Total Recall 42 17 <.001 -.58 .34 <.001
RBANS List Learning Total Score .38 15 <.001 -.57 .32 <.001
RBANS Story Memory Total Score .36 13 <.001 -.62 .38 <.001

Note: HVLT-R = Hopkins Verbal Learning Test — Revised, LR = Learning Ratio, BVMT-R = Brief Visual Memory Test — Revised, RBANS
= Repeatable Battery for the Assessment of Neuropsychological Status, and RLS = Raw Learning Score. Significance values reflect p value

relationship between learning score and either total hippocampal volume or 18F_Flutemetamol composite SUVR uptake. Effect Sizes were

measured using 2 values. A two-tailed alpha level was set at .01 for all analyses. The total hippocampal volume variable was additionally adjusted
for total intracranial volume.
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