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Abstract

Background: Despite extensive use of the Alzheimer’s Disease (AD) Assessment Scale —
Cognitive Subscale (ADAS-Cog) in AD research, exploration of memory subtests or process
scores from the measure has been limited. The current study sought to establish validity for the
ADAS-Cog Word Recall Immediate and Delayed Memory subtests and learning slope scores by
showing that they are sensitive to AD biomarker status.

Method: Word Recall subtest and learning slope scores were calculated for 441 participants
from the Alzheimer’s Disease Neuroimaging Initiative (aged 55 to 90). All participants were
categorized using the NIA-AA Research Framework — based on PET-imaging of B-amyloid (A)
and tau (T) deposition — as Normal AD Biomarkers (A-T-), Alzheimer’s Pathologic Change
(A+T-), or Alzheimer’s disease (A+T+). Memory subtest and learning slope performances were
compared between biomarker status groups, and with regards to how well they discriminated
samples with (A+T+) and without (A-T-) biomarkers.

Results: Lower Word Recall memory subtest scores — and scores for a particular learning
slope calculation, the Learning Ratio — were observed for the AD (A+T+) group than the other
biomarker groups. Memory subtest and Learning Ratio scores further displayed fair to good
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receiver operator characteristics when differentiating those with and without AD biomarkers.
When comparing across learning slopes, the Learning Ratio metric consistently outperformed
others.

Conclusions: ADAS-Cog memory subtests and the Learning Ratio score are sensitive to AD
biomarker status along the continuum of the NIA-AA Research Framework, and the results offer
criterion validity for use of these subtests and process scores as unique markers of memory
capacity.
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INTRODUCTION

The Alzheimer’s Disease (AD) Assessment Scale — Cognitive Subscale (ADAS-Cog) has
been used extensively since its creation nearly 40 years ago (Rosen et al., 1984). Its frequent
use in AD pharmaceutical intervention trials (Birks, 2006) has led to it being considered

the gold standard of cognitive assessment in AD clinical trials (Kueper et al., 2018). The
updated version of the measure (Mohs et al., 1997) is comprised of 13 subtests that assess a
wide range of cognitive abilities (including delayed memory), with a total score of 85 points
where higher scores reflect worse performance. The association between performance on the
ADAS-Cog and AD biomarkers has been strong, with a recent meta-analysis of 17 studies
suggesting that average performance on the ADAS-Cog correlated with amyloid-Positron
Emission Tomography (PET) standardized uptake value ratios (SUVRs) at 7= .68 (R = .46;
Avgerinos et al., 2021). Similarly, ADAS-Cog performance correlates strongly with tau-PET
SUVRs (r=.59, RZ=51; Devous et al., 2021). Further, a meta-analysis of 60 studies
indicated that — along with amyloid and tau cerebrospinal fluid levels — hippocampal/medial
temporal lobe atrophy and ADAS-Cog performance were two of the strongest predictors of
progression from Mild Cognitive Impairment (MCI) to AD (Li et al., 2016).

Despite the widespread use of the ADAS-Cog in AD research, investigation of individual
subtests that make up the Total Score has been relatively rare. This is likely based on

the prevailing sense that ADAS-Cog subtests are generally insensitive, particularly at
identifying impairments in less-severe populations (Wesnes, 2008). Using item-response
theory analysis, Benge and colleagues (2009) found that for most ADAS-Cog subscales,
sensitivity was greatest at moderate levels of cognitive dysfunction — which appears to
support this prevailing opinion. However, they additionally observed that performance on
memory subtests discriminated best at lower levels of cognitive dysfunction, which is a
finding that has been later supported by work in participants with MCI (Lowe et al., 2015;
Sano et al., 2011) and subjective memory impairment (Lowe et al., 2015). The ADAS-Cog
contains a Word Recall (Immediate Recall) subtest that is comprised of a 10-item word-list
that is repeated successively over three trials, along with a Delayed Recall subtest after

a 10 minute delay (Mohs et al., 1997). As memory subtests from the ADAS-Cog appear

to be sensitive to mild to moderate cognitive impairments, it is likely that — like the
ADAS-Cog Total Score — these subtests may also be sensitive to changes along the AD
biomarker continuum. However, we have been unable to identify any literature that examines
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performance of memory subtests of the ADAS-Cog in the context of the recently created
biomarker-based National Institutes of Health-Alzheimer’s Association (NIA-AA) Research
Framework for AD (Jack et al., 2018).

Similarly, investigation of learning slope process scores in the ADAS-Cog has yet to be
undertaken. As markers of learning slope have been shown to be deficient in patients with
AD (Gifford et al., 2015; Hammers, Suhrie, et al., 2021) and related to amyloid burden
(Hammers, Suhrie, et al., 2021), learning slopes derived from the memory subtests from
the ADAS-Cog may relatedly show sensitivity along the biomarker spectrum. Multiple
methods exist to calculate learning slopes, which will be described in more detail in the
Methods. Briefly, the most common metric is the Raw Learning Score (RLS), which reflects
knowledge acquired over trials of a multi-trial learning task — and is calculated as the
difference between the first learning trial and the final learning trial (Bender et al., 2020;
Brandt & Benedict, 1997). Also, Learning Over Trials (LOT) subtracts the first trial value
from each subsequent trial of a multi-trial learning task, and reflects incremental learning
after removing the impact of Trial-1 performance (Morrison et al., 2018; Thomas et al.,
2020). Further, the Learning Ratio (LR) considers that most learning slope calculations are
confounded by the amount of available information yet-to-be-learned after the first trial

of a multi-trial learning task, and therefore factors unlearned information into its calculus.
For example, if Participant 1 learns 3 words on a 3-trial 10-item word-list at Trial 1 and

6 words at Trial 3, and Participant 2 learns 7 words at Trial 1 and 10 words at Trial 3,

they would have each learned 3 words over trials (6 — 3 = 3; 10 — 7 = 3); while this RLS
score would be comparable, it fails to acknowledge Participant 2’s stronger overall learning
acquisition, and that Participant 2 only acquired 3 more items because that was all that was
left to learn. Instead, LR takes the basic RLS calculation (final trial minus first trial) and
divides by number of items that are still available to learn after the first trial (Spencer et

al., 2020). In our example above, Participant 1 had 7 words left-to-learn after Trial 1, and
Participant 2 had 3. Consequently, LR — or the proportion of yet-to-be-learned information
— for Participant 1 was 43% (3/7 = 0.43 * 100), and for Participant 2 was 100% (3/3 =1.0
*100). This difference between learning slope outcomes appears to fit more closely to our
perceptions of learning capacities for these two participants and raises the possibility that LR
may be particularly sensitive to differences in AD biomarker status.

The primary aim of the current study is to examine the sensitivity of the memory

subtests from the ADAS-Cog — and the learning slope metrics derived from them —

at detecting differences in AD biomarker status using the recently developed NIA-AA
Research Framework for the diagnosis of AD (Jack et al., 2018). The limited research

into both ADAS-Cog memory subtests and learning slopes among individuals along the
AD biomarker continuum represents a gap in the literature. Given the prevalence of use

of the ADAS-Cog in AD research, and the elevated cost of either biomarker imaging or
CSF assays (Wolk et al., 2019), identifying subtests and/or process scores (learning slopes)
from commonly administered cognitive measures that are sensitive to AD biomarker status
represents an opportunity to enhance the fields’ capacity to cost-effectively predict the
presence of AD pathology. Consequently, data from participants enrolled in the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) study (Weiner et al., 2017) who underwent
cognitive assessment and both p-amyloid- PET and tau-PET scans were used in the present
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study. Initially, memory and learning slope performance from participants across the AD
biomarker continuum were compared, with the hypothesis being that participants with more
severe AD biomarker profiles will perform worse cognitively. Additionally, we examined
the capacity for the various memory subtests and learning slope metrics to discriminate
between individuals without AD biomarkers and those with AD, and we hypothesized

that memory and learning slope metrics would possess adequate to good test receiver
operator characteristics (e.g., area under the curve, specificity, sensitivity). Further, given
evidence that LR may be superior to other learning slopes at predicting amyloid-positivity
(Hammers, Suhrie, Dixon, Gradwohl, Archibald, et al., 2021), in each of the above analyses
we supplementarily compared the learning slopes — LR, RLS, and LOT - to each other,
with the hypothesis being that LR would better discriminate AD biomarker status than the
other learning slopes. Overall, should our hypotheses be correct, our results would provide
support for the sensitivity of both memory subtests and learning slope metrics from the
ADAS-Cog towards AD biomarker status, and potentially suggest a cost-effective tool to aid
in the detection of AD pathology.

METHODS

The participant data for the current study were obtained from ADNI’s multi-center
longitudinal study (http://adni.loni.usc.edu). As has been described elsewhere (Weiner et

al., 2017), ADNI is as a public-private partnership launched in 2003 with the primary goal
of testing whether serial magnetic resonance imaging (MRI), PET, other biological markers,
and clinical and neuropsychological assessment can be combined to measure the progression
of MCI and early AD. For up-to-date information, see www.adni-info.org. Institutional
Review Board approval for ADNI has been obtained for each multi-center sites, and written
informed consent was obtained from study participants or authorized representatives.

Cognitive data were available for 2366 ADNI participants across various ADNI protocols
(ADNI1, 2004; ADNI2, 2011; ADNI3, 2016; ADNIGO, 2009) as of April 26!, 2021.
Participant data collection began on 08/23/2005 and enrolled participants have been
followed cognitively for up to 180 months. Tau-PET investigation was initiated in 2017.
Inclusion for ADNI involved the following: having =6 years of education and having a
reliable study partner; being between the ages of 55 to 90 at baseline; absence of significant
head trauma, depression, or neurologic disease; stability on permitted medications; and
fluency in either English or Spanish (ADNI1, 2004; ADNI2, 2011; ADNI3, 2016; ADNIGO,
2009). For the current study, 1,868 participants were excluded for not having Tau-PET data
from their baseline visit. An additional 43 participants were excluded for having missing
baseline cognitive or amyloid-PET data, resulting in 456 participants who had relevant
cognitive data and were able to be classified using the NIA-AA Research Framework based
on PET-imaging of p-amyloid (A) and tau (T) deposition at their baseline visit. Please see
Figure 1 for a schematic representation of the current study’s participant utilization from
ADNI.

The classification of p-amyloid and tau positivity from the baseline visit was conducted as
follows:
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B-amyloid Positivity:

Participants in the current study underwent amyloid-PET imaging using the radioligand 11C-
labeled Pittsburgh Compound B, 18F-Florbetapir, or 18F-Florbetaben, as per ADNI protocols
(ADNI1, 2004; ADNI2, 2011; ADNI3, 2016; ADNIGO, 2009). Radioligand deposition was
calculated as a whole-brain SUVR, normalized to whole cerebellum. SUVR cutoffs for the
respective radioligands were =1.50, >1.11, and =>1.08 for 11C-labeled Pittsburgh Compound
B, 18F-Florbetapir, or 18F-Florbetaben, respectively. Please see ADNI protocols for greater
details about amyloid-PET methods in ADNI.

Tau-Positivity:
All participants in the current study underwent tau-PET imaging using 18F-Flortaucipir,
as per ADNI protocols (ADNI3, 2016). Tau-positivity was classified using Schwarz
and colleagues’ (Schwarz et al., 2018) Tau-PET topographical staging scheme for AD.
Specifically, pre-defined patterns of tau-burden were identified from the following brain
regions based on the associated SUVR cutoff (in parentheses): hippocampus (SUVR
threshold of 21.222), transentorhinal cortex (=1.310), fusiform gyrus (=1.352), middle
temporal gyrus (=1.296), superior temporal gyrus (=1.219), extrastriate visual cortex
(=1.308), and primary visual cortex (=1.268). Resultant patterns of positivity led to a
Pathologic Staging score ranging from 0 — 6, with scores of 0 — 3 being considered tau
negative, and scores of 4 — 6 being considered tau positive.

Following the application of amyloid and tau classifications, we designated participants into
established AD biomarker categories using the NIA-AA Research Framework (Jack et al.,
2018). Of note, while the full Research Framework uses a combination of amyloid-positivity
(A), tau-positivity (T), and neurodegeneration-positivity (N) to classify participants (i.e.,
“AT(N)”), the current study only incorporated data from “A and T”. This is because
biomarkers of neurodegeneration have limited impact on the AD biomarker categories and
are considered ancillary given their known limitations at diagnosing AD, including (1)

the non-specificity of neurodegeneration towards a particular etiology (like AD), and (2)

the failure of neurodegenerative biomarkers to map onto neuropathologic findings used

to diagnose AD (Jack et al., 2018). The results of classification led to 242 participants

being categorized as having Normal AD Biomarkers (A-T-), 116 participants being
categorized as Alzheimer’s Pathologic Change (A+T-), 15 participants being categorized

as Non-Alzheimer’s Pathologic Change (A-T+), and 83 participants being categorized as
Alzheimer’s disease (A+T+). Given the infrequency of the A-T+ participants, and their
status as being likely outside the Alzheimer’s continuum (Jack et al., 2018), they were
excluded from the analyses. Consequently, as seen in Figure 1, the final sample reflected 441
participants with Normal AD Biomarkers (A-T-), Alzheimer’s Pathologic Change (A+T-),
or Alzheimer’s disease (A+T+).

For further characterization of the AD biomarker status groups, participants were classified
into diagnostic groups using ADNI criteria. The reader is referred to previous documentation
of ADNI’s classification criteria (ADNI3, 2016), though briefly Logical Memory from

the Wechsler Memory Scale — Revised (WMS-R; Wechsler, 1987), the Mini-Mental State
Examination (MMSE; Folstein et al., 1975), and the Clinical Dementia Rating (CDR)
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scale (Morris, 1993) were used to determine diagnostic classifications. As such, neither the
ADAS-Cog Word Recall, Rey Auditory Verbal Learning Test (RAVLT; Schmidt, 1996), nor
learning slopes were used to inform diagnosis in this sample.

Procedure—All participants underwent an extensive clinical and neuropsychological
battery at a baseline visit upon their enrollment in ADNI. Although the 15-item Geriatric
Depression Scale (Sheikh & Yesavage, 1986; cutoff for depression >5), CDR, and Montreal
Cognitive Assessment (MOCA; Nasreddine et al., 2005) are used in the current study as
demographic descriptors, the reader is referred to ADNI protocols (ADNI3, 2016) or test
developer manuals for further description of these measures. For the current study, the
relevant neuropsychological measures used were as follows:

The ADAS-Cog (Rosen et al., 1984) is a neuropsychological test battery
comprising 13 subtests pertaining to learning and memory, language production
and comprehension, constructional praxis, ideational praxis, orientation, and
executive skills. The range of scores for the ADAS-Cog Total Score is from

0 — 85, with higher scores indicating worse performance. Of the ADAS-Cog
subtests, the Word Recall subtest (Question 1 of the ADAS-Cog) is a verbal
memory task with 10 words learned over 3 trials, and words from this list

cannot easily be clustered into semantic categories. The Delayed Recall subtest
(Question 4 of the ADAS-Cog) requests participants to recall those words after

a 10-minute delay. For the purpose of the current study, the Immediate Recall
score is the number of correct words identified across trials (range = 0 — 30),

and the Delayed Recall score is the number of correct words recalled after delay
(range = 0 — 10). This subtest scoring deviates from test developer’s protocols, as
the original scoring aims to show worse performance resulting in Aigher scores
(i.e., the number of words not learned/recalled). However, this alternative scoring
was instituted for consistency with all other memory measures in the study; as a
result, higher values for ADAS-Cog Word Recall Immediate Recall and Delayed
Recall in our study indicate better performance. Learning slope performances
were evaluated by raw data from individual Word Recall trials and will be
described later in the Methods.

RAVLT is a verbal memory task with 15 words learned over 5 trials, with the
number of correct words summed for the Total Recall score (range =0 — 75). The
Delayed Recall score is the number of correct words recalled after a 30-minute
delay (range = 0 — 15). All RAVLT scores are raw scores, with higher values
indicating better performance.

Logical Memory I and Il from the WMS-R (Wechsler, 1987) are immediate and
delayed (20 — 30 minute) memory measures assessing capacity to acquire and
retain information from a verbally presented short story. Of note, according to
ADNI protocol, only “Story A” was provided to participants, therefore the range
of scores for Logical Memory | and 11 is both 0 — 23. All values are raw scores,
with higher values indicating better performance.
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. American National Adult Reading Test (AMNART; Grober & Sliwinski, 1991) is
an estimate of premorbid verbal intellect. For this measure, participants attempt
to pronounce 45 words for which the pronunciation does not follow common
phonetic rules. The total number of errors made is entered into a regression
equation with years of education to yield the estimate of verbal intelligence in
standard scores (M= 100, SD = 15). Higher values indicate higher estimated
baseline intellectual functioning.

Calculation of Learning Slopes: For the Word Recall subtest of the ADAS-Cog, RLS
scores were computed as performance on Trial 3 minus Trial 1. LOT scores were computed
as the sum of Trials 1 through 3 minus the value of Trial 1 multiplied by 3 (modified from
Morrison et al., 2018). The LR score is represented as a proportion as follows: the difference
in performance between Trial 3 and Trial 1 in the numerator, and the difference between the
maximum possible trial score and Trial 1 performance in the denominator (Spencer et al.,
2020). Please note that the “Total Points Available for a Trial” for the Word Recall subtest is
10, though the equations below are written broadly to apply to LR values derived from both
the Word Recall subtest and other learning measures. The formulas for RLS, LOT, and LR
derived from the Word Recall subtest of the ADAS-Cog are as follows:

RLS = (Trial 3 performance — Trial 1 performance)

LOT = (Sum of performance on Trials 1 through 3 — (3 * Trial 1 performance))

(Trial 3 performance — Trial 1 performance)

LR = (Total Points Available for a Trial — Trial 1 performance)

Data Analysis: For demographic comparisons and to determine the appropriateness of
covariates, one-way analyses of variance (ANOVA) were calculated between AD biomarker
status groups (A—-T-, A+T—, and A+T+) for continuous demographic variables (e.g.,

age, education, verbal intellect), and chi square analyses were calculated for categorical
demographic variables (e.g., sex and ethnicity) in relation to biomarker status groups.

For additional consideration of covariation, bivariate correlations were conducted between
demographic variables (i.e., age, education, verbal intellect, sex, and ethnicity) and Word
Recall subtests and LR values.

For the criterion validity primary analyses, multivariate analysis of covariance (MANCOVA)
was conducted comparing AD biomarker status (A-T-, A+T—, A+T+) on ADAS-Cog Word
Recall Immediate and Delayed Recall subtests, learning slope performances (LR, RLS,
LOT), and ADAS-Cog Total Score. Subsequent one-way analyses of covariance (ANCOVA)
analyses were conducted for individual cognitive measures within the omnibus test. For
significant ANCOVA analyses, Bonferroni post-hoc comparisons were calculated among
biomarker status group performances.
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For consideration of test operating characteristics for ADAS-Cog Word Recall Immediate
and Delayed Recall subtests, learning slope, and ADAS-Cog Total Scores, receiver
operating characteristic area under the curve (ROC-AUC) analyses were conducted between
participants in the A+T+ and the A-T- groups. For the interpretation of ROC-AUC values,
the current study followed guidelines suggested by Hosmer and colleagues (Hosmer et

al., 2013) of ROC-AUC values <0.600 being a “failure”, values between 0.600 and 0.699
being “poor”, values between 0.700 and 0.799 being “fair”, values between 0.800 and 0.899
being “good”, and values 0.900 or greater being “excellent”. Cut scores for Word Recall
subtests, learning slopes, and the ADAS-Cog were determined based on optimal sensitivity
and specificity for detecting the presence of both B-amyloid and tau pathology.

Finally, given results suggesting differences in both criterion validity and test operating
characteristics among learning slopes derived from the Word Recall memory subtest,
supplementary convergent validity analyses were conducted. Specifically, partial correlations
between individual learning slope performances and traditional memory measures (from
ADAS-Cog Word Recall, RAVLT, and Logical Memory) were conducted across AD
biomarker status groups and the total sample, and Fishers rto ztransformations examined
differences in correlations between slope metrics.

Measures of effect size were expressed as partial eta squared (77; MANCOVA/ANCOVA)
values, Phi coefficients (X9), and /2 values (bivariate and partial correlations). Additionally,
comparisons between AUC values were examined using 95% confidence intervals (Cls). To
protect against multiple comparisons, a two-tailed alpha level was set at .01 for all primary
analyses.

Demographics and Memory Testing

The primary sample was composed of 441 participants undergoing amyloid-PET and tau-
PET from ADNI. As seen in Table 1, the mean age of the total sample was 70.95 (SD=7.1;
range 55 — 90) years old and the sample averaged 16.46 (SD = 2.3; range 10 — 20) years of
education. The sample of participants was slightly more female predominant (56.2% female)
and the majority of participants were Caucasian (85.3%). Mean intellect at baseline was
estimated to be high average according to the AMNART Verbal Intellect standard score (M
=118.52, SD=19.9, range 85 — 131), and overall self-reported depression was low (M=
1.11, SD = 1.4) according to the 15-item Geriatric Depression Scale.

As indicated previously, participants were categorized — using the NIA-AA Research
Framework based on PET-imaging of B-amyloid (A) and tau (T) deposition — as Normal
AD Biomarkers (A-T—; n=242), Alzheimer’s Pathologic Change (A+T-; n=116), or
Alzheimer’s disease (A+T+; n=83). Diagnostic composition of participants from each
biomarker status group after applying ADNI3 criteria (for Logical Memory, MMSE, and
CDR performance) included the following phenotypes: 71.1% of the A—T- group was
classified as having normal cognition, 25.6% as having MCI, and 3.3% as having AD,;
60.3% of the A+T- group was classified as having normal cognition, 30.2% as having MCI,
and 9.5% as having AD; and 48.2% of the A+T+ group was classified as having MClI,
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33.7% as having AD, and 18.1% as having normal cognition. When comparing demographic
differences across biomarker status groups, Table 1 shows that the A+T+ group possessed
significantly greater proportions of participants diagnosed with AD than the other groups,
X2(4) = 93.98, p< .001, Phi=.46. A significant difference was observed between biomarker
status groups for age, A2, 436) = 5.67, p=.004, 77 = 0.03, such that the A+T+ group

was older than the A—T- group (p=.009). No differences were observed for education,

A2, 438) = 0.69, p= .50, 77 = 0.003, verbal intellect, A2, 424) = 2.00, p= .14, 7P =

0.01, self-reported depression, A2, 437) = 3.21, p=.05, 77 = 0.01, sex, X42) = 1.35, p=
51, Phi= .06, or ethnicity, X4(2) = 1.63, p= .44, Phi= .06. The A+T+ group performed
significantly worse on all immediate and delayed memory measures (Total/Immediate and
Delayed memory indexes from both RAVLT and Logical Memory) and global measures
(MOCA and CDR-Sum of Boxes scores) than A+T—- group (all ps < .001), who performed
worse than the A—T- group (all ps < .001). Expanded results (e.g., F— values, effect sizes)
are available upon request.

The mean value for LR derived from the ADAS-Cog Word Recall subtest in the total sample
was 0.53 (SD = 0.3). This equates to the sample, on average, learning 53% of the available
information after Trial 1. The mean value for RLS was 2.52 (SD = 1.6), and the mean value
for LOT was 4.58 (SD = 2.6). See Table 2. The bivariate correlation coefficient between LR
and age was significant, 7= -.17, RZ= .03, p< .001, as were the correlation coefficients
between LR and education, r=.11, /2= .01, p=.01, verbal intellect, r= .16, ”Z= .03, p<
.001, and sex, r=.17, RZ= .03, p< .001. Similarly, bivariate correlations between age and
both ADAS-Cog Word Recall Immediate and Delayed Recall were significant, r=-.21 to
-.25, RZ= 0410 .06, ps< .001, as were the correlation coefficients between Word Recall
subtests and education, rs= .19 to .21, ”Z= .04, ps< .001, verbal intellect, 7s= .25 to .33,
RZ= 0610 .11, ps<.001, and sex, rs=.22 to .27, RZ= .05 to .07, ps< .001. No relationship
between ethnicity and LR, Word Recall Immediate Recall, or Word Recall Delayed Recall
was observed, 7s=.008 to .06, #Z=.000 to .003, ps= .22 to .87. Consequently, age,
education, verbal intellect, and sex were used as covariates in the subsequent comparisons.

Criterion Validity Analyses and Test Operating Characteristics

When comparing ADAS-Cog memory subtests, learning slopes, and Total Score
performances between individuals across A-T—, A+T—, and A+T+ groups, statistically
significant differences were observed, Wilk’s Lamba= 730, A12, 820) = 11.65, p< .001,
77 = .15, after controlling for age, education, verbal intellect, and sex. Specifically, group
differences existed for Word Recall Immediate Recall, A2, 415) = 48.95, p< .001, 7% =
.19, Word Recall Delayed Recall, A2, 415) = 56.78, p< .001, 77 = .22, Word Recall LR,
A2, 415) = 9.59, p<.001, 772 = .05, and ADAS-Cog Total Score, A2, 415) = 72.71, p
<.001, 772 = .26. As can be seen from the means in Table 2, the A+T+ group performed
significantly worse than the A+T- and A-T- groups on all four variables (s < .001), and
the A+T- group performed worse than the A—T- group for Word Recall Immediate Recall
and Delayed Recall (but not ADAS-Cog Total Score or Word Recall LR). Conversely, no
differences were observed between biomarker status groups for the RLS, A2, 415)=1.31, p
= .27, 77 = .006, or LOT, A2, 415) = 2.53, p= .08, 72 = .01.
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Table 3 displays the ROC-AUC values for the ADAS-Cog memory subtests, learning slopes,
and Total Score when differentiating individuals between the A+T+ and A-T- groups. Each
of the ADAS-Cog Word Recall Immediate Recall, ADAS-Cog Word Recall Delayed Recall,
and ADAS-Cog Total Score AUC values possessed good AUC values, which ranged from
0.820 to 0.828 (95% Cl/sranging from 0.765 — 0.882). Additionally, the Word Recall LR
metric possessed a fair AUC value (0.746; 95% C/ of 0.688 - 0.805), whereas the RLS

and LOT both failed to discern between biomarker groups (AUCs = 0.574 to 0.577; 95%
Clsranging from 0.503 to 0.648). While the values for the memory subtests and Total

Score trended towards being larger than the AUC value for the LR metric, all the 95%

Cls overlapped, suggesting no significant differences in the AUC values for LR versus the
former measures (see Table 3). Conversely, when comparing LR versus RLS and LOT AUC
values, the AUCs were significantly larger for the LR metric, based on 95% Cls failing to
overlap.

Also observed in Table 3, we derived cut scores for the ADAS-Cog Word Recall memory
subtests, learning slope metrics, and ADAS-Cog Total Score to produce the highest balance
of sensitivity and specificity. A cut score of <17.50 for Word Recall Immediate had a
sensitivity of 0.723 and a specificity of 0.822. A cut score of <3.50 for Word Recall Delayed
had a sensitivity of 0.627, but a specificity of 0.921, and a cut score of =15.835 for Total
score had a sensitivity of 0.807 and a specificity of 0.725. Note that this latter score is “>"
because of the reverse scoring of the ADAS-Cog Total Score. When considering learning
slope metrics, the sensitivity and specificity data similarly tended to be stronger for the

LR metrics than either RLS or LOT metrics. For example, a cut score of <0.5857 for LR
had sensitivity of 0.843 and specificity of 0.574, whereas a cut score of <4.0 for RLS had
sensitivity of 0.795 and specificity of 0.289, and a cut score of <7.5 for LOT had sensitivity
of 0.952 and a specificity of 0.153.

Convergent Validity Analyses

As indicated previously, the differences observed between learning slopes in the above
analyses led us to consider supplementary convergent validity analyses between LR, RLS,
and LOT. After accounting for age, education, verbal intellect, and sex, in the total sample
Word Recall LR was significantly and positively related to immediate and delayed memory
performances for not only the ADAS-Cog Word Recall subtest, but also for additional verbal
memory measures (RAVLT and Logical Memory; all ps <.001; see Table 4). Similarly,
LOT was significantly and positively related to most immediate and delayed memory
performances, but RLS was not significantly related to either memory measure from

which it was not derived. When comparing across learning slopes, LR score correlations
were consistently larger than RLS and LOT score correlations. Specifically, Fisher rto 2
transformations indicated that partial correlations were significantly greater for LR than
RLS for all comparisons (25 = 2.75 to 6.66, ps .001 to .006). Partial correlations for LR
were larger than LOT for all comparisons, reaching statistical significance for RAVLT
Total Recall (z=3.26, p=.001), ADAS-Cog Word Recall Immediate Recall (z=5.99,
p<.001), and ADAS-Cog Word Recall Delayed Recall (z=3.18, p=.002). As can

also be observed in Table 4, these effects were similarly observed when examining partial
correlations individually within the A-T—, A+T-, and A+T+ groups.
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DISCUSSION

The current study reflects the first attempt to characterize the sensitivity of memory subtests
and learning slopes from the ADAS-Cog at detecting differences in AD biomarker status,
when applying NIA-AA Research Framework based on amyloid-PET and tau-PET imaging
to the ADNI sample. Our results in Table 3 indicate that not only was the ADAS-Cog

Total Score effective at discriminating participants with Normal AD Biomarkers (A-T-)
from those with Alzheimer’s Pathologic Change (A+T-) and AD (A+T+), the Word Recall
Immediate Recall and Delayed Recall subtests (Question 1: Immediate Recall and Question
4: Delayed Recall) from the ADAS-Cog and the LR learning slope metric were effective

as well. Specifically, the ADAS-Cog Total Score, ADAS-Cog Word Recall Immediate, and
ADAS-Cog Word Recall Delayed subtests were all categorized as having “good” sensitivity
at classifying biomarker status, and the LR learning slope was categorized as being “fair”.
While the Total Score result is not necessarily surprising given the multitude of studies
relating ADAS-Cog Total Score to AD biomarkers (Avgerinos et al., 2021; Devous et al.,
2021; Li et al., 2016), the latter results lend support for the use of ADAS-Cog memory
subtests in identifying amyloid and tau status. When examining the effect sizes between
biomarker status groups and the Word Recall subtests (772s = .19 and .22) versus the
commonly administered RAVLT Immediate and Delayed Recall subtests (77s = .17 and
.10), the 10-item 3-trial Word Recall task performed comparably to — if not slightly better
than — the 15-item 5-trial RAVLT. Beyond this statistical significance, the magnitude of the
difference in ADAS-Cog Word Recall Immediate and Delayed Recall subtests between AD
biomarker groups appears to be clinically meaningful. As seen in Table 2, A+T+ participants
performed approximately 1.5 SD below their A—T— counterparts on both Immediate Recall
and Delayed Recall subtests. This is also similar to the degree of clinical significance seen
between amyloid-positive and amyloid-negative groups assessed using 18F-Flutemetamol
(Hammers et al., 2017) on a comparable word-list learning task (10-items over 4 trials;

1.7 SDto 2.3 SD) from the Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS; Randolph, 2012). These Word Recall results also coincide with findings
of previous studies using a variety of other PET radioligands and word-list tasks that
showed that greater amyloid and tau biomarker imaging is associated with worse memory
performance (Ciampa et al., 2022; Farrell et al., 2022; Kawas et al., 2013; Lagarde et al.,
2022; Ossenkoppele et al., 2014; Sperling et al., 2013), and provide further support for

the typical clinical manifestation of AD beginning with early and predominant anterograde
episodic memory deficits and being associated with amyloid plaque and tau accumulation.

The results of the current study similarly support the use of LR learning slope in
discriminating amyloid and tau status. Although the AUC values for LR were slightly
smaller than those of either the ADAS-Cog Total score or the ADAS-Cog memory subtests,
these differences were not statistically significant and the LR AUC values were beyond
cutoffs for acceptability (Hosmer et al., 2013). These results are consistent with the limited
research in the literature examining learning slopes and AD biomarkers of amyloid. Thomas
and colleagues (Thomas et al., 2020) successfully used LOT scores from the RAVLT

to predict future amyloid accumulation in participants with objective subtle cognitive
difficulties, and LR performance has previously been shown to be associated with amyloid
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deposition using 18F-Flutemetamol (Hammers, Suhrie, Dixon, Gradwohl, Archibald, et al.,
2021). To date, our finding appears to represent the first association between learning slopes
and tau pathology. Additionally, cut scores are displayed in Table 3 for ADAS-Cog Word
Recall subtests, ADAS-Cog Total Score, and learning slopes to produce the highest balance
of sensitivity and specificity. Similar to the AUC values, the sensitivity and specificity data
tended to be slightly larger for ADAS-Cog memory subtests and Total Score than the LR
metric, though all were generally comparable. For example, a cut score of <0.5857 for LR
had sensitivity of 0.843 and specificity of 0.574, with cut scores for ADAS-Cog Word Recall
Immediate Recall, ADAS-Cog Word Recall Delayed Recall, and ADAS-Cog Total Score all
reflecting trade-offs between sensitivity and specificity relative to LR. For LR specifically,
these results are consistent with previous research showing that the same cut score for LR
(<0.5857) had a sensitivity of 0.873 and a specificity of 0.846 when differentiating cognitive
impaired and intact older adults when derived from the aforementioned word-list learning
subtest from the RBANS (Hammers, Suhrie, Dixon, Gradwohl, Duff, et al., 2021).

At a more basic level, these findings additionally provide both criterion and convergent
validation for the development of a learning slope metric from the Word Recall subtest

of the ADAS-Cog. While the LR calculation has been applied to other word-list tasks in

the literature (Hammers et al., 2022; Hammers, Suhrie, et al., 2021; Spencer et al., 2020),
the use of this process score for the Word Recall subtest has been previously unexamined
and unvalidated. The aforementioned ability for LR to discriminate between amyloid and
tau status provides evidence of criterion validity. Additionally, after accounting for age,
education, verbal intellect, and sex, lower LR performance was associated with worse
performance on learning and memory tests. Table 4 indicates that LR performance from

the Word Recall subtest was positively and significantly related to learning and memory
from both tasks from which LR was derived (Word Recall subtests) and other memory

tasks from which LR was not derived (e.g., RAVLT and Logical Memory). Relative to
research with LR metrics derived from other word-list measures (HVLT-R, RBANS List
Learning, RAVLT; Hammers et al., 2022; Hammers, Suhrie, et al., 2021), the magnitude of
correlations between LR and both other word-list-learning tasks (ss = .41 to .50) and other
story memory tasks (/s = .26 to .38) were also comparable with our current findings (ss = .40
and .31, respectively). This comparability is particularly interesting given that some of these
other word-list-learning tasks reflect semantic clustering of stimuli (e.g., pieces of furniture,
dwellings; HVLT-R), which has been suggested to improve learning and recall (Manning &
Kahana, 2012). Additionally, the ADAS-Cog Word List includes 10 words presented over

3 trials (for a total of 30 possible points), and the others range from 10 — 15 words across

3 — 5 trials (for a range of 36 to 75 possible points), yet results were similar regardless of
trial length/number. This represents convergent validity for LR derived from the ADAS-Cog
Word Recall subtest, and further suggests that the original word-lists’ trial length, number,
and use of semantic clustering of stimuli has limited influence on the resultant process score.

Further, when comparing learning slopes, LR consistently outperformed the other metrics
(RLS and LOT). For example, AUC-ROC values for RLS and LOT when differentiating
between A-T- and A+T+ biomarker status groups were well-below cutoffs for acceptability
(0.574 t0 0.577; Table 3), and ANCOVA comparing RLS and LOT values between groups
were non-significant. Overall, these results suggest that these learning metrics failed to
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distinguish AD biomarker status. Additionally, partial correlations for RLS and LOT with
learning and memory measures were consistently and significantly smaller than those
observed for LR (Table 4). These results coincide with several other studies comparing these
learning slopes derived from the RBANS (Spencer et al., 2020), HVLT-R (Hammers et al.,
2021), and RAVLT (Hammers et al., 2022), and provide further support for the superiority
of LR over the other learning slopes. As such, our findings suggest that if considering a
learning process score from the ADAS-Cog for future research, LR is a good choice.

The following represent limitations to our current study. First, these results are unique to the
ADAS-Cog Word Recall subtest and may not necessarily generalize to all verbally-presented
word-list tasks (though our comparable convergent validity for LR suggests that some
generalizability is likely evident) — nor to verbally-presented paragraph memory or visual
memory measures. Also, this study did not examine all possible learning slope calculations,
but only LR from Spencer and colleagues (2020) and the other most commonly used slope
metrics. Relatedly, we calculated LR by taking the difference between the first and final
trial; while some research has used the difference between the first and best score among
the final few trials (Hammers et al., 2022), our method is commonly conducted among other
LR studies and was presently done for (1) ease of calculation and (2) because the use of
only three learning trials for the ADAS-Cog Word Recall subtest limits the likelihood of

the final trial not being the best trial. Second, because we recruited our sample from ADNI,
they tended to be highly educated and mostly Caucasian. Future research should consider
replicating these findings in more heterogenous samples to broaden generalizability. ADNI
also applies rigorous exclusion criteria that tends to be typical of industry-sponsored clinical
trials, therefore this cohort of individuals across the AD biomarker spectrum might not be
representative of the general population. Further, ADNI-specific modifications have been
made to the test administration of several measures used in the ADNI battery (e.g., Logical
Memory only includes “Story A”), and many common ADNI measures have not been
updated to reflect test advancement over time (e.g., Logical Memory from the WMS-R

was developed in 1987, and newer versions have been developed since that time). Third,
based on standard test administration instructions, the ADAS-Cog Word Recall Delayed
subtest was only administered approximately 10 minutes after the completion of the three
trials of the word list. While this period is shorter than other word-list-learning tasks (20

to 30 minutes for HVLT-R and RAVLT), our findings indicate that the subtest was still
capable of measuring delayed recall. Fourth, in the current study we calculated Immediate
Recall and Delayed Recall from the ADAS-Cog Word Recall in a different fashion than
what test developers recommend (for Questions 1 and 4 of the ADAS-Cog). This was done
for ease of understanding and comparability with other memory measures. As a result,
partial correlations between LR and ADAS-Cog Word Recall subtests were positive in our
study, whereas they would have been negative (but equal in magnitude) if using the original
scoring criteria to have higher scores reflect worse impairment (i.e., # of words not recalled;
Rosen et al., 1984). Finally, it is important to emphasize that the Research Framework
criteria only speaks to underlying pathology of AD, and not clinical presentation. As such,
participants with “Alzheimer’s disease” (A+T+) in our sample presented with a range of
memory abilities, and were clinically classified as cognitively normal (18%), MCI (48%),
to dementia due to AD (33%). The use of the Research Framework in this study does
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not constitute an endorsement by the authors of using a pathology-only criteria for the
diagnosis of AD, but instead we strongly support continued clinical utility of the use of
neuropsychological testing in the clinical diagnosis of dementia due to AD.

Despite these limitations, the current study provides evidence of sensitivity for the use of
both memory subtests and the LR learning slope from the ADAS-Cog in distinguishing AD
biomarker status. As the ADAS-Cog is typically only considered as a Total score, these
results provide researchers additional tools — at no additional cost — to aid in identification
of the presence of AD pathology. Further investigation of these ADAS-Cog memory subtests
and process scores into criterion validity with clinical diagnoses and normative comparisons
are encouraged in the future to enhance their application for clinical use.
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Participants in ADNI database (n = 2,366)

Excluded (n = 1,911)

+ Missing tau-PET data at

—” Baseline Visit (n = 1,868)

+ Missing cognitive or
amyloid-PET data at
Baseline Visit (n = 43)

Classified using NIA Research Framework
(n = 456)

Excluded (n = 15)
+ Classified as being Non-

N Alzheimer's Pathologic
Change (A-T+)

x

Final Sample (n = 441) composed of:

+ Normal AD Biomarkers (A-T-; n = 242)
+ Alzheimer’s Pathologic Change (A+T-; n = 116)
+ Alzheimer’s disease (A+T+; n = 83)

Figure 1.
Flow diagram of participants recruited into the current study from the total sample of ADNI

participants.
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Demographic, neuropsychological, and behavioral variables for the biomarker status groups and total sample

Variable A-T- A+T- A+T+ Total Sample
n 242 116 83 441
Age (years) 1 69.96 (6.8) | 71.82(7.4) | 72.65(7.1) 70.95 (7.1)
Education (years) 16.57 (2.3) 16.41 (2.4) 16.23 (2.5) 16.46 (2.3)
Sex (% female) 57.9% 56.9% 50.6% 56.2%
Race (% Caucasian) 84.3% 88.8% 83.1% 85.3%
Geriatric Depression Scale 1.03 (1.3) 1.03(1.2) 1.46 (1.6) 1.11(1.4)
AMNART Verbal Intelligence 119.38 (9.6) | 117.77 (10.3) | 117.15(9.9) | 118.52(9.9)
Baseline Diagnosis NL =172 NL =70 NL =15 NL =257
MCI = 62 MCI1 =35 MCI =40 MCI =137
AD=8 AD =11 AD =28 AD =47
MOCA 2.3 25.46 (3.1) | 2438(4.3) | 2043(5.1) 24.23 (4.3)
RAVLT Total Recall 2 3 4478 (10.9) | 41.34 (12.4) | 30.63 (12.2) | 41.21(12.7)
RAVLT Delayed Recall 2 3 4 7.58 (4.8) 5.86 (4.3) 3.10 (5.1) 6.29 (5.0)
Logical Memory Immediate Recall 2,34 | 1294(4.1) 11.43 (4.9) 7.86 (4.9) 11.58 (4.8)
Logical Memory Delayed Recall 2 3 1145 (45) | 10.05(5.2) 5.57(5.2) 9.97 (5.3)
CDR-SB 2 3 0.57 (1.2) 0.91 (1.5) 2.18 (1.9) 0.96 (1.6)

Note: A—T- = Normal AD Biomarkers, A+T—- = Alzheimer’s Pathologic Change, A+T+ = Alzheimer’s disease, AMNART = American National
Adult Reading Test, NL = Normal Cognition, MCI = Mild Cognitive Impairment, AD = Alzheimer’s Disease, MOCA = Montreal Cognitive
Assessment, RAVLT = Rey Auditory Verbal Learning Test, CDR-SB = Clinical Dementia Rating Scale — Sum of Boxes. AMNART Verbal Intellect

score listed as a Standard Score, and all other scores are raw scores. All values are Mean (Standard Deviation) unless listed otherwise.

lDenotes significant difference between A-T- and A+T+ groups, p<.01.

2 . .
Denotes significant difference between A-T- and A+T+ groups, p < .001.

3 . .
Denotes significant difference between A+T—-and A+T+ groups, p < .001.

4Den0tes significant difference between A-T-and A+T- groups, p < .001.
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Table 2.
ADAS-Cog memory subtest and learning slope scores for the biomarker groups and total sample
Variable A-T- A+T- A+T+ Total Sample
n 242 116 83 441

Word Recall Immediate

1duosnuey Joyiny

Learning 123

20.93 (4.2; 3.00 — 30.00)

19.00 (5.1; 5.00 — 30.00)

14.73 (5.2; 3.00 - 25.00)

19.26 (5.2; 3.00 — 30.00)

Word Recall Delayed 123

7.04 (2.2; 1.00 - 10.00)

6.22 (2.4; 2.00 — 10.00)

3.73 (2.4; 1.00 - 9.00)

6.20 (2.6; 1.00 — 10.00)

ADAS-Cog Total Score L2
3

13.99 (5.6; 4.00 - 37.33)

16.41 (7.1; 5.33 - 38.33)

25.03 (9.4; 7.67 — 48.33)

16.71 (8.0; 4.00 — 48.33)

Word Recall LR £ 2

0.59 (0.4; —2.33 - 1.00)

0.50 (0.3; —0.50 — 1.00)

0.36 (0.3; —0.33 - 1.00)

053 (0.3; -2.33 - 1.00)

Word Recall RLS

2.64 (1.7; =7.00 — 6.00)

2.48 (1.6; -3.00 — 7.00)

2.24 (1.5; -2.00 — 5.00)

2.52 (1.6; -7.00 - 7.00)

Word Recall LOT

4.82 (2.6; -5.00 -

4.48 (2.8; -4.00 -

4.04 (2.5; -4.00 - 9.00)

4.58 (2.6; =5.00 — 14.00)

11.00) 14.00)

Note: ADAS-Cog = Alzheimer’s Disease Assessment Scale — Cognitive Subscale, A-T- = Normal AD Biomarkers, A+T— = Alzheimer’s
Pathologic Change, A+T+ = Alzheimer’s disease, LR = Learning Ratio, RLS = Raw Learning Score, LOT = Learning Over Trials. All values are
Mean (Standard Deviation, range) unless listed otherwise.
1 A .

Denotes significant difference between A-T-and A+T+ groups, p< .001.

ZDenotes significant difference between A+T— and A+T+ groups, p < .001.

3 A .
Denotes significant difference between A-T-and A+T—- groups, p<.001.
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Receiver operating characteristic area under curve, cut scores, and sensitivity/specificity when differentiating
A-T- from A+T+ biomarker groups for ADAS-Cog Total Score, memory subtests, and learning slopes across

the total sample

Table 3.

Variable AUC 95% ClI Cut score | Sensitivity/ Specificity
Word Recall Immediate Recall | 0.820 | 0.765 - 0.875 <17.50 0.723/0.822
Word Recall Delayed Recall 0.828 | 0.774 -0.882 <3.50 0.627/0.921
ADAS-Cog Total Score 0.828 | 0.774-0.882 | 15835 * 0.807/0.725
Word Recall LR 0.746 | 0.688 - 0.805 <0.5857 0.843/0.574
Word Recall RLS 0.574 | 0.503 - 0.644 <3.50 0.795/0.289
Word Recall LOT 0.577 | 0.507 - 0.648 <7.50 0.952/0.153

Note: ADAS-Cog = Alzheimer’s Disease Assessment Scale — Cognitive Subscale, A-T— = Normal AD Biomarkers, A+T+ = Alzheimer’s disease,
AUC = Area Under Curve, Cl = Confidence Interval, LR = Learning Ratio, RLS = Raw Learning Score, LOT = Learning Over Trials.

*
Denotes the use of the test developer’s original scoring procedures, where higher scores mean worse performance.
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Table 4.

Partial correlation coefficients between ADAS-Cog Word Recall learning slope scores and immediate/delayed
recall scores across biomarkers status groups and the total sample, after controlling for age, education, verbal
intellect, and sex

Variable Correlated with A-T- A+T- A+T+ Total Sample
n 242 116 83 441
Word Recall LR RAVLT Total Recall .26, p<.001 52, p<.001 | .42, p<.001 .40, p<.001
RAVLT Delayed Recall 08, p=23 | 46, p<.001 | 25 p=.03 | .25 p<.001
Logical Memory Immediate Recall 14, p=.04 40, p<.001 | 42, p<.001 | .31, p<.001
Logical Memory Delayed 13, p=.06 42, p<.001 | .43,p<.001 | .30, p<.001
Word Recall Immediate Recall 46, p<.001 .57, p<.001 | .63, p<.001 .53, p<.001
Word Recall Delayed Recall .26, p<.001 | .55, p<.001 | .57, p<.001 | .43, p<.001
RAVLT Total Recall -001,p=.99 | 24, p=.01 | 21,p=07 | .12, p=.02
Word Recall RLS
RAVLT Delayed Recall -.07,p=.28 19, p=.05 15, p=.18 .05, p=.32
Logical Memory Immediate Recall .01, p=.87 .20, p=.03 .26, p=.03 12, p=.02
Logical Memory Delayed -.01, p=.86 | .26, p=.007 | .25, p=.03 12, p=.02
Word Recall Immediate Recall -.02, p=.75 24, p=.01 .32, p=.004 .13, p=.007
Word Recall Delayed Recall -.009, p=.89 | .31, p<.001 | .31, p=.006 | .15, p=.002
Word Recall LOT | RAVLT Total Recall .06, p=.35 .29, p=.002 .26, p=.02 .19, p<.001
RAVLT Delayed Recall -.02, p=.73 .21 p=.03 15, p=.20 .10, p=.05
Logical Memory Immediate Recall .07, p=.28 .28, p=.003 | .29, p=.01 .20, p<.001
Logical Memory Delayed .04, p= .57 .35, p<.001 | .32, p=.005 .20 p<.001
Word Recall Immediate Recall -.04, p=.60 .29, p=.002 | .41, p<.001 .18, p<.001
Word Recall Delayed Recall .05, p= .46 37, p<.001 | .29, p=.01 .21, p<.001

Note: ADAS-Cog = Alzheimer’s Disease Assessment Scale — Cognitive Subscale, A-T- = Normal AD Biomarkers, A+T— = Alzheimer’s
Pathologic Change, A+T+ = Alzheimer’s disease, LR = Learning Ratio, RAVLT = Rey Auditory Verbal Learning Test, RLS = Raw Learning Score,
LOT = Learning Over Trials.
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