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Abstract. We employed a highly demanding experimental associative learning test (the AFE-T) to explore memory func-
tioning in Preclinical Alzheimer’s Disease stage 1 (PreAD-1) and stage 2 (PreAD-2). The task consisted in the learning of
unknown object/name pairs and our comprehensive setup allowed the analysis of learning curves, immediate recall, long-term
forgetting rates at one week, three months, and six months, and relearning curves. Forty-nine cognitively healthy subjects
were included and classified according to the presence or absence of abnormal CSF biomarkers (Control, n=31; PreAD-1,
n=14; PreAD-2, n=4). Control and PreAD-1 performances on the experimental test were compared by controlling for age
and education. These analyses showed clear learning difficulties in PreAD-1 subjects (F=6.98; p=0.01). Between-group
differences in long-term forgetting rates were less notable, reaching statistical significance only for the three-month cued
forgetting rate (F=4.83; p=0.03). Similarly, relearning sessions showed only statistical trends between the groups (F=3.22;
p=0.08). In the whole sample, significant correlations between CSF Af4,/tau ratio and the AFE-T were found, both in
the total learning score (r=0.52; p<0.001) and in the three-month cued forgetting rate (r=-0.38; p<0.01). Descriptive
subanalyses involving PreAD-2 suggested greater learning and recall difficulties in these subjects when compared with the
PreAD-1 group. The present results suggest that explicit learning difficulties when binding information could be one of the
earliest signs of the future emergence of episodic memory difficulties on the Alzheimer’s disease continuum. Our findings
indicate that the AFE-T is a sensitive test, capable of detecting subtle memory difficulties in PreAD-1.
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INTRODUCTION

The identification of subtle cognitive changes in
preclinical Alzheimer’s disease (Pre-AD) has long
been considered critical for predicting progression
toward later clinical AD stages. Within the Pre-AD
phase, three preclinical stages were defined by the
National Institute of Aging and Alzheimer’s Associ-
ation (NIA-AA): stage 1 with abnormal amyloid-f3
(AP) levels, stage 2 with both amyloidosis and neu-
rodegeneration (including elevated levels of CSF tau
or brain atrophy), and stage 3 with the onset of sub-
tle cognitive decline [1, 2]. The usefulness of the
NIA-AA staging has been demonstrated in recent
reports involving Pre-AD subjects [3—6]. These stud-
ies on the different Pre-AD stages support the idea
that the co-occurrence of A3 deposition and neu-
rodegeneration (i.e., Pre-AD-2) accelerates cognitive
decline in cognitively healthy individuals and is
needed for the emergence of subtle cognitive difficul-
ties. Another important measure in Pre-AD studies is
the apolipoprotein E (APOE) €4 genotype. In that
line, Lim et al. [7] analyzed the cognitive perfor-
mance of 144 healthy older adults classified as APOE
€4 carriers (n=61) and APOE €4 noncarriers (n = 83).
They found a moderate negative relationship between
cerebral AP and episodic memory performance only
in APOE €4 carriers.

A cognitive feature of Pre-AD subjects is that all
of them, regardless of staging, have scores within the
normal range on standard neuropsychological tests.
Thus, most studies using a cross-sectional design
have failed to find a relationship between cognitive
performance on standard neuropsychological tests
and biomarker evidence of AD in clinically asymp-
tomatic at-risk individuals [8—11]. However, studies
such as the conducted by Rentz et al. [12] found
associations between a high demanding face-name
associative memory test and Af accumulation in
brain regions associated with memory systems. Other
later studies including Pre-AD staging, reported
group differences between PreAD-2 subjects and
controls but failed to find cross-sectional difficulties
in PreAD-1 [4, 5], and only a posterior report showed
that a demanding memory test (the free recall subtest
of the Memory Capacity Test; MCT) managed to dis-
criminate between PreAD-1 subjects and controls [6].
The MCT is a high demanding associative memory
task consisting on binding a total of 32 words (dis-
tributed in two lists) with a semantic cue to improve
encoding and recall. The test includes free and cued
immediate recall and free and cued delayed recall at

30 minutes. Therefore, it seems mandatory to develop
more sensitive cognitive measures to detect subtle
cognitive difficulties at Pre-AD stages, especially in
PreAD-1.

In the present study, we adapted an innovative asso-
ciative learning task based on the Ancient Farming
Equipment (AFE) paradigm [13] to assess learning,
recall, and relearning in Pre-AD subjects. This task,
originally devised to examine the early stages of
learning new words in one’s native tongue, engages
the declarative memory system in order to properly
associate unfamiliar names to objects that are equally
novel. The fact that participants need to create a new
associative link between the representations at the
lexical (new-word trace) and at the visual-conceptual
level (new-object) makes this task highly demanding,
especially compared to classical episodic memory
tasks that require solely the memorization of words or
existing objects. Task difficulty is further enhanced by
the fact that AFE performance is measured by spon-
taneous oral production of the novel word. Based
on the influential Complementary Learning Sys-
tems model (CLS) [14], it has been hypothesized
that the initial encoding of a new word and its
associative link to a new picture (concept) engages
medial-temporal lobe regions (e.g., hippocampal and
parahippocampal cortices) [13, 15-18]. There is evi-
dence showing that these regions are affected early in
AD [19-21].

To date the AFE paradigm has been mainly used to
study acquisition of new words in healthy individuals
[22-24] and in two studies concerning mild cognitive
impairment (MCI) and AD [25, 26]. A recent fMRI
study using the AFE paradigm in an aphasic patient
and in healthy controls showed a clear involvement
of medial temporal lobe regions during the learning
period [21]. In alater study, Gronholm et al. [25] stud-
ied the neural correlates of the AFE paradigm in MCI
subjects using positron emission tomography (PET).
Compared to age-matched controls, MCI subjects
showed increased activation in the anterior cingulate
cortex, suggesting that the naming of newly learned
objects imposed additional executive and attentional
demands. The behavioral results of this study showed
learning differences between controls and MCI since
the first training run, indicating that initial learning
measures were sensitive to MCI. The same authors
reported learning and forgetting differences between
MCI, AD, and controls in a later study using the
same paradigm [26]. These results showed that both
learning and forgetting performances were signifi-
cantly impaired in the MCI subjects in comparison
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to controls but all groups showed similar forgetting
patterns, and that the MCI group benefited less from
phonological cueing than controls.

Because of the novelty of the learning materials
in the test (here coined as the AFE-Test, or AFE-T)
and the high demands of its outcome measure (spon-
taneous naming), participants need multiple runs in
order to be able to learn the set of new object/word
pairs. It has been suggested that learning across mul-
tiple trials may provide the most sensitive index for
initial diagnosis of MCI [27]. Besides, a crucial dif-
ference between this test and other standard memory
tests is the longer time span for assessing forget-
ting (which comprised three time-points: one week, 3
months, and 6 months after initial learning). Previous
memory tasks used in MCI and in early detection of
people at risk of AD have usually evaluated delayed
memory recall or recognition only after a 20-30-min
delay from the encoding phase [28]. Importantly for
the present research, recent studies have suggested
that longer-term follow-up is crucial for tracking for-
getting rates, including both recognition and recall,
in order to obtain a level of sensitivity able to detect
subtle memory difficulties [29, 30]. In addition, we
included a phonological cueing test in the long-term
follow-up in order to evaluate recall processes in more
detail. Finally, the AFE-T also includes an additional
relearning task carried out six months after the ini-
tial learning. Some studies suggest that information
that has become inaccessible in recall or recognition
tests can be reactivated by relearning tasks [31-33].
In sum, the information provided by the present com-
prehensive AFE-T includes detailed learning curves
(learning rate), short and long-term forgetting mea-
sures, and a relearning curve.

We expected that the AFE-T, being a highly
demanding learning and memory test, would enable
us to detect subtle difficulties in learning and/or recall
in Pre-AD subjects that cannot be detected by stan-
dard neuropsychological tests. Moreover, we aimed
to evaluate the possible relationship between learn-
ing and memory performance and CSF proteins in
Pre-AD subjects.

MATERIAL AND METHODS
Farticipants

Forty-nine cognitively normal subjects were
included in the present study between 2013 and

2015. They were recruited from longitudinal ongoing
projects at three Spanish memory centers: Hospi-

tal Clinic (HC), Hospital de la Santa Creu i Sant
Pau (HSP) in Barcelona, and the CITA-Alzheimer
Foundation (CITA) in San Sebastian. All subjects
were bilingual (Catalan-Spanish for HC and HSP,
and Basque-Spanish for CITA participants). The
ethics committee of the Hospital Clinic of Barcelona
approved the study, and all participants provided
signed, informed consent before undergoing the neu-
ropsychological assessment, MRI, and the lumbar
puncture. All subjects had to meet the following
inclusion criteria: a) at least three years of formal
education, so as to exclude mental retardation or
congenital learning disability, b) Mini-Mental State
Examination (MMSE) [34] score >24, and c) objec-
tive cognitive performance within the normal range
(cutoff 1.5 SD from normative mean) in all tests on a
specific neuropsychological battery (see below). The
following exclusion criteria were applied: a) presence
of any neurological diagnosis, b) presence of a seri-
ous or unstable medical condition, c) diagnosis of a
major psychiatric disorder including schizophrenia,
major depression or substance abuse, and d) pres-
ence of a CSF pattern compatible with suspected
non-amyloid pathology (SNAP). In accordance with
the guidelines proposed by the National Institute
on Aging and the Alzheimer’s Association (NIA-
AA) for defining Pre-AD for research purposes [1],
healthy subjects were classified into three groups:
control (CTR, n=31), preclinical Alzheimer disease
stage 1 (PreAD-1, n=14) and preclinical Alzheimer’s
disease stage 2 (PreAD-2, n=4). CSF tau and p-tau
levels and MRI imaging (evaluated by an expert neu-
rologist in order to exclude cases with brain structural
damage or hippocampal atrophy) were used to clas-
sify Pre-AD subjects into PreAD-1 or PreAD-2.

Determination of biological and CSF biomarkers

All subjects underwent a lumbar puncture between
9 a.m. and 12 p.m. In the extraction, 10 ml of CSF was
collected. The samples were centrifuged and stored
in polypropylene tubes at —80°C within the first hour
after extraction. CSF A4, levels, total tau (tau), and
phosphorylated tau at threonine-181 (ptau) were mea-
sured by enzyme-linked immunosorbent assay kits
(Innogenetics, Ghent, Belgium). Cut-off values of
abnormality for each CSF biomarker were defined
according to previous work [35, 36]: a) AB4> <550
pg/ml, b) tau >350 pg/ml for subjects younger than
50 years, >400 pg/ml for subjects between 50-70
years old, and >450 pg/ml for subjects older than 70
years, and c¢) ptau >75 pg/ml. The time lapse between
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the lumbar puncture and the AFE-T assessment was
2.25 (1.4) years. Both, the AFE-T administrator and
the study participants were blind to the CSF results.

Apolipoprotein E analysis

Genomic DNA was extracted from peripheral
blood of probands using the QIAamp DNAblood
minikit (Qiagen AG, Basel, Switzerland). ApoE
genotyping was performed by polymerase chain
reaction amplification and Hhal restriction enzyme
digestion. The study participants were blind to the
ApoE results.

Neuropsychological battery and psychological
assessment

All participants were assessed with a comprehen-
sive neuropsychological battery, administered by a
trained neuropsychologist blind to the CSF results.
The battery encompassed four cognitive domains.
The memory domain included the Free and Cued
Selective Reminding Test [37], the language domain
comprised of the Boston Naming Test [38] and
Semantic fluency [39]; the visual perception domain
contained the number location subtest of the VOSP
battery [40], and the executive functions domain
consisted of the Trail Making Test [41], the Stroop
Test [42], the Symbol Digit Modalities Test [43],
and the Digit Span test of the WAIS [44]. Global
cognition was assessed with the MMSE [34]. Pre-
morbid intelligence was assessed with the Spanish
word accentuation test [45]. The average time lapse
between the neuropsychological assessment and the
AFE-T administration was 1.21 (0.2) months.

Word and pseudoword spans

At the end of the one-week recall session of the
AFE-T, two word and pseudoword verbal span tests
were administered. We developed these experimental
tests to assess verbal working memory in the context
of both familiar and unknown words, and to ensure
that learning performance between the groups in the
AFE-T was notinfluenced by different working mem-
ory capacities. In both tests, words or pseudowords
appeared one at a time for 3 s on a white background
on a computer screen. The participants were asked
to read each word aloud and try to remember them
in the exact order. After the items were presented, an
image of a microphone appeared on the screen and
the participants were asked to repeat all the items just
presented in exactly the same order. Points were given

for fully correct responses (i.e., when the exact words
were pronounced in the exact order of presentation).
When a correct response was given on at least one out
of the three sequences of a given span length, the next
series with a higher length was presented. The task
was initiated with two-item sequences and ended with
a maximum of eight items for the word span and six
for the pseudoword span. The task was interrupted
if the participant was unable to repeat any of the
three sequences of a given span. The total score cor-
responded to the maximum span that the participant
was able to repeat correctly.

The ancient farming equipment test (AFE-T)

The task was to learn to orally name new
object/name pairs. The objects were 24 black-and-
white images of ancient farming equipment taken
from the AFE paradigm [13]. These objects are
unknown today (see an example of a novel picture
in Fig. 1), and subjects’ unfamiliarity with the object
was confirmed in a pre-training screening test. In
this screening test, the objects were presented one
by one and the participant was requested to indicate
whether they knew them. Each object was paired with
a pseudoword, that is, a non-existing word that fol-
lows the phonotactic rules of Spanish [46]. The object
names consisted of 14 bisyllabic and 10 trisyllabic
pseudowords that did not exist in the Spanish dic-
tionary (e.g., gorsi, folute; see the complete list in
Appendix 1). All the stimuli were presented on a com-
puter screen against a white background using the
E-prime 2.0 (Psychology Software Tools, Inc., PA,

FOLUTE

Fig. 1. Example of a novel picture and a novel word in the AFE-T
(see Appendix 1 for a full list of materials used).
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Learning Phase Long Term Recall Phase Relearning Phase

Learning Learning Follow-Up Follow-Up Follow-Up Relearning Relearning
Istday ~ ""TTTTTT 2nd day 1week "R 3 months """ttt 6 months 1stday """ et 2nd day
Pre-Naming Training (read aloud) Visual Visual Visual Training (read aloud)  Training (read aloud)
Screening Task Recognition Test 1 Recognition Test 2 Recognition Test 3
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Learning Run 4
Learning Run 5
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Learning Run 2 Learning Run 7
Learning Run 3

Learning Run 4 i
Learning Run 5
Learning Run 6
Learning Run 7

Delayed Free Recall
+

Delayed Cued Recall
(Phonemic Cueing IT)

Immediate Cued Recall
(Phonemic CueingI)

Delayed Free Recall
+

Delayed Cued Recall
(Phonemic CueingIIT) (Phonemic CueingIV)

Delayed Free Recall Learning Run 3

+ Learning Run 4
Delayed Cued Recall ~ LearningRun 5
Learning Run 6 Learning Run 6
i Learning Run 7 Learning Run 7

Verbal i

Immediate Cued Recall
(Phonemic Cueingl)

Learning Run 3
Learning Run 4
Learning Run 5

Recognition Test

Fig. 2. Schematic design of the phases of the AFE-T.

USA). In order to thoroughly explore learning and
forgetting in Pre-AD, the test design included two
consecutive learning sessions, one immediate cued
recall, three long-term delayed recall/recognition ses-
sions, and two relearning sessions. The AFE-T had
a total duration of six months. All the phases are
explained in detail below (see Fig. 2 for a schematic
description of the overall design used).

Initial learning sessions (LS)

Two learning sessions were performed on two con-
secutive days (LS1 for the first day, and LS2 for
the second day). Each learning session included a
total of seven runs and took approximately 45 min.
Before starting the learning phase, each of the 24
object/name pairs was displayed for 7 s with a 500 ms
pause between them. The participants were asked to
read aloud the name of the object printed below, and to
try to learn each object/name pair. After the presenta-
tion, the seven learning runs were performed. In each
run, the participants were presented with the objects
one at a time, and were asked to spontaneously say
its name aloud. They were given a maximum of 7 s to
recall the name of each object. After this, the correct
name of the object appeared below the object for 4 s,
regardless of whether the participant was able to say
the correct name. The following object was presented
after a 500 ms interval. The order of presentation of
the objects in each run was randomized.

Immediate Cued Recall (ICR)
After the last run of the LS2, an immediate
cued-recall test was administered. In this task, each

object was presented one at a time. When the object
appeared, the experimenter verbally provided the first
syllable of the object’s name (phonemic cue). The
participant then had a maximum of 7 s to provide the
complete correct name. In this run, the administrator
did not give the whole correct name.

Long-term recall

Long-term recall was examined at one week,
three months, and six months after the initial learn-
ing phase. Each session took 10-15min and began
with a visual recognition task. The visual recogni-
tion task required the participant to identify the 24
trained objects among 24 foils (maximum score of
48). The stimuli were presented one by one for 7s,
with a 500 ms interstimulus interval, in a pseudo-
randomized order. The participant had to verbally
respond “YES” or “NO” to indicate whether the
object had been among the 24 trained items. The
recognition task was followed by free recall. Here,
each trained object appeared on the screen in a ran-
domized order, and the participant was asked to name
it orally. A maximum of 7s was given to name
each object. When the participant could not pro-
vide the correct response, the experimenter provided
the first syllable of the name (delayed cued recall).
The same procedure of cued recall was repeated
one week, three months, and six months after the
initial learning. At the end of the 6-month period,
a picture-word matching task was administered in
order to further explore the participants’ word acqui-
sition through recognition memory. In this task, three
pseudowords, the target and two foils sharing the
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same initial syllable, were presented beside each
object. The participants were requested to choose the
correct alternative for each stimulus (maximum score
of 24).

Relearning phase (RL)

Relearning started immediately after the end of
the 6-month session, following the verbal recogni-
tion memory task. Relearning was also performed on
two consecutive days, and followed exactly the same
procedure as in the learning phase.

Scoring system

All verbal responses were recorded for offline
scoring. Following the scoring procedure of the
AFE paradigm, a response was considered correct
(score = 1) when: (a) the participant recalled the exact
name of the object, or when (b) the name recalled dif-
fered by a single phoneme from the original name.
Under (b), the following cases were considered:
the substitution, addition, or omission of a single
phoneme at any given position of the word, or a
change in position of an otherwise correct phoneme.
This criterion was applied for all runs. Thus, for each
run, the range for the scores was 0-24.

Statistical analyses

Statistical analyses were performed using the
SPSS (v.22.0) package for Windows. In all anal-
yses, a p<0.05 was considered to be significant.
The main analyses were performed comparing the
CTR and the PreAD-1 groups. Demographical data,
levels of CSF AB4y, CSF tau, and CSF ptau, and
APOE €4 frequencies were compared using Student
t-tests for independent samples and x> analyses when
appropriate.

AFE-T learning and relearning scores were ana-
lyzed using mixed-model analyses of variance,
controlling for age and years of education. In these
analyses, the within-group learning curves (runs),
overall group differences (group), and the inter-
action between learning and group (run x group)
were explored. Additionally, analyses of covari-
ance (ANCOVA) controlling for age and years
of education with post-hoc Bonferroni corrections
were performed to analyze the specific runs in
which the scores differed significantly between the
two groups.

Forgetting rates for CTR and PreAD-1 groups
were determined to analyze the delayed recall scores

relative to the learning scores of each group. The
forgetting rate was defined as one minus the ratio
between each delayed session score and the score
obtained on the last learning run (e.g., 1-(one-week
free recall score/LLS2 run 7 score), for one-week free
forgetting rate). In this way, the forgetting rate rep-
resents the mean percentage of object/name items
previously learned that were forgotten. In the delayed
recall sessions, the free and cued raw scores, the
forgetting rates and the recognition scores were com-
pared between the groups using ANCOVAs adjusted
for age and education. Finally, to explore the possi-
ble relearning benefits (i.e., the reactivation of stored
information that cannot be voluntarily recalled),
paired 7-tests were run comparing the within-group
scores of the first runs of the learning versus relearn-
ing sessions.

Due to the fact that the present AFE-T version
has not been used before, our study is essen-
tially explorative. Following the recommendations
by Armstrong [47], we applied Bonferroni correc-
tions because here ““a large number of tests are carried
out without pre-planned hypothesis in an attempt to
establish any results that may be significant” (op.cit.,
p- 505).

Using the whole sample, Pearson bivariate cor-
relations were calculated to assess the associations
between the CSF AB4, levels and the following
AFE-T scores: total learning and three-month cued
forgetting rate. Total learning, operationalized as the
total score in the last run of the learning sessions,
was hypothesized to reflect mainly acquisition. It
has been suggested that the latter trials in repeti-
tive tests of memory are more strongly related to
the integrity of medial temporal lobe structures,
whereas early trials correlate more strongly with
inferior parietal, middle frontal gyrus, and tempo-
ral pole regions of interest [48]. Three-month cued
forgetting rate was hypothesized to represent con-
solidation in long-term memory. The cued nature
of recall allows for a more specific measure of
consolidation, minimizing the role of executive com-
ponents in recall [49]. Cued recall at three months
was hypothesized to be the best measure to capture
the longer term forgetting rate while avoiding floor
effect.

Finally, even though the subjects had to be within
the normal range on all the neuropsychological
tests administered to be eligible, we ran t tests to
explore possible between-group differences on these
tests. For these analyses, the scaled scores (i.e.,
Neuronorma) of each test were used.
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Table 1
Demographics, biological data, and CSF biomarker levels of CTR and PreAD-1 groups
Parameters CTR (n=31) PreAD-1 (n=14) t p value
Demographics
Gender (% women) 70.9% 78.6% 0.292 0.59
Age 64.8 6.4 [49-77] 67.8+7.1[58-78] 1.39 0.17
Years of education 11.6+3.7 10.8 +3.9 -0.69 0.49
Biological data and CSF
APOE €4 (% positive) 6.5% 57.1% 14.34* <0.0001**
AB42 801.6+211.2 41454829 -8.81 <0.0001**
Tau 233.6+81.8 240.8 +99.3 0.25 0.80
Ptau 51.7+14.1 46.2+16.4 -1.15 0.26

Data are presented as means = standard deviation. CSF, cerebrospinal fluid; AB42, amyloid-beta isoform 42; tau,
total tau; ptau, phosphorylated tau. *Pearson Chi-Square; **p <0.0001.

RESULTS
Sample characteristics

Demographical and biological data of the CTR and
PreAD-1 groups are shown in Table 1. Age ranged
between 49 and 86 years, and educational level
ranged between 3 and 20 years. There were no signifi-
cantdifferences in age (p =0.17) or years of education
(»=0.49) between the CTR and PreAD-1 groups.
Gender distribution was also similar (x2=0.29;
p=0.59) with women accounting for more than
70% in both CTR and PreAD-1. Regarding the AD
biomarkers, CSF AP4, was significantly lower in
the PreAD-1 group (#(43)=-8.81; p<0.001). There
were no significant group differences in the levels of
CSFtau (#(43)=0.25; p=0.80) or ptau (#(43) =-1.15;
p=0.26). The APOE-e4 allele was significantly
more frequent in the PreAD-1 group than in CTR
(x*=14.34; p<0.001), with a frequency of 57.1%
versus 6.5% of carriers, respectively.

Descriptive characteristics of the PreAD-2
subjects (n=4)

The PreAD-2 subjects (n=4) had a mean age
of 77.8 (6.9) years [range 70.9-86.1], compared to
a mean age of 67.8 years in the PreAD-1 [range
58.2-78.3]. Their mean length of education was 11
years [range 3-18], compared to 10.8 [range 6-20]
in PreAD-1 group. In PreAD-2, 50% were women,
compared to 79% in PreAD-1. APOE-4 carriers rep-
resented 25% of the PreAD-2 sample compared to
55.5% in the PreAD- 1. Regarding the biological data,
PreAD-2 group had a mean CSF AB4, of 341.6
(124.1) pg/ml [228.5-512.2], CSF tau of 486 (128)
pg/ml [389-666], and CSF ptau of 89.8 (17.4) pg/ml
[75.2—-114], compared to 414.5 (82.9) pg/ml, 240.8

(99.3) pg/ml, and 46.2 (16.4) pg/ml in the PreAD-1
group, respectively.

AFE-T performance in PreAD-1

Initial learning phase

The ANCOVA on correct spontaneous naming
responses showed a significant main effect for run in
the whole sample (F(13,533)=5.3; p<0.001), indi-
cating an overall increase of naming performance
throughout the learning sessions in both groups (see
Fig. 3). Furthermore, the run x group interaction term
was significant (F(13,533)=4.7; p<0.001), reflect-
ing the steeper learning curve of the CTR group
and their better overall performance (F(1,41)=6.9;
p<0.01) (see Fig. 3). Specifically, the CTR group
showed a mean learning progression of 16.7 (4.9)
items (#(30)=18.7; p<0.001) (i.e., the difference
between the first and the last learning run scores),
whereas the PreAD-1 group showed a mean value of
12.1 (6.0) items (#(/3)=7.52; p<0.001). The main
statistical comparisons are shown in Table 2. When
looking at the scores for each run, ANCOVA revealed
significant between-group differences in runs 1, 2, 6,
and 7 on the first learning day and in all the runs of
the second learning day (see Fig. 3).

Immediate cued recall

In the immediate cued-recall performed at the end
of the second learning day, the mean for the CTR
group was 21.6 (2.4) points, and the PreAD-1 group
a mean of 17.3 (4.5) points. The ANCOVA showed
that this group difference was statistically significant
(F(1,40)=15.4; p<0.001; see Fig. 3).

Forgetting rate (one-week, three-month,
and six-month delayed sessions)

Forgetting rates (one minus the ratio between each
delayed session score and the score obtained on the
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Fig. 3. AFE-T learning, free recall, and relearning scores of CTR and PreAD-1 groups. ICR, immediate cued recall; FR, free recall. Group
differences in each point are indicated by an asterisk (*p <0.05, **p <0.01).

Table 2
ANCOVA of learning, recall and relearning AFE-T scores between
CTR and PreAD-1 group (only the first and last run of each learning

decreased to 0.16 (0.1) in the CTR and 0.29 (0.2)
in the PreAD-1; the difference showed a marginal

and relearning session are shown)

CTR (n=31) PreAD-1 (n=14) F p value
LSI_R1 1.2+1.1 0.2+0.6 7.39  0.01*
LS1.R7 11.2+4.8 6.6+4.4 6.73  0.01*
LS2_R1 125+52 7.1+£438 7.80 <0.01**
LS2_R7 17.9+54 123+£6.2 6.99 0.01*
ICR 21.6+24 17.3+£4.5 15.37 <0.01**
1 Week _FFR 0.27+£0.3 0.47+0.3 375 0.06
1 Week_CFR 0.16£0.1 0.29+0.2 4.09 0.05
3Months_ FFR  0.77+£0.2 0.83+0.2 023 0.64
3Months_ CFR  0.46+0.2 0.66 +0.2 4.83  0.03*
6 Months_FFR  0.79 £0.2 0.81+£0.3 0.01 0.99
6Month.CFR  0.50+0.2 0.61+£0.3 0.35 0.55
RLS1R1 10.5+6.5 7.7+£4.38 0.79 0.38
RLS1_R7 18.1£5.1 142+6.0 293 0.10
RLS2 R1 18.1£5.2 13.2+£6.0 532  0.03*
RLS2_R7 21.1+34 174+£5.6 5.35  0.03*
RL_ICR 23.1+1.7 21.2+29 521 0.03*

Data are presented as means =+ standard deviation. LS1, 1st learn-
ing day; LS2, 2nd learning day; R, run number; ICR, immediate
cued recall; FFR, free forgetting rate; CFR, cued forgetting rate;
RL, relearning. *p <0.05; **p <0.01.

last learning run) were analyzed in each group. In
this way, the forgetting rate represents the mean per-
centage of object/name items previously learned that
were forgotten. At the one-week free recall session,
the CTR had a forgetting rate of 0.27 (0.3) while
the PreAD-1 group had a forgetting rate of 0.47
(0.3). ANCOVA revealed that this difference was
not statistically significant (F(1,36)=3.7; p=0.06).
When including the phonemic cue, the forgetting rate

significant trend (F(1,36)=4.1; p=0.05). At three
months, the CTR group showed a forgetting rate of
0.77 (0.2) in the free recall and the PreAD-1 showed
a forgetting rate of 0.83 (0.2). When the cue was
administered, the CTR got a forgetting rate of 0.46
(0.2) whereas the PreAD-1 decreased only to 0.66
(0.2). The latter difference was statistically signif-
icant (F(1,36)=4.8; p=0.03). At six months, both
CTR and PreAD-1 once again had similar forget-
ting rates in the free recall: 0.79 (0.2) and 0.81 (0.3),
respectively. When including the cues, the between-
group differences did not reach statistical significance
(F(1,36)=0.4; p=0.55), with forgetting rates of 0.50
(02) and 0.61 (0.3) in the CTR and PreAD-1 groups,
respectively. Both groups benefited significantly from
the phonemic cues in each of the delayed sessions (see
Supplementary Figure 1).

Delayed recognition

Recognition scores were based on correctly rec-
ognized objects and correctly rejected foils (24 for
each, total score =48). The ANCOVA showed a sig-
nificant group difference in the one-week delayed
visual recognition scores (F(1,41)=5.5; p=0.02),
although the difference between the means was only
0.5 points (CTR =47.9 £ 0.4, PreAD-1=47.4 + 1.4).
No significant group differences in visual recognition
were observed at three months or six months. Neither
did the picture-word matching task at six-month post
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learning reveal any group difference in recognition
memory.

Relearning phase

The ANCOVA on correct spontaneous naming
responses showed a significant main effect of run
(F(13,533)=11.7; p<0.001) in the whole sample,
reflecting an overall significant increase of nam-
ing performance throughout the relearning sessions
in both groups (see Fig. 3). However, an con-
trary to the learning phase, similar steepness of
the relearning curves between the CTR and the
PreAD-1 groups were found (Time x Group interac-
tion, F(13,533)=0.7; p=0.75). The results showed
significant overall differences in performance across

Correlation between total learning and CSF Ap;>/tau ratio
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groups (F(1,41)=4.4; p<0.05). When looking at the
scores for each run, ANCOVA revealed significant
between-group differences in runs 1, 2, and 7 on the
second relearning day. Significant differences were
observed by the ANCOVA on the immediate cued
recall (F(1,39)=5.2; p=0.03), with the CTR scor-
ing 23.1 (1.7) compared to 21.2 (2.9) in the PreAD-1
group.

Descriptive analyses of the AFE-T performance
in PreAD-2

The PreAD-2 group learned a total of 7.8 (6.9)
object/name pairs on the AFE-T, with a range
between 0 and 14 on the last learning run (see
Fig. 4). This was below the mean in the PreAD-1

Correlation between total learning and CSF A, levels
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whole sample. CFR, cued forgetting rate.
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group (12.3), while the standard deviation was sim-
ilar in the two groups (6.2 and 6.9 for PreAD-1
and PreAD-2, respectively). As regards the forget-
ting rates, at the one-week free recall the PreAD-2
subjects forgot 0.4 (0.2) of the acquired items, com-
pared to 0.5 (0.3) in the PreAD-1 group. When the cue
was administered, the PreAD-2 rate remained at 0.4
(0.3) compared to 0.3 (0.2) in the PreAD-1. At three
months, the PreAD-2 subjects had a mean index of
1 (0) in free-recall, decreasing to 0.8 (0.2) when the
cue was included. The PreAD-1 group, in compari-
son, had scores of 0.8 (0.2) in the free forgetting rate
and 0.7 (0.2) in the cued forgetting rate.

CSF AByo levels and AFE-T scores in the whole
sample

Total learning was defined as the score obtained on
the last run of the learning sessions. A significant pos-
itive correlation was found between the total learning
score and CSF A4, (r=0.37; p=0.01). To explore
the relationship of CSF A4 and recall, the corre-
lation between the biomarker and the three-month
cued forgetting rate was calculated, showing a nega-
tive correlation (r=-0.34; p=0.03; see scatter plots
in Fig. 4).

We also measured the association between the
AFE-T and the ratio AB4p/tau. Results showed a sig-
nificant positive correlation between the total learning
score and the ratio (r=0.52; p <0.001). Regarding the
three-month cued forgetting rate, a significant nega-
tive correlation was found with AB4o/tau (r=-0.38;
p<0.01; Fig. 4).

Standard neuropsychological tests in PreAD-1

There was no significant difference in global cog-
nition between the CTR and the PreAD-1 group
(#43)=-0.2; p=0.9), as assessed by the MMSE [34].
Nor was there a significant difference on the verbal
intelligence score (#(43)=0.6; p=0.5). Crucially to
the present research, no single test of the standard
neuropsychological battery showed significant dif-
ferences between the groups, with p values ranging
from 0.07 to 0.95 (see Table 3). Regarding the word
and pseudo-word span tasks included in the AFE-T
(see Supplementary Table 1), significant group dif-
ferences were found for the pseudo-word span (F(1,
38)=7.7; p<0.01) with better performance in the
PreAD-1 group than in the CTR. No significant dif-
ferences were observed in the word span task (F(1,
38)=0.1; p=0.7). Finally, the mean scores on the

Table 3
T-test of the standard neuropsychological scores between CTR and
PreAD-1 groups

Parameters CTR PreAD-1 t p value
(n=31) (n=14)
Global Cognition
MMSE* 28.1+1.6 28.1x1.6 -0.15 0.88
WAT? 249446 239+47 0.63 0.53
Memory
FCSRT - FR 124+£2.8 11.1+£2.6 142 0.16
FCSRT - TR 1254+2.7 1224+3.0 0.37 0.71
FCSRT - DFR 125+27 11.6+£3.0 097 0.34
FCSRT - DTR 13.7+£43 12640 0381 0.42
Language
BNT 11.5+£1.8 11.1+£1.9 0.66 0.51
Sem-Flu 11.0£2.0 102+29 1.06 0.27
Perception

VOSP — Numbers 13.1£4.6 13.0+£4.9 0.06 0.95
Executive functions

TMT-A 11.1+£22 105+2.6 0.80 0.43
TMT-B 103£23 9425 1.11 0.27
Stroop-W 11.3+£2.0 107£1.6 097 0.34
Stroop-C 11.1+£1.8  99+22 176 0.09
Stroop-CW 11.7£23 103+1.8 191 0.07

SDMT 122+£28 11.1+£3.7 0.99 0.33
Digits-F 10.8£2.6 11.6+2.8 -0.99 0.33
Digits-B 124+2.1 12.0+£27 0.54 0.59

Data correspond to scaled scores of the standard neuropsycho-
logical tests and are presented as means =+ standard deviation.
MMSE, Mini-Mental State Examination; WAT, Word Accentu-
ation Test; FCSRT-FR, Free and cued selective reminding test
free recall; FCSRT-TR, total recall; FCSRT-DFR, delayed free
recall; FCSRT-DTR, delayed total recall; BNT, Boston naming
test; Sem-Flu, Semantic fluency; VOSP, visual object and space
perception battery; TMT-A, Trail making test A; TMT-B, Trail
making test B; Stroop-W, Stroop test words; Stroop-C, Stroop
test color; Stroop-I, Stroop test color-word; SDMT, Symbol digit
modality test; Digits-F, WAIS Span-digit forward; Digits-B, WAIS
span-digit backward. Raw scores.

standard neuropsychological tests of PreAD-1 group
and the descriptive scores of the PreAD-2 subjects
showed that the four PreAD-2 participants had higher
scaled scores on all the tests administered.

DISCUSSION

This study searched for evidence for subtle learn-
ing and/or recall difficulties in Pre-AD by employing
a highly demanding associative word learning test,
the AFE-T. The test had to be particularly sensi-
tive as these cognitive difficulties are too mild to be
detected by standard neuropsychological tests. More-
over, we explored the possible associations between
learning and memory performance and CSF pro-
teins in Pre-AD subjects. The results observed were
very conclusive in showing initial learning difficul-
ties in our PreAD-1 subjects, while their long-term
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recall and relearning were relatively preserved. Addi-
tionally, we found that CSF AR4, levels correlated
significantly with the total learning score. Our find-
ings suggest that the AFE-T is a promising tool
for characterizing the cognitive profile of PreAD-1,
being sensitive enough for detecting incipient
episodic memory difficulties in this population.

The usefulness of the NIA-AA staging has been
demonstrated in recent reports involving Pre-AD sub-
jects [3—6]. Mormino et al. [4] studied 166 cognitively
normal individuals divided into preclinical groups for
a mean of 2.1 years. PreAD-1, control, and SNAP
showed improvement in performance over time (due
to task repetition effects) while PreAD-2 subjects
declined, suggesting that the co-occurrence of A3
deposition and neurodegeneration (i.e., PreAD-2)
accelerates cognitive decline in cognitively healthy
individuals. In a recent study by Soldan et al. [5],
222 cognitively healthy subjects were followed up
for amean of 11.0 years and classified into preclinical
stages. Only Pre AD-2 subjects showed worse cogni-
tive performance both at baseline and longitudinally
compared with the other biomarker groups, whereas
controls, PreAD-1 and SNAP groups did not differ.
The authors concluded that baseline and longitudinal
cognitive decline is only detected in PreAD-2 sub-
jects. However, it should be borne in mind that these
studies used standard neuropsychological tests and
memory composites to evaluate the cognitive perfor-
mance of Pre-AD subjects. Otherwise, Papp et al. [6]
studied 260 clinically normal older adults grouped
in preclinical stages using a highly demanding asso-
ciative memory test (the MCT). The authors found
decrements in PreAD-1 subjects’ free recall score
when compared with Controls.

The present study investigated the cognitive perfor-
mance of PreAD-1 subjects using a highly demanding
associative memory test. Unlike most memory tests
used to assess Pre-AD, the AFE-T requires learning,
binding and storing novel information. Forming new
associations or binding unrelated information with
previous semantic knowledge is thought to set high
demands on cognitive processing [12]. This kind of
learning may depend on the formation of new neural
connections in brain areas specifically related to the
acquisition of new knowledge [13] which show incip-
ient changes in Pre-AD, such as the hippocampus and
adjacent medial temporal lobe structures [19, 20].
Probably due to these higher cognitive demands
related to the associative learning, the AFE-T was
able to find consistent learning difficulties in Pre AD-1
subjects when compared to controls. This important

finding suggests that the AFE-T is sensitive enough
to identify differences between controls and Pre-AD
subjects, even at the first stage of the Pre-AD phase.
Furthermore, considering the fact that the PreAD-1
group performed better in the pseudo-word span, their
impaired initial learning in the AFE-T could not be
due to impairments in attention or working memory,
factors that are strongly linked to episodic memory
[50, 51]. However, it is important to note that the idea
that episodic (associative) memory is the first mem-
ory system to be affected in AD has been questioned
[52]. Moreover, the fact that item-based and associa-
tive memory systems are independent also remains
unclear [53].

One of the main strengths of the present study is the
long-term follow-up of participants, which allowed a
comprehensive assessment of delayed memory and
forgetting rates. Since most of the time intervals in
standard neuropsychological tests range between 20
and 30 minutes [28], the assessment of longer term
(days or months) forgetting rates in Pre-AD remains a
field to be explored. Our analysis involving PreAD-1
subjects and controls showed differences in their
raw scores at one-week free and cued recall, and at
three-month cued recall. Nevertheless, these group
differences were influenced by the initial learning
performance, since analysis of forgetting measures
showed that the PreAD-1 subjects and controls pre-
sented similar forgetting rates. These findings suggest
that the initial consequences of amyloid deposition
affect initial learning and encoding processes more
than posterior recall and retrieval processes. Only
the three-month cued forgetting rate showed sig-
nificant differences between PreAD-1 subjects and
controls. Though weak, the greater benefit from the
phonological cueing in the CTR group than in the
PreAD-1 suggests that the poorer performance exhib-
ited by the PreAD-1 group in this long-term recall
session should not be attributed merely to a “tip-of-
the-tongue” effect, but to a subtle information loss.
Similar results were presented in a previous study
using the AFE paradigm in which MCI patients ben-
efited less from phonological cueing than controls
[26]. Regarding the secondary analysis, the small
group of PreAD-2 subjects presented a similar per-
formance in the free recall but a lower benefit from
the cue. These results are in agreement with a recent
report which indicated that while PreAD-1 subjects
showed subtle reductions in free recall, a decline in
the cued recall may represent progression to PreAD-2
stages [46]. Albeit collection of long-term forgetting
rates with free and cued recall is cumbersome, these
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findings suggest that they can provide valuable infor-
mation for identifying memory difficulties in Pre-AD.

Another innovative memory assessment included
in the AFE-T was Relearning, which was included to
investigate previous learning influence. Information
that cannot be remembered in a free or cued recall or
recognition tests can be reactivated and detected by
relearning tasks [31-33]. Relearning in the Pre-AD
phase has not previously been studied. After the floor
effect present in both groups at the 6-month recall ses-
sion, we further explored whether there were existing
but inaccessible memory traces that could be reac-
tivated during relearning. As shown by the similar
positive relearning curves, both groups were able to
benefit from this intervention. Interestingly, between-
group differences during this relearning phase were
lower than those observed during the initial learning
phase. Again, these results might suggest that initial
learning is the most powerful cognitive feature for
discriminating Pre AD-1 subjects from controls. Clin-
ically, this makes the testing paradigm more viable
as delayed testing could be avoided. Regarding the
usefulness of standard neuropsychological tests, sev-
eral reports in recent years have failed to find group
differences between normal aging and clinically nor-
mal at-risk subjects [8—11]. In agreement with these
results, and as expected considering the inclusion
criteria of the present study, we did not find any
significant cross-sectional difference between our
two groups in a comprehensive battery of standard
neuropsychological tests. Thus, currently available
standard neuropsychological tests do not seem to
have sufficient sensitivity to differentiate cognitively
healthy individuals with decreased CSF AB4; levels
from controls [12, 54].

In the present study, we also examined the
association between CSF A4, levels and AFE-T
performance in the PreAD-1 group. The relation-
ship between amyloid and cognition in Pre-AD has
been studied in recent years, but most cross-sectional
studies have not found a relationship between amy-
loid levels and memory performance using standard
neuropsychological tests [8, 55-58]. Only longitudi-
nal studies have shown stronger associations between
amyloid burden and future memory impairment, indi-
cating that amyloid burden in cognitively normal
individuals precedes cognitive impairment and is
associated with a higher risk of future cognitive dete-
rioration [59, 60]. In the present study, the highest
statistically significant association between the CSF
A4 levels and the AFE-T performance was found in
the total learning score. This finding supports the view

that episodic memory decline is more closely related
to amyloid levels [60], and that this link may be seen
only with a highly demanding associative learning
task. In line with this, an association between amyloid
accumulation in the frontal cortex and cognitive per-
formance was described in a previous study in which
a highly challenging face-name associative test was
administered, indicating that in addition to the medial
temporal lobe and related structures, frontal regions
are also critical in associative memory encoding and
recall [12]. This also concurs with a previous PET
study which showed that the AFE paradigm engages
executive and attentional functions [23].

One notable limitation of the present study is its
small sample size, limiting the power of the statis-
tical analyses. For instance, although no standard
neuropsychological test showed significant differ-
ences between CTR and pre-AD, the probability of
type II error in these analyses was high. Regard-
ing AFE-T, the comprehensive long-term assessment
procedure of the AFE-T can be considered to safe-
guard against spurious results that may hamper these
kinds of studies. With regards to the delayed recall of
the AFE-T, it may appear surprising that both the CTR
and PreAD-1 group showed poor performance after
six months of learning. There is probably a tradeoff
between learning runs and the length of maintenance,
and a shorter interval might have shown a difference
between the groups. Previous studies in MCI patients
[26] used more training days, and those participants
had better maintenance of information at six months.
Another potential limitation concerns the multiple
comparisons problem that arises from the large num-
ber of statistical comparisons performed. This was
dealt with post-hoc Bonferroni corrections, albeit
this is an admittedly conservative method. Lastly,
although the AFE-T as a whole is not fully suitable
for use in the clinical setting, it allows characteriza-
tion of the different processes involved in learning
and memory function in the preclinical phase of AD.
In the light of the present results which identify initial
learning as the most sensitive area for detecting cogni-
tive difficulties in the PreAD-1, we are now designing
and validating a shortened version of the AFE-T for
use in the clinical setting.

In conclusion, using a new, highly demanding,
comprehensive associative memory test, we identi-
fied significant incipient learning difficulties together
with a relative preservation of the recall processes
in PreAD-1 subjects. Our findings suggest that the
AFE-T is a promising tool for characterizing the
cognitive profile of PreAD-1 and that it is sensitive



A. Tort-Merino et al. / Learning Difficulties in Preclinical AD Stage 1 867

enough to detect incipient episodic memory difficul-
ties in this population.
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Appendix 1. Stimuli used in the AFE-T (novel pictures and novel words)
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