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Abstract
Episodic memory (EM) alterations are a hallmark of Alzheimer’s disease (AD). We assessed EM longitudinally in cognitively 
normal elders at-risk for AD (with subjective memory complaints), as a function of amyloid-β (Aβ) burden, neurodegenera-
tion (N), and progression to prodromal AD. We stratified 264 INSIGHT-preAD study subjects in controls (Aβ-/N−), stable/
N− or N + (Aβ +), and progressors/N− or N + (Aβ +) groups (progressors were included only until AD-diagnosis). We used 
linear mixed-effect models with Aβ and N status, or progression to AD as factors, to analyze behavioral performance in 
an old/new word-recognition task based on the free and cued selective reminding test (FCSRT). The controls and stable/
N− groups showed near-ceiling accuracy and RT improvement across follow-up. The stable/N + group showed accuracy 
reduction and no RT improvement, i.e., Aβ + /N + cumulative effect. The progressors showed a marked performance decline. 
EM alterations may constitute early preclinical markers of progression to prodromal AD, while individuals are cognitively 
normal according to neuropsychological standards.

Keywords  Alzheimer’s disease (AD) · Episodic memory · β-amyloid · Neurodegeneration · Free and cued selective 
reminding test (FCSRT) · Old/new effect

Introduction

Alzheimer’s disease (AD) is the most dominant form of 
dementia in elderly people [1, 2]. It is characterized by pro-
gressive cognitive decline and is currently the major public 
health problem in elderly populations, with a prevalence 

estimated in > 50 million people worldwide, expected to 
double at every 20 years [1, 2]

In typical forms, AD tends to be diagnosed at prodromal 
or dementia stages, with most existing knowledge on AD-
linked cognitive decline, stemming from research performed 
at these symptomatic stages [2–6]. Therefore, the patho-
physiological processes leading to the onset of cognitive 
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decline in AD remain poorly understood, resulting in a 
shift in the focus of AD-research toward earlier preclinical 
stages preceding symptomatology —asymptomatic at-risk 
phase [2, 4, 6–9]. In this study, individuals were cognitively 
normal but considered at-risk of progression to prodromal-
AD for reporting subjective memory complaints (SMC) 
for > 6 months, with or without presenting AD neuropatho-
physiologic alterations [2, 4, 5, 7, 9, 10]. However, not all 
at-risk individuals progress to AD, highlighting the need for 
an in-depth characterization of the preclinical asymptomatic 
phase, missing at present [2, 7, 11].

At the biologic level, the diagnosis of typical-AD requires 
the presence of neuropathophysiologic markers such as 
β-amyloid [Aβ] burden (i.e., neocortical accumulation of 
Aβ plaques in positron emission tomography [PET]) or 
neurodegeneration (as reflected by reduced neuro-metabolic 
glucose uptake) [7, 12–16]. These are considered AD-risk 
factors, which in-vivo evidence shows to silently appear sev-
eral years before cognitive alterations are established, and to 
correlate with the appearance of SMC and the escalation of 
episodic memory (EM) deficits, a hallmark of AD [7, 9, 12, 
16–18]. Moreover, when observed together, these markers 
seem to further exacerbate memory decline and progression 
to AD [7, 15, 16, 18–20]. Hence, such AD-markers might 
anticipate cognitive decline, as proposed in the 3-stage 
framework of Sperling et al.: (1) presence of cerebral amy-
loidosis (measured as either Aβ burden in PET imaging 
or decreased Aβ1–42 concentration in cerebrospinal fluid 
[CSF]); (2) presence of amyloidosis and neurodegeneration 
(considered as either hypometabolism in 18F-fluorodeoxy-
glucose (18FDG) PET or increased tau level in CSF, and 
medial temporal lobe atrophy); (3) presence of amyloidosis, 
neurodegeneration, and subjective cognitive complaints [4, 
7, 13, 18].

In typical AD, subjective cognitive complaints largely 
reflect the onset of EM deficits [2, 3, 9, 11, 21]. These are 
coined as SMC, an umbrella term for potential alterations 
in different EM processes, including encoding, retrieval, 
consolidation, and recognition [2, 3, 8, 11, 22]. However, 
SMC are common in both AD and normal cognitive aging 
populations, with the difference lying on the source of the 
encountered difficulties [8, 9, 21–25]. In normal cognitive 
aging, memory alterations are mostly related to inefficient 
encoding capacity or impairment of retrieval processes origi-
nated in executive decline [8, 9, 21–25]. It contrasts with 
typical AD, where memory alterations are mostly related to 
storage and consolidation decline, considered a signature of 
the amnesic hippocampal syndrome (AHS) characteristic of 
AD [8, 9, 21–25]. Preclinically, research shows that SMC 
are the first cognitive symptom to accelerate and the most 
predictive of future AD, starting 4–8 years before executive 
decline, and 7–10 years before other cognitive decline [8, 
10, 25]. Nevertheless, it remains challenging to distinguish 

normal cognitive aging vs. AD at the asymptomatic at-risk 
stage, when SMC are very subtle.

The Free and Cued Selective Reminding Test (FCSRT) 
is one of the most validated tools for the assessment of 
EM. When EM deficits start to be objectively perceived, 
the FCSRT has proven successful on distinguishing deficits 
linked to AD vs. normal cognitive aging [8, 24–27]. One 
strength of the test is the use of semantic cues at both encod-
ing and recall stages—i.e., pairing a word to be remembered 
(e.g., grapes) with a corresponding semantic cue (e.g., fruit), 
which controls the learning process of the to-be-remembered 
words and consequently maximizes retrieval [8, 10, 24, 25, 
27]. These play an important role on the distinction between 
cognitive aging participants, who can profit from cue pres-
entation to improve their retrieval capacity, and individuals 
with AD-AHS, who fail to do so [8, 21, 25–30]. In practice, 
this can be observed on the main scores of the FCSRT, the 
free recall (FR) and the total recall (TR) [8, 24–26]. FR, 
without using semantic cues, evaluates the accessibility to 
stored material [8, 24–26, 31]. TR (the sum of FR and cued 
recall) evaluates the availability of stored material and is 
considered a signature of the AD-AHS [8, 11, 24–26, 31]. 
While FR tends to decline 6–7 years prior to AD-diagno-
sis, TR tends to parallel cognitive decline typically around 
2–3 years prior diagnosis [8, 10, 11, 25, 31]. However, FR 
alterations in isolation are not AD-specific, they mostly 
reflect executive dysfunction, which can result from various 
deficits [2, 8, 11, 21, 31, 32]. It is only when concomitant TR 
alterations are detected that EM deficits can be conclusive of 
AD [2, 8, 21, 24]. Moreover, TR is prone to ceiling effects 
because the FCSRT uses only 1-list of words, restricting 
the comparison of its scores to cognitive aging equivalents 
[3, 8, 27, 31]. Hence, the detection of subtle variations in 
maximum recall, crucial to evaluate TR, tend to be delayed 
to a late preclinical phase when semantic cues start fail-
ing to overcome retrieval deficits and EM problems become 
evident [8, 10, 31]. Therefore, despite its validated capacity 
distinguishing the source of EM deficits, the FCSRT diag-
nosis value is restricted to the clinical phase and lacks the 
sensitivity to detect the onset of subtle memory alterations 
at an asymptomatic at-risk phase [3, 9].

Alternatively, computerized versions of old/new list-
learning recognition tasks tend to be more sensitive to sub-
tle EM deficits, allowing to record response accuracy and 
reaction time (RT) [2, 8, 27, 30, 33, 34]. More accurate and 
faster recognition of old vs. new words is the typical old/
new effect, maintained even during cognitive aging [10, 27, 
35]. In contrast, individuals with AHS tend to have trouble 
distinguishing old from new words even when semantic cues 
are used, often resulting from encoding deficits, which tend 
to impel the adoption of biased response strategies to sup-
port the old/new decision-making [2, 9, 21, 24, 30, 36–38]. 
Decision-making can be evaluated using signal detection 
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theory (SDT), with dprime [d′] assessing the capacity to 
discriminate old and new words and response criterion 
assessing the bias toward predominance of either old or new 
responses [23, 30, 33, 36–38] In AD, low d′ and variable 
criterion are interpreted as a direct failure in profiting from 
cue-assisted learning and a sign of EM deficits of the AHS 
nature [9, 23, 30, 35, 36].

Here, we used an old/new word-recognition task based 
on the verbal content of the FCSRT. First, the task allowed 
profiting from semantic cues to maximize consolidation [8, 
21, 24]. Second, to differentiate the nature of EM deficits 
introducing two types of new words, which were related to 
the old words (encoded during the FCSRT) either in their 
number of repetitions (New Repeated [NR] words), or in 
their semantic content (New Unique [NU] words). Research 
on the subtle onset of EM alterations, their development, and 
their association with AD-biomarkers such as Aβ burden 
or neurodegeneration, is currently insufficient. Within the 
INSIGHT-preAD 5-year longitudinal observational cohort 
with extensive multimodal data, we aimed at finding behav-
ioral signatures (i.e., accuracy, RT, d′, and criterion) of the 
onset of subtle EM alterations, which can predict in cogni-
tively normal individuals at-risk (SMC > 6-months) who will 
progress to an AD-diagnosis [2].

Our objective was threefold: (1) to retrospectively evalu-
ate the behavioral performance to our old/new word-recogni-
tion task, to assess its efficacy at detecting the onset of subtle 
EM alterations in cognitively normal elder individuals with 
SMC, at baseline (i.e., M0) and longitudinally (i.e., 5 years 
follow-up period; M12, M24, M36, M48, M60); (2) to assess 
Aβ burden and neurodegeneration effects on the behavioral 
performance during this task; (3) to assess the progression 
to prodromal-AD effect on the behavioral performance of 
15 individuals who progressed to prodromal-AD during the 
follow-up.

Methods

Participants

The INSIGHT-preAD study is a monocentric observational 
5-year follow-up study, comprising 318 cognitively normal 
elderly human individuals with SMC recruited from the 
Institute for Memory and Alzheimer’s disease (IM2A) at the 
Pitié-Salpêtrière Hospital in Paris [2, 39]. Inclusion criteria 
consisted in the following: age of 70–85 years; 6 months 
of SMC; normal global efficiency assessed with the mini-
mental state [MMSE] (≥ 27/30 score); normal EM assessed 
with the FCSRT (TR ≥ 44/48 score); clinical dementia rat-
ing (CDR) score of 0; good visual and auditory acuity [2, 
8, 24, 39–41]. Participants were excluded from the study 
if under guardianship or in a nursing facility, diagnosed 

with prodromal AD or any other neurologic disease, illiter-
ate, or meeting any impossibility to perform a brain MRI. 
Drop-out from the study was possible at any time if partici-
pants wished so. Participation in the study was automati-
cally ceased in case of diagnosis with another condition or 
death. In the case where the participant presented cognitive 
decline in two consecutive neuropsychological assessments 
(in MMSE, CDR and/or FCSRT-TR scores, performed at 
6 month interval), an independent committee of two neu-
rologists, a neuropsychologist, and a neuroimaging expert 
blind to the participant’s Aβ burden status, reviewed their 
medical file and provided a diagnosis [42]. If prodromal 
or AD dementia was confirmed, the participant exited the 
INSIGHT-preAD cohort.

Procedure

The INSIGHT-preAD is a longitudinal 5-year follow-up 
initiative based on an in-depth multimodal approach with 
a battery of demographic, neuropsychological, neuro-
biologic, genetic, neuroimaging, and electrophysiological 
assessments, to fully characterize elderly subjects at-risk 
for developing AD (SMC > 6-months; see Online Resource 
1, for details) [2, 39]. In this study, we used a subset of the 
data consisting of:

–	 18F-florbetapir PET scans (assessing deposition of Aβ 
plaques);

–	 18FDG PET scans (assessing brain metabolism) collected 
at baseline (M0);

–	 Neuropsychologic assessments (MMSE assessing cogni-
tive functioning; FCSRT assessing EM; Frontal Assess-
ment Battery [FAB] assessing executive functioning; 
Trail Making Test [TMT] assessing visual attention and 
processing speed);

–	 Behavioral data from the old/new verbal recognition task, 
collected yearly from baseline. This task was performed 
with EEG recording, analyzed outside the scope of the 
present study and not presented here [2, 8, 24, 39–41].

Both neuropsychologic assessments and behavioral task 
were performed on the same day, with the neuropsychologi-
cal evaluation in the morning and the behavioral task in the 
afternoon, within an interval of 4–6 h.

PET acquisitions

The standardized uptake value ratio (SUVr) of β-amyloid 
burden was measured with a Philips Gemini GXL CR-
PET scanner at session M0, 50 min after an injection of 
370 MBq (10 mCi) 1⁸F-florbetapir (neocortical marker of 
β-amyloid plaques deposition). A SUVr cut-off > 0.7918 
distinguished Aβ + from Aβ- individual status, based on a 
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linear conversion of the INSIGHT-preAD CAEN method [2, 
42]. The value of 0.7918 was obtained by mean averaging 
the SUVr of cortical regions of interest (i.e., left, and right 
precuneus, posterior cingulum, anterior cingulum, associa-
tive parietal cortex, associative temporal cortex and orbito-
frontal cortex) with respect to a reference region (i.e., whole 
cerebellum plus pons) [42].

Since low glucose uptake (i.e., hypometabolism) is con-
sidered a marker of neurodegeneration, the 18F-FDG uptake 
SUVr was measured 30 min after an injection of 2 MBq/
kg 18F-FDG. An SUVr cut-off < 2.27 was set to distinguish 
neurodegeneration-positive (N +) from neurodegeneration-
negative (N−) individuals [2, 14]. Based on a similar method 
as above, the value of 2.27 was obtained by mean averag-
ing the 18F-FDG SUVr of regions of interest (i.e., posterior 
cingulate cortex, inferior parietal lobe, precuneus, inferior 
temporal gyrus) with respect to a reference region (here, 
the pons).

Neuropsychological assessments

Education level was assessed with the French socio-cultural 
(NSC) scale, which measures education in 8 levels, the level 
1 corresponding to primary school and the level 8 to higher 
education—i.e., PhD level. Cognitive functioning was 
assessed with the MMSE [40]. The 30-points examination 
consists in the evaluation of the answers given to several 
questions assessing: orientation (time and place); memory; 
attention and problem solving; language; and visual-spa-
tial skills [40]. A score below 27 is suggestive of cogni-
tive impairment and probable dementia, requiring a more 
detailed cognitive examination [40]. Executive function was 
assessed with the FAB test, which allows discriminating 
frontal dementias from AD [43]. The examination consists 
of 6 categories scored from 0 to 3: conceptualization and 
abstract reasoning; mental flexibility; interference sensitiv-
ity; inhibitory control; motor programming; and environ-
mental autonomy [43]. From a maximum score of 18, 12 
is considered a cut-off score indicative of AD [43]. Visual 
attention and cognitive flexibility were assessed with the 
TMT (time B-A). The 2-part test (A and B) evaluates visual 
search, task monitoring, speed of processing, mental flex-
ibility, and executive functions [44]. In part A, participants 
are presented with a paper with encircled numbers from 1 
to 25, which must be sequentially connected by lines. The 
procedure is similar for part B, except that the numbers alter-
nate with letters. The score measures the time required to 
complete the test, where an average score (time for B minus 
time for A) should be ± 46 s and an overall score > 190 s is 
considered deficient [44]. Subjective perception of memory 
deficits or SMC was assessed with the modified 15-item 
version of the McNair Frequency of Forgetting Question-
naire [45]. A list of 15 examples of memory deficits was 

separately presented to the participant and a companion; 
the individuals were required to indicate the severity and 
regularity with which these deficits happened to the partici-
pant, from rarely to always. Scores ≥ 15 are associated with 
abnormally high levels of SMC [45].

As for the FCSRT (French version), it began by the con-
secutive presentation of four cards, each containing 4 dif-
ferent words, which amounts to a total of 16 words to be 
remembered [24, 25, 46, 47]. In each card, participants were 
asked to identify the item (e.g., grapes) that corresponds to 
a unique category cue (e.g., fruit) provided orally. After the 
presentation of the 4 cards (encoding and learning phase), 
3 immediate FR trials of the same items were performed in 
alternation with an interference task of 20 s of backward 
counting. If some items were not retrieved after each FR 
trial, the same semantic cues as before were presented in 
immediate cued recall (CR) trials until the missing item 
was retrieved. Therefore, each immediate recall trial was 
composed by FR and CR if any item was not spontaneously 
retrieved. Then, delayed FR and CR trials were performed 
20 min later. The two main FCSRT measures are: the FR 
score (i.e., the cumulative sum of all FR trials; range 0–48) 
and the TR score (i.e., the cumulative sum of all FR trials 
plus all CR trials, range 0–48) [24, 46]. A TR score ≤ 41 is 
typically linked to AD [24, 46]. Longitudinal analysis of the 
FCSRT can be found elsewhere [48].

Old/new word‑recognition task

In the afternoon of every yearly visit, 4–6 h after the FCSRT 
performance, an old/new word-recognition task based on 
the verbal content of the FCSRT (French version) was per-
formed while EEG data was recorded [2, 39, 46]. Here, only 
the behavioral data of this task is presented. The experimen-
tal session consisted in the following: 2 min of resting state; 
1 min familiarization task; approximately 20 min of old/new 
word-recognition task; 2 min of resting state. The familiari-
zation task aimed at getting the participant acquainted with 
the old/new recognition task; it consisted in the presentation 
of a sentence of 6 to-be-remembered words, followed by 
recognition of these words among confounders. The old/
new word-recognition task followed immediately. It con-
sisted in 4 runs of 52 words each, to allow short breaks for 
the participant (total of 208 words, 80 ‘Old’ and 128 ‘New’ 
words). The old words were the 16 words memorized during 
the FCSRT; each old word was pseudo-randomly presented 
5-times across the runs (with 0 to 3 presentations in each run 
and no immediate repetition). The new words were: 16’New 
Repeated’ (NR) words, which were New words semantically 
unrelated to the Old words and presented the same number 
of times as the Old words throughout the runs (with 0 to 
3 presentations in each run and no immediate repetition); 
and 48 ‘New Unique’ (NU) words, which were semantically 
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related to the Old words and presented only once through-
out the runs. Since the first occurrence of a NR word could 
be considered as a NU word, these first occurrences were 
coded as NU, resulting in a total of 80 Old, 64 NR, and 
64 NU words. The different types of New words aimed at 
potentially distinguishing sources of EM deficits and was 
unbeknownst to the participants, whose task was to indicate 
whether each presented word had previously (during the 
morning session) been seen (old) or not (new) [26]. All the 
words were presented in pseudo-random order throughout 
the task runs; with the same order kept across the partici-
pants. In order to minimize repetition bias, there were two 
word-list versions used in alternation every 2 years. List-A 
was used at sessions M0/M24/ M48, and list-B was used at 
sessions M12/M36/M60. The words were displayed in white 
color on a black screen monitor at 1 m distance from the 
participant. Each trial consisted in the following appearance 
(Fig. 1): a fixation cross (1.508 s duration); a word (2.004 s 
duration); the written question “Have you already seen this 
word?”, where a yes or no response (i.e., old/new) was 
required by right hand button-press to initiate next question 
(no response time limit); a second written question “Are you 
sure of your previous response?”, where a yes/no response in 
the same fashion as before was required to start a new trial 
(no response time limit). The second response was out of the 
scope of this study and not analyzed here.

Behavioral data processing

Behavioral data were collected from baseline yearly over 
5-years: M0, M12, M24, M36, M48, M60. Behavioral per-
formance of the old/new word-recognition task was assessed 
through accuracy (i.e., percentage of correct responses) and 

reaction time of correct responses (RT). Statistical analyses 
were performed using R studio (version 4.2.1). Explora-
tory examination of the behavioral data showed that in 
every session, RT of the first trial of every run tended to be 
slower than the remaining trials. Moreover, on the first run 
slower RTs were observed along the first 17 trials, likely 
corresponding to an adaptation period to the task (Online 
Resource 2). Therefore, we decided to dismiss the first 17 
trials of the first run and the first trial of the following 3 runs; 
this also allowed us to balance the number of trials per word 
category. Then, we excluded trials with RT shorter than 
150 ms < RT > or longer than 5000 ms. We concatenated the 
4-runs data and computed the mean RT of correct responses 
per experimental condition (old, NR, NU), per session, per 
subject. The mean number of trials retained per subject at 
every session is shown in Table 1.

Accuracy was computed as the percentage of correct 
responses (i.e., [number of correct responses/total number of 
retained trials]*100) for each subject in each condition and 
on each session. Old/new responses were further analyzed in 
the SDT framework. We computed d′, that is, the discrimina-
tion sensitivity to old/new words, and criterion, that is, the 
bias to give either more ‘Old’ or more ‘New’ responses. For 
this, we first calculated hits (‘Old’ responses to old words 
presentation), misses (‘New’ responses to old words pres-
entation), false alarms (FA; ‘Old’ responses to new words 
presentation), and correct rejections (CR; ‘New’ responses 
to new words presentation). Then, the Hit rate (HR; number 
of hits/[number of hits + number of misses]) and the False 
Alarm rate (FAr; number of FA/[number of FA + number of 
CR]) were transformed into quantiles of the normal distri-
bution (qnorm) and we computed d′ as (qnorm HR—qnorm 
FAr) and criterion as—(qnorm HR + qnorm FAr)/2.

Fig. 1   Example trial of the old/new word-recognition task. Transla-
tion: 1) “Avez-vous déjà vu ce mot?” aka. Have you seen this word 
before? 2) “Etes-vous sûr de votre dernière response?” aka. Are you 
sure of your response?

Table 1   Mean number of trials analyzed per subject, for each word 
category (old, New Repeated [NR], New Unique [NU]) on each ses-
sion (M0 to M60).

The average across subjects of the number of trials retained for analy-
sis ± standard deviation is given
NR  new repeated, NU   new unique, SD standard deviation

Session Old NR NU
mean ± SD mean ± SD mean ± SD

M0 78.3 ± 2.1 62.4 ± 2.1 61.9 ± 2.8
M12 78.5 ± 2.8 62.7 ± 2.4 62.0 ± 2.9
M24 78.4 ± 3.0 62.5 ± 2.8 62.1 ± 2.9
M36 78.3 ± 3.3 62.2 ± 3.1 62.5 ± 2.9
M48 77.8 ± 3.8 61.9 ± 4.1 62.0 ± 3.1
M60 78.1 ± 3.5 61.9 ± 4.6 62.2 ± 3.5
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Statistical analyses

Demographic and clinical characterization of the groups

We tested if the demographic and clinical characteristics of 
our groups of interest (please see description below) differed 
at baseline (M0). We analyzed age, education level, sex, and 
SMCs self-reported by the participants using the five groups 
as a between-subject factor in a one-way Welch analyses of 
variance (ANOVA; ‘car’ R package, version 3.1.0). Welch 
ANOVA was chosen for its robustness to account for unequal 
group variances even in the case of different group sizes. 
Similarly, we tested Aβ SUVr differences considering only 
the Aβ + groups (excluding the controls/Aβ−/N− group), 
and FDG SUVr differences considering only the N + groups 
(i.e., the stable and progressors N + groups).

Group differences in the main neuropsychological scores 
included in this study (i.e., MMSE, FCSRT_FR, FCSRT_
TR, FAB, TMT ListB-A) were evaluated with general linear 
models (glm; ‘stats’ R package, version 4.2.1). These models 
included the 5-groups as between-subject fixed-effect fac-
tor and age, sex, and education as fixed-effect covariates to 
account for their confounding effect. Post-hoc comparisons 
of the groups were performed with multiple comparison 
correction using Games-Howell tests (‘rstatix’ R package, 
version 0.7.0).

Behavioral performance in the recognition task

According to our research questions, we created two types 
of statistical models with different between-subject factors. 
First, we analyzed the effect of Aβ burden and neurodegen-
eration using Aβ_N model with the following 3 groups of 
stable participants: Aβ−/N− (controls), Aβ + /N− (stable/
N−), and Aβ + /N + (stable/N +). We tested the fixed effects 
of Aβ burden (contrasting controls vs. stable/N−), neuro-
degeneration (contrasting stable/N− vs. stable/N +), and 
their interaction with the word category-factor (Old, NR, 
and NU), across the 6-sessions (M0-M60), on the outcome 
variables (i.e., accuracy, d′, criterion, RT).

Second, considering that 15 Aβ + participants were diag-
nosed with prodromal-AD (progressors), we analyzed the 
effects associated with this diagnosis using stable_progres-
sors model with only the Aβ + participants (that is, excluding 
controls) divided into a group of stable participants and a 
group of progressors. We further accounted for the potential 
cumulative effect of neurodegeneration by subdividing the 
stable and progressor groups as a function of their neurode-
generation status (stable/N− and /N + ; progressors/N− and 
/N +). Thus, the stable_progressors model comprised two 
fixed-effect group factors (progression to prodromal-AD and 
neurodegeneration status).

The statistical models used were the following: bino-
mial logistic regression mixed effects glm (glmer) for the 
analysis of accuracy, linear mixed-effects effects (lmer) for 
the analysis of d′ and criterion, and log-transformed RT 
(log(RT)) (lme4 R package, version 1.1.29). These mixed 
effects models were chosen for their capacity to account for 
missing information and analyze longitudinal data. For all 
analyses we used full-model structures including all pos-
sible interactions among the within- and between-subjects 
fixed-effect factors. The following within-subject fixed-effect 
factors were considered: word-category (Old, NR, and NU) 
and session (M0-M60) for accuracy and RT analyses; word-
category (Old, New) and session (M0-M60) for d′ and crite-
rion analyses. As stated above, two types of between-subject 
fixed-effect factors were used: the Aβ_N model comprised 
a between-subject factor with 3 levels (Aβ−/N− [controls], 
Aβ + /N− [stable/N−], and Aβ + /N + [stable/N +]) and the 
stable_progressors model, focused on Aβ + participants, 
comprised two between-subject factors, each with 2 levels 
(stable/progressors and N− /N +). Participants were intro-
duced as a random-effects factor and the following random-
slopes were considered across them: word-category and 
session for accuracy and RT analysis; session for d′ and 
criterion analysis, except for the stable_progressors model 
where random slopes could not be included because of the 
relatively small number of observations. Age, sex, and edu-
cation were introduced as additional fixed-effect covariates, 
to account for their potential confounding effect. Age was 
mean-centered at baseline and considered a numerical vari-
able. Sex and education were considered categorical vari-
ables. We reported significant effects based on Chi-square 
and p values for the glmer-based accuracy analysis, and F 
and p-values for the lmer-based d′, criterion, and RT analy-
ses. Post-hoc analyses corrected for multiple comparisons 
were performed using the multivariate t-distribution with 
‘emmeans’ (R package, version 1.7.5); we tested for differ-
ences within or between the following factors modalities: 
word-category, session, and group [49].

Additional characterization of the groups (control analyses)

Other outcome variables complementing the characteri-
zation of our five groups of interest (controls, stable/N−, 
stable/N + , progressors/N−, progressors/N +) were analyzed 
using one-way Welch ANOVA at baseline. These variables 
were: body mass index ([BMI] = weight/height2), licit sub-
stance use (alcohol, cigarettes), and comorbidities (arterial 
hypertension, atrial fibrillation, heart disease, dyslipidemia, 
diabetes, head trauma, mood disorders).

Complementary characterization of the groups consid-
ered longitudinal differences in neuropsychological scores 
(i.e., MMSE, FCSRT_IR, FCSRT_TR, FAB, TMT List B-A; 
from sessions M0 to M60) and in the SMC reported either 
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by the participants or by their companion (from sessions 
M12 to M60). For these analyses, we used lmer models 
for the neuropsychological scores including the following 
fixed-effects: the 5-groups as between-subject factor, the 
session as within-subject factor, and the 2-way interaction 
between them. Age, sex, and education were included as 
additional fixed-effect covariates. We included participants 
as a random-effect factor. Pairwise post-hoc analyses of 
group differences corresponding to the contrasts underlying 
our effects of interest (i.e., Aβ burden, neurodegeneration, or 
progression to prodromal AD) were performed with Games-
Howell tests and corrected for multiple comparisons. The 
SMCs were analyzed with one-way Welch ANOVAs with 
groups-by-sessions as the fixed-effect factor.

Results

Demographic and neuropsychological 
characteristics of the groups and clinical relation 
with biomarkers

From 318 subjects initially included in the INSIGHT preAD 
cohort, we selected 263 participants for this study as detailed 
in Fig. 2. During follow-up, different reasons such as techni-
cal recording problems, quitting the study, death, or diag-
nosis with AD or other conditions led to the additional dis-
missal of several subjects (Fig. 2).

We began by stratifying the participants into groups 
according to Aβ burden, neurodegeneration, and progres-
sion to prodromal-AD status (Fig. 2). During follow-up, 
249 participants did not progress to AD (stable (stable) 

and were stratified as follows: 175 controls (without Aβ 
burden [Aβ−], SUVr < 0.7918, and without Neurodegen-
eration [N−], SUVr < 2.27); 57 (Aβ +) stable/N−; and 16 
(Aβ +) stable/N + . Fifteen participants progressed to AD 
(eight progressors/N− and seven progressors/N +), and 
were considered here while cognitively normal but imme-
diately removed once diagnosed (Fig. 2).

The mean Aβ SUVr at session M0 was significantly dif-
ferent among the 4 Aβ + groups (stable [N− and N +] and 
progressors [N− and N +]) (Table 2), with higher SUVr 
in the progressors than in the stable groups (p = 0.0009 in 
post-hoc tests). No other significant difference was found 
among the groups.

At baseline, the participants were on average 
76 ± 3.5  years old (mean ± standard deviation [SD]), 
mostly women (n = 173; 65.5%), with a higher educa-
tion level (mean = 6.17 ± 2.0; i.e., bachelor undergraduate 
level; Table 2). Age and education were similar among the 
groups (Table 2).

Despite being cognitively normal, all participants 
were at-risk for AD by self-reporting SMC > 6 months. 
The neuropsychological scores considered at inclusion 
met the required mean thresholds and score-range for the 
cohort’s age as follows: MMSE_total score = 29 (nor-
mal ≥ 27/30), FAB_total score = 16 (normal ≥ 12/18), and 
FCSRT_TR = 46 (normal ≥ 41/48). On other neuropsycho-
logical scores included at baseline (Table 2), there was 
a main effect of progression-to-prodromal status on the 
FCSRT_FR score, which was lower in the progressors than 
the stable groups (p = 0.003); a main effect of group was 
also observed in the TMT List B-A score.

Fig. 2   Flowchart of the number 
of participants from INSIGHT-
preAD cohort included in each 
session of this study
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Behavioral results

Behavioral performance of the old/new recognition task 
in the stable participants (Aβ_N model)

To assess Aβ burden and neurodegeneration effect on behav-
ioral performance, we used the Aβ_N model comprising the 
3-groups of stable participants (i.e., controls, stable/N−, 
and stable/N +). The mean accuracy of word recognition 
(i.e., correct response rate) was maintained at nearly ceiling 
level in the 3-group across follow-up (0.97 ± 0.04). Table 3 
presents the main results of the Glmer analysis. It showed 
a main effect of word-category, reflecting better recogni-
tion of old words than NR (p < 0.0001) and NU (p < 0.0001) 
words. There was also a main effect of session (M0–M6) 
and an interaction between word-category and session. This 
reflected a better recognition of old than both NR and NU 
words at every session and of NR than NU words at session 

M24, as shown by post-hoc tests. There were systematic 
interactions between group, word_category, and session, 
prompting investigation of performance by group (Fig. 2). 
Post-hoc analyses showed that the stable/N + group rec-
ognized NU words significantly worse than the controls 
(p = 0.02) and stable/N− (p = 0.03) groups (Fig. 3). At M24, 
the stable/N + participants were significantly worse in rec-
ognizing NR (p = 0.05) and NU (p = 0.0005) than the stable/
N− group; and worse in recognizing NU words than the 
controls (p = 0.02; Fig. 3). Furthermore, there were main 
effects of age (X2(1) = 17.77, p < 0.0001) and education level 
(X2(6) = 15.30, p = 0.02), reflecting significant linear trends 
of decreasing accuracy with increasing age, and increasing 
accuracy with increasing level of education. 

For the SDT analysis (d′ and criterion), we pooled NR and 
NU words together as new words. The d′ mean suggested 
similar sensitivity to old/new discrimination in the controls 
(4.62 ± 0.65) and the stable/N− (4.59 ± 0.54) groups, and 

Table 2   Demographic and clinical characterization of the INSIGHT-preAD groups considered in this study at baseline (M0)

The table represents demographic and clinical scores per group of participants at session M0 in mean (SD) or number (%), and the respective 
range of each measure score per group. The p value corresponds to the results of general linear models performed per measure
SD  standard deviation, Aβ SUVr  β-Amyloid Standardized Uptake Value ratio, MMSE Mini Mental State Examination, FCSRT  Free and Cued 
Selective Reminding Test, FAB Frontal Assessment Battery, TMT Trail Making Test
The p value of the statistical analysis performed between the 5-groups at session M0 is reported for each outcome variable with ***: p < 0.001; 
**p ≤ 0.01; *p ≤ 0.05. It is followed by superscript letters indicating the type of analysis: a Welch ANOVA; b General linear model (GLM), 
p = main effect of group; c post-hoc Games-Howell tests yielding significant results when corrected for multiple comparisons for the effects 
of interest (c1 = effect of Aβ burden, c2 = effect of neurodegeneration, c3 = difference linked to progression to prodromal AD); d comparison 
performed between the Aβ + groups; e comparison performed between the neurodegeneration-positive groups. Significant differences were 
found on the following measures: c1) Aβ effect on age: p = 0.04 [controls < stable/N−]; c2) neurodegeneration effect on education: p = 0.05 
[stable/N +  > stable/N−]; c3) progression-to-prodromal-AD effect on Aβ_SUVr: p = 0.0009 [progressors > stable], and on FCSRT_free recall: 
p = 0.003 [progressors < stable]

Controls Stable Progressors Fdf1, df2 = value/
X2

df1 = value
p

Aβ-/N−
(n = 175)

Aβ + /N−
(n = 57)

Aβ + /N + 
(n = 16)

Aβ + /N−
(n = 8)

Aβ + /N + 
(n = 7)

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Age 75.5 ± 3.4 76.8 ± 3.3 76.4 ± 3.9 77.8 ± 2.4 77.0 ± 4.7 F4, 22.2 = 2.6 0.07 a, c1

Education level 6.3 ± 2.0 5.7 ± 2.0 6.9 ± 1.7 6.3 ± 2.2 6.6 ± 2.4 F4, 22.0 = 1.7 0.18 a, c2

Sex (%) F = 117 (67) 
M = 58 (33)

F = 42 (73)
M = 15 (26)

F = 6 (38)
M = 10 (63)

F = 6 (75)
M = 2 (25)

F = 2 (29)
M = 5 (71)

X2 4 = 11.9 0.018 a

Aβ SUVr 0.7 ± 0.1 1.0 ± 0.1 1.1 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 F3, 14.8 = 6.2 0.006**, a, c3, d

Neurodegeneration SUVr 2.6 ± 0.2 2.5 ± 0.2 2.1 ± 0.1 2.5 ± 0.2 2.1 ± 0.1 F1, 15.1 = 0.0009 0.98 a, e

MMSE_total (≥ 27/30)
[min–max]

28.7 ± 1.0
[27–30]

28.5 ± 0.9
[27–30]

28.6 ± 1.0
[27–30]

28.1 ± 0.8
[27–29]

28.3 ± 0.5
[28–30]

X2 4 = 3.5 0.48 b

FCSRT_free recall
[min–max]

30.4 ± 5.3
[13–16]

30.5 ± 4.8
[17–43]

28.5 ± 4.1
[21–39]

24.4 ± 5.8
[18–34]

24.4 ± 7.3
[14–36]

X2 4 = 12.7 0.013**, b, c3

FCSRT_total recall (≥ 41/48) 
[min–max]

46.2 ± 1.9
[41–48]

46.4 ± 1.8
[41–48]

46.1 ± 1.5
[43–48]

44.6 ± 1.9
[41–47]

44.7 ± 2.6
[41–48]

X2 4 = 7.1 0.13

FAB (12/18)
[min–max]

16.5 ± 1.7
[10–18]

16.0 ± 1.7
[11–18]

16.3 ± 1.2
[14–18]

16.3 ± 1.5
[14–18]

15.7 ± 2.7
[12–18]

X2 4 = 4.0 0.40b

TMT ListB-A (sec)
[min–max]

46.0 ± 34.9
−14–205]

51.5 ± 32.6
[−7 to 172]

70.2 ± 54.7
[7–241]

51.4 ± 38.2
[7–133]

77.1 ± 34.0
[43–134]

X2 4 = 14.2 0.007**, b

M. complaints_participant
(normal < 15)

13.3 ± 6.6 12.9 ± 5.3 10.6 ± 4.9 14.0 ± 6.0 9.3 ± 5.2 F4, 22.6 = 1.9 0.16
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a somewhat decreased sensitivity in the stable/N + group 
(4.11 ± 0.82; Fig. 4). This was confirmed by a main effect 
of group—(Table 3), linked to significantly higher d′ in the 
stable/N− vs. N + groups (p = 0.0002; neurodegeneration 
effect from post-hocs). There was also a main effect of ses-
sion, where d′ was significantly higher in the controls and 
stable/N− groups (i.e., neurodegeneration negative) than the 
stable/N + group. Furthermore, there was a main effect of 
age (F(1,1.8) = 53.36, p = 0.02), where higher age was asso-
ciated with significantly lower d′.

Criterion analysis showed that the mean criterion was 
close to 0 but slightly negative in all groups throughout ses-
sions (controls = − 0.18 ± 0.3; stable/N− = − 0.14 ± 0.2; 
stable/N +  = −0.21 ± 0.3), suggesting a trend toward choos-
ing more old than new responses, both when the response 
was the expected (hits) and when it was not (false alarms; 
Fig. 4). However, no significant differences were found 
between the groups.

In summary, SDT analysis suggested that lower perfor-
mance in the stable/N + group was not related to a change 
in response criterion but rather to a decrease in old/new dis-
crimination sensitivity (d′).

Regarding RT, there was an overall longitudinal reduc-
tion in all groups (M0 = 937 ± 335; M60 = 773 ± 333), sug-
gesting a learning effect typical of these tasks. Accord-
ingly, as can be seen in Table 3, there was a main effect 
of session, which reflected significant RT decrease from 
M0 to M60 (p = 0.0001), and a main effect of word-cate-
gory, which reflected shorter RT to recognize Old vs. NR 
(p < 0.0001) and NU words (p < 0.0001) and NR vs. NU 
words (p = 0.0003). Also, there was a significant interac-
tion between word-category and session, which reflected 
significant decrease in RT from session M0 to M60 in the 
recognition of NR (p < 0.001) and NU (p = 0.0004) words, 
while for Old words, there was only a trend to RT reduc-
tion from M36 to M60 (p = 0.06). An interaction between 
session and group reflected shorter RT in the controls vs. 

the stable/N + group at M36 (p = 0.02; Fig. 5). Finally, 
there was a significant RT increase with increasing age 
(F(1,608.2) = 13.31, p = 0.0003). Individual performances 
per group can be found in the Online Resource 3.

Behavioral performance of the old/new recognition task 
in the stable vs. progressor participants

Since fifteen participants progressed to prodromal AD dur-
ing the 5-year follow-up period, we used a stable_progres-
sors model (stable vs. progressors) including only Aβ + par-
ticipants (AD-criteria), to assess behavioral performance 
differences associated with progression. The cumulative 
effect of neurodegeneration was also considered by subdi-
viding the groups according to their N + /N− status. The 
main results of this analysis are summarized in Table 4.

As previously observed, the mean accuracy of word 
recognition was longitudinally maintained at nearly ceil-
ing level in the stable participants (M0 = 0.97 ± 0.05; 
M60 = 0.98 ± 0.02). In contrast, there was a clear lon-
gitudinal decline in the progressors (M0 = 0.93 ± 0.10; 
M60 = 0.78 ± 0.17). There was no significant main effect of 
progression to prodromal AD on accuracy, but significant 
interactions between progression-status, session, and word-
category (Table 4). Post-hoc tests showed that the progres-
sors recognized NR and NU words with significantly lower 
accuracy than the stable group did at sessions M12 (both 
p < 0.001) and M60 (p < 0.0001 and p = 0.004, respectively). 
In addition, recognition of old words was less accurate in the 
progressors than the stable group at sessions M48 (p < 0.001) 
and M60 (p < 0.001). There was also an interaction between 
word-category and session, which reflected more accurate 
recognition of: old vs. NR words in all sessions but M48; 
old vs. NU words at sessions M12, M36, and M60; NU vs. 
NR words at session M24 (Fig. 6).

The SDT analysis further showed a higher d′ in the sta-
ble (4.48 ± 0.64) vs. the progressor groups (3.28 ± 0.72), 

Table 3   Main effects and interactions relative to the behavioral performance (i.e., accuracy, dprime, criterion, and reaction time) of the groups 
included in the Aβ_N model (groups: controls, stable/N−, stable/N +)

The p values of the statistical analyses performed are reported for each experimental factor and interaction with significant values in bold
df degrees of freedom of the X2; df1, df2 degrees of freedom of the F statistics; NA not applicable

Main effects and interactions Accuracy dprime Criterion Reaction time

X2
df = value p =  Fdf1,df2 = value p =  Fdf1,df2 = value p =  Fdf1,df2 = value p = 

word category (wc) X2
2 = 60.60  < 0.0001 NA NA NA NA F2,478 = 32.73  < 0.0001

session X2
5 = 25.03 0.00014 F5,34.2 = 4.94 0.002 F5,2 = 6.26 0.14 F5,220 = 6.72  < 0.0001

group X2
2 = 0.60 0.74 F2,4.4 = 8.73 0.03 F2,2 = 1.31 0.43 F2,243 = 2.30 0.10

wc * session X2
20 = 49.80 0.00024 NA NA NA NA F10,2332 = 2.51 0.005

wc * group X2
4 = 11.65 0.02 NA NA NA NA F4,471 = 0.29 0.88

group * session X2
10 = 19.87 0.03 F10,2 = 2.23 0.35 F10,2 = 1.36 0.50 F10,217 = 2.23 0.02

3-way interaction X2
20 = 49.80 0.00024 NA NA NA NA F20,2329 = 1.05 0.39
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reflected by a main effect of progression-status and con-
firmed by post-hoc tests (p < 0.001). A main effect of ses-
sion and an interaction between progression-status and ses-
sion reflected significantly lower sensitivity to discriminate 
old/new words in the progressor than the stable groups at 
sessions M12, M24, M48, and M60. There were also inter-
actions between session and neurodegeneration-status and 
session, neurodegeneration-status and progression-status, 
indicative of a cumulative effect of neurodegeneration. 
Response criterion was overall mostly negative indicating 

Fig. 3   Accuracy performance 
in the old/new recognition task 
across the M0 to M60 sessions 
for each stable group (controls, 
stable/N−, and stable/N +). In 
each plot, the mean accuracy 
(in rate of correct responses) 
is represented for each group 
(comprising n = 175, 57, and 16 
participants at M0, respec-
tively), for each word category 
(NR words in blue, NU words 
in green, old words in red), and 
for every session (M0 to M60). 
Thin vertical lines represent the 
standard errors of the means

Fig. 4   dprime [d′] and response criterion across sessions in the 
old/new word-recognition task, in the controls, stable/N− and 
stable/N + groups. The mean dprime on the left plots and the mean 

criterion on the right plots (in ordinate) are represented for each 
group at every session (M0 to M60, in abscissa)



Journal of Neurology (2025) 272:70	 Page 11 of 18  70

a response bias toward choosing old (rather than new) 
responses, which although not significant, was on average 
greater in the progressors (− 0.27 ± 0.47) than the stable 
group (− 0.15 ± 0.23). Nevertheless, response criterion in 
the progressors was highly heterogeneous when compared 
with the stable group, which was confirmed by a significant 
main effect of session and an interaction between the pro-
gression-status and session (Table 4; Fig. 7). Post-hoc analy-
ses showed a significantly lower criterion in the progressor 

vs. the stable groups at M12 (p = 0.03) and significantly 
higher criterion at session M48 (p = 0.02). The interactions 
between session and neurodegeneration-status, and between 
session, neurodegeneration-status and progression-status 
were also significant, again indicative of a cumulative effect 
of neurodegeneration.

Overall, the progressors relative to the stable group 
showed an early and sustained decrement in word rec-
ognition, associated with a significant decrease in their 

Fig. 5   Reaction time [RT] to the 
old/new word-recognition task 
on each session (M0 to M60) in 
each stable group (controls, sta-
ble/N−, and stable/N +). In each 
plot, the mean RT (in ms, in 
ordinate) is presented per group 
(n = 175, 57, and 16 participants 
at M0, respectively), for each 
word category (NR words in 
blue, NU words in green, Old 
words in red), at every session 
(M0 to M60). Vertical lines 
represent the standard errors of 
the means

Table 4   Main effects and interactions relative to the behavioral performance (i.e., accuracy, dprime, criterion, and reaction time) of the groups 
included in the stable_progressors model (groups: stable/progressors and N + /N−)

The p values of the statistical analyses performed are reported for each experimental factor and interaction with significant values in bold
df degrees of freedom of the X2; df1, df2 degrees of freedom of the F statistics; NA not applicable
For the interactions involving the neurodegeneration factor, we only report the significant interactions as detailed in main text

Main effects and interactions Accuracy dprime Criterion Reaction time

X2
df1 = value p =  Fdf1,df2 = value p =  Fdf1,df2 = value p =  Fdf1,df2 = value p = 

Word category (wc) X2
2 = 2.41 0.30 NA NA NA NA F2,185 = 18.99  < 0.0001

Session X2
5 = 43.45  < 0.0001 F5,1208 = 26.14  < 0.0001 F5,1216 = 11.95  < 0.0001 F5,71 = 4.99 0.0006

Progressor-status (progr-status) X2
1 = 0.48 0.49 F1,71 = 38.28  < 0.0001 F1,77 = 0.14 0.71 F1,76 = 5.67 0.02

Neurodegeneration (N) X2
1 = 9.93 0.49 F1,71 = 1.16 0.28 F1,77 = 0.14 0.71 F1,78 = 1.64 0.20

wc * session X2
10 = 76.59  < 0.0001 NA NA NA NA F10,753 = 2.33 0.01

wc * progr-status X2
2 = 0.51 0.78 NA NA NA NA F2,185 = 5.94 0.003

progr-status * session X2
5 = 27.28  < 0.0001 F5,1209 = 31.86  < 0.0001 F5,1217 = 9.07  < 0.0001 F5,71 = 6.78  < 0.0001

progr-status * wc * session X2
10 = 26.70 0.003 NA NA NA NA F10,753 = 2.67 0.003

N * session X2
5 = 2.70  < 0.0001 F1,1208 = 9.33  < 0.0001 F1,1216 = 14.39  < 0.0001 F5,71 = 0.32 0.90

progr-status * N * session X2
1 = 2.36 0.0003 F1,70 = 0.91 0.34 F1,75 = 0.02 0.90 F5,71 = 2.35 0.05
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sensitivity to discriminate old/new words. Alteration in the 
recognition of NR and NU words started already at session 
M12, while the recognition of old word started later, from 
session M48.

The analysis of RT showed a main effect of progression-
status (Table 4; Fig. 8), with higher RT in the progressor 
(1148 ± 306 ms) than in the stable group (916 ± 292 ms). 
There were main effects of word-category, session, and 
an interaction between these factors. This reflected that 
the recognition was faster for the Old than NR words at 

all sessions but M36 and M48 and it was faster for the 
old than the NU words at sessions M0, M12, and M24 
(all p ≤ 0.001). The significant interactions between pro-
gression-status, word-category, and session and associ-
ated post-hoc analyses showed that the progressors were 
significantly slower than the stable participants in recog-
nizing all word categories at sessions M48 and M60 (all 
p ≤ 0.02; Fig. 8). At both these sessions, the progressors 
showed significantly lower accuracy, d′, and longer RT 
than stable participants in recognizing old and new words. 

Fig. 6   Accuracy of the old/
new recognition task across the 
M0 to M60 sessions for each 
Aβ + group (stable and progres-
sors). The mean accuracy (in 
rate of correct responses) for 
the Old (in red), NR (in blue) 
and NU (in green) words at 
each session (M0 to M60) is 
represented for the stable group 
(n = 73 at M0) and the progres-
sor groups (n = 15 at M0). 
The colored thin vertical lines 
represent the standard errors of 
the means

Fig. 7   dprime [d′] and response criterion across sessions in the old/
new word-recognition task in the stable and progressor groups. The 
mean dprime on the left plots and the mean criterion on the right 

plots (in ordinate) are represented for each group at every session 
(M0 to M60; in abscissa)
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Individual performances per group can be found in the 
Online Resource 3.

Complementary clinical and neuropsychological 
characterization of the groups

EM alterations are influenced by a myriad of physiologic and 
clinical characteristics, which were in part included in the 
INSIGHT-preAD study. Here we analyzed a number of these 
characteristics to complement the clinical characterization 
of our groups (Table 5).

First, comorbidities are common in aged populations. 
Here, hypertension (38% [n = 101]) and dyslipidemia (41% 
[n = 107]) were the most prevalent. The use of licit drugs, 
such as alcohol and cigarettes, have also been linked to 
alterations in cognitive performance. In our sample, the 
overall consumption average was within the official guide-
lines, without any group difference. However, though not 
significant, the percentage of weekly smoking was on aver-
age higher in the progressor/N− than the other groups (75% 
at M0) and the alcohol consumption was on average higher 
in the stable/N + group than the other groups, with the 
male participants in this group reaching the status of heavy 
drinkers at M0 according to official guidelines (16.3 ± 13.7 
units/week; normal < 14). Moreover, the stable/N + par-
ticipants drunk significantly more alcohol than the sta-
ble/N− participants did (p = 0.03), suggesting a link with 
neurodegeneration.

Considering participants with neurodegeneration (i.e., 
stable/N + and progressor/N + groups) vs. without (controls, 

stable/N−, progressor/N− groups), the neurodegeneration-
positive groups were mostly males (63% and 71%, respec-
tively), contrasting with the female predominance of the 
overall sample, had higher body mass index (BMI, a proxy 
for body fat; 26% and 26%, respectively), classifying them 
as overweight [25–29.9]. They were also on average slightly 
more hypertensive (50% and 57%, respectively), which is 
often associated with overweight, and had lower TMT ListB-
A scores (i.e., longer time to complete the test; 70.2 and 
77.1, respectively).

M12 was the first session where SMC were reported 
from both the participants and their companions. Results 
show that SMC were higher when reported by the par-
ticipants than by their companions in all groups except in 
the progressors/N + group, when the companions reported 
higher SMC than the participants. The companions of 
the progressors/N + reported the highest SMC, scoring 
normal (< 15) at session M12 but escalating from M24 
onwards, while the progressors/N− companions reported 
abnormal SMC only at session M60 (19.0 ± 11.3). How-
ever, there was not any significant difference between the 
groups in SMC reported by either the participants or their 
companions. In the analysis of neuropsychological tests 
across sessions, significant group differences were found 
on the FCSRT_FR (F(4,340.4) = 16.73, p < 0.0001); on 
the FCSRT_TR (F(4,321.5) = 26.70, p < 0.0001), on the 
MMSE_total (F(4,317.9) = 8.78, p < 0.0001), on the FAB_
total (F(4,307.9) = 10.54, p < 0.0001), and on the TMT 
List B-A scores (F(4,317.6) = 6.82, p < 0.0001). Post-hoc 
analyses on our effects of interest showed the following: 

Fig. 8   Reaction time [RT] to 
the old/new word-recognition 
task across M0 to M60 sessions 
for each Aβ + group (stable and 
progressors). The mean RT 
(in ms, in ordinate) for Old (in 
red), NR (in blue) and NU (in 
green) words at each session 
(M0 to M60, in abscissa) are 
represented for the stable group 
(n = 73 at M0) and the progres-
sor group (n = 15 at M0). The 
colored thin vertical lines 
represent the standard errors of 
the means
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an effect of neurodegeneration with lower scores in the sta-
ble/N− vs. control groups, in the FCSRT_TR (p < 0.0001) 
and the FAB_total (p = 0.0008); an effect of Aβ burden 
with worse scores in the stable/N + vs. stable/N− groups, 
in the TMT List B-A (i.e., longer time to complete the task; 
p = 0.03); and an effect of progression to prodromal AD with 
lower scores in the progressors vs. the stable groups in the 
FCSRT_FR (p < 0.0001), the FCSRT_TR (p < 0.0001), the 
MMSE_total (p < 0.0001), the FAB_total (p < 0.0001), and 
the TMT List B-A score (p = 0.0009).

Discussion

Here we assessed the potential EM alterations appearing 
in elderly cognitively normal individuals at-risk for AD 
(> 6 months of SMC), by analyzing their behavioral perfor-
mance in an old/new recognition task based on the verbal 
content of the FCSRT. We first assessed the effect of Aβ 
burden and neurodegeneration, which showed a cumulative 
detrimental effect on accuracy and RT. Then, we analyzed 

the effect of progression to prodromal AD, which negatively 
impacted EM performance up to 3 years before diagnosis.

The faster and more accurate recognition of old vs. new 
words shown by the controls is expected in list-learning 
tasks and validated the capacity of our original old/new rec-
ognition task for assessing EM [23, 33, 34].

We started by assessing behavioral performance longi-
tudinally in controls and stable participants (Aβ_N model), 
to examine the effects of Aβ burden and neurodegeneration. 
Accuracy was overall maintained at nearly ‘ceiling level’ 
and RT decreased across sessions, replicating the learn-
ing effect mentioned above expected from the repetition of 
similar cognitive tasks [11, 21, 23, 30, 33, 34]. Moreover, 
old words (i.e., previously studied) were on average recog-
nized more accurately and faster than NR words (repeated 
the same number of times as the old words) and NU words 
(belonging to the same semantic category as the old words), 
with also faster RT for NR than NU words (inducing repeti-
tion and semantic interferences, respectively). Better and 
faster recognition of previously studied words vs. words seen 
at-new is expected as a reflect of the integrity of encoding 
and storage processes in cued list-learning tasks [8, 11, 21, 

Table 5   Complementary physiologic and clinical characteristics of our study sample at baseline (M0, except for the SMC where the values from 
participants and companions are presented from M12)

Mean scores ± standard deviation (SD) or numbers (n) and percentage (%) of participants are given for each group. The p value of the statisti-
cal analysis (one-way Welch ANOVA) performed across the five groups is reported for each measure. Any significant difference was observed 
among the groups at baseline. The thresholds for normal alcohol consumption are different for female (F) and male (M) participants and are 
therefore reported separately for each gender in each group
SD standard deviation, M  memory, BMI body mass index, HTA Arterial Hypertension, F female participants, M male participants
a For atrial fibrillation, diabetes, and head trauma, some groups had only 0 values (for all participants) and therefore could not be included in the 
ANOVA comparisons

Controls Stable Progressors

Aβ−/N−
(n = 175)

Aβ + /N−
(n = 57)

Aβ + /N + 
(n = 16)

Aβ + /N−
(n = 8)

Aβ + /N + 
(n = 7)

mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD Fdf1, df2 = value p
M. complaints_companion
(normal < 15; from M12)

7.7 ± 6.2 8.4 ± 5.5 9.5 ± 6.8 6.8 ± 4.6 12.7 ± 9.1 F4, 17.8 = 0.7 0.58

M. complaints_participant
(normal < 15; from M12)

13.4 ± 6.6 13.2 ± 5.7 10.3 ± 4.1 13.8 ± 3.7 12.5 ± 8.0 F4, 16.1 = 1.0 0.43

BMI (> 25 = overweight) 25 ± 0.3 24 ± 0.4 26 ± 0.3 25 ± 0.2 26 ± 0.4 F4, 22.5 = 1.2 0.33
HTA n (%) 70 (40) 17 (29) 8 (50) 2 (25) 4 (57) F4, 22.0 = 1.0 0.41
Atrial fibrillation  n (%) 16 (9) 4 (7) 0 (0) 1 (13) 1 (14) F3, 16.2 = 0.2a 0.92
Heart disease  n (%) 15 (9) 6 (11) 5 (31) 1 (13) 1 (14) F4, 21.4 = 0.8 0.51
Dyslipidemia  n (%) 65 (37) 25 (44) 9 (56) 5 (63) 3 (43) F4, 21.9 = 0.9 0.48
Diabetes  n (%) 6 (3) 4 (7) 2 (13) 0 (0) 0 (0) F2, 34.6 = 0.9a 0.40
Head trauma  n (%) 15 (9) 5 (9) 3 (19) 0 (0) 0 (0) F2, 36.4 = 0.5a 0.62
Mood disorders  n (%) 55 (31) 12 (21) 2 (13) 2 (25) 1 (14) F4, 22.5 = 1.4 0.27
Smoking packs weekly
(1 pack = 20 cigarettes)

0.5 ± 0.6 0.5 ± 0.6 0.6 ± 0.8 0.8 ± 0.7 0.3 ± 0.5 F4, 22.0 = 0.7 0.61

Alcohol cups weekly
(normal = F ≤ 7; M ≤ 14)

F: 4.5 ± 5.3
M: 10.8 ± 8.8

F: 5.1 ± 6.7
M: 6.9 ± 8.5

F: 4.0 ± 4.9
M: 16.3 ± 13.7

F: 5.7 ± 4.9
M: 13.0 ± 9.9

F: 5.0 ± 7.1
M: 6.8 ± 10.2

F4, 5.8 = 0.1
F4, 6.0 = 1.0

F: 0.97
M: 0.48
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30, 34]. Cues are presented in these tasks during learning, 
to promote the encoding and storage of the to-be-remem-
bered items (old words) and minimizing the interference of 
novel irrelevant items (new words), and during retrieval to 
enhance appropriate recognition [8, 11, 21, 25, 27, 35]. In 
normal cognitive aging, individuals typically benefit from 
semantic cues to recognize to-be-remembered items and 
overcome compromised encoding and retrieval strategies, 
which appears the case in the controls and stable/N− par-
ticipants [3, 8, 21, 24, 25]. By contrast, in the typical AD 
with AHS, individuals struggle to benefit from semantic 
cues to overcome encoding and storage deficits, leading to 
a deficient consolidation and faulty retrieval of the memory 
trace [3, 8, 21, 24, 25]. We could detect this pattern in the 
stable/N + group, who showed reduced recognition of novel 
items, particularly when these belonged to the same seman-
tic category (NU), suggesting a misattribution of familiarity 
that thwarted the distinction between old and NU words [21, 
23, 28]. The SDT analysis further supported this sugges-
tion, showing a diminished sensitivity in old vs. new words 
discrimination in the stable/N + group. Additionally, this 
group also showed overall longer RT than the other groups 
at session M36. In line with previous research, there was 
a cumulative effect of Aβ burden and neurodegeneration, 
which suggested a reduction in the cognitive resources vital 
for EM processing in these individuals, while they were sta-
ble and cognitively normal [7, 12, 15, 16, 18–20, 50].

However, despite Aβ burden being considered the main 
AD-risk factor, when in isolation, it did not appear to influ-
ence EM processing [6, 18, 51, 52]. This result was not 
entirely surprising, since the link between Aβ burden and 
the onset of memory deficits remains controversial, with 
some studies showing the absence of any memory or cogni-
tive deficits for years, in individuals meeting Aβ-pathology 
criteria [6, 10, 18, 19, 27, 51–53]. Moreover, research has 
shown that the association between Aβ burden and cognitive 
decline should perhaps consider the accumulation rate of Aβ 
plaques instead of the Aβ status used here, as in preclinical 
AD the Aβ burden reaches a plateau, leading to ‘ceiling lev-
els’ that might preclude the observation of memory deficits 
[7, 15, 16, 19, 20, 50].

The core part of our results was the observation of a very 
distinct pattern of behavioral performance in the progres-
sors to prodromal AD, while they were still cognitively nor-
mal according with typical cut-offs and virtually without 
any apparent clinical manifestation. Here, we assessed the 
progressors in comparison with Aβ + stable participants, 
since Aβ burden is a main criterion in AD-diagnosis [2, 4, 
7, 13, 14, 18]. We found that the progressors recognized 
less accurately all word-categories, with an irregular pattern 
of performance across sessions. The accuracy in NU and 
NR word recognition was particularly affected and started 
right from session M12—between 3 and 4 years prior to 

diagnosis—, while recognition of old words started to be 
affected later, only up to 1 year prior to diagnosis. This 
aligns with research suggesting that the novel vs. previously 
studied words introduces an interference in the recognition 
process demanding higher cognitive resources, which seems 
to be independent of the interference source, either seman-
tic relatedness or repetition number [8, 9, 18, 21, 25, 30, 
34]. Adding to this evidence, the progressors showed an 
early decline in the sensitivity to discriminate between Old 
and New words (d′), which in typical AD (with AHS) has 
been interpreted as a performance tending toward chance 
guessing [9, 23, 30, 36–38]. Furthermore, evidence sug-
gests the loss of this discriminatory capacity results from 
the failing in encoding, with negative impact on storage, 
and consequently on recognition [8, 11, 21, 24, 34, 51]. 
The encoding of similar word-list versions during follow-
up might be considered a factor that contributed to source 
confusion (for the to-be-remembered words, ‘Old’), caus-
ing degraded representations that consequently prompted 
misattribution error and memory distortions [8, 21, 23, 30, 
34]. Moreover, 2–3 years before diagnosis, the progressors 
became significantly slower at recognizing all word catego-
ries, contrasting with the reduction in RT associated with 
the typical learning effect observed in stable groups [33, 
34]. The RT increase in the progressors may reflect a more 
conservative response strategy to attain the attended level of 
performance and potentially mask existing cognitive deficits 
[18, 30, 33, 34]. In sum, the recognition of old/new words 
was less accurate, with lower discrimination sensitivity, and 
longer in the progressors. These results suggest that although 
asymptomatic and cognitively normal, the progressors were 
likely already on the neurodegenerative path to AD, lacking 
the full resources to overcome the subtle EM deficits that 
seemed to start emerging at an at-risk phase, years before 
AD-diagnosis.

Finally, the supplementary demographic and clinical 
analyses complemented the characterization of the groups 
with interesting findings. For instance, self-reported SMC 
remained mostly within the norm (score < 15) longitudi-
nally in the control and stable groups [45]. By contrast, 
when reported by the companions, SMC increased from 
the controls to the stable group and again to the progres-
sor group. This was further exacerbated when considering 
the cumulative effect of neurodegeneration in the progres-
sors, with abnormal levels reached at session M24 for the 
progressors/N + . In contrast, self-reported SMC did not 
significant difference. This is in line with research showing 
decrease in the awareness of the existence and magnitude 
of memory deficits by individuals at preclinical stages in 
contrast with the perception of their companions [22].

Furthermore, it was interesting to find characteristics 
common to the neurodegeneration-positive groups (i.e., the 
stable/N + and progressor/N + groups). They were in their 
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majority males (contrary to the female predominance of our 
overall sample), showed higher BMI, more hypertension and 
took longer to complete the TMT test (requiring physical 
performance). Although these differences were not signifi-
cant when compared with the other groups and our data did 
not allow us to make formal inference on this topic, these 
results are in line with a growing body of evidence suggest-
ing a link between weight, myelin, and neurodegeneration 
[54, 55].

A major advantage of our study was the use of an old/
new word-recognition task based on the verbal content of 
the FCSRT. First, the same to-be-remembered words were 
encoded in the FCSRT (morning) and in the old/new rec-
ognition task (afternoon), strengthening the consolidation 
process [3, 34, 56]. Second, despite EM requiring between 
hours to weeks to consolidate, our experimental design 
granted a delay of 1 h/ + period between the morning encod-
ing and the afternoon retrieval, well beyond the ≤ 20 min 
typically used in EM assessments. This certainly contrib-
uted to detecting the emergence of subtle EM alterations [3, 
34, 56]. Moreover, our study included five different groups 
matched for age and education, which allowed us to isolate 
the effects of Aβ burden, neurodegeneration, and the pro-
gression to AD. That said, this study had some limitations. 
First, despite the groups being matched for age and educa-
tion level at baseline, there were some group differences in 
neuropsychological variables. Also, the average high level of 
education of the cohort challenged the generalization of our 
findings to the overall population. We attempted to account 
for the effects of age, education level, and sex, by introduc-
ing these variables as additional covariates in the analysis, 
revealing some overall effects which were not investigated in 
detail and therefore, residual confounds cannot be excluded. 
Another limitation was the small sample size and relatively 
high inter-subject variability of the stable/N + and progres-
sor groups, which calls for caution in the generalizability 
of our results. Nevertheless, the uniqueness of this cohort 
needs to be considered in regard with the difficulty in find-
ing participants at-risk for AD willing to commit to a study 
of this longevity.

Considering the increasing prevalence of AD worldwide, 
it becomes increasingly important to find accessible markers 
able to predict at an asymptomatic stage who will progress to 
a confirmed diagnosis. Within the INSIGHT-preAD study, 
the old/new recognition task based on the verbal content 
of the FCSRT presented here, seems a promising tool that 
may detect the emergence of subtle EM deficits occurring 
in cognitively normal aging individuals at-risk for AD, sev-
eral years before symptomatology becomes apparent. In 
conclusion, our results highlight the emergence of subtle 
EM deficits as a potential marker of the preclinical stages of 
AD in a continuous process that runs in tandem with Aβ bur-
den and neurodegeneration biomarkers. The anticipation of 

diagnosis and a more refined characterization of AD-related 
memory deficits might greatly contribute to disease-modi-
fying therapies that can ease or delay clinical symptoms, to 
extend the patient’s quality of life and to relieve the burden 
of caregivers.
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ESM 1_List of the assessments and biological markers collected in the INSIGHT-PreAD study. 

All the assessments were performed at baseline. The clinical, cognitive and psychobehavioural data were 

collected every 6-months. The neuropsychological, EEG, and actigraphy data were collected every 12-months. 

The blood sampling, MRI, ¹⁸F-FDG PET, and 18F-florbetapir PET data were collected every 24-months. 

Abbreviations: PET= Positron Emission Tomography; MRI= Magnetic resonance imaging; DTI= Diffusion 

Tensor Imaging; EEG= Electroencephalogram; CSF= Cerebrospinal Fluid; PCR= Polymerase Chain Reaction.  

1.1 Subjective feelings about memory and cognition assessments  

• 15-item version of the McNair Frequency of Forgetting Questionnaire (modified from16) 

• Healthy Age Brain Care Monitor (HABC-M) 

• INSIGHT-preAD Questionnaire of Cognitive Decline (IQCD) 

• Self-Evaluation Assessment of Complaints (AC) 

• Visual Analogic Scale for Complaints (ASC) 

• AD-related Anxiety Questionnaire (AD-NOS) 

1.2 Psycho-behavior, mood, autonomy, and quality of life assessments 

• Neuropsychiatric Inventory (NPI) 

• State-Trait-Anxiety Inventory Y (STAI-Y-B) 

• Geriatric Depression Scale (GDS) 

• Starkstein Apathy Scale 

• Bristol Activities of Daily Living Scale (Bristol ADL) 

• Amsterdam Instrumental Activity of Daily Living Questionnaire (IADL) 

• EuroQol 5D test (EQ-5D) 

1.3 Cognitive function assessments 

1.3.1 Global cognitive function 

• Mini Mental State Examination (MMSE) 

• Clinical Dementia Rating (CDR) 

1.3.2 Episodic memory: 

• Free and Cued Selective Reminding (FCSRT) 

• Delayed Matching to Sample Task (DMS-48; immediate and delayed) 

• Rey-Osterrieth Complex Figure (3-min and 30-min recall) 

• Memory Binding Test (MBT) 

1.3.3 Working memory and executive function: 



• Forward and backward Digit and Visuo-spatial span 

• Frontal Assessment Battery (FAB) 

• Trail Making Test (TMT; B–A time) 

• Lexical Fluency (p-words in 2 minutes) 

1.3.4 Instrumental function 

• Semantic Fluency (animals in 2 minutes) 

• Image Naming Test (DO-80) 

• Praxis assessment 

• Rey-Osterrieth Complex Figure (copy) 

1.4 Brain imaging assessments 

• PET: ¹⁸F-Florbetapir PET to test brain amyloid-β deposition 

• PET: ¹⁸F-Fluorodeoxyglucose (FDG) PET to test brain glucose hypometabolism 

• MRI: 3D T1-weighted magnetization-prepared rapid gradient echo (MP-RAGE) MRI  

• MRI: 2D FLAIR T2*- fluid-attenuated inversion recovery MRI  

• DTI & MRI: 2D T2* DTI and a T2*-weighted gradient-echo echo-planar MRI series 

• MRI: Pulsed arterial spin labelling (ASL) MRI 

• MRI: 3D T1 MRI sequences to measure hippocampal volume  

• Cortical thickness.  

1.5 Brain electrophysiological assessments (EEG) 

• High-density EEG during rest 

• High-density EEG during a cognitive task (memory recall of words) 

1.6 Biomarker assessments 

• CSF : total tau protein concentration (t-tau) in CSF 

• CSF: tau protein phosphorylated concentration at threonine 181 (p-tau181) in CSF 

• CSF: amyloid-β peptide 1-42 (Aβ1-42) concentration in CSF 

• CSF: ration of amyloid-β peptide (Aβ1-42) to amyloid-β peptide (Aβ1-40) in CSF 

• Blood biomarkers 

1.7 APOE ε4 allele genotyping  

• PCR-based Sanger sequencing  

 

  



ESM 2_Overall distribution of data across trials in each run of the task, on each session, in all 

participants.  

The plot represents the reaction time (RT; y-axis) of each individual for each word category (New Repeated 

words in blue; New Unique words in green; Old words in red) per trial number (x-axis). The columns 

correspond to every session (M0 to M60). The first 4 rows correspond to the performance by of the participants 

from the control group, the middle 4 rows correspond to the performance of the participants from the stable 

group, and the last 4 rows correspond to the performance of the participants from the progressor group. Each 

row represents one run of the task (with 4 runs in total: R3, R4, R5, R6). 

  



ESM 3_Individual reaction time (RT) and Accuracy performances   

Each plot represents either the accuracy (unit: number of correct responses) or the reaction time (unit = ms; y-

axis) of each individual (indicated by their ID number) for each word category (New Repeated words in blue; 

New Unique words in green; Old words in red) on each session (M0 to M60; x-axis). The individual data are 

presented successively for each group (control [Aβ-/N-]; Aβ+/stable N- and N+; Aβ+/progressor N- and N+).  

3.1 Accuracy of control participants (Aβ-/N-) 

 



 

 

  



3.2 Reaction Time of control participants (Aβ-/N-) 

 

 

 



 

3.3 Accuracy of the stable participants  

 



 

3.4 Reaction Time of the stable participants

 

 

3.5 Accuracy of the progressor participants 

 



 

3.6 Reaction Time of the progressor participants 
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