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A B S T R A C T

Background: Visual Short-Term Memory Binding (VSTMB) is a preclinical marker of Alzheimer’s disease (AD). 
Reduced early event-related potentials (ERPs) (100–250 ms) over fronto-central (FC) and parieto-occipital (PO) 
regions have been reported in patients with Mild Cognitive Impairment (MCI) seen in the clinic. We investigated 
such ERPs in a larger sample of community-dwelling older adults who had not sought medical advice.
Methods: Participants (n = 215) were assessed with a neuropsychological battery and the VSTMB Task. The latter 
assessed the ability to detect changes between two consecutive arrays of shapes or colored shapes (the Binding 
condition). Time-locked EEG signals were collected during the task.
Results: Those who met the MCI criteria (n = 108) showed binding impairment. ERP analyses revealed significant 
Group x Time Windows interactions. Early ERP showed reduced neural recruitment (MCI < healthy controls 
(HC)) over the right FC regions, left PO, and right centro-parietal (CP) regions during Binding encoding, and over 
PO regions bilaterally and left FC during retrieval. Late ERP showed increased neural recruitment (MCI > HC) on 
left FC and PO regions during retrieval.
Conclusions: Hyper-recruitment may reflect functional reorganization aimed at behavioral compensation in the 
early stages of MCI. The role of such amplitude shifts as pointers of transition points in the AD continuum needs 
further investigation.

1. Introduction

Recent estimates suggest that there will be approximately 152.8 
million cases of dementia in the world by 2050 and in Latin American 
countries, cases will grow up to 310% compared to current figures 
(Nichols et al., 2022). Alzheimer’s disease (AD) is the most common type 
of dementia (Jack et al., 2018; Sperling et al., 2011). It causes a pro-
found and progressive decline in cognition, emotional regulation, and 
functional abilities (King et al., 2017) leading to a significant societal 
impact (Hojman et al., 2015; Kalaria et al., 2008; Maestre, 2012; Quiroz 
et al., 2022; Slachevsky et al., 2013). Factors associated with dementia 
risk and normal ageing in Low- and Middle-Income Countries (LMIC) 
vary considerably from those reported in developed countries (e.g., low 

education, poor social determinants of health), and Colombia does not 
escape from such a landscape (Amaya Vargas et al., 2014; Gooding et al., 
2006; Larson, 2019; Nichols et al., 2022; Parra et al., 2018; Ribeiro et al., 
2021; Santamaria-Garcia et al., 2023). In fact, such non-canonical risk 
factors have been considered drivers of the abovementioned dementia 
forecast for Latin American countries (Parra et al., 2018; Parra et al., 
2021). Epidemiological studies carried out in southern Colombia have 
warned about the high prevalence of dementia (Gooding et al., 2006) 
and Mild Cognitive Impairment (MCI) (Bonilla-Santos et al., 2023) 
observed in this region. This situation is worsened by the limited access 
to state-of-the-art diagnostics such as biomarkers for neurodegenerative 
diseases (Damian et al., 2021; Parra et al., 2023) which widens the 
inequity gap (Ferrando & Damian, 2021). Hence, we urgently need 
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affordable methodologies that can be swiftly implemented and scaled up 
to aid in the diagnosis of dementia (Parra et al., 2019b).

To that aim, neurophysiological methods, particularly the EEG, are 
proposed as first-line screening tools to identify high-risk subjects 
(Rossini et al., 2020). There is growing empirical evidence of multiscale 
electrophysiological methods capable of detecting the pathophysiolog-
ical expression of neurodegenerative diseases, including neural signa-
tures of their risk (Loughrey et al., 2023), prodromal (Parra et al., 2017a; 
Babiloni et al., 2020; Clark et al., 2022; Smith et al., 2022) as well as full- 
blown dementia stages (Huggins et al., 2021; Moguilner et al., 2022; 
Prado et al., 2023). Event-related and phase-locked activity has proved 
informative about differences between clinical stages of the AD con-
tinuum (Fide et al., 2023; Smith et al., 2022), in comparison with other 
dementias (Guntekin et al., 2022) and during multicentric, double- 
blind, randomized, and placebo-controlled clinical trials (Yener et al., 
2022).

An approach to grant sensitivity and specificity to electrophysio-
logical methods is combining them with cognitive assessments (Parra, 
2022; Parra et al., 2019b, 2020). For example, memory markers (Parra, 
Calia, et al., 2022) combined with EEG recordings have yielded 
biomarker evidence of the AD continuum (Clark et al., 2022; Huggins 
et al., 2021; Josefsson et al., 2019; Parra et al., 2017a; Pietto et al., 2016; 
Smith et al., 2022). Particularly, the role of short-term memory has been 
investigated (Ibanez & Parra, 2014; Pergher et al., 2019; Weissberger 
et al., 2017), and specifically, short-term memory tasks involving the 
integration of perceptual information have been shown to discriminate 
between MCI subtypes and controls (Costa et al., 2017; Della Sala et al., 
2018; Martinez-Florez et al., 2021), and to identify AD across various 
countries (Cecchini et al., 2023; Logie et al., 2015).

Previous studies reported altered patterns of EEG-derived brain 
connectivity in the prodromal stages of familial AD during a VSTMB 
Task (VSTMBT). Parra et al. (2017) observed increased information 
sharing (i.e., connectivity measured via weighted symbolic mutual in-
formation) over central regions in 89% of a small sample of carriers of 
the mutation E280A-PSEN1 who were in the MCI stages. Earlier studies 
have shown that individuals with MCI exhibit increased synchronization 
and coherence in EEG frequency bands such as increased power in the 
theta and alpha bands has been observed (McBride et al., 2013). The 
authors suggested that such patterns of heightened neural activity 
reflect compensatory mechanisms as the brain attempts to maintain 
cognitive functions. As the disease progresses from MCI to AD dementia, 
there is a noticeable decline in EEG activity. This is characterized by a 
reduction in alpha activity and an increase in delta activity, indicating a 
shift towards slower brain wave patterns. This decline in EEG activity 
corresponds with the loss of cognitive functions and neural degeneration 
associated with AD (Babiloni et al., 2020, 2021; McBride et al., 2013; 
Rossini et al., 2020). Longitudinal EEG studies in Aβ positive patients 
have also revealed a clear pattern of initial increased brain activity 
followed by a significant decrease as the disease advances (Scheijbeler 
et al., 2023).

The role of functional connectivity during the VSTMBT in the 
assessment of sporadic MCI patients was discussed by Smith et al. 
(2022), who suggested compensatory changes in the binding network 
seemingly setting boundaries between age-related and pathological 
neurocognitive decline. Compared to familial AD, sporadic MCI shows 
notable differences in network topology (Clark et al., 2022). Early event- 
related potentials (ERP) elicited in occipital and frontal areas (Ortega 
et al., 2016) appear to provide some neural correlates. Pietto et al. 
(2016) assessed sporadic and familial MCI patients recruited from the 
clinic who were presented with the VSTMBT synchronized with the EEG. 
They showed reduced early electrophysiological activity (100–250 ms) 
over fronto-central (FC) and parieto-occipital (PO) regions. The evi-
dence reviewed above supports the notion that the EEG can yield new 
biomarker solutions for the early detection of AD. These methods appear 
to unveil discernible neural patterns which, in the transition across the 
early stages, are often characterized by over-expression of brain activity 

(i.e., hyper-synchronization, increased connectivity, over-recruitment) 
(Morrison et al., 2019; Paitel et al., 2021; Parra et al., 2017a). As the 
disease progresses, advanced neurodegeneration causes a significant 
decrease in brain activity. Therefore, strategies aimed at the early 
detection of the disease using EEG may focus on the search for both 
increased and decreased patterns of brain activity, with the former 
seemingly related to compensatory functional reorganization (i.e., syn-
aptopathology) and the latter to neurodegeneration (Parra et al., 2017a; 
Pietto et al., 2016).

A feature shared by these earlier studies is that their relatively small 
samples were recruited primarily from lab or clinical settings. Consid-
ering the high prevalence of dementia in LMIC, coupled with issues 
surrounding limited access to healthcare resources and the frequently 
observed lower socio-economic status of the affected individuals, the 
adoption of community-based approaches is highly desirable. Given the 
accessibility of these techniques and their strengths in identifying in-
dividuals at high risk in the early stages, community-based studies 
would ensure a broader representation of the population and foster a 
more egalitarian approach to early detection and intervention.

Therefore, the present study aimed to investigate the electrophysi-
ological correlates (EPR) of VSTMB in a more extensive sample of 
community-dwelling older adults who exhibited a high-risk profile for 
dementia (i.e., MCI). More specifically, we aimed to explore if the ERP 
patterns (i.e., components, time-windows, and ROI) that discriminated 
between healthy controls and patients with sporadic and familial risk of 
AD reported by Pietto et al. (2016) also characterize cognitively 
impaired older adults who were screened in the community. As the 
current investigation focused on older adults who had not sought 
medical advice at the time of testing, we predicted that their MCI would 
be in the early stages (i.e., relative to those assessed by Pietto et al., 
2016). Considering the evidence above reviewed about prominent EEG 
changes observed in the early stages of MCI, we hypothesized that dif-
ferences in the electrophysiological activity during the Shape-Color 
binding condition of the VSTMBT between MCI patients and HC 
would be characterized by a combination of hypo- and hyper- 
recruitment of neural resources (as informed by ERP amplitudes) in 
the former group relative to the latter group. Based on Pietto et al. 
(2016), we predicted that increased neural recruitment would be more 
apparent over anterior regions (e.g., late frontal ERP components), 
which are more prompted to compensatory strategies developed in older 
age (Cabeza et al., 2018; Reuter-Lorenz & Park, 2014). The earlier ERP 
components reported by Pietto et al., (2016) could reveal reduced brain 
activation, particularly during the encoding stages, thus providing a 
physiological substrate of the encoding deficit consistently reported in 
patients with or at risk of AD dementia while they perform the VSTMBT 
(Parra et al., 2017b; Smith & Escudero, 2017).

2. Methods

This was a cross-sectional case-control study of individuals identified 
in a community population from southern Colombia. The cases were 
identified based on standard clinical diagnostic criteria (Petersen, 2004; 
Winblad et al., 2004). All the participants were assessed with standard 
neuropsychological tasks and electroencephalographic recordings.

2.1. Participants

The complete protocol describing recruitment is available from 
Bonilla Santos et al. (2023). Fig. 1 shows a flowchart illustrating the 
selection of participants. A total sample of 621 community-dwelling 
older adults who had not sought medical advice was invited to partici-
pate. Of these, 283 participants were excluded based on several criteria: 
active psychiatric illness, alcohol/drug history, score on the GDS > 5 
(Yesavage et al., 1982), cerebrovascular disease (Hachinski Ischemic 
Score > 4; Hachinski et al., 1975), significant underlying medical and/or 
neurological conditions, visual impairment not corrected, and MMSE <
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24. Of the 338 participants who met the inclusion criteria, 233 
completed the screening protocol in the laboratories of neurocognition 
and psychophysiology of Universidad Surcolombiana and Universidad 
de la Amazonía in Southern Colombia. Among the participants who 
completed the EEG session, 107 were Healthy Controls (HC), and 108 
met the criteria for Mild Cognitive Impairment (MCI). Most of the pa-
tients (n = 89) were impaired in their memory functions (amnestic MCI 
single domain or amnestic MCI multi-domain), while nineteen patients 
were classified as non-amnestic MCI. Patients with EEG recordings 
without triggers or incomplete due to technical failures were also 
excluded (<5%).

The above sample was drawn from a cohort of 823 participants 
recruited by Bonilla-Santos et al., (2023) in their epidemiological study. 
According to Naing et al. (2022), the likelihood of encountering cases in 
a smaller sample is higher when a disease is prevalent. Using Scalex, the 
tool provided by the authors, we found that for the prevalence of 53.6% 
(Bonilla-Santos et al., 2023), a sample size of 630 for absolute precision 
of ±4%, 95% confidence (49.6%-57.6%), and a potential loss of 5% (it 
was very low in this study) would suffice for a prevalence study. Naing 
et. al. (2022) acknowledged that a precision of even 5% would be 
possible for an expected prevalence of 50% or above. Nevertheless, we 
ran a priori and a posteriori sample size and power calculations 
considering the various levels of analysis included in our study. To 
investigate the hypothesis linked to behavioral data drawn from the 
VSTMBT, we have a mixed model with Group (Controls vs MCI) as the 
between-subjects factor and Condition (Shape Only vs Shape-Color 
Binding) as the within-subjects factor. Using G-power, for a medium 
effect size (0.25), alpha = 0.05, 80% power, 2 Groups, 2 measures and a 
reliable correlation between repeated measures (0.5), we needed a 
sample of 34 participants. For the ERP data, we focused on the Shape- 

Color Binding condition of the VSTMBT for reasons explained in our 
manuscript. Based on Pietto et al. (2016), who reported significant dif-
ferences between controls and MCI-FAD over the right FC region (t =
2.57, p < 0.05, d = 1.08) and Sporadic MCI over the left FC region (t =
3.16, p < 0.01, d = 1.22), both showing large effect sizes, we ran a priori 
sample size calculation aiming at a large effect size (f=0.5), alpha =
0.05, 80% power, 2 Groups, one measure (as we only focused on the 
VSTM Binding condition) and a reliable correlation between repeated 
measures (0.5). The result showed that a sample of 102 participants (51 
per group) would suffice. Finally, we ran some a posteriori calculations 
to verify the accuracy of our literature-based estimates. This information 
(1-β) is reported in our results.

As we were interested in the risk of AD dementia among community- 
dwellers with MCI, we added some additional criteria to those used by 
Bonilla-Santos et al. (2023) (i.e., MMSE >=24, no evidence of Cere-
brovascular Disease or Depression). Such criteria undoubtedly made this 
sample less representative of the broader population of older adults at 
risk of dementia. However, we aimed to include older adults with a risk 
profile as compatible as possible with that seen in cases of AD dementia. 
Given our sample size, we needed to rely on a more specific selection 
framework to address such an aim.

The group of healthy participants was matched for age and education 
with the MCI group. None of the participants had a history of psychiatric 
or neurological diseases. All participants provided written informed 
consent in accordance with the Helsinki declaration. The Ethic Com-
mittee of the Hospital Universitario “Hernando Moncaleano Perdomo” 
approved this study.

Fig. 1. A flowchart depicts the steps followed to configure the study sample. Notes: aMCI: amnestic Mild Cognitive Impairment; naMCI: non-amnestic Mild Cognitive 
Impairment; *Useless EEG data corresponds to records without triggers or incomplete due to technical failures.
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2.2. Materials

2.2.1. Neuropsychological assessment
The general cognitive status of MCI patients was assessed with the 

Addenbrooke’s cognitive examination–revised (ACE-R Colombia), 
which evaluates the following cognitive domains: attention/orientation, 
memory, fluency, language, and visuospatial skills (Ospina Garcia, 
2015; Bonilla-Santos et al., 2024) and with the CERAD to assess the 
cognitive areas of orientation, fixation, concentration, calculation, 
memory, and language (Aguirre-Acevedo et al., 2007; Aguirre-Acevedo 
et al., 2016; Torres et al., 2021). The CERAD includes the Mini-Mental 
State Examination (MMSE) (Folstein et al., 1975), Boston Naming test 
(BNT-15), Word List Memory (WLM), Word List Recall (WRL) and Word 
List Recognition (WRL) task, Praxis Copy (PC) and Recall (EC) task, 
Semantic Fluency and Phonological Fluency (FAS), Rey-Osterrieth 
Figure Copy and Recall, and Trail Making Test A/B.

2.2.2. Visual Short-Term memory task (VSTMBT)
The VSTMBT evaluates memory for single or combined features via a 

change-detection paradigm (Parra et al., 2010b). The task has been 
extensively used to identify impairments of integrative memory func-
tions in patients with or at risk of Alzheimer’s disease (Parra et al., 
2010b; Pietto et al., 2016).

Stimuli.
Stimuli consisted of visual arrays of 3 items randomly placed within 

an imaginary 3x3 square grid on a 21″ size LCD screen which, at a dis-
tance of 60 cm from the chin rest, held 10◦ of visual angle. Task display 
parameters (refresh rate, etc.) were set to optimal by the stimulation 
software (see below). Each item within the grid held 1◦ of visual angle 
and was separated from the other two items by no less than 1◦ (see 
Brockmole et al., 2008; Parra et al., 2010b). Items for the visual arrays 
were drawn from a set of 8 Colors and a set of 8 shapes. Stimuli lumi-
nance was carefully controlled, as reported by Parra et al. (2010a).

The VSTMBT was presented on a monitor (21″, 1920x1080) using E- 
Prime software (version 3.0, Psychology Software Tools, USA) syn-
chronized with ActiveView software (V. 9.0) for data recording. The task 
presented visual arrays with three stimuli each. Each trial consisted of a 
study array and a test array (see Fig. 2). The location of the items 
changes between the study and test phases, making it an uninformative 
feature. Detecting changes across displays required remembering either 
the shapes or the combinations of shape and color presented in the study 
array. Stimuli included single shapes (Shape Only condition) and shapes 
with colors (Shape-Color Binding condition). The experimental design 
included a brief practice session for each condition, followed by a total 
of 100 test trials per condition. The trials were fully randomized across 
participants, and the order of the conditions was counterbalanced. On 
half of the trials, the test array exactly matched the memory array. On 
the other half of the trials, they differed. Differences were because new 
shapes which did not appear during the study array were selected from 
the set of 8 and presented in the test array (Shape Only) or because two 

studied colored shapes swapped their colors in the test array (Shape- 
Color Binding).

2.2.3. Electroencephalogram (EEG)
EEG data was recorded using 64 channels ActiveTwo equipment 

(Biosemi, Amsterdam, The Netherlands). External electrodes for EOG 
were used (VEOL and HEOR). All signals were recorded at a sampling 
rate of 1024 Hz. The VSTMBT task was presented using E-Prime software 
(version 3.0, Psychology Software Tools, USA) synchronized with 
ActiveView V912 software (Biosemi, Amsterdam, The Netherlands). The 
setup for EEG recording included a comfortable chair and a chin rest 
located in a dimmed temperature-controlled room.

2.2.4. Procedures
Participants were recruited following “An Inclusive Approach to 

Recruitment in Underrepresented Populations” which we present in 
supplementary material (S.5). The study was conducted at the Neuro-
cognition and Psychophysiology Laboratory of Universidad Surco-
lombiana, and transportation costs from the participants’ residences to 
the laboratory was covered by the research. Upon arrival, the project 
was explained, and the informed consent form was signed. Each 
participant attended three sessions. In the first two sessions, a psychol-
ogist with knowledge and training in neuropsychology administered an 
assessment protocol as reported in Bonilla-Santos et al. (2023). Based on 
the outcomes from a discussion of a multidisciplinary team (psycholo-
gists, neurologists, and psychiatrists), who reviewed cases and applied 
the study’s criteria (i.e., inclusion, exclusion and diagnostic), partici-
pants were classified into healthy (i.e., control group − HC) and mild 
cognitive impairment group (MCI). Those who met the inclusion criteria 
were scheduled for a third session to conduct the EEG recording both in 
the morning or in the afternoon (see Supplementary Material S.2, 
Table 6 for more details about EEG recording times).

The EEG equipment was placed in a quite dimmed room. Although 
we do not have a Faraday Chamber, the lab is set up in a dedicated room 
free from other equipment, i.e., the acquisition systems, such as Com-
puters, power connectors, etc., are kept in a separate room. Participants 
are assessed in individual, sound-attenuated testing cubicles. After 
setting up the EEG acquisition system, a ten-minute resting state was 
recorded. Then, the VSTMBT was administered as described in section 
2.2.2. Throughout the session, one of the researchers monitored the 
recording, performing a visual inspection for artefacts and noting any 
findings in a logbook which were then considered at the preprocessing 
stages.

2.3. Data analyses

2.3.1. Behavioral data
Demographic and neuropsychological data of the patients were 

compared to those of the control group via parametric t-tests. As in 
previous studies, the variable obtained from the VSTMBT was the 

Fig. 2. An example of a trial of the VSTMBT for each condition.
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percentage of correct recognition (Cecchini et al., 2023). The VTSMBT 
data was subjected to a mixed ANOVA model with Group (HC vs MCI) as 
the between-subjects factor and Condition (Shape-Only vs Shape-Color 
Binding) as the repeated measure. Post-hoc tests were carried out to 
explore the main effects and the origin of the interactions. False Dis-
covery Rates (FDRs) were applied to multiple comparisons to correct for 
Type-I error.

2.3.2. ERPs
All the data were pre-processed offline using FASTER (version 1.2.4; 

Nolan et al., 2010) in MATLAB (version R2021a) and EEGLAB (version 
2022.1). The EEG data was filtered between 1 Hz (high-pass) and 30 Hz 
(low-pass) and down-sampled to 250 Hz. The EEG activity was re- 
referenced to the grand average. To eliminate oculomotor artifacts, in-
dependent component analysis (ICA) was performed and complemented 
using ICLabel (V.1) with a threshold in 0.9. All artefacts marked for 
rejection were confirmed by a visual inspection of the data. The 
continuous EEG data were epoched from –250 to 1300 ms locked to 
stimulus onset. The remaining artefactual epochs were manually 
removed. Average waveforms were computed separately for each indi-
vidual and for each condition of the VSTMBT (i.e., Shape-Only and 
Shape-Color Binding). The analysis only considered trials with correct 
responses.

To identify significant differences between the two conditions, we 
employed a combination of the Monte Carlo test and non-parametric 
bootstrapping with 1,000 permutations. This approach, as described 
by Pietto et al. (2016), provides a simple solution to the problem of 
multiple comparisons and does not rely on correction for multiple 
comparisons or Gaussian assumptions about the data distribution. We 
analysed the entire array of electrodes for every millisecond to calculate 
the permutations in a component-free approach.

Electrodes and time windows that showed significant results (p <
0.05) were assigned to regions of interest (ROIs), and the activity within 
each ROI was averaged. We defined six ROIs: (1) fronto-central left (FC 
left), (2) fronto-central right (FC right), (3) centro-parietal left (CP left), 
(4) centro-parietal right (CP right), (5) parieto-occipital left (PO left), 
and (6) parieto-occipital right (PO right). The time windows and elec-
trodes used to analyze the EEG data varied across the two conditions of 
the VSTMBT.

We compared ROIs across Groups using parametric tests. Mixed 
ANOVA models were used to explore main effects and interactions of the 
between-subjects factor Group and the within-subjects factor Time 
Windows over the identified ROI. We were particularly interested in the 
main effect of Group and its interaction with Time Windows, with the 
latter informing on ROI where ERP activity may differentially vary 
across groups. As different time windows would comprise physiological 
activity which would vary naturally (e.g., ERP components), such a 
main effect alone was not considered informative. All the ANOVA 
models controlled for the effects of age and education. Pairwise con-
trasts were FDR-corrected (Pike, 2011). ERPs with significant differ-
ences were plotted, and their corresponding voltage maps were 
displayed for the relevant ROI and time windows. In the last step, we ran 
correlations between average ERP activity across ROI and Time win-
dows for memory phases (i.e., encoding and retrieval) that yielded sig-
nificant between-group differences. Those averages were correlated 
with behavioral data drawn from the relevant condition of the VSTMBT. 
Our representative sample size largely drove the choice of parametric 
tests. With large enough sample sizes (> 30 or 40), the normality 
assumption should not cause concerns (Ghasemi & Zahediasl, 2012), 
allowing for the use of parametric procedures (Elliott & Woodward, 
2007).

3. Results

3.1. Behavioral data

3.1.1. Neuropsychological assessment
Of the 210 participants, 107 were healthy controls, while 103 met 

the criteria for MCI. Table 1 shows demographic variables as well as the 
results of the neuropsychological assessment (see Supplementary S.4, 
Table 5 for detailed demographic and comorbidity data). MCI patients 
demonstrated inferior cognitive abilities compared to controls, as evi-
denced by their lower scores on the screening assessments and standard 
neuropsychological evaluations for memory, language, and executive 
functions. Also, relative to HC, MCI patients were older and had fewer 
years of education. We, therefore, controlled for such factors in the re-
ported analyses.

3.1.2. Behavioral results from the VSTMBT
The mixed model revealed a significant main effect of Group [F 

(1,210) = 38.26p < 0.001, ɳ2 = 0.154] whereby performance from HC 
was higher than that of MCI patients (HC: M=85.24, SD=9.54, MCI: 
M=68.95, SD=10.62). There was a significant main effect of Condition 
[F(1,210) = 436.62, p < 0.001, ɳ2 = 0.675] whereby performance on 
Shape-Only was higher than performance on Shape-Color Binding 
(Shape-Only: M=77.21, SD=10.38, Shape-Color Binding: M=61.92, 
SD=10.91). The Group x Condition interaction was non-significant [F 
(1,210) = 0.536p = 0.465, ɳ2 = 0.003] (see Fig. 3).

Table 1 
Descriptive statistics and group comparisons for neuropsychological data.

Variables All (n =
210)

HC (n =
107)

MCI (n =
103)

P value 
a

Demographic characteristics
Age, years 60.9 (6.6) 59.5 (6.4) 62.2 (6.5) 0.002
Years of education 10.5 (6) 13 (5.6) 8 (5.4) 0.001
Gender (female) 79 % 82.4 % 75.7 % 0.227b

Neuropsychological assessment
Cognitive Screen
ACER-Col 86.3 (9.3) 90.6 (5.4) 82.1 (10.7) 0.001
MMSE 27.3 (1.7) 27.8 (1.7) 26.8 (1.7) 0.001
Language
BNT-15 13 (1.8) 13.8 (1.2) 12.2 (2.1) 0.001
Memory
Word List Learning 15.6 (4) 17.7 (3.5) 13.5 (3.5) 0.001
Word List Learning 

Delayed recall
5.3 (2.2) 6.4 (1.7) 4.2 (2) 0.001

Word List Recognition 9.4 (0.8) 9.7 (0.5) 9.1 (1) 0.001
CP Delayed recall 6.6 (2.6) 7.8 (1.9) 5.5 (2.6) 0.001
RCFT Delayed recall. 15.7 (10.9) 17.7 (6.6) 13.6 (13.8) 0.006
Delayed Free recall 
− FCSRT.

9.5 (3.5) 10.6 (3.1) 8.4 (3.6) 0.001

Delayed Cued recall 
− FCSRT.

14.1 (2.9) 14.9 (2.6) 13.4 (2.9) 0.001

Visuospatial
CP Copy 8.8 (1.6) 9.5 (1.1) 8.2 (1.8) 0.001
RCFT Delayed copy. 29.5 (6.7) 32.1 (4.1) 27.2 (7.5) 0.001
Executive functioning
Phonemic Fluency (FAS) 29.9 (11.7) 34.3 (10.5) 26 (11) 0.001
TMT-A (seconds) 118.4 (55) 104.5 (48) 130.3 

(57.1)
0.001

TMT- B (seconds) 193.8 
(78.8)

166.5 
(69.2)

221.3 
(78.6)

0.001

a t- student test.
b Chi-square test, HC: Healthy Controls, MCI: Mild Cognitive Impairment, 

ACER-Col: Addenbrooke’s cognitive examination–revised, MMSE: Mini-Mental 
State Examination; BNT: Boston Naming test, FCSRT: Free and Cued Selective 
Reminding Test, RCFT: Rey-Osterrieth Complex Figure; CP: Constructional 
Praxis, FAS: Phonemic fluency test; and TMT: Trail Making Test.
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3.2. ERP results

As the number of electrodes per ROI varied across time windows, as 
informed by our unbiased data-driven method (a combination of the 
Monte Carlo test and non-parametric bootstrapping), we present a 
summary of such distribution in supplementary material S.1 (Fig. 1). 
Following the recommendations by Parra et al. (2019) and Della Sala 
et al. (2018), and for the sake of brevity, only the ERP results drawn from 
the analysis of the Shape-Color Binding condition of the VSTMBT are 
reported in the main manuscript. The results from the analysis of ERP 
data linked to the Shape-Only condition are presented in supplementary 
material S.2 (Figs. 2, 3, and 4, and Tables 1 and 2).

Detailed outcomes from the statistical analysis of the data drawn 
from the Shape-Color Binding condition are shown in supplementary 
material S.3 (Figs. 5, 6, and 7, and Tables 3 and 4). Here, we report on 
our main outcomes in line with our model whereby main effects and 
interactions are reported first, followed by Type-I error corrected pair-
wise tests. For the encoding phase, the factor Group revealed effects that 
tended towards significance over right FC regions (p=0.089) and 
reached significance over right CP regions (p=0.042). A marginal 
interaction between Group and Time Window was observed over the 
right PO regions (p=0.056).

The effect over right FC regions emerged from the time window 900- 
1200ms (t = 2.13, p = 0.034, d = 0.29), driven by a larger activation in 
HC (M = 0.151 µV, SD = 0.33) than in MCI patients (M= 0.055 µV, SD =
0.32) (Fig. 4A). In the right CP regions, activity within the time window 
300-500ms revealed significant between-group differences (t = 2.19, p 
= 0.030, d = 0.30), again driven by a larger activation in HC (M= 0.131 
µV, SD = 0.31) than in MCI patients (M = − 0.047 µV, SD = 0.25) 
(Fig. 4B). Activation over the right PO regions was also within 300- 
500ms (t = 2.20, p = 0.028, d = 0.30) showing the same pattern (HC: 
M = 0.232 µV, SD = 0.44; MCI patients: 0.103 µV, SD = 0.42) (Fig. 4C). 
In sum, the encoding phase of the Shape-Color Binding condition 
revealed between-group differences early over posterior brain regions 
and late over frontal regions.

For the retrieval phase, no main effects of the factor Group were 
observed. This, however, interacted with Time Windows over FC regions 

on the right (p<0.001) and left (p<0.001) hemispheres and over PO 
regions also over the right (p<0.001) and left (p<0.001) hemispheres 
(see Supplementary Material S.3, Fig. 5). Follow-up tests identified three 
significant differences in the Time Window 150-400ms, which happened 
to capture the ascending/descending slope from previous activity (we 
did not follow a component-driven but rather a data-driven approach). 
Of these, two showed larger activation in MCI patients than in HC (left 
FC region: MCI > HC, M = 0.181 µV, SD = 0.34 and M = 0.091 µV, SD =
0.30 respectively, t = − 2.06, p = 0.040, d = 0.28 and left PO region: MCI 
> HC, M = − 0.269 µV, SD = 0.45 and M= − 0.096 µV, SD = 0.49, 
respectively, t = − 2.97, p = 0.008, d = 0.37), and one (right PO) showed 
the opposite pattern (HC > MCI, M = − 0.275 µV, SD = 0.49 and M=

− 0.123 µV, SD = 0.49, respectively, t = − 2.27, p = 0.024, d = 0.31).
Similar differences were observed in the Time Window 850-1200ms 

over the left FC and right PO regions both showing greater activation in 
MCI than in HC (left FC: MCI > HC, M= 0.107 µV, SD = 0.32 and M =
0.019 µV, SD = 0.25, respectively, t = − 2.23, p = 0.027, d = 0.30), and 
in the right PO (right PO: MCI > HC, M= − 0.185 µV, SD = 0.49, M =
− 0.065 µV, SD = 0.3, respectively; t = 2.09, p = 0.038, d = 0.28) 
(Fig. 5). In sum, while the encoding phase of the Shape-Color Binding 
condition of the VSTMBT revealed reduced activity in MCI patients 
relative to HC, the retrieval phase revealed mixed findings with a ten-
dency towards larger activation in MCI than in HC.

Finally, we ran Pearson bivariate correlations between ERP activity 
drawn from the encoding and retrieval phases of the Shape-Color 
Binding condition averaged across ROI and Time Windows where sig-
nificant between-group effects were observed, and behavioral data 
drawn from that condition. While ERP activity during the encoding 
phase significantly and positively correlated with behavioral data (n =
213, r = 0.282, p < 0.001) (Fig. 6A), ERP activity during the retrieval 
phase significantly but negatively correlated with behavioral data (n =
213, r = − 0.233, p < 0.001).

4. Discussion

The present study was set out to investigate the hypothesis that 
different patterns of electrophysiological activity during the Shape- 

Fig. 3. Percentage of correct recognition across groups and conditions of the VSTMBT. Notes: HC: Healthy Controls, MCI: Mild Cognitive Impairment.
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Color Binding condition of the VSTMBT would help differentiate MCI 
patients from HC. More specifically, we predicted that hypo and hyper- 
recruitment of neural resources could be observed in the former group, 
given the relatively early stages of their MCI. This hypothesis proved 
valid. Key findings from this study worth discussing are, first, neuro-
psychologically, our patient group displayed significant impairments in 
a rather extensive test battery despite such individuals having neither 
received a formal diagnosis prior to the study nor had they sought advice 
from health care providers. Second, the encoding phase of the Shape- 
Color Binding task revealed significant abnormalities in the form of 
hypo-activation in MCI patients relative to controls over brain regions 

previously found to be impaired (i.e., decreased neural responsiveness) 
in MCI patients recruited from the clinic. Third, the retrieval phase of the 
Shape-Color Binding task also revealed significant abnormalities in the 
form of hypo and hyper-activation in MCI patients relative to controls. 
Hyper-activation was found over brain regions that previously showed 
decreased activity in clinic-based MCI patients who were in relatively 
more advanced stages. Finally, whereas encoding-related increases in 
ERP activity predicted better behavioral outcomes, retrieval-related 
increases were associated with poorer performance. We now discuss 
these findings in turn.

Fig. 4. ERPs and voltage maps for ROI and Time Windows where significant effects were observed during the encoding phase of the Shape-Color Binding condition of 
the VSTMBT. Notes: HC: Healthy Controls, MCI: Mild Cognitive Impairment, FC: Fronto-Central, CP: Centro-Parietal, PO: Parieto-Occipital.
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4.1. Neuropsychological abnormalities in underdiagnosed older adults

The electrophysiological correlates of VSTMB have been previously 
investigated in older adults at risk of dementia (i.e., MCI). Pietto et al. 
(2016) reported reduced early activity (100–250 ms) over fronto-central 
(FC) and parieto-occipital (PO) regions in MCI patients recruited from 
the clinic. We investigated if such an electrophysiological pattern is also 
observed in a larger sample of community-dwelling older adults with 
MCI who had not sought medical advice. A critical ongoing debate in the 
literature on cognitive ageing is how we define normality and allocate 
participants to control groups (Bos et al., 2018; Parra, 2022; Parra et al., 
2023). Recent evidence from CSF/PET Amyloid findings in 

asymptomatic adults suggests that preclinical and prodromal AD may be 
more prevalent than previously estimated (Jansen et al., 2022).

In Latin American countries, this situation is worsened by the lack of 
culturally valid assessment tools, which has traditionally represented a 
significant barrier to early diagnosis (Custodio et al., 2020; Custodio 
et al., 2017; Parra, 2014; Parra et al., 2018, 2019b, 2021, 2022a). Our 
current results lend further support to this ongoing debate, confirming 
that if properly assessed (i.e., by carefully applying strict clinical 
criteria), a significant number of older adults who have not approached 
health services would likely receive a diagnosis of MCI. This is a chal-
lenge not only faced by Latin American countries. In a longitudinal study 
of MCI by Parra et al. (2022a) in the UK, the authors initially recruited 

Fig. 5. ERPs and maps activity for ROIs and time windows with significant interactions between groups in retrieval Shape-Color condition. Notes: HC: Healthy 
Controls, MCI: Mild Cognitive Impairment, FC: Fronto-Central, CP: Centro-Parietal, PO: Parieto-Occipital.

Fig. 6. Correlations between ERPs during memory phases of the Shape-Colour Binding condition of the VSTMBT and behavioral responses from such a test.
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70 older adults who self-reported as healthy and enrolled as control 
volunteers. After applying the diagnostic criteria, the authors found that 
28 of those did not meet the criteria for cognitive normality and were, 
therefore, reallocated to other clinical groups. Even though extensive 
campaigns are carried out worldwide to raise awareness about dementia 
and the importance of early diagnosis, many people are still driven by 
stereotypes, stigmas, and prejudices and do not seek help early enough 
(Parra et al., 2018, 2021). Another barrier is the lack of proper screening 
tools available to individuals from low-resource settings (Custodio et al., 
2020). Our proposed EEG/ERP biomarkers hold the potential to increase 
trust, thus encouraging people to come forward earlier and, in so doing, 
allowing for an earlier diagnosis. We next discuss the roles of such 
biomarkers.

4.2. Abnormal EEG/ERP biomarkers in early MCI

Despite the accrued evidence suggesting the strengths of the EEG in 
the characterization and detection of dementia (Babiloni et al., 2020), 
the tool has received neither enough attention nor sufficient support. 
Rossini et al. (2020) presented a report from the International Federa-
tion of Clinical Neurophysiology highlighting the role of advanced EEG 
signal analysis in the pathophysiological characterization of dementing 
diseases. Our results lend support to such recommendations and further 
endorse their potential use along the disease continuum. We have 
contributed evidence backing up the proposal that brain signal fluctu-
ations differ between healthy older and cognitively impaired older 
adults.

An aspect that supports the clinical relevance of the study’s findings 
is the fact that our reported effects are from task-related EEG. The EEG 
and dementia literature to date has mainly focused on resting state EEG 
(see Babiloni, Barry, et al., 2020; Babiloni, Blinowska, et al., 2020; 
Babiloni et al., 2021, 2023; Rossini et al., 2020 for a few very recent 
examples). A potential rationale is that these are more commonly 
recorded in clinical settings and are easier to acquire and harmonize 
across centers and to analyze. However, a shortcoming of resting EEG 
metrics is their limited specificity. For instance, Rossini et al. (2020)
argued that using the EEG alongside cognitive tests sensitive and specific 
to AD can help address this shortcoming. Others have collected and 
analyzed EEG data during performance on such tests (such as the current 
study). In an earlier study by Parra et al. (2017), the authors reported 
that resting EEG connectivity detected 100% of MCI patients while task- 
related connectivity achieved 89% classification accuracy. Similar 
findings were reported by McBride et al. (2013), who found that resting- 
state EEG accurately distinguished between MCI and HC while task- 
related EEG (i.e., counting backward condition) was better at discrimi-
nating AD from HC. An account to explain these observations is that 
brain signals elicited by AD cognitive makers will discriminate well the 
patients with or at risk of this type of dementia but will face challenges 
with MCI patients. MCI is a heterogeneous and uncertain diagnostic 
category. By simultaneously collecting EEG data during performance on 
cognitive tests sensitive and specific to AD we could separate abnormal 
ageing trajectories, thus granting this neuroscience method more diag-
nostic specificity at the individual level, which will support its validity 
as a biomarker. For example, we conducted an exploratory ROC analysis 
of EPR and cognitive tests recommended by a European consensus 
group, including the VSTMB task (Costa et al., 2017; see Supplementary 
S.2, Fig. 8 and Table 7). The results show that the classification accuracy 
of these assessments was similar.

Another recommendation emerging from the present study’s find-
ings is what to look out for when we draw biomarker evidence from EEG 
data. Based on our results and those from earlier studies, we argue that 
in the early preclinical stages of AD, the brain undergoes massive 
functional reorganizations to compensate for the spread of pathology. 
Such functional reorganization will trigger excessive recruitment 
expressed as hyperexcitability (Parra et al., 2013) or hyperconnectivity 
(Parra et al., 2017b). Next, we discuss the shift from hyper- to hypo- 

excitability as a signature of brain compensation. Parra et al. (2017)
observed in MCI patients due to familial AD (Acosta-Baena et al., 2011; 
Lopera et al., 1997) that hyper-connectivity within the VSTMB network 
characterized almost 90% of the patients. In our community-dwelling 
older adults with MCI, we found abnormal electrophysiological re-
sponses over brain regions previously reported by Pietto et al. (2016). 
Some important distinctions between these samples are worth high-
lighting. For example, Pietto et al. (2016)’s patients and controls had a 
higher education than ours, which could explain why the MMSE of their 
controls was higher. The fact that our MCI patients had more than 6 
years of less education than Pietto’s patients, even though the MMSE of 
our and Pietto’s cases was similar, suggests that our patients were in less 
advanced stages of MCI. In support of this notion is the observation of 
increased neural recruitment over brain regions where Pietto et al. re-
ported reduced activity. Our observation of reduced task-related EEG 
activity during the encoding stages of the VSTMBT (early ERPs) is in line 
with previous studies using EEG (Parra et al., 2017a) and eye-tracking 
(Parra et al., 2022b) combined with the VSTMBT. The observation 
that it was during the retrieval stage that over-recruitment of brain ac-
tivity became apparent is an interesting finding. Poorly encoded visual 
information may trigger more exhaustive search mechanisms which 
might need to engage extra resources in individuals undergoing neuro-
degeneration. Rhodes et al. (2015) demonstrated that the capacity of 
visual working memory for features and bindings varies depending on 
how its contents are retrieved, thus suggesting that the retrieval stages 
may inform additional mechanisms that may be differently affected by 
the disease. Our results suggest that such compensatory over- 
recruitment observed during retrieval with reduced brain activity evi-
denced at encoding may be neural signatures of impaired cognitive 
function in patients with MCI at risk of AD. We will discuss brain 
compensation and neurodegeneration further in the next section.

4.3. Compensatory neural changes as an early indication of dementia risk

We found reduced neural recruitment in MCI patients during early 
ERP components, particularly over the left PO and right CP regions 
during the Shape-Color encoding phase, as well as over bilateral PO and 
left FC regions during retrieval. Hyper-recruitment was observed during 
late ERP components, with MCI patients exhibiting increased neural 
recruitment over right FC regions during Shape-Color encoding and over 
left FC and PO regions during retrieval. Using an incidental emotional 
memory task performed within the fMRI scanner, Parra et al. (2013)
showed that for MCI patients to achieve a level of performance like that 
observed in controls, they had to recruit more medial temporal lobe 
resources. It seems that the continuum of neuropathological changes 
that are triggered by ageing and accelerated by neurodegenerative dis-
eases are characterized by a sequence of compensatory (i.e., increased 
brain activity underpinning normal behaviors) followed by non- 
compensatory functional reorganization (i.e., increased brain activity 
no longer supporting adaptive behaviors), which ends in a massive 
functional loss (decreased brain activity reflecting significant neuro-
degeneration). Compensatory changes in ageing have been widely re-
ported (Cabeza et al., 2018; Reuter-Lorenz & Park, 2014; Stern, 2021). 
Our data fully supports this notion. Significant positive correlations 
were found between brain activity and behaviors (compensatory hyper- 
activations during encoding) coexisting with significant negative cor-
relations (non-compensatory hyper-activations during retrieval), with 
the latter appearing over regions where earlier studies found signifi-
cantly decreased activity. Although the literature reporting on non- 
compensatory functional reorganization is growing fast (Cassandra 
et al., 2019; Gaubert et al., 2019; Smith et al., 2022; Wang et al., 2015), 
discrepancies remain.

Published studies have been biased towards evidence indicating 
reduced physiological responses in those affected by dementia or at risk 
of developing it, not paying enough attention to evidence indicating 
increased activity in the early stages of dementia or the transition from 
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normal ageing to the prodromal stages of the disease. Emerging evi-
dence suggests that a reduction of neural responses may be a feature of 
the advanced stages of the disease, with the early stages often revealing 
increased neural responses, which could be either compensatory or non- 
compensatory. The number of studies supporting the latter is growing. 
Our study aims to contribute to this emerging view. Cassandra et al. 
(2019) reviewed ERP studies in MCI and AD patients and found that 
those exploring late ERP components (from P300 onwards) reported 
mixed findings (i.e., decreased ERP activity coexisting with increased 
ERP activity, with the latter often exceeding the former), especially in 
the prodromal stages of AD. They discussed the work by Liddell et al. 
(2007), who observed increased amplitude of P300 in MCI but decreased 
amplitudes in AD. Later components, which are drawn from differences 
between tasks or task conditions and index working memory capacity 
(the PNwm, Deiber et al., 2015, and the CDA, Bagattini et al., 2017) also 
revealed mixed findings. The PNwm showed decreased responses in 
MCI, and the CDA revealed increased responses. Potential sources of 
such discrepancies can be methodological (i.e., tasks used to derive 
EPRs), physiological (cognitive and brain reserve Celone et al., 2006), or 
individual differences (strategy utilization, Riby & Orme, 2013). Beu-
zeron-Mangina and Mangina (2009) explored the P450 during a Mem-
ory Workload Paradigm (i.e., a word list learning task) in very early AD 
(MMSE: 26.5±2.3), mild vascular dementia (MVD), and controls. The 
authors found consistent hyper-recruitment only in the very early AD 
group. They interpret this as compensatory brain responses to meet the 
task’s demands, which they argued may reflect dysfunction of cholin-
ergic systems. Olichney et al. (2006) found an atypical (larger) frontal 
N400 and P600 during word repetition, which they interpreted as 
mechanisms recruiting additional brain regions to compensate for per-
formance. Future studies will need to investigate the mapping of these 
functional neural stages along the continuum from normal ageing to AD 
dementia to explore whether ERPs can be used as markers of critical 
transition points throughout such a continuum.

This hyper-recruitment phenomenon may reflect compensatory 
changes in the early stages of MCI, as individuals strive to maintain 
cognitive functioning. These results are in line with the idea that the 
brain undergoes adaptive reorganization in response to cognitive 
decline (Pietto et al., 2016), and they emphasize the potential utility of 
EEG-based cognitive biomarkers for screening community-dwelling 
older adults at risk of dementia. This study represents a significant 
contribution as it is the first community-based ERP study in this region 
of Colombia and Latin America, to the best of our knowledge. The cor-
respondence between our findings and those reported by previous 
research carried out within clinical settings adds to the robustness of the 
observed electrophysiological patterns associated with VSTMB deficits 
in individuals at risk of dementia, such as those with MCI. Furthermore, 
the identification of hyper-recruitment in MCI patients underscores the 
complexity of neural adaptations in response to cognitive impairment.

The above arguments can be used to make some recommendations to 
encourage the clinical community to endorse the EEG as a tool to 
address the mechanistic and diagnostic aspects of AD. 

1) Increased neural recruitment in cognitively unimpaired older adults 
or those with subjective cognitive complaints during performance on 
cognitive tests sensitive and specific to AD, which leads to improved 
behaviors, can be seen as an indication of the early preclinical stages 
of the disease.

2) Increased neural recruitment in cognitively impaired older adults (e. 
g., MCI) during performance on cognitive tests sensitive and specific 
to AD, which fails to compensate for behavioral responses, can be 
seen as an indication of the prodromal stages of the disease.

3) Decreased neural recruitment in cognitively impaired older adults 
who could still engage with cognitive tests sensitive and specific to 
AD, and who show significant behavioral impairments can be seen as 
an indication of the early stages of dementia.

Future studies will be needed to investigate the mapping of these 
functional neural stages along the AD continuum and their relation to 
behaviors and clinical symptoms. Our results suggest that such 
compensatory over-recruitment observed during retrieval with reduced 
brain activity evidenced at encoding may be neural signatures of 
impaired cognitive function in patients with MCI at risk of AD.

While this study provides valuable insights into the neurophysio-
logical correlates of VSTMB deficits in a community-dwelling popula-
tion, some limitations should be considered. For example, we did not 
have available biomarker evidence as informed by the A/T/N frame-
work (Jack et al., 2018), so we relied on the syndromic approach by 
applying classical clinical criteria. This is relevant because our group 
recently reported one of the highest prevalences of MCI observed to date 
in Latin America in this region of Colombia (Bonilla-Santos et al., 2023). 
Of note, non-canonical risk factors were identified in the region (i.e., 
environmental pollutants), which may be associated with non-AD de-
mentia. Our analyses were based on average amplitude measures. The 
evidence delivered to date using the VSTMB paradigm suggests that 
latency is not an informative variable when discriminating between 
groups. Amplitude has proved to be the most informative outcome. This 
could be explained, at least in part, by the populations in which such 
cognitive function has been investigated using ERP. Pietto et al. (2016)
investigated MCI patients in the course of familial or sporadic AD, who 
were in early prodromal stages. In this current study, MCI were in stages 
even earlier than those studied by Pietto et al. Accrued evidence suggests 
that network-level dysfunction (Parra et al., 2017b; Smith et al., 2022), 
loss of white matter integrity (Parra et al., 2015), grey matter loss 
(Valdés Hernández et al., 2020), and Amyloid-β accumulation (Parra 
et al., 2024) can all account for VSTMB deficits in individuals at risk of 
AD. Future studies will be needed to explore the association between the 
neural correlates of EPR amplitude and latency across the different 
stages of the disease continuum. Furthermore, the present study did not 
include IQ, socioeconomic status, ethnicity, or lifestyle factors measures. 
These are important factors not only in predicting the risk of or pro-
tection against dementia (Livingston et al., 2020) but also in unveiling 
the variability of ageing trajectories across different sociocultural con-
texts (Baez et al., 2023; Ibanez et al., 2020, 2021; Ibanez & Eyre, 2023). 
Future EEG studies with even larger sample sizes will be needed to 
explore the potential contributions of such factors (see, for example, 
Moguilner et al., 2024) to the task-related EEG patterns observed in this 
study. Although we recruited a representative sample of the targeted 
population, such representativeness was limited by the strict inclusion 
criteria used to investigate our hypotheses. Future studies with larger 
sample sizes should explore the influence of the confounding factors 
here excluded, not only to generalize these results to the broader pop-
ulation but also to explore their contributions to trajectories of risk 
profiles (i.e., different types of dementia and related diseases).

In conclusion, this study highlights the importance of EEG-based 
cognitive biomarkers in detecting early neurophysiological changes 
associated with cognitive decline in community-dwelling older adults at 
risk of dementia. The evidence presented here supports electrophysio-
logical assessments as a valuable tool for identifying individuals in the 
early stages of cognitive impairment. Future follow-up studies are rec-
ommended to track changes in VSTMB functions over time to establish 
their predictive value, as suggested by Cecchini et al. (2023).
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Bonilla-Santos, J., González-Hernández, A., Cala-Martínez, D.Y., Gómez-Morales, D.F., 
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Martínez, D.Y., 2024. Evidence of validity and reliability of the Colombian version of 
Addenbroke’s Cognitive Examination Revised (ACE-R). Aging Ment Health 28 (5), 
812–818. https://doi.org/10.1080/13607863.2023.2300383.

Bos, I., Vos, S.J.B., Jansen, W.J., Vandenberghe, R., Gabel, S., Estanga, A., Ecay- 
Torres, M., Tomassen, J., den Braber, A., Lleo, A., Sala, I., Wallin, A., Kettunen, P., 
Molinuevo, J.L., Rami, L., Chetelat, G., de la Sayette, V., Tsolaki, M., Freund-Levi, Y., 
Visser, P.J., 2018. Amyloid-beta, Tau, and cognition in cognitively normal older 

individuals: examining the necessity to adjust for biomarker status in normative 
data. Front Aging Neurosci 10, 193. https://doi.org/10.3389/fnagi.2018.00193.

Cabeza, R., Albert, M., Belleville, S., Craik, F.I.M., Duarte, A., Grady, C.L., 
Lindenberger, U., Nyberg, L., Park, D.C., Reuter-Lorenz, P.A., Rugg, M.D., 
Steffener, J., Rajah, M.N., 2018. Maintenance, reserve and compensation: the 
cognitive neuroscience of healthy ageing. Nat Rev Neurosci 19 (11), 701–710. 
https://doi.org/10.1038/s41583-018-0068-2.

Cassandra, M., Sheida, R., Vanessa, T., Christine, S., Frank, K., 2019. Visual Event- 
Related Potentials in Mild Cognitive Impairment and Alzheimer’s Disease: A 
Literature Review. 16 (1), 67–89.

Cecchini, M.A., Parra, M.A., Brazzelli, M., Logie, R.H., Della Sala, S., 2023. Short-term 
memory conjunctive binding in Alzheimer’s disease: A systematic review and meta- 
analysis. Neuropsychology 37 (7), 769–789. https://doi.org/10.1037/neu0000825.

Celone, K. A., Calhoun, V. D., Dickerson, B. C., Atri, A., Chua, E. F., Miller, S. L.,… 
Sperling, R. A. (2006). Alterations in Memory Networks in Mild Cognitive 
Impairment and Alzheimer’s Disease: An Independent Component Analysis. The 
Journal of Neuroscience, 26(40), 10222.

Clark, R.A., Smith, K., Escudero, J., Ibanez, A., Parra, M.A., 2022. Robust Assessment of 
EEG Connectivity Patterns in Mild Cognitive Impairment and Alzheimer’s Disease 
[Original Research]. Front Neuroimaging 1, 924811. https://doi.org/10.3389/ 
fnimg.2022.924811.

Costa, A., Bak, T., Caffarra, P., Caltagirone, C., Ceccaldi, M., Collette, F., Crutch, S., Della 
Sala, S., Demonet, J.F., Dubois, B., Duzel, E., Nestor, P., Papageorgiou, S.G., 
Salmon, E., Sikkes, S., Tiraboschi, P., van der Flier, W.M., Visser, P.J., Cappa, S.F., 
2017. The need for harmonisation and innovation of neuropsychological assessment 
in neurodegenerative dementias in Europe: consensus document of the Joint 
Program for Neurodegenerative Diseases Working Group. Alzheimers Res Ther 9 (1), 
27. https://doi.org/10.1186/s13195-017-0254-x.

Custodio, N., Wheelock, A., Thumala, D., Slachevsky, A., 2017. Dementia in Latin 
America: Epidemiological Evidence and Implications for Public Policy [Review]. 
Front Aging Neurosci 9 (221), 221. https://doi.org/10.3389/fnagi.2017.00221.

Custodio, N., Duque, L., Montesinos, R., Alva-Diaz, C., Mellado, M., Slachevsky, A., 2020. 
Systematic Review of the Diagnostic Validity of Brief Cognitive Screenings for Early 
Dementia Detection in Spanish-Speaking Adults in Latin America [Systematic 
Review]. Front Aging Neurosci 12 (270), 270. https://doi.org/10.3389/ 
fnagi.2020.00270.

Damian, A., Portugal, F., Niell, N., Quagliata, A., Bayardo, K., Alonso, O., Ferrando, R., 
2021. Clinical Impact of PET With 18F-FDG and 11C-PIB in Patients With Dementia 
in a Developing Country. Front Neurol 12, 630958. https://doi.org/10.3389/ 
FNEUR.2021.630958/BIBTEX.

Deiber, M.-P., Meziane, H. B., Hasler, R., Rodriguez, C., Toma, S., Ackermann, M.,… 
Giannakopoulos, P. (2015). Attention and Working Memory-Related EEG Markers of 
Subtle Cognitive Deterioration in Healthy Elderly Individuals. Journal of Alzheimer’s 
Disease, 47, 335-349.

Della Sala, S., Kozlova, I., Stamate, A., Parra, M.A., 2018. A transcultural cognitive 
marker of Alzheimer’s Disease. Int J Geriatr Psychiatry 33 (6), 849–856. https://doi. 
org/10.1002/gps.4610.

Ferrando, R., Damian, A., 2021. Brain SPECT as a Biomarker of Neurodegeneration in 
Dementia in the Era of Molecular Imaging: Still a Valid Option? Front Neurol 12, 
629442. https://doi.org/10.3389/FNEUR.2021.629442/BIBTEX.

Fide, E., Yerlikaya, D., Guntekin, B., Babiloni, C., Yener, G.G., 2023. Coherence in event- 
related EEG oscillations in patients with Alzheimer’s disease dementia and amnestic 
mild cognitive impairment. Cogn Neurodyn 17 (6), 1621–1635. https://doi.org/ 
10.1007/s11571-022-09920-0.

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. Mini-mental state. A practical method 
for grading the cognitive state of patients for the clinician. J Psychiatr Res 12 (3), 
189–198. https://doi.org/10.1016/0022-3956(75)90026-6.

Gaubert, S., Raimondo, F., Houot, M., Corsi, M.C., Naccache, L., Diego Sitt, J., 
Hermann, B., Oudiette, D., Gagliardi, G., Habert, M.O., Dubois, B., De Vico 
Fallani, F., Bakardjian, H., Epelbaum, S., 2019. A.D. Neuroimaging I. EEG evidence 
of compensatory mechanisms in preclinical Alzheimer’s disease. Brain 142 (7), 
2096–2112. https://doi.org/10.1093/brain/awz150.

Gooding, M.P., Amaya, E., Parra, M.A., Ríos, A.M., 2006. Prevalencia de las demencias 
en el municipio de Neiva 2003-2005. Acta Neurol Colomb 22 (3) https:// 
actaneurologica.com/index.php/anc/article/view/1676/1413/2006_22_3_243.pdf. 

Guntekin, B., Akturk, T., Arakaki, X., Bonanni, L., Del Percio, C., Edelmayer, R., 
Farina, F., Ferri, R., Hanoglu, L., Kumar, S., Lizio, R., Lopez, S., Murphy, B., Noce, G., 
Randall, F., Sack, A.T., Stocchi, F., Yener, G., Yildirim, E., Babiloni, C., 2022. Are 
there consistent abnormalities in event-related EEG oscillations in patients with 
Alzheimer’s disease compared to other diseases belonging to dementia? 
Psychophysiology 59 (5), e13934.

Hachinski, V.C., Iliff, L.D., Zilhka, E., Du Boulay, G.H., McAllister, V.L., Marshall, J., 
Russell, R.W., Symon, L., 1975. Cerebral blood flow in dementia. Arch Neurol 32 (9), 
632–637. https://doi.org/10.1001/archneur.1975.00490510088009.

Hojman, D., Duarte, F., Ruiz-Tagle, J., Nu+¦ez-Huasaf, J., Budinich, M., & Slachevsky, A. 
(2015). The cost of dementia: The case of chile. Results of the cuideme study Journal of 
the Neurological Sciences, https://doi.org/10.1016/j.jns.2015.08.112.

Huggins, C.J., Escudero, J., Parra, M.A., Scally, B., Anghinah, R., Araujo, V.L.D., et al., 
2021. Deep learning of resting-state electroencephalogram signals for three-class 
classification of Alzheimer’s disease, mild cognitive impairment and healthy ageing. 
J Neural Eng 18 (4), 046087. https://doi.org/10.1088/1741-2552/ac05d8.

Ibanez, A., Parra, M.A., 2014. Mapping memory binding onto the connectome’s temporal 
dynamics: toward a combined biomarker for Alzheimer’s disease. Front Hum Neurosci 
8 (April), 237. https://doi.org/10.3389/fnhum.2014.00237.

Jack Jr., C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Haeberlein, S.B., 
Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.L., 

R.A. Gonzalez-Montealegre et al.                                                                                                                                                                                                            

https://doi.org/10.1016/j.clinph.2025.01.009
https://doi.org/10.1016/j.clinph.2025.01.009
https://doi.org/10.1017/S1041610215001660
https://doi.org/10.1590/S1980-57642014DN84000004
https://doi.org/10.1016/j.neurobiolaging.2019.09.008
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0030
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0030
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0030
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0030
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0035
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0035
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0035
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0035
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0040
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0040
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0040
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0040
https://doi.org/10.1080/13607863.2023.2300383
https://doi.org/10.3389/fnagi.2018.00193
https://doi.org/10.1038/s41583-018-0068-2
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0060
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0060
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0060
https://doi.org/10.1037/neu0000825
https://doi.org/10.3389/fnimg.2022.924811
https://doi.org/10.3389/fnimg.2022.924811
https://doi.org/10.1186/s13195-017-0254-x
https://doi.org/10.3389/fnagi.2017.00221
https://doi.org/10.3389/fnagi.2020.00270
https://doi.org/10.3389/fnagi.2020.00270
https://doi.org/10.3389/FNEUR.2021.630958/BIBTEX
https://doi.org/10.3389/FNEUR.2021.630958/BIBTEX
https://doi.org/10.1002/gps.4610
https://doi.org/10.1002/gps.4610
https://doi.org/10.3389/FNEUR.2021.629442/BIBTEX
https://doi.org/10.1007/s11571-022-09920-0
https://doi.org/10.1007/s11571-022-09920-0
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1093/brain/awz150
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0130
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0130
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0130
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0135
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0135
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0135
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0135
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0135
http://refhub.elsevier.com/S1388-2457(25)00019-7/h0135
https://doi.org/10.1001/archneur.1975.00490510088009
https://doi.org/10.1088/1741-2552/ac05d8
https://doi.org/10.3389/fnhum.2014.00237


Clinical Neurophysiology 171 (2025) 227–239

238

Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, P., Siemers, E., Snyder 
Contributors, H.M., 2018. NIA-AA Research Framework: Toward a biological 
definition of Alzheimer’s disease. Alzheimers Dement 14 (4), 535–562. https://doi. 
org/10.1016/j.jalz.2018.02.018.

Jansen, W. J., Janssen, O., Tijms, B. M., Vos, S. J. B., Ossenkoppele, R., Visser, P. J., 
Amyloid Biomarker Study, G., Aarsland, D., Alcolea, D., Altomare, D., von Arnim, C., 
Baiardi, S., Baldeiras, I., Barthel, H., Bateman, R. J., Van Berckel, B., Binette, A. P., 
Blennow, K., Boada, M., . . . Zetterberg, H. (2022). Prevalence Estimates of Amyloid 
Abnormality Across the Alzheimer Disease Clinical Spectrum. JAMA Neurol, 79(3), 
228-243. Doi: 10.1001/jamaneurol.2021.5216.

Josefsson, A., Ibanez, A., Parra, M.A., Escudero, J., 2019. Network analysis through the 
use of joint-distribution entropy on EEG recordings of MCI patients during a visual 
short-term memory binding task. Healthc Technol Lett 6 (2), 27–31. https://doi.org/ 
10.1049/htl.2018.5060.

Kalaria, R. N., Maestre, G. E., Arizaga, R., Friedland, R. P., Galasko, D., Hall, K., 
Luchsinger, J. A., Ogunniyi, A., Perry, E. K., Potocnik, F., Prince, M., Stewart, R., 
Wimo, A., Zhang, Z. X., Antuono, P., & World Federation of Neurology Dementia 
Research, G. (2008). Alzheimer’s disease and vascular dementia in developing 
countries: prevalence, management, and risk factors. Lancet Neurol, 7(9), 812-826. 
Doi: 10.1016/S1474-4422(08)70169-8.

King, M.V., Cáceres, J.A.G., Abdulkadir, M.S., 2017. Prevalencia de depresión y factores 
de riesgo asociados a deterioro cognitivo en adultos mayores. Revista Cubana de 
Medicina General Integral 36 (4).

Larson, E.B., 2019. Risk factors for cognitive decline and dementia. In UpToDate.
Liddell, B.J., Paul, R.H., Arns, M., Gordon, N., Kukla, M., Rowe, D., Williams, L.M., 2007. 

Rates of decline distinguish Alzheimer’s disease and Mild Cognitive Impairment 
relative to normal aging: integrating cognition and brain function. J. Integr. 
Neurosci. 06 (01), 141–174.

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., Brayne, C., 
Burns, A., Cohen-Mansfield, J., Cooper, C., Costafreda, S.G., Dias, A., Fox, N., 
Gitlin, L.N., Howard, R., Kales, H.C., Kivimaki, M., Larson, E.B., Ogunniyi, A., 
Mukadam, N., 2020. Dementia prevention, intervention, and care: 2020 report of the 
Lancet Commission. Lancet 396 (10248), 413–446. https://doi.org/10.1016/S0140- 
6736(20)30367-6.

Logie, R.H., Parra, M.A., Della Sala, S., 2015. From Cognitive Science to Dementia 
Assessment. Policy Insights Behav Brain Sci 2 (1), 81–91. https://doi.org/10.1177/ 
2372732215601370.

Lopera, F., Ardilla, A., Martinez, A., Madrigal, L., Arango-Viana, J.C., Lemere, C.A., 
Arango-Lasprilla, J.C., Hincapie, L., Arcos-Burgos, M., Ossa, J.E., Behrens, I.M., 
Norton, J., Lendon, C., Goate, A.M., Ruiz-Linares, A., Rosselli, M., Kosik, K.S., 1997. 
Clinical features of early-onset Alzheimer disease in a large kindred with an E280A 
presenilin-1 mutation. JAMA 277 (10), 793–799. https://doi.org/10.1001/ 
jama.1997.03540340027028.

Loughrey, D.G., Jordan, C., Ibanez, A., Parra, M.A., Lawlor, B.A., Reilly, R.B., 2023. Age- 
related hearing loss associated with differences in the neural correlates of feature 
binding in visual working memory. Neurobiol Aging 132, 233–245. https://doi.org/ 
10.1016/j.neurobiolaging.2023.09.016.

Maestre, G.E., 2012. Assessing dementia in resource-poor regions. Curr Neurol Neurosci 
Rep 12 (5), 511–519. https://doi.org/10.1007/s11910-012-0300-9.

Martinez-Florez, J.F., Osorio, J.D., Cediel, J.C., Rivas, J.C., Granados-Sanchez, A.M., 
Lopez-Pelaez, J., Jaramillo, T., Cardona, J.F., 2021. Short-Term Memory Binding 
Distinguishing Amnestic Mild Cognitive Impairment from Healthy Aging: A Machine 
Learning Study. J Alzheimers Dis 81 (2), 729–742. https://doi.org/10.3233/JAD- 
201447.

Moguilner, S., Birba, A., Fittipaldi, S., Gonzalez-Campo, C., Tagliazucchi, E., Reyes, P., 
Matallana, D., Parra, M.A., Slachevsky, A., Farias, G., Cruzat, J., Garcia, A., Eyre, H. 
A., La Joie, R., Rabinovici, G., Whelan, R., Ibanez, A., 2022. Multi-feature 
computational framework for combined signatures of dementia in underrepresented 
settings. J Neural Eng 19 (4), 046048. https://doi.org/10.1088/1741-2552/ac87d0.

Moguilner, S., Baez, S., Hernandez, H., Migeot, J., Legaz, A., Gonzale, Z. R.,…Ibanez, A. 
(2024). Brain clocks capture diversity and disparity in aging and dementia. Doi: 
10.21203/rs.3.rs-4150225/v1.

Morrison, C., Rabipour, S., Taler, V., Sheppard, C., Knoefel, F., 2019. Visual Event- 
Related Potentials in Mild Cognitive Impairment and Alzheimer’s Disease: A 
Literature Review. Curr Alzheimer Res 16 (1), 67–89. https://doi.org/10.2174/ 
1567205015666181022101036.

Nichols, E., Steinmetz, J.D., Vollset, S.E., Fukutaki, K., Chalek, J., Abd-Allah, F., 
Abdoli, A., Abualhasan, A., Abu-Gharbieh, E., Akram, T.T., Hamad, H.A., 
Alahdab, F., Alanezi, F.M., Alipour, V., Almustanyir, S., Amu, H., Ansari, I., 
Arabloo, J., Ashraf, T., Vos, T., 2022. Estimation of the global prevalence of 
dementia in 2019 and forecasted prevalence in 2050: an analysis for the Global 
Burden of Disease Study 2019. Lancet Public Health 7 (2), e105–e125 https://www. 
thelancet.com/action/showPdf?pii=S2468-2667%2821%2900249-8. 

Nolan, H., Whelan, R., & Reilly, R. B. (2010). FASTER: Fully Automated Statistical 
Thresholding for EEG artifact Rejection. Journal of Neuroscience Methods, 192(1), 
152-162. https://doi.org/Doi: 10.1016/j.jneumeth.2010.07.015.

Olichney, J.M., Iragui, V.J., Salmon, D.P., Riggins, B.R., Morris, S.K., Kutas, M., 2006. 
Absent event-related potential (ERP) word repetition effects in mild Alzheimer’s 
disease. 117 (6), 1319–1330.

Ortega, R., Lopez, V., Baglivo, F., Parra, M., Ibañez, A., 2016. Temporal dynamics of 
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