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diseases involving cognitive decline, which directly affect 
the daily lives of this population and increase the need for 
daily and continuous care to perform activities of daily 
living [1].

Researchers presume that early detection of cognitive 
decline and the application of targeted interventions to 
individuals, even in the initial stages of dementia, could 
be effective strategies in avoiding cognitive and func-
tional declines [2].

Neuropsychological tests generally use technically sim-
ple setups and few skills from the patient. However, these 
tests are less accessible in less developed countries and 

Background
The improvement in quality of life and the increase in 
public health policies justify the growth that the elderly 
population has experienced in recent decades. Along-
side this growth, there has been an increase in the preva-
lence of diseases specific to this group. Among these are 
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Abstract
Background  Population aging and the increase in memory-related diseases have motivated the search for accessible 
cognitive screening instruments. To develop a digital memory and learning test (DMLT) based on Rey’s Auditory 
Verbal Learning Test (RAVLT) principles to assess cognition in the elderly and identify early cognitive decline.

Methods  The research was divided into two phases: developing the digital test and the experimental phase of 
comparison with a reference test. The test was designed to assess episodic declarative memory through auditory-
verbal learning. The experimental procedure involved 18 elderly participants and aimed to compare the performance 
on the digital test with the traditional RAVLT, followed by an evaluation of participant satisfaction.

Results  Performance on the digital test and the RAVLT was comparable, with no significant statistical differences, 
indicating convergent validity between the instruments. Electroencephalographic activity analyses revealed 
correlations between wave patterns and test performance, suggesting that the digital test may provide additional 
insights into the neurophysiological processes underlying cognitive performance. Satisfaction assessment revealed 
high participant acceptance.

Conclusion  The DMLT is a promising tool for cognitive assessment in the elderly, offering an accessible alternative. 
The high acceptance among elderly participants suggests that the test has potential for clinical and research use, 
although further studies are needed to validate its effectiveness in broader clinical settings.

Keywords  Elderly, Cognitive training, Memory and learning tests, Neuropsychological tests, Electroencephalography

Development of a digital memory 
and learning test for elderly individuals
Iany Tâmilla Pereira Batista1* , Keviny Magalhães Queiroz1 , Carlos Eduardo de Souza Menezes2 ,  
Arnaldo Aires Peixoto Junior2,3  and Edgar Marçal1

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-2757-0834
https://orcid.org/0000-0003-4416-8094
https://orcid.org/0000-0002-1162-4711
https://orcid.org/0000-0001-6225-934X
https://orcid.org/0000-0001-5037-2724
http://crossmark.crossref.org/dialog/?doi=10.1186/s12877-024-05421-3&domain=pdf&date_stamp=2024-12-7


Page 2 of 9Batista et al. BMC Geriatrics            (2025) 25:3 

do not provide measurable neurophysiological aspects of 
specific brain areas while cognition is being assessed [3].

In the literature, some authors have already sought to 
measure cognition and identify simultaneous altera-
tions in brain functioning. Recently, the Mini-Mental 
State Examination, combined with functional magnetic 
resonance imaging, has been used to compare groups of 
patients, attempting to find subtle discriminative char-
acteristics in the human brain that could anticipate the 
diagnosis of Alzheimer’s disease [4].

Electroencephalography (EEG) also has been studied in 
relation to cognitive function and cognitive impairment. 
Several studies have highlighted the utility of EEG in 
assessing cognitive abilities and cognitive decline [5–7]. 
EEG power and coherence have been shown to provide 
valuable information on synchronous oscillatory activity 
and cortico-cortical interactions during cognitive testing 
[5]. Additionally, EEG has been used to evaluate cognitive 
functions independently of motor responses [8]. Studies 
have demonstrated significant correlations between EEG 
measurements and cognitive abilities assessed through 
various tests [6, 7]. Furthermore, EEG features have been 
associated with cognitive decline in seniors [7], and EEG 
abnormalities have been linked to different cognitive pro-
files in Alzheimer’s disease [9]. Moreover, EEG has been 
utilized to detect changes in cognitive load [10], assess 
cognitive load levels [11], and classify cognitive impair-
ment [12]. Resting-state EEG coherence has been pro-
posed as a marker for cognition in older adults at risk for 
dementia [13]. Additionally, EEG has been employed to 
construct cognitive assessment models for continuous 
evaluation of cognition levels [14].

The relevance of the integration of cognitive assess-
ment and brain function measures by EEG will have pos-
sible clinical applicability in the future according to some 
authors. Some of them proposed that EEG may provide 
valuable information about cognitive decline [15, 16], 
early detection and monitoring cognitive dysfunction in 
Alzheimer’s disease [6], prediction of cognitive perfor-
mance and the potential of personalized strategies for 
evaluation and cognitive intervention [17], and about 
fluctuations in cognitive function through an objective 
and noninvasive method for continuous cognitive assess-
ment [18, 19].

One of the most used tests in elderly patients to iden-
tify decline in cognitive domains such as learning ability 
and memory is the RAVLT (Rey’s Auditory Verbal Learn-
ing Test) [20]. It is possible to observe the learning curve 
through its application, demonstrating the relative mem-
ory capacity and the patient’s retention level. The test 
aids in identifying the type of memorization difficulty, 
indicating clues such as greater difficulty in storage or 
information retrieval [21].

In this sense, this research sought to develop a digital 
memory and learning test (DMLT) system based on the 
principles of the RAVLT, which can be accessible and 
allow for the concurrent evaluation of cerebral electroen-
cephalographic activity.

Methods
This study was divided into two phases. The initial phase 
concentrated on methodology, intending to create a 
DMLT. Subsequently, the second phase employed an 
experimental approach to evaluate this interface. It uti-
lized a quantitative method, comparing it with a well-
established test in the literature known as RAVLT.

Design of the development phase
The DMLT was developed and used as a model instru-
ment for evaluating episodic declarative memory by 
measuring auditory-verbal learning based on the record-
ing and recalling of a word list.

The words in the digital test were different from the 
words used in the Portuguese version of the RAVLT to 
avoid the effect of word learning, considering that both 
were applied to subgroups I and II at different times. The 
choice of words was similar to that used in other studies, 
which also used common Portuguese words. The selec-
tion of these words was the initial step in formulating the 
cognitive test and aimed to reduce the difficulty in under-
standing them by elderly volunteers [22]. The strategies 
used to assess the recording and recall of words were 
developed based on modifications of the original proce-
dures of the RAVLT test, as was also done in other stud-
ies [23, 24].

Next, a computer system was developed to apply the 
DMLT, which allowed interaction with the participant 
through the emission of recorded sounds and words and 
the capture of verbal responses. During the interaction 
period, electroencephalographic traces were recorded 
through electrodes in contact with the scalp for later 
analysis. With each response, the developed system 
compares the words obtained by the speech recognition 
algorithm and adds them to the browser’s local memory, 
running the system. To implement speech recognition 
was used the p5.js library and its extension p5.Speech, 
from Processing®, configured for the pt-BR language. As 
the participant spoke the words, the system captured 
and recognized the speech, checked if it matched one of 
the predefined words for the current level, and updated 
their score accordingly. In order to guarantee the fidel-
ity of the speech recognition system, the researcher who 
accompanied the application also manually wrote down 
the participant’s words on a spreadsheet at every stage, 
and a similarity was observed between all the words pro-
nounced and recorded. In addition, the brainwave values 
are copied to a txt file. After the tests, this information 
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is copied to a spreadsheet so that the appropriate analy-
ses can be carried out. An 8-channel OpenBCI Cyton 
Biosensing Board neural interface was used to recognize 
EEG waves. The computer used for the recordings was 
a Lenovo laptop running Windows 11. The collection 
application runs on the Java platform and the application 
developed for the research relied on a Node JS server and 
a browser focused on Firefox.

The word repetition phases of the DMLT were named 
A1, A2, A3, A4, A5, B, A6, and Recognition. In phases A1 
to A5, participants listened to a group of 15 words and 
repeated as many words as they could remember using 
a computer system developed for this purpose. Phase B 
consisted of listening to a different group of words from 
Phase A. Phase B aimed to assess the degree of inter-
ference and its influence on the participant’s memory 
before responding to Phase A6. Phase A6 followed the 
same rules as phases A1 to A5. Finally, in the Recognition 
phase, the participant identified those belonging to group 
A among a larger group of 30 words to verify recall with-
out the isolated repetition of the 15 words from group A.

Design of the experimental phase
The experimental phase was carried out to assess the 
developed system, comparing it with a test considered 
the gold standard for evaluating these cognitive domains 
and the system’s acceptance.

Study population
The sample consisted of 18 individuals, aged between 60 
and 92 years, randomly selected from a Geriatrics outpa-
tient clinic at a University Center in Brazil. After selec-
tion, the participants answered a questionnaire with 
questions about sociodemographic data (age and gender), 
lifestyle habits (habitual consumption of alcohol or ciga-
rettes), known medical diagnosis of comorbidities that 
could influence cognitive and EEG assessment (dementia, 
epilepsy, depression and anxiety) and complaints of for-
getfulness. Eligibility criteria were being literate and not 
having previous medical diagnosis recognized of moder-
ate or advanced dementia that would compromise test 
commands and system use. Participants did not need 
computer skills because it is a simple system with mini-
mal user interaction supervised by the researcher. There 
were no other restrictions regarding gender, social condi-
tion, or other characteristics that distinguish individuals.

Experiment and variables
Participants were randomly divided into two subgroups 
through simple randomization with numbers draw, with 
subgroup I consisting of a total of 7 elderly participants 
and subgroup II consisting of a total of 11. Both sub-
groups attended the system’s use at two different times, 
with a minimum interval of 14 days between them. The 

first moment was called Visit 1, and the second visit was 
Visit 2. At the beginning of Visit 1, all participants signed 
the Informed Consent Form (ICF) and answered a demo-
graphic questionnaire for group comparison.

In Visit 1, subgroup I (7 participants) used the DMLT 
with concurrent capture of brain electroencephalo-
graphic waves. Meanwhile, subgroup II (11 participants) 
underwent evaluation using the RAVLT instrument to 
evaluate episodic declarative memory, with tests admin-
istered by neuropsychologists.

In Visit 2, subgroup I underwent evaluation using the 
RAVLT administered by neuropsychologists. In contrast, 
subgroup II used the DMLT, also with the capture of 
electroencephalographic records.

The performance variables in the tests, measured by the 
score in all phases of the application and the total score 
at both times, were recorded for comparison. Regard-
ing electroencephalographic variables, the records and 
quantification of Delta, Theta, Alpha, Beta, and Gamma 
waves were captured during the application of the digital 
test for comparison with performance. The quantifica-
tion was performed as a percentage of each wave spec-
trum, with the calculation of the averages and medians of 
Phases A1 to A5 and the Recognition phase afterwards to 
allow comparison.

Although simple, it was decided to use the power 
band averages to establish the basis for an initial analy-
sis, but the connectivity and stability metrics were taken 
into account. Through these, it was possible to trace the 
relationship between power bands and concentration, as 
delivered by the intermediary system used and the appli-
cation produced for the research. The OpenBCI applica-
tion with exclusive modifications was used to allow the 
information to be exported to the tables for calculating 
the averages.

The capture of EEG records was not performed during 
the RAVLT test application, which was considered the 
gold standard compared to the developed test. This deci-
sion was intended to avoid influencing the participants’ 
attention during the memory testing process using this 
test.

Satisfaction assessment
After using this computer system, a written question-
naire was administered using the NPS (Net Promoter 
Score), which aimed to measure the participants’ satis-
faction with its use. The NPS uses a single question (how 
much would you recommend using the system to someone 
you know?) and is answered on a scale from 0 (would not 
recommend) to 10 (would definitely recommend). The 
collected responses were recorded for quantitative analy-
sis. Based on the answers, the “promoters” were grouped 
(10 − 9 rating, extremely likely to recommend), the “pas-
sively satisfied” (8 − 7 rating) and the “detractors” (6 − 0 
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score, extremely unlikely to recommend). The percentage 
of “detractors” was then subtracted from the percentage 
of “promoters”. According to the literature, a percentage 
value above 80% indicates that users would be very will-
ing to recommend this computer system. This instrument 
was chosen because it is a simple, validated, and effective 
way to assess user or customer satisfaction [25].

Statistical analysis
The results were tabulated using Excel 2016 for Win-
dows® and analyzed using the R® statistical program. 
Categorical variables were expressed as absolute num-
bers and percentages. The mean and standard devia-
tion were calculated for continuous variables, median, 
percentiles, minimum and maximum values, frequency, 
and prevalence rate. For comparing categorical vari-
ables in investigating their association, both the Pearson 
chi-square test and Fisher’s exact test were utilized. The 
Mann-Whitney U-test was used to compare the char-
acteristics of the participants in subgroups I and II. The 
analysis of the relationship between the results obtained 
through the DMLT and RAVLT (convergent analysis) was 
performed using Spearman’s linear correlation test, with 
results analyzed according to the following classification: 
from 0.00 to 0.19 – absent or very weak correlation; from 
0.20 to 0.39 – weak correlation; from 0.40 to 0.59 – mod-
erate correlation; from 0.60 to 0.79 – strong correlation; 
and from 0.80 to 1.00 – very strong correlation [26]. A 
p-value < 0.05 was used to identify differences with statis-
tical significance.

Ethical aspects
The research followed the ethical principles estab-
lished by Resolution 466/2012 of the National Health 
Council (CNS), which defined the rules for research 
involving human subjects and was approved by the 
Institution’s Research Ethics Committee (CAAE 
70198823.7.0000.5054). The participation in the study 
was voluntary and occurred after the participant or their 
guardian signed the Informed Consent Form.

Results
Participants’ analysis revealed that the average age was 
67.5 ± 4.8 years and 13 (72%) were female. A small num-
ber of participants currently had the habit of consuming 
alcoholic beverages or smoking, with only 2 (11%) and 1 
(5.6%), respectively. Regarding neuropsychiatric comor-
bidities, none were diagnosed with dementia or epilepsy, 
while 5 (28%) had been diagnosed with depression and 
7 (39%) with anxiety. When asked about forgetfulness, 8 
(44%) reported this complaint.

In comparing the two subgroups, no significant differ-
ences were observed in sociodemographic characteristics 
and evaluated comorbidities (Table 1).

The comparison of performance in both subgroups, 
regarding the score in all phases of applying the DMLT 
and the RAVLT, was similar, including progressive learn-
ing with word repetition, and there was no statistical dif-
ference in any of the phases. These results are illustrated 
in Fig 1.

The comparison between the total scores of partici-
pants from both subgroups obtained through the appli-
cation of the DMLT and the RAVLT showed a positive 
linear correlation (rho = 0.73) by the Spearman test, 
with statistical significance (p < 0.001). This result sug-
gests a strong convergence between the two measures, 
highlighting the convergent validity between these two 
instruments (Fig. 2).

The comparison between the means and medians of 
the percentage lengths of waves captured throughout 
the DMLT of participants from subgroups I and II dur-
ing phases A1 to A5 and the Recognition phase, using 
the Mann-Whitney statistical test, showed no statistically 
significant difference (Table 2).

The scores from phases A1 to A5, during the applica-
tion of the DMLT, were correlated with the means of the 
percentages of electroencephalographic waves recorded 
during these phases. There was a negative correla-
tion between Theta activity and the mean scores during 
phases A1 to A5 (rho = -0.478; p = 0.045), indicating that 
higher levels of Theta activity are associated with lower 
scores throughout the test phases. Meanwhile, there 
was a positive correlation between Gamma activity and 
the mean scores during phases A1 to A5 (rho = 0.582; 
p = 0.011), indicating that higher levels of Gamma activity 

Table 1  Sociodemographic comparison between the 
subgroups submitted to the experimental phase
Variables Total

N = 18
Sub-
group I
N = 7

Sub-
group II
N = 11

p2 
Value

Age1 67,5 ± 4,8 
(67,5)

68,7 ± 5,7 
(71,0)

66,7 ± 4,3 
(67,0)

0,385

Female 13 (72) 4 (57) 9 (82) 0,326
Alcohol consumption 2 (11) 1 (14) 1 (9,1) > 0,999
Smoking habit
  No 8 (44) 3 (43) 5 (45) 0,594
  Former smoker 9 (50) 3 (43) 6 (55)
  Smoker 1 (5,6) 1 (14) 0 (0)
Comorbidities
  Dementia 0 (0) 0 (0) 0 (0)
  Epilepsy 0 (0) 0 (0) 0 (0) > 0,999
  Depression 5 (28) 2 (29) 3 (27) > 0,999
  Anxiety 7 (39) 3 (43) 4 (36) > 0,999
Complaint of 
forgetfulness

8 (44) 2 (29) 6 (55) 0,367

Note n (%); 1 Mean ± Standard Deviation (Median); 2 Mann-Whitney Test; Fisher’s 
exact test

Source Developed by the authors
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are associated with higher scores throughout the test 
phases (Table 3).

During the word Recognition phase, at the end of the 
DMLT, the mean scores obtained were compared with 
the means of the percentages of electroencephalographic 
waves recorded during this phase, showing no statisti-
cally significant correlation between these two metrics 
(Table 3).

However, a negative correlation was also identified 
between Alpha activity, obtained through the mean per-
centage of these wavelengths in the initial phase of the 
test (phases A1 to A5), and the mean performance in 
the Recognition phase (rho = -0.51, p = 0.03), indicating 
that higher levels of Alpha activity at the beginning of the 
DMLT are associated with lower scores in the Recogni-
tion phase (Table 3).

Regarding the satisfaction assessment with NPS ques-
tionnaire, after applying the DMLT, 88.9% of scores were 
10 (“promoters”), 11.1% of scores were 8 (“passively satis-
fied”) and 0% of scores were “detractors”. The total score 
was 88.9% (88.9% subtracted from 0%), classifying the 
test as excellent, according to the guidelines for applying 
this questionnaire.

Discussion
The results obtained in this study demonstrate the feasi-
bility and efficacy of the DMLT, based on the principles 
of the RAVLT, for evaluating cognitive domains in elderly 
individuals. The absence of significant differences in 
scores between the DMLT and the RAVLT suggests that 
the former may be a viable and potentially more acces-
sible alternative for cognitive assessment in this popu-
lation. The significant positive correlation between the 

Fig. 1  Comparison of scores per phase between the digital memory and learning test (DMLT) and Rey’s Auditory Verbal Learning Test (RAVLT) in sub-
groups I (N = 7) and II (N = 11) of the study. Note DMLT: digital memory and learning test,, RAVLT: Rey’s Auditory Verbal Learning Test. Value: Mean ± Confi-
dence Interval 95% Source Developed by the authors.
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total scores obtained in both tests reinforces the con-
vergent validity of the developed instrument, indicating 
that it can measure aspects of cognitive function like the 
RAVLT, a test already well-established in the literature.

The assertion that the DMLT is capable of measuring 
some similar aspects of cognitive function as the RAVLT 
is supported by recent researchers. Huijbers et al. (2023) 

Table 2  Comparison between the percentage lengths of waves 
captured throughout the digital memory and learning test of 
participants from subgroups I and II during phases A1 to A5 and 
the Recognition phase
EEG 
Waves

N Total1 Subgroup I
N = 71

Subgroup II
N = 111

p-val-
ue2

Phases A1 
to A5
Delta 18 33 ± 29 (34) 23 ± 30 (5) 40 ± 27 (51) 0.425
Theta 18 57 ± 36 (47) 47 ± 37 (31) 63 ± 35 (61) 0.461
Alpha 18 39 ± 13 (35) 37 ± 7 (34) 40 ± 15 (37) 0.930
Beta 18 79 ± 26 (91) 87 ± 20 (94) 73 ± 29 (89) 0.200
Gamma 18 74 ± 35 (99) 83 ± 27 (98) 68 ± 40 (100) 0.926
Recog-
nition 
phase
Delta 18 36 ± 31 (36) 23 ± 24 (9) 45 ± 32 (54) 0.151
Theta 18 60 ± 37 (58) 54 ± 42 (27) 64 ± 35 (78) 0.406
Alpha 18 39 ± 14 (34) 40 ± 17 (33) 38 ± 14 (36) > 0.999
Beta 18 81 ± 25 (91) 85 ± 21 (95) 79 ± 28 (91) 0.612
Gamma 18 74 ± 34 (95) 77 ± 32 (98) 72 ± 36 (93) 0.927
Note1Mean ± Standard Deviation (Median); n (%); 2 Mann-Whitney statistical test;

Source Developed by the authors

Table 3  Correlations between performance in digital 
memory and learning test and the mean percentages of 
electroencephalographic wave lengths obtained during the 
phases A1 to A5 and recognition phase

rho Lower 
CI

Upper 
CI

p-val-
ue1

Phases A1 to A5 (EEG waves vs. 
mean scores)
Delta -0.466 -0.772 0.016 0.051
Theta -0.478 -0.778 0.001 0.045
Alpha -0.342 -0.705 0.163 0.165
Beta 0.150 -0.354 0.586 0.553
Gamma 0.582 0.143 0.829 0.011
Recognition phase (EEG waves 
vs. mean scores)
Delta -0.256 -0.655 0.253 0.304
Theta -0.272 -0.664 0.237 0.274
Alpha -0.074 -0.534 0.419 0.769
Beta 0.234 -0.266 0.646 0.331
Gamma 0.103 -0.395 0.554 0.685
Phases A1 to A5 (EEG waves) vs. Recognition phase (mean scores)
Delta -0.438 -0.757 0.052 0.069
Theta -0.322 -0.694 0.184 0.192
Alpha -0.510 -0.794 -0.041 0.031
Beta 0.006 -0.474 0.483 0.980
Gamma 0.220 -0.289 0.632 0.380
Note CI confidence interval; 1Pearson’s chi-squared test

Source Developed by the authors

Fig. 2  Linear correlation between the total scores (A1-A5) obtained by participants (N = 18) in the digital memory and learning test (DMLT) and in the 
Rey’s Auditory Verbal Learning Test (RAVLT). Note DMLT: digital memory and learning test,, RAVLT: Rey’s Auditory Verbal Learning Test Source Developed 
by the authors.
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[27] discussed the clinical validity of digital cognitive 
assessments in individuals with mild cognitive impair-
ment and Alzheimer’s disease, indicating a shift towards 
digital tools in cognitive assessment. Vermeent et al. 
(2021) [28] provided evidence supporting the validity of 
the Philips IntelliSpace Cognition digital test battery, sug-
gesting a transition towards digital testing as a reliable 
alternative to traditional analog assessments. Addition-
ally, Chagas (2023) [29] developed and validated a brief 
digital cognitive test for older adults, further illustrating 
the increasing utilization of digital tools in clinical set-
tings. These studies indicate a trend towards the adop-
tion of digital cognitive tests to assess cognitive function. 
Although the specific comparison between DMLT and 
the RAVLT has not been directly addressed in the lit-
erature, digital tests have the potential to measure some 
similar aspects of cognitive function to traditional tests 
such as the RAVLT.

Several authors have demonstrated and discussed the 
benefits of using brain-computer interfaces to assess 
memory performance and even improve cognitive abili-
ties in the elderly population. Chen et al. (2022) [30] 
developed a BCI-based Symbol Digit Modalities Test 
for cognitive assessment in healthy elderly volunteers, 
demonstrating the potential of BCIs in cognitive evalua-
tion. The study by Hermes et al. (2019) [31] examined the 
measurement and structural invariance of cognitive abil-
ity tests following computer-based training. The research 
identified cognitive ability, technical comprehension, and 
complex psychomotor coordination as latent variables, 
with test scores from computer-based tests as manifest 
variables. Through the use of structural equation model-
ing and confirmatory factor analysis, the research dem-
onstrates the effectiveness of computer-based cognitive 
tests in comparison to traditional methods, highlighting 
the crucial role of such assessments in understanding 
cognitive function.

The effectiveness of computer-based cognitive tests 
compared to traditional methods is a critical area of 
research with potential implications for cognitive assess-
ment and healthcare delivery. Belkacem et al. (2020) 
[32] discussed how BCIs could enhance memory, atten-
tion, and consciousness in cognitively impaired elderly 
patients, highlighting the benefits of BCI technology in 
improving cognitive functions. Additionally, Rabipour & 
Davidson (2020) [33] emphasized the increasing preva-
lence of digital technology in cognitive assessment and 
enhancement for older adults, further supporting the use 
of digital tools, including BCIs, in evaluating cognitive 
function in the elderly population.

The development of the DMLT required forming a 
multidisciplinary team with professionals in neuropsy-
chology, geriatric medicine, nursing, computer science, 
and digital media. Its application was designed for elderly 

individuals without a known diagnosis of dementia and 
with preserved hearing, with the assistance of a profes-
sional. Regarding the sample used for comparison, a sta-
tistical similarity was identified between the subgroups 
regarding sociodemographic variables, previously diag-
nosed comorbidities of interest and complaints of forget-
fulness. This similarity between subgroups was used in 
previous works of development and validation compared 
with other cognitive assessment instruments by other 
authors [34].

In the convergence analysis, similarity was identified 
between the measures of the same theoretically related 
construct performed through the DMLT and the RAVLT. 
This comparison method has been used in validation 
experiments in similar studies [35].

In both subgroups, a similar learning curve behav-
ior was observed with the repetition of words through-
out phases A1 to A5, with an increase in the number of 
correct answers by participants, both in the DMLT and 
the RAVLT. This behavior was also similar in the subse-
quent phases B and A6 between the subgroups of elderly 
individuals. In a similar study, however, with patients 
diagnosed with Alzheimer’s Disease or Mild Cogni-
tive Impairment, Hammers et al. (2021) [36] evaluated 
hippocampal volume and compared learning from the 
convergent validity of the Hopkins Verbal Learning Test-
Revised and the Brief Visuospatial Memory Test-Revised. 
These authors identified that comparing the scores was 
valid to identify learning between the two tests, regard-
less of the diagnosis.

The correlation between electroencephalographic 
activity levels and test performance suggests that the 
DMLT can offer additional insights into the neurophysi-
ological processes underlying cognitive performance. In 
particular, the association between Theta and Gamma 
activity and cognitive performance indicates that the test 
may be sensitive to variations in brain activity related to 
specific cognitive processes, such as memory and learn-
ing. A negative correlation was identified between Theta 
activity, captured through continuous registration of 
electroencephalographic waves over phases A1 to A5, 
and the DMLT in these phases. For Gamma activity cap-
tured also at this exact moment, a positive correlation 
was identified with the score of this test. Animal stud-
ies have identified the association between Theta and 
Gamma activity and cognitive and memory processes 
[37].

Another study, now in humans, with electroencephalo-
graphic recording during mnemonic processes, revealed 
increased Gamma activity with successful associative 
recognition. These results point to the association of 
Gamma band oscillatory dynamics with cognitive pro-
cesses related to memorization [38].
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In patients with schizophrenia, some studies have 
found significant negative correlations between resting 
Theta activity and cognitive functions, such as visuospa-
tial memory and executive function [39], verbal working 
memory and learning, and verbal memory [40]. Further-
more, Theta activity during the resting state was a signifi-
cant predictor of deficits in lexical processing [41] and 
verbal memory [42] in individuals with schizophrenia. A 
positive association between this activity and deficits in 
the ability to initiate a consistent and coherent cognitive 
task during a verbal fluency test in this population was 
also identified [43]. These data corroborate the findings 
of the present study.

The evaluation of system revealed a high level of sat-
isfaction among participants, which is a positive indica-
tor of acceptance of this type of technology by elderly 
individuals. The NPS score suggests that the test is not 
only considered helpful by participants but is also well-
received, which may facilitate its implementation and 
adoption in clinical and research settings. This accep-
tance is crucial for the viability of new cognitive assess-
ment technologies, especially in populations that may be 
less familiar with digital technologies.

However, some limitations must be considered. 
Although adequate for initial experimental comparison, 
the sample in this study is relatively small, which may 
limit the generalization of the results. Additionally, the 
direct comparison between the DMLT and the RAVLT 
was conducted in a controlled environment, and future 
studies are needed to explore the effectiveness of the test 
in broader and more diverse clinical settings. As another 
limitation, the divisions of each word were not main-
tained during the recording of the experiment, which 
made it impossible to analyze the prediction of specific 
memory performance for each word, based on the EEG 
recording. Future tests could be carried out with this 
modification, combined with the use of machine learn-
ing, for this prediction analysis.

Conclusion
This study has demonstrated that the DMLT is a promis-
ing tool for assessing cognitive domains in elderly indi-
viduals. The results suggest that the test can provide 
measures comparable to those of an established instru-
ment like the RAVLT, while offering additional insights 
into brain activity during task performance. In the EEG 
analyses, higher levels of Theta activity were associated 
with lower scores in the memory and digital learning 
test. On the other hand, higher levels of Gamma activity 
were associated with higher scores on the same test. In 
addition, higher levels of Alpha activity at the start of the 
test were associated with lower scores in word recogni-
tion in the late phase of the test. This result points to the 
potential use of continuous biosignals monitoring, with 

registration of brain electrical activity in real-time, dur-
ing the application of cognitive tests to the elderly people. 
The high acceptance of the test by elderly participants 
indicates its potential for use in clinical and research 
evaluations, contributing to early detection and monitor-
ing of cognitive decline in this population.

Author contributions
Conceptualization: Edgar Marçal, Arnaldo Aires Peixoto Junior, Carlos Eduardo 
De Souza Menezes, Iany Tâmilla Pereira Batista.Data Curation: Iany Tâmilla 
Pereira Batista Formal Analysis: Iany Tâmilla Pereira Batista, Keviny Magalhães 
Queiroz, Arnaldo Aires Peixoto Junior, Edgar Marçal Funding Acquisition: 
Edgar Marçal Investigation: Iany Tâmilla Pereira Batista, Keviny Magalhães 
Queiroz Methodology: Arnaldo Aires Peixoto Junior, Carlos Eduardo De Souza 
Menezes, Edgar Marçal Project Administration: Edgar Marçal Resources: Edgar 
Marçal Software: Keviny Magalhães Queiroz, Edgar Marçal Supervision: Edgar 
Marçal Visualization: Edgar Marçal Writing – Original Draft Preparation: Iany 
Tâmilla Pereira Batista, Arnaldo Aires Peixoto Junior, Edgar Marçal Writing – 
Review & Editing: Iany Tâmilla Pereira Batista, Keviny Magalhães Queiroz, Carlos 
Eduardo De Souza Menezes, Arnaldo Aires Peixoto Junior, Edgar Marçal.

Funding
Edgar Marçal de Barros Filho.

Data availability
The datasets used and analyzed in the current study are available from 
thecorresponding author on reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Received: 21 March 2024 / Accepted: 30 September 2024

References
1.	 Miranda GMD, Mendes A, da Silva CG. ALA da. Population aging in Brazil: 

current and future social challenges and consequences. Rev Bras Geriatr 
Gerontol.2016;507–519. https:/​/doi.or​g/10.15​90/1​809-98232016019.150140

2.	 Peng Z, Jiang H, Wang X, Huang K, Zuo Y, Wu X, et al. The efficacy of cognitive 
training for elderly Chinese individuals with mild cognitive impairment. 
BioMed Res Int. 2019;4347281. https:/​/doi.or​g/10.11​55/2​019/4347281.

3.	 Rekers S, Niedeggen M. Intuitive assessment of spatial navigation beyond 
episodic memory: feasibility and proof of concept in middle-aged and 
elderly individuals. PLoS ONE. 2022;17(9):e0270563. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​3​7​1​/​j​
o​u​r​n​a​l​.​p​o​n​e​.​0​2​7​0​5​6​3​​​​​.​​​

4.	 Qiao H, Chen L, Zhu F. Ranking convolutional neural network for Alzheimer’s 
disease mini-mental state examination prediction at multiple time-points. 
Comput Methods Programs Biomed. 2022;213:106503. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​c​m​p​b​.​2​0​2​1​.​1​0​6​5​0​3​​​​​.​​​

5.	 Jiang Z. Study on eeg power and coherence in patients with mild cogni-
tive impairment during working memory task. J Zhejiang Univ Sci B. 
2005;6(12):1213–9. https:/​/doi.or​g/10.16​31/j​zus.2005.b1213.

6.	 Liu Y, Lim W, Hou X, Sourina O, Wang L. Prediction of human cognitive 
abilities based on eeg measurements. 2015 International Conference on 
Cyberworlds (CW), Visby, Sweden, 2015;161–164. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​0​9​/​c​w​.​
2​0​1​5​.​4​7​​​​​​​

7.	 Molcho L, Maimon N, Regev-Plotnik N, Rabinowicz S, Intrator N, Sasson A. 
Single-channel eeg features reveal an association with cognitive decline in 
seniors performing auditory cognitive assessment. Front Aging Neurosci. 
2022;14. https:/​/doi.or​g/10.33​89/f​nagi.2022.773692.

8.	 Forgács P, Conte M, Fridman E, Voss H, Victor J, Schiff N. Preservation of 
electroencephalographic organization in patients with impaired conscious-
ness and imaging-based evidence of command‐following. Ann Neurol. 
2014;76(6):869–79. https:/​/doi.or​g/10.10​02/a​na.24283.

https://doi.org/10.1590/1809-98232016019.150140
https://doi.org/10.1155/2019/4347281
https://doi.org/10.1371/journal.pone.0270563
https://doi.org/10.1371/journal.pone.0270563
https://doi.org/10.1016/j.cmpb.2021.106503
https://doi.org/10.1016/j.cmpb.2021.106503
https://doi.org/10.1631/jzus.2005.b1213
https://doi.org/10.1109/cw.2015.47
https://doi.org/10.1109/cw.2015.47
https://doi.org/10.3389/fnagi.2022.773692
https://doi.org/10.1002/ana.24283


Page 9 of 9Batista et al. BMC Geriatrics            (2025) 25:3 

9.	 Smits L, Liedorp M, Koene T, Roos-Reuling I, Lemstra A, Scheltens P, et al. Eeg 
abnormalities are associated with different cognitive profiles in alzheimer’s 
disease. Dement Geriatr Cogn Disord. 2010;31(1):1–6. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​5​9​
/​0​0​0​3​2​2​2​0​2​​​​​.​​​

10.	 Spender R, Davies T, Pinder S. Detecting changes in cognitive load through 
audified eeg. 2021; https:/​/doi.or​g/10.11​09/t​encon54134.2021.9707229

11.	 Khanam F. Investigation of the neural correlation with task perfor-
mance and its effect on cognitive load level classification. PLoS ONE. 
2023;18(12):e0291576. https:/​/doi.or​g/10.13​71/j​ournal.pone.0291576.

12.	 Echeverri-Ocampo I. Eeg-based functional connectivity analysis for cognitive 
impairment classification. Electronics. 2023;12(21):4432. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​
9​0​/​e​l​e​c​t​r​o​n​i​c​s​1​2​2​1​4​4​3​2​​​​​.​​​

13.	 Laptinskaya D, Fissler P, Küster O, Wischniowski J, Thurm F, Elbert T, et al. 
Global eeg coherence as a marker for cognition in older adults at risk for 
dementia. Psychophysiology. 2019;57(4). https:/​/doi.or​g/10.11​11/p​syp.13515.

14.	 Sun J. An ensemble learning model for continuous cognition assessment 
based on resting-state eeg. NPJ Aging. 2024;10(1). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​
1​5​1​4​-​0​2​3​-​0​0​1​2​9​-​x​​​​​.​​​

15.	 Li F, Egawa N, Yoshimoto S, Mizutani H, Kobayashi K, Tachibana N, et al. Poten-
tial clinical applications and future prospect of wireless and mobile electro-
encephalography on the assessment of cognitive impairment. Bioelectricity. 
2019;1(2):105–12. https:/​/doi.or​g/10.10​89/b​ioe.2019.0001.

16.	 Basak M. Eeg innovations in neurological disorder diagnostics: a five-year 
review. Asian J Res Comput Sci. 2024;17(6):226–49. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​9​7​3​4​/​a​j​
r​c​o​s​/​2​0​2​4​/​v​1​7​i​6​4​7​0​​​​​.​​​

17.	 Shadpour S. Developing cognitive workload and performance evaluation 
models using functional brain network analysis. NPJ Aging. 2023;9(1). ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​1​4​-​0​2​3​-​0​0​1​1​9​-​z​​​​​.​​​

18.	 Ewen J, Vining E, Smith C, Trescher W, Kossoff E, Gordon B, et al. Cognitive and 
eeg fluctuation in benign childhood epilepsy with central-temporal spikes: a 
case series. Epilepsy Res. 2011;97(1–2):214–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​p​l​e​p​s​
y​r​e​s​.​2​0​1​1​.​0​7​.​0​1​5​​​​​.​​​

19.	 Northcott E, Connolly A, McIntyre J, Christie J, Berroya A, Taylor A, et al. Longi-
tudinal assessment of neuropsychologic and language function in children 
with benign rolandic epilepsy. J Child Neurol. 2006;21(6):518–22. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​
r​g​/​1​0​.​1​1​7​7​/​0​8​8​3​0​7​3​8​0​6​0​2​1​0​0​6​2​6​0​1​​​​​.​​​

20.	 Gottlieb A, Doniger GM, Kimel-Naor S, Ben-Gal O, Cohn M, Iny H, et al. Devel-
opment and validation of virtual reality-based Rey Auditory Verbal Learning 
Test. Front Aging Neurosci. 2022;14:980093. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​a​g​i​.​2​0​2​
2​.​9​8​0​0​9​3​​​​​.​​​

21.	 Fernaeus SE, Ostberg P, Wahlund LO, Hellström A. Memory factors in Rey 
AVLT: implications for early staging of cognitive decline. Scand J Psychol. 
2014;55(6):546–53. https:/​/doi.or​g/10.11​11/s​jop.12157.

22.	 O’Donovan MR, Cornally N, O’Caoimh R. Validation of a harmonised, 
three-item cognitive screening instrument for the Survey of Health, Ageing 
and Retirement in Europe (SHARE-Cog). Int J Environ Res Public Health. 
2023;20(19):6869. https:/​/doi.or​g/10.33​90/i​jerph20196869.

23.	 Kormas C, Megalokonomou A, Zalonis I, Evdokimidis I, Kapaki E, Potagas C. 
Development of the Greek version of the face name associative memory 
exam (GR-FNAME12) in cognitively normal elderly individuals. Clin Neuropsy-
chol. 2018;32(sup1):152–63. https:/​/doi.or​g/10.10​80/1​3854046.2018.1495270.

24.	 Wood GM, de O, Carvalho MRS, Rothe-Neves R, Haase VG. Validation of a 
battery for Working Memory Assessment (BAMT-UFMG). Psicol Reflex Crit. 
2001;14(2):325–41. https:/​/doi.or​g/10.15​90/S​0102-79722001000200008.

25.	 Fisher NI, Kordupleski RE. Good and bad market research: a critical review of 
net promoter score. Appl Stoch Models Bus Ind. 2019;35(1):138–51. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​​o​r​g​/​1​0​.​1​0​0​2​/​a​s​m​b​.​2​4​2​0​​​​​.​​​

26.	 Cohen J. Statistical power analysis. Curr Dir Psychol Sci. 1992;1(3):98–101. 
https:/​/doi.or​g/10.11​11/1​467-8721.ep10768783.

27.	 Huijbers W, Elswijk G, Spaltman M, Cornelis M, Schmand B, Alnaji B et al. 
Clinical validity of intellispace cognition digital assessment platform in mild 
cognitive impairment. 2023; https:/​/doi.or​g/10.11​01/2​023.02.28.22283846

28.	 Vermeent S, Spaltman M, Elswijk G, Miller J, Schmand B. Philips Intellispace 
cognition digital test battery: equivalence and measurement invariance com-
pared to traditional analog test versions. Clin Neuropsychol. 2021;36(8):2278–
99. https:/​/doi.or​g/10.10​80/1​3854046.2021.1974565.

29.	 Chagas M. Development and validation of a brief digital cognitive test based 
on the paradigm of stimulus equivalence in a sample of older adults. Dement 

Neuropsychologia. 2023. https:/​/doi.or​g/10.15​90/1​980-5764-dn-2022-0050. 
17.

30.	 Chen X, Hu N, Gao X. Development of a brain-computer interface-based 
symbol digit modalities test and validation in healthy elderly volunteers and 
stroke patients. IEEE Trans Neural Syst Rehabil Eng. 2022;30:1433–40. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​​o​r​g​/​1​0​.​1​1​0​9​/​t​n​s​r​e​.​2​0​2​2​.​3​1​7​6​6​1​5​​​​​.​​​

31.	 Hermes M, Albers F, Böhnke J, Huelmann G, Maier J, Stelling D. Measurement 
and structural invariance of cognitive ability tests after computer-based train-
ing. Comput Hum Behav. 2019;93:370–8. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​h​b​.​2​0​1​8​.​1​
1​.​0​4​0​​​​​.​​​

32.	 Belkacem A, Jamil N, Palmer J, Ouhbi S, Chen C. Brain computer interfaces 
for improving the quality of life of older adults and elderly patients. Front 
NeuroSci. 2020;14. https:/​/doi.or​g/10.33​89/f​nins.2020.00692.

33.	 Rabipour S, Davidson PSR. ‘Using Digital Technology for Cognitive Assess-
ment and Enhancement in Older Adults’. In Potenza MN, Faust KA, Faust D, 
editors. The Oxford Handbook of Digital Technologies and Mental Health. 
online edn: Oxford Academic; 2020. pp. 357–372. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​9​3​/​o​x​f​
o​r​d​h​b​/​9​7​8​0​1​9​0​2​1​8​0​5​8​.​0​1​3​.​3​1​​​​​​​

34.	 Konsztowicz S, Xie H, Higgins J, Mayo N, Koski L. Development of a method 
for quantifying cognitive ability in the elderly through adaptive test adminis-
tration. Int Psychogeriatr. 2011;23(7):1116–23. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​7​/​S​1​0​4​1​6​
1​0​2​1​1​0​0​0​6​1​5​​​​​.​​​

35.	 Gills JL, Glenn JM, Madero EN, Bolt NT, Gray M. Validation of a digitally deliv-
ered visual paired comparison task: reliability and convergent validity with 
established cognitive tests. GeroScience. 2019;41(4):441–54. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​0​0​7​/​s​1​1​3​5​7​-​0​1​9​-​0​0​0​9​2​-​0​​​​​.​​​

36.	 Hammers DB, Gradwohl BD, Kucera A, Abildskov TJ, Wilde EA, Spencer RJ. 
Preliminary validation of the learning ratio for the HVLT-R and BVMT-R in older 
adults. Cogn Behav Neurol. 2021;34(3):170–81. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​9​7​/​W​N​N​.​
0​0​0​0​0​0​0​0​0​0​0​0​0​2​7​7​​​​​.​​​

37.	 Malkov A, Shevkova L, Latyshkova A, Kitchigina V. Theta and gamma 
hippocampal-neocortical oscillations during the episodic-like memory test: 
impairment in epileptogenic rats. Exp Neurol. 2022;354:114110. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​0​1​6​/​j​.​e​x​p​n​e​u​r​o​l​.​2​0​2​2​.​1​1​4​1​1​0​​​​​.​​​

38.	 Staresina BP, Michelmann S, Bonnefond M, Jensen O, Axmacher N, Fell J. Hip-
pocampal pattern completion is linked to gamma power increases and alpha 
power decreases during recollection. Elife. 2016;5:e17397. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
7​5​5​4​/​e​L​i​f​e​.​1​7​3​9​7​​​​​.​​​

39.	 Wichniak A, Okruszek Ł, Linke M, Jarkiewicz M, Jędrasik-Styła M, Ciołkiewicz 
A. Electroencephalographic theta activity and cognition in schizophrenia: 
preliminary results. World J Biol Psychiatry. 2015;16(3):206–10. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​
1​0​.​3​1​0​9​/​1​5​6​2​2​9​7​5​.​2​0​1​4​.​9​6​6​1​4​5​​​​​.​​​

40.	 Koshiyama D, Miyakoshi M, Tanaka-Koshiyama K, Joshi YB, Sprock J, Braff DL, 
et al. Abnormal phase discontinuity of alpha- and theta-frequency oscilla-
tions in schizophrenia. Schizophr Res. 2021;231:73–81. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​s​c​h​r​e​s​.​2​0​2​1​.​0​3​.​0​0​7​​​​​.​​​

41.	 Krukow P, Jonak K, Karakuła-Juchnowicz H, Podkowiński A, Jonak K, Borys M, 
et al. Disturbed functional connectivity within the left prefrontal cortex and 
sensorimotor areas predicts impaired cognitive speed in patients with first-
episode schizophrenia. Psychiatry Res Neuroimaging. 2018;275:28–35. https:/​
/doi.or​g/10.10​16/j​.pscychresns.2018.03.001.

42.	 Andreou C, Leicht G, Nolte G, Polomac N, Moritz S, Karow A, et al. Resting-
state theta-band connectivity and verbal memory in schizophrenia and in 
the high-risk state. Schizophr Res. 2015;161(2–3):299–307. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​0​1​6​/​j​.​s​c​h​r​e​s​.​2​0​1​4​.​1​2​.​0​1​8​​​​​.​​​

43.	 Krukow P, Jonak K, Grochowski C, Plechawska-Wójcik M, Karakuła-Juchnowicz 
H. Resting-state hyperconnectivity within the default mode network impedes 
the ability to initiate cognitive performance in first-episode schizophrenia 
patients. Prog Neuropsychopharmacol Biol Psychiatry. 2020;102:109959. 
https:/​/doi.or​g/10.10​16/j​.pnpbp.2020.109959.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1159/000322202
https://doi.org/10.1159/000322202
https://doi.org/10.1109/tencon54134.2021.9707229
https://doi.org/10.1371/journal.pone.0291576
https://doi.org/10.3390/electronics12214432
https://doi.org/10.3390/electronics12214432
https://doi.org/10.1111/psyp.13515
https://doi.org/10.1038/s41514-023-00129-x
https://doi.org/10.1038/s41514-023-00129-x
https://doi.org/10.1089/bioe.2019.0001
https://doi.org/10.9734/ajrcos/2024/v17i6470
https://doi.org/10.9734/ajrcos/2024/v17i6470
https://doi.org/10.1038/s41514-023-00119-z
https://doi.org/10.1038/s41514-023-00119-z
https://doi.org/10.1016/j.eplepsyres.2011.07.015
https://doi.org/10.1016/j.eplepsyres.2011.07.015
https://doi.org/10.1177/08830738060210062601
https://doi.org/10.1177/08830738060210062601
https://doi.org/10.3389/fnagi.2022.980093
https://doi.org/10.3389/fnagi.2022.980093
https://doi.org/10.1111/sjop.12157
https://doi.org/10.3390/ijerph20196869
https://doi.org/10.1080/13854046.2018.1495270
https://doi.org/10.1590/S0102-79722001000200008
https://doi.org/10.1002/asmb.2420
https://doi.org/10.1002/asmb.2420
https://doi.org/10.1111/1467-8721.ep10768783
https://doi.org/10.1101/2023.02.28.22283846
https://doi.org/10.1080/13854046.2021.1974565
https://doi.org/10.1590/1980-5764-dn-2022-0050
https://doi.org/10.1109/tnsre.2022.3176615
https://doi.org/10.1109/tnsre.2022.3176615
https://doi.org/10.1016/j.chb.2018.11.040
https://doi.org/10.1016/j.chb.2018.11.040
https://doi.org/10.3389/fnins.2020.00692
https://doi.org/10.1093/oxfordhb/9780190218058.013.31
https://doi.org/10.1093/oxfordhb/9780190218058.013.31
https://doi.org/10.1017/S1041610211000615
https://doi.org/10.1017/S1041610211000615
https://doi.org/10.1007/s11357-019-00092-0
https://doi.org/10.1007/s11357-019-00092-0
https://doi.org/10.1097/WNN.0000000000000277
https://doi.org/10.1097/WNN.0000000000000277
https://doi.org/10.1016/j.expneurol.2022.114110
https://doi.org/10.1016/j.expneurol.2022.114110
https://doi.org/10.7554/eLife.17397
https://doi.org/10.7554/eLife.17397
https://doi.org/10.3109/15622975.2014.966145
https://doi.org/10.3109/15622975.2014.966145
https://doi.org/10.1016/j.schres.2021.03.007
https://doi.org/10.1016/j.schres.2021.03.007
https://doi.org/10.1016/j.pscychresns.2018.03.001
https://doi.org/10.1016/j.pscychresns.2018.03.001
https://doi.org/10.1016/j.schres.2014.12.018
https://doi.org/10.1016/j.schres.2014.12.018
https://doi.org/10.1016/j.pnpbp.2020.109959

	﻿Development of a digital memory and learning test for elderly individuals
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Design of the development phase
	﻿Design of the experimental phase
	﻿Study population
	﻿Experiment and variables
	﻿Satisfaction assessment
	﻿Statistical analysis
	﻿Ethical aspects

	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


