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Abstract 

Background  Computerised cognitive training (CCT) can improve the cognitive abilities of people with mild cogni‑
tive impairment (MCI), especially when the CCT contains a learning system, which is a type of machine learning (ML) 
that automatically selects exercises at a difficulty that corresponds to the person’s peak performance and thus enables 
individualised training.

Methods  We developed one individualised CCT (iCCT) with ML and one basic CCT (bCCT) for an active control 
group (CG). The study aimed to determine whether iCCT in the intervention group (IG) resulted in significantly greater 
enhancements in overall cognitive functioning for individuals with MCI (age 60+) compared with bCCT in the CG 
across a 6-month period. This double-blind randomised controlled study was conducted entirely virtually. The 89 
participants were community-dwelling people with a psychometric diagnosis of MCI living in Germany. The iCCT 
stimulates various cognitive functions, especially working memory, visuo-constructional reasoning, and decision-
making. The bCCT includes fewer and simpler tasks. Both CCTs were used at home. At baseline and after 6 months, we 
assessed cognitive functioning with the Montreal Cognitive Assessment (MoCA). A mixed-model ANCOVA was con‑
ducted as the main analysis.

Results  Both CCTs led to significant increases in average global cognition. The estimated marginal means 
of the MoCA score increased significantly in the CG by an average of 0.9 points (95% CI [0.2, 1.7]) from 22.3 (SE = 0.25) 
to 23.2 (SE = 0.41) points (p = 0.018); in the IG, the MoCA score increased by an average of 2.2 points (95% CI [1.4, 2.9]) 
from 21.9 (SE = 0.26) to 24.1 (SE = 0.42) points (p < 0.001). In a confound-adjusted multiple regression model, the inter‑
action between time and group was statistically significant (F = 4.92; p = 0.029). The effect size was small to medium 
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(partial η2 = 0.057). On average, the participants used the CCTs three times per week with an average duration 
of 34.9 min per application. The iCCT was evaluated as more attractive and more stimulating than the bCCT.

Conclusions  By using a multi-tasking CCT three times a week for 30 min, people with MCI living at home can 
significantly improve their cognitive abilities within 6 months. The use of ML significantly increases the effectiveness 
of cognitive training and improves user satisfaction.

Trial registration  ISRCTN14437015; registered February 27, 2020.

Keywords  Mild cognitive impairment, Community-dwelling, Computerised cognitive training, Non-pharmacological 
intervention, Randomised controlled trial

Background
Mild cognitive impairment (MCI) describes a pro-
dromal stage to dementia [1, 2]. It is characterised by 
a cognitive decline greater than expected on the basis 
of age and education, although activities of daily liv-
ing (ADLs) are not remarkably affected [3]. Thus, 
MCI refers to a state that is defined by the presence 
of early cognitive impairments that do not yet consti-
tute a dementia syndrome, along with only very slightly 
impaired instrumental ADLs [4–6]. People with MCI 
are at a significantly higher risk of developing demen-
tia than cognitively healthy people, as reported by Inui 
et al. [1], who found that 72% of patients with amnestic 
MCI developed Alzheimer’s disease within 5  years. In 
the general population, the prevalence of MCI increases 
with age, with rates of 6.7% for ages 60 to 64 and up to 
25.2% for ages 80 to 84 [7].

MCI therefore appears to present optimal conditions 
for interventions that are designed to prevent the tran-
sition to dementia (e.g. by delaying the progression of 
MCI). Research has suggested that there is currently no 
common effective pharmacological intervention for MCI 
[7, 8]. For this reason, non-pharmacological interven-
tions have become the focus of research on people with 
MCI [7–9]. There is evidence that in addition to cogni-
tive activity, the progression of MCI is positively influ-
enced by physical activity and social support [10–14] 
as well as by other lifestyle factors, such as dietary pat-
terns (e.g. low-fat intake [15]) and socio-economic fac-
tors (e.g. high level of education [16]). Modifiable factors 
that influence MCI can be utilised to develop multimodal 
non-pharmacological interventions. Hence, various non-
pharmacological interventions as well as a combination 
of interventions may be effective for improving the cog-
nitive abilities of people with MCI [17, 18]. So far, cogni-
tive stimulation has been found to be the most effective 
intervention [7, 17], followed by physical exercise, multi-
domain interventions, music therapy, and cognitive 
training [17]. Wang et al. have described cognitive stimu-
lation as a broad range of activities that provide general 

stimulation of various cognitive functions and not only 
training in one specific domain.

Computerised cognitive trainings (CCTs) comprise 
computer-based tasks that include cognitive exercises, 
games, and virtual reality. Thereby, users can receive 
real-time feedback and individualised training [19]. 
Systematic reviews and meta-analyses of CCT inter-
vention studies have confirmed positive effects of such 
programmes on the cognitive abilities of people with 
MCI [2, 20–22].

In a meta-analysis of 18 studies, Zhang et  al. [21] 
reported a small but significant positive effect of CCTs 
on global cognition as well as on specific cognitive func-
tions compared with the CGs. There were larger effects 
in studies with a passive CG. The dose and duration 
of the CCTs varied across the studies, and some of the 
results of this meta-analysis are difficult to interpret so 
far. For example, studies with more than 30  h of CCT 
showed smaller effect sizes than studies with less than 
ten hours of CCT. However, these results should be inter-
preted with caution, as only a few studies were included 
and these were also very heterogenic about the following 
aspects: the duration of the follow-up  period, the vari-
ety of instruments used to measure the results, the study 
designs, the different populations, the insufficient speci-
fication of the interventions, the small sample sizes, and 
the partly non-random allocation of the treatments [23]. 
In general, the lack of high-quality studies on the effects 
of CCTs on people with MCI is still a problem.

In order to develop individualised computerised cog-
nitive trainings (iCCTs) that are tailored to the different 
needs and abilities of participants, research in the field 
of CCT is currently using more machine learning (ML) 
and other artificial intelligence (AI) techniques. Instead 
of standardised cognitive trainings, this personalised 
approach allows for a more effective adaptation to par-
ticipants’ individual cognitive performance and cre-
ates a tailored learning environment. It can improve the 
motivation and engagement of study participants who 
use CCT with the aim of increasing the effect size. Fur-
thermore, they can experience multi-domain benefits, 
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and there is also an improvement in neuroplasticity [24]. 
However, despite initially promising results [25], the 
quality of evidence is limited because mostly small, non-
randomised pilot studies have been conducted [26]. In 
CCT for older people with cognitive impairment, AI and 
more precisely ML methods are pursued to train users 
at their individual peak performance level. To determine 
this peak performance, some CCTs exclusively use data 
on exercise performance [27], but they might also use 
data from conventional cognitive tests collected through 
face-to-face testing [28] or mental workload assessed by 
a non-invasive, optical imaging method for measuring 
brain activity in the cerebral cortex [29]. Therefore, these 
approaches rely on externally collected data, so train-
ing—and especially the cognitive tests—cannot be per-
formed independently at home. Thus, the CCTs from the 
aforementioned studies aimed to provide a level of dif-
ficulty that fit the current user to increase the efficiency 
of the training by being challenging without being exces-
sively demanding. To achieve this objective, the research-
ers used different types of AI.

The basis for the success of any therapy is adherence, 
that is, that the therapy is also practiced by the person 
receiving it. Therefore, for CCT to be successful, it is not 
only important that the cognitive effects have the poten-
tial to be achieved, but also that the users are satisfied 
with the application so that they use the application regu-
larly. For this reason, it is important to analyse user expe-
rience in studies on CCT.

As part of this MCI-CCT study, a software application 
called MAKSCog was developed specifically for people 
with MCI. It is available for computers, laptops, and tab-
lets that can be used at home. A basic CCT (bCCT) was 
developed as a simpler, comparative intervention (see the 
‘Interventions’ section).

Aim of the study
The present study investigated the research hypoth-
esis that an iCCT (MAKSCog in the intervention group 
[IG]) leads to statistically significantly greater increases 
in global cognitive function in people with MCI as com-
pared with bCCT (in the active CG) across a 6-month 
observation period. We addressed the hypothesis by ana-
lysing data on the primary outcome, which was global 
cognitive function measured by the Montreal Cognitive 
Assessment (MoCA). Additionally, we evaluated user sat-
isfaction with the iCCT and bCCT.

Methods
Study design
A prospective double-blind randomised controlled 
intervention study (MCI-CCT study) with a 6-month 
intervention period was conducted to test the research 

hypothesis. The study participants with psychometri-
cally diagnosed MCI (see the ‘Eligibility of participants’ 
section) lived in Bavaria, Germany. First patient in was 
on June 9, 2020; last patient out was on August 5, 2021. 
Data were collected at baseline (t0) and directly after the 
6-month intervention period.

Screening, baseline, and follow-up data (inclusive test-
ing) were collected via videoconferencing and telephone. 
Participation was voluntary, and participants were free 
to leave the study at any time without negative conse-
quences. Written informed consent was obtained from 
all participants. All procedures were approved by the 
Ethics Committee of the Friedrich-Alexander-Universität 
Erlangen-Nürnberg (Ref. 58_20B). The study was reg-
istered prospectively on February 27, 2020, at ISRCTN 
registry (trial identification number: ISRCTN14437015). 
For more information about the study design, see our 
study protocol by Book et al. [30].

Recruitment
To recruit study participants, we placed media alerts in 
two newspapers and one magazine for seniors. In addi-
tion, a health insurance company sent a serial e-mail to 
its insured people aged 60 and older with a reference to 
the study. Interested individuals could then contact the 
study centre via e-mail. They were subsequently informed 
about the project in a personal conversation (videocon-
ferencing or phone call).

Eligibility of participants
The participants had to fulfil four inclusion criteria in 
order to be eligible to take part in the study. The first 
inclusion criterion was that participants were experienc-
ing subjective cognitive decline. People who noticed this 
decline and who also fulfilled the objective severity cri-
teria for cognitive impairment in the sense of MCI were 
able to take part in the study. The psychometric level 
of MCI was defined by a score of 24 points or less on 
the MoCA (MoCA ≤ 24, step one) and by a score of 24 
points or higher on the Mini-Mental State Examination 
(MMSE ≥ 24, step two). Second, participants had to own 
a digital device. Third, they had to be at least 60  years 
old. Fourth, participants had to have signed the informed 
consent form. Interested study participants were 
excluded if (1) the technical requirements were not met, 
(2) the MoCA score indicated no cognitive impairment 
(MoCA > 24), or (3) the MMSE score indicated dementia 
(MMSE < 24). An additional reason was if (4) the partici-
pants had one of the following impairments: blindness or 
deafness, acute depression (PHQ-9 > 12), or other psychi-
atric or neurological disorders that are associated with 
cognitive decline [30].
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Randomisation and blinding
Blockwise randomisation per recruitment period was 
performed externally by the Institute of Medical Infor-
matics, Biometry, and Epidemiology (IMBE), Friedrich-
Alexander-Universität Erlangen-Nürnberg, only sharing 
patient/household code, and sex. The latter was used 
in a stochastic minimisation algorithm to reduce group 
imbalance [31]. Couples living in the same household 
were allocated to the same group. The randomisation 
algorithm was implemented in the statistical software 
environment R [32].

Data collection at baseline and follow-up was car-
ried out by blinded study assistants. They were psy-
chology students in 3rd year of study with experience 
in psychometry and had previously received extensive 
training, specifically in how to administer the primary 
outcome (MoCA) in a standardized way. The training 
was conducted by an experienced research assistant and 
comprised the demonstration and supervision of per-
formance tests, as well as individual feedback and time 
for questions. Moreover, a detailed manual regarding 
the standardised execution was distributed to all study 
assistants.

Interventions
The development of MAKSCog was based on the cog-
nitive component of the non-pharmacological multi-
component group intervention MAKS® [33, 34], which 
has been shown to be an effective treatment for people 
with MCI, mild dementia, and moderate dementia in 
two independent randomised controlled trials (RCTs) 
[18, 33, 34]. On the basis of these results, MAKSCog was 
developed as a CCT that people with MCI can carry out 
without assistance. It contains an adaptive system, a type 
of ML that automatically selects exercises at a difficulty 
level that corresponds to the person’s peak performance 
and thus enables individualised training. The adaptive 
system consists of multiple logistic regression classi-
fiers—one for each exercise and difficulty level—which 
predict the likelihood that an exercise will be success-
fully completed at a classifier’s level of difficulty, using 
a cut-off of a 65% success rate. The cognitive status (see 
the ‘Digital cognitive tests to support machine learn-
ing’ section) is used as input for the classifiers. To adapt 
to the participant, the results of completed exercises are 
added to the training data in the system, so the classifier 
is trained once again. Each of the ten tasks of MAKSCog 
(iCCT) focusses on a different combination of the fol-
lowing cognitive functions—(a) information processing 
speed, (b) memory span, (c) short-term memory, or (d) 
decision complexity (reaction to logical reasoning). For 
additional information, see Book et  al. [30]. In addition 
to MAKSCog, a bCCT with no ML was developed as a 

control programme. It had fewer and simpler tasks but 
also stimulated different cognitive functions—preferably 
requiring long-term memory (e.g. quizzes). Both CCTs 
could be used completely independently at home without 
face-to-face contact.

Before baseline testing (t0), the study participants 
received an email with a link for downloading the soft-
ware for their version of the CCT. They also received 
instructions on how to download and install the software. 
The participants were not told which of the two applica-
tions they would be using. In case the installation did not 
work, technical support was available with detailed and 
illustrated instructions. Moreover, external technical 
support was provided during the study period, which was 
strictly separated from data collection.

Measures
Primary outcome
Montreal cognitive assessment (MoCA)
The primary outcome, study participants’ cognition at 
baseline and after the intervention phase (t6), was meas-
ured with the Montreal Cognitive Assessment (MoCA) 
[35]. The MoCA is a valid and reliable screening instru-
ment for assessing MCI [36] and measuring global cogni-
tive functioning [37, 38]. The range of the MoCA score 
is 0–30 points. We used the cut off of 24 to achieve bal-
ance between sensitivity and specificity for MCI (≤ 24) 
[39–41]. At t0 and t6, different validated parallel versions 
of the MoCA [42] were used to avoid learning effects in 
repeated measurements.

Screening instruments
Mini‑mental state examination (MMSE)
To screen for dementia, we used the Mini-Mental State 
Examination (MMSE) [43]. It is the most commonly used 
screening test for dementia [44]. Scores can range from 
0 to 30 points, with higher scores indicating better cog-
nitive performance. Scores between 0 and 23 suggest a 
dementia syndrome. We decided to apply a conservative 
cut-off value of 23 in order to minimise the risk of false 
positive dementia classifications [45–48].

Patient health questionnaire (PHQ‑9)
To measure symptoms of depression, we used the 9-Item 
Patient Health Questionnaire (PHQ-9) [49]. The PHQ-9 
is a brief self-assessment tool, which is commonly used 
for depression screening with good reliability and valid-
ity [50]. Covering the nine DSM-IV criteria, its nine 
items ask about experiences over the preceding 2 weeks, 
rated on a four-point scale ranging from 0 (‘not at all’) to 
3 (‘nearly every day’). The total score indicates different 
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degrees of depressiveness. A cut-off score of ≥ 12 demon-
strates a good balance between sensitivity and specificity 
[51].

Other variables
Sociodemographic and health‑related data
The sociodemographic and health-related data, modifi-
able risk factors for MCI, and non-cognitive symptoms 
were assessed via a standardised questionnaire by student 
assistants at baseline and follow-up. Sociodemographic 
data comprised information on age, sex, highest educa-
tional level, employment status, monthly income, and 
household size. Furthermore, as modifiable risk factors 
for MCI, we assessed general cognitive activities, physical 
activities, social participation, and nicotine consumption. 
As health-related data, we assessed diseases (in particular 
hypertension, hypercholesterolaemia, diabetes mellitus), 
medications, body weight, and body height.

To assess the effects and side effects of prescribed med-
ication taken by the participants, we used the medication 
score [52]. All effects were ranked from − 2 (strong sedat-
ing effect) to + 2 (strong stimulating effect) by two clinical 
pharmacologists at the Uniklinikum Erlangen, the sum 
making up the medication score.

To measure the individual vascular risk level, we used 
the vascular risk score. It represents the number of risk 
factors consisting of smoking, hypertension, hypercho-
lesterolaemia, and diabetes mellitus. The score ranges 
from 0 (no vascular risk factors) to 4 (four vascular risk 
factors).

To analyse the comorbidity-related mortality rate, we 
used the Charlson Comorbidity Index, updated and vali-
dated by Quan et al. [53]. To form the index, 12 diseases 
are weighted by 1 (e.g. chronic pulmonary disease) to 6 
points (metastatic solid tumour). The sum score ranges 
from 0 to 24 points. Higher scores indicate a higher one-
year comorbidity-related mortality rate, whereby a score 
of 5 is associated with an 85% 1-year mortality risk.

Digital cognitive tests to support machine learning
To assess information about  processing speed, memory 
span, short-term memory, and logical reasoning, the 
computerised cognitive test battery (CCTB), a collection 
of digitalised cognitive tests, was developed for this study 
[54]: if possible, existing valid test items were adapted as 
digital tests based on, for example, the Wechsler Adult 
Intelligence Scale (WAIS-IV) [55], the Short Cognitive 
Performance Test (SKT) [56], the Stroop  Test [57], and 
Raven’s Standard Progressive Matrices [58]. A first pilot 
study showed satisfactory values for convergent validity 
[54].

User experience questionnaire
To record user experience with the two versions of the 
CCT (iCCT and bCCT), the study participants were 
interviewed at the end of the intervention period after 
6  months using the User Experience Questionnaire 
(UEQ) [59]. The UEQ contains 26 items that ask about 
the characteristics of the programmes in the form of 
semantic differentials. For this purpose, bipolar adjec-
tive pairs are given (e.g. easy to learn–difficult to learn; 
attractive–unattractive). The respondents provide 
their judgements on a 7-point scale, which is weighted 
from + 3 to − 3. Scores are formed for six subscales: 
attractiveness (6 items), perspicuity (4 items), effi-
ciency (4 items), dependability (4 items), stimulation (4 
items), and novelty (4 items). The efficiency, perspicu-
ity, and dependability scales are clustered into the con-
cept of pragmatic quality (usability in the proper sense), 
whereas the stimulation and novelty scales form the 
hedonic quality. The items are not ordered by subscales, 
and half of the items are reverse-scored. Benchmark 
values based on 452 software evaluations are used to 
better interpret the results [60]. This procedure allows 
software to be categorised as excellent (better than 90% 
of the evaluation results), good (better than 75% of the 
evaluation results), above average (better than 50% of 
the evaluation results), below average (worse than 50% 
of the evaluation results), or poor (worse than 25% of 
the evaluation results).

Data collection
The baseline cognition-related parameters (t0 cogni-
tive status) were collected approximately 2 weeks before 
the other baseline data. These data were collected at the 
start of the study (via telephone interview to complete 
the baseline data and transfer the training software) and 
directly after the end of the intervention (t6). Before the 
fixed video conference, the study participants were sent 
the documents for assessing their cognitive status and 
the questionnaire with socio-demographic and health-
related questions via post or e-mail. Parallel MoCA 
versions were used at t0 and t6 by means of videocon-
ferencing to be performed by trained study assistants. 
During the remote examination, the study participants 
were supposed to be located in a quiet and undisturbed 
room. At t6, the automatically recorded training behav-
iour was sent on a USB drive to the study centre by post. 
Parts of the performance tests (i.e. tasks) that the par-
ticipants needed in a paper pencil version to be able to 
complete them properly (e.g. visuospatial construction 
in the MoCA) were sent by post. Thus, the study par-
ticipants were supposed to open the sealed envelope only 
in the presence of the tester (i.e. study assistants) at the 
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beginning of the examination. The tester used a stand-
ardised evaluation form to make the evaluation. All the 
completed evaluation forms are being stored safely in 
accordance with the German data protection guidelines.

Statistical analysis
To describe the sample characteristics and the group 
differences, descriptive parameters and the effect size 
parameters Cramer’s V (crosstabs), Cohen’s d (t-test), 
and η2 (ANCOVA) were used. According to Cohen 
[61], the following limits are used to interpret the effect 
sizes, which distinguish between small, medium, and 
large effects: Cramer’s V with the limits 0.10, 0.30, 0.50; 
Cohen’s d with the limits 0.20, 0.50, 0.80; and η2 with 
the limits 0.010, 0.059, 0.138.

The inferential statistical procedures used were χ2-
tests, t-tests, and mixed-model ANCOVAs. Differ-
ences between the IG (using iCCT) and CG (using 
bCCT) for nominally scaled variables were analysed 
with the χ2-test and for metric variables with the t-test 
for independent samples. The change in the MoCA 
score between t0 and t6 was analysed with a t-test for 
dependent samples.

The hypothesis was tested with a mixed-model 
ANCOVA for the dependent variable MoCA score 
using the within-subject factor time (t0, t6) and the 
between-subject factor group (IG, CG) as well as rel-
evant baseline variables as covariates. Relevant covari-
ates had to fulfil two criteria: (A) variables whose 
preventive influence on the pathological decline of cog-
nition is evidence-based [62] and (B) variables whose 
difference in the study sample occurred with an effect 
size ≥ 0.1 (Cramer’s V or Cohen’s d) between the IG and 
CG. Thus, potential variables influencing the decline 
in cognition were included in the evaluation model. To 
rule out multicollinearity, the covariates were allowed 
to correlate with each other with a maximum of p = 0.80 
[63, 64].

To enable the intention-to-treat evaluation, 9 (10%) 
missing MoCA t6 values (cognitive outcome) were 
imputed using the expectation maximisation algorithm 
with group, MoCA score at t0, and all available t0 varia-
bles (Table 1) as predictors. Missing values from the UEQ 
were not imputed.

In the context of the plausibility checks, the follow-up 
data for the primary outcome MoCA score were ana-
lysed for outliers. On the basis of the European Medicine 
Agency’s guideline’s [65], statistically deviating values 
were analysed for the observed outlier effect for medi-
cal reasons. If a statistically abnormal value (1.5 times 
the interquartile range) could be explained clinically, 
this case was excluded from further analyses. The main 

analysis was carried out without outliers. Results are also 
reported with outliers.

The analysis of user experience operationalised with the 
UEQ is primarily descriptive, in particular through the 
use of standard values [60] and by indicating the effect 
size of the differences between the bCCT and iCCT.

The analyses were based on an alpha error of 0.05 as 
the significance level for the main analysis (ANCOVA) 
and conducted with SPSS (version 28.0).

Results
Screening process
Over a period of 10  months, 495 people aged 60 
or older living at home were screened for eligibil-
ity (Fig.  1). Most people (n = 351, 86.5%) had to be 
excluded because they did not fulfil the MCI criterion 
psychometrically. Over a period of 8  months, 89 peo-
ple, randomised into six blocks, were allocated to IG 
(n = 44) or CG (n = 45). After 6  months, at the end of 
the observation period, 40 people in each group were 
tested and interviewed. The drop-out rate of 10% was 
equally distributed between IG and CG (4 and 5 people, 
respectively). As no individuals had died, the intention-
to-treat sample comprised all 89 study participants 
(Fig. 1).

Sample characteristics
The 89 study participants were on average 74 years old, 
and 42% of them were women (Table 1). Figure 2 presents 
a detailed distribution of the participants by age group. 
The proportion of 43% with a university degree indicates 
that the educational level of the study participants was 
above average.

The study participants were asked about all diseases at 
baseline. The information was grouped according to the 
International Classification of Diseases (version 10 [66]). 
The three most common comorbidity groups were Dis-
eases of the circulatory system (Chapter IX) in 58 peo-
ple (65%); Endocrine, nutritional, and metabolic diseases 
(Chapter IV) in 54 people (61%); and Diseases of the 
musculoskeletal system and connective tissue (Chap-
ter XIII) in 20 people (22%). The 1-year mortality risk 
was very low in the study population (Table  1), as only 
11 people (12%) had Charlson comorbidity scores higher 
than 0.

Most of the effect sizes (13 of 14) for group differences 
(Cohen’s d or Cramer’s V) were less than 0.20 for Cohen’s 
d or less than 0.10 for Cramer’s V (Table 1). Only physi-
cal activities were higher on average in the IG (11.8 h per 
week) than in the CG (9.3 h per week; Cohen’s d = 0.37). 
A total of three statistical outliers were identified—two 
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cases in the IG and one case in the CG. A medical cause—
infected with COVID-19 combined with impaired cogni-
tion according to self-report—was identified for only one 
outlier in the IG with a deterioration in the MoCA score 
of 6 points. This case was therefore excluded from fur-
ther main analyses.

Exercise duration
As measured in the exercise programmes, the study par-
ticipants in the IG used the iCCT an average of 15.6 times 
(SD = 6.9) in the first month and 12.7 times (SD = 5.6) in 
the last period. In the CG, the values for the bCCT were 
13.7 (SD = 6.0) for the first month and 12.3 (SD = 6.4) 
for the last month. The average duration of exercise per 
day of usage in the first month was 33.9 min (SD = 11.8) 

in the IG and 37.7  min (SD = 12.1) in the CG. In the 
last month, the average duration of exercise per day of 
usage was 33.6  min (SD = 10.8) in the IG and 37.4  min 
(SD = 20.9) in the CG. The total duration of exercise dur-
ing the intervention period of 6 months was on average 
44.1 h (SD = 24.1) in the IG and 43.2 h (SD = 24.9) in the 
CG. The difference was small (│Cohen’s d│ = 0.04) and 
not significant (p = 0.849).

MoCA scores in the intervention and control groups
At baseline, cognitive abilities were 0.3 points (MoCA 
score) higher in the CG than in the IG (Cohen’s 
d = 0.20). The MoCA score increased significantly in 
both groups during the intervention period—in the CG 
(bCCT) by an average of 1.0 point (95% CI [0.3, 1.7]) 

Table 1  Baseline characteristics of the study participants

$ Cohen’s d
# Cramer’s V
a Patient Health Questionnaire 9
b Number of vascular risk factors: range 0 (no vascular risk factor) to 4 (four vascular risk factors)
c Sedating (< 0) or stimulating (> 0) effect or side effect of the prescribed medications: sum score of each medication, which was ranked between − 2 (strong sedating 
effect) and + 2 (strong stimulating effect)
d Updated Charlson Comorbidity Index: range: 0–24
e Normal range of the body mass index

Variable Intervention 
group (n = 44)

Control group (n = 45) Group difference 
(│effect size│)

Total (n = 89)

Sociodemographic
  Age (years), M (SD) 73.4 (8.1) 73.5 (6.5) 0.01$ 73.5 (7.3)

  Sex (female), n (%) 19 (43.2) 18 (40.0) 0.03# 37 (41.6)

  Education level 0.08#

    Primary school (8–9 years), n (%) 4 (9.1) 6 (13.3) 10 (11.2)

    Secondary school (10 years), n (%) 14 (31.8) 15 (33.3) 29 (32.6)

    Higher education (12–13 years), n (%) 6 (13.6) 6 (13.3) 12 (13.5)

    University degree, n (%) 20 (45.5) 18 (0.40) 38 (42.7)

  Household income per month (Euro), M (SD) 3658 (1218) 3644 (1178) 0.01$ 3651 (1190)

  Employed (yes), n (%) 5 (11.4) 6 (13.3) 0.03# 11 (12.4)

  Other persons living in the household (yes), n (%) 35 (79.5) 38 (84.4) 0.06# 73 (82.0)

Risk factors for cognitive decline
  Depressiveness (PHQ-9a), M (SD) 3.1 (2.8) 3.0 (2.8) 0.01$ 3.1 (2.8)

  Vascular risk (sum scoreb), M (SD) 1.0 (0.9) 1.2 (0.9) 0.13$ 1.1 (0.9)

    Smoking (yes), n (%) 3 (6.8) 1 (2.2) 4 (4.5)

    Hypertension (yes), n (%) 22 (50.0) 25 (55.6) 47 (52.8)

    Hypercholesterolaemia (yes), n (%) 19 (43.2) 21 (46.7) 40 (44.9)

    Diabetes (yes), n (%) 2 (4.5) 5 (11.1) 7 (7.9)

  Medication scorec, M (SD) 0.0 (0.2)  − 0.1 (0.4) 0.19$  − 0.1 (0.3)

  Cognitive activities (hours per week), M (SD) 20.8 (13.1) 18.4 (12.0) 0.19$ 19.6 (12.6)

  Physical activities (hours per week), M (SD) 11.8 (7.3) 9.3 (6.2) 0.37$ 10.5 (6.8)

  Social activities (hours per week), M (SD) 6.7 (3.8) 7.1 (4.8) 0.10$ 6.9 (4.3)

  Charlson Indexd, M (SD) 0.2 (0.4) 0.1 (0.4) 0.06$ 0.1 (0.4)

  Body mass index (≥ 19 and ≤ 25)e (yes), n (%) 22 (50.0) 22 (48.9) 0.01# 44 (49.4)
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from 22.3 (SD = 1.5) to 23.3 (SD = 2.4), p = 0.008; in the 
IG (iCCT) by an average of 2.0 points (95% CI [1.3, 
2.8]) from 22.0 (SD = 1.8) to 24.0 (SD = 2.9), p < 0.001. 
According to Cohen’s d the increase in the CG (Cohen’s 
d = 0.41) can be classified as small, whereas the increase 
in the IG (Cohen’s d = 0.82) is large. Including the one 
statistical and clinical outlier, the increase in the aver-
age MoCA score in the IG from 22.0 (SD = 1.8) to 23.9 
(SD = 3.1) was also significant (p < 0.001) with a Cohen’s 
d of 0.68.

Main analysis
For the main analysis, five baseline variables met the 
criteria to be included as covariates (in particular effect 
size ≥ 0.1; Table 1): physical activities per week (Cohen’s 
d = 0.37), cognitive activities per week (Cohen’s d = 0.19), 
medication score (Cohen’s d = 0.19), sum score of vas-
cular risk factors (Cohen’s d = 0.13), and social activities 

per week (Cohen’s d = 0.10). No correlations above 0.8 
were found between the covariates. The strongest cor-
relation was found between social activities and physical 
activities (r = 0.33). Multicollinearity could therefore be 
ruled out. After controlling for these five covariates (see 
Table  2), there was a statistically significant interaction 
between time and group (F = 4.92; p = 0.029). The effect 
size was small to medium (partial η2 = 0.057). There was 
also a small, non-significant main effect of time (F = 2.10; 
p = 0.153; partial η2 = 0.025). In the analysis in which the 
outlier O1 was included, the interaction effect between 
time and group was reduced to F = 3.10 (p = 0.082, partial 
η2 = 0.036).

Figure  3 presents the estimated marginal means and 
Standard Errors (SEs) for the Group x Time interac-
tion (MoCA score). The increase in the IG of 2.2 points 
(95% CI [1.4, 2.9]) in comparison with the increase of 0.9 

Fig. 1  CONSORT flow chart of the MCI-CCT study
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points (95% CI [0.2, 1.7]) in the CG met a more extreme 
level of significance (p < 0.001 versus p = 0.018).

Transition rates
In the sensitivity analysis, the transition from MCI 
(MoCA score ≤ 24) to a better  cognitive  condition 
(MoCA score 25–30, not defined as MCI) in the pri-
mary outcome (MoCA score) was considered. At base-
line, all study participants were in the MCI range (MoCA 
score ≤ 24, inclusion criterion). After the 6-month inter-
vention phase, 13 out of 45 study participants (29%) 

achieved a better cognitive condition with the bCCT 
(CG) and 22 out of 43 (51%) with the iCCT (IG). The 
difference between groups was statistically significant 
(χ2 = 4.55; p = 0.033). When the outlier O1 (IG) was 
included, the between-group difference was still signifi-
cant (χ2 = 4.16; p = 0.042).

Research hypothesis
Due to the statistically significant difference between the 
IG and CG in the main analysis (ANCOVA), which was 
confirmed by the result in the sensitivity analysis, the 

Fig. 2  Study participants’ age groups

Table 2  Mixed-model ANCOVA with MoCA score as outcome

§ Outlier O1 excluded
$ T: time
* Recorded in hours per week
+ vasc. risk: number of vascular risk factors: range 0 (no vascular risk factor) to 4 (four vascular risk factors)
# medication: medication score is the sedating (< 0) or stimulating (> 0) effect or side effect of the prescribed medications: sum score of each medication, which was 
ranked between − 2 (strong sedating effect) and + 2 (strong stimulating effect)
● group: IG versus CG

Significant p-values are printed in bold

n = 88§ n = 89

Effect F p Partial η2 F p Partial η2

T$ 2.10 0.153 0.025 1.09 0.299 0.013

T x cognitive activities* 0.26 0.612 0.003 0.52 0.472 0.006

T x physical activities* 0.43 0.512 0.005 0.24 0.628 0.003

T x social activities* 0.46 0.499 0.006 0.40 0.528 0.005

T x vasc. risk+ 0.08 0.778 0.001 0.09 0.766 0.001

T x medication# 0.23 0.637 0.003 0.29 0.591 0.004

T x group● 4.92 0.029 0.057 3.10 0.082 0.036
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research hypothesis was supported: The iCCT (IG) led to 
statistically significant greater increase in global cognitive 
function over the  6 months observation period in people 
with MCI compared with the bCCT (CG).

User experience
The user experience results were based on the infor-
mation provided by 79 study participants: 40 from the 
IG and 39 from the CG. We classified the UEQ scores 
(Table 3) according to the general benchmark (Fig. 4).

The stimulation and attractiveness scales showed 
higher values for the iCCT (IG), with a medium effect 
size for the group difference (stimulation: Cohen’s 
d = 0.73, p = 0.002; attractiveness: Cohen’s d = 0.64, 
p = 0.006). Small effect sizes, with higher values for the 
iCCT (IG), were found for the novelty (Cohen’s d = 0.29; 
p = 0.200) and efficiency (Cohen’s d = 0.20; p = 0.371) 
dimensions. The group differences were not meaningful 
(Cohen’s d < 0.2) for the dependability (Cohen’s d = 0.17; 

p = 0.464) and perspicuity (Cohen’s d = 0.08; p = 0.729) 
dimensions.

Discussion
The main focus of this study was on improving the cogni-
tion of the study participants with MCI with our newly 
developed CCTs. Both training programmes—the iCCT 
with an integrated learning system and the bCCT—led, 
on average, to significant increases in global cognition 
with a significant and clinically relevant effect size (par-
tial η2 = 0.057) for the greater increase in the IG (iCCT) 
in comparison with the CG (bCCT). It should be noted 
that spontaneous remissions in the MCI syndrome to 
cognitively normal test values cannot be excluded. In 
studies with an observation period of more than 2 years, 
Canevelli et al. [67] found remission rates of between 18 
and 26%. Two facts must be taken into account when 
interpreting this result. Firstly, depending on the cog-
nitive test used, a varying proportion of false positive 
results at baseline must also be taken into account, i.e. a 
proportion of people who therefore had no MCI at base-
line. Secondly, the observation period in our study was 
only 6 months, so that the time-dependent remission rate 
should be assumed to be lower in comparison with the 
Canevelli study.

On average, the participants used the training pro-
grammes three to four times per week with an average 
duration of 34 to 38  min per application. For the most 
part, they did so as recommended—three times per week 
for 30 min each time. Participants using the iCCT evalu-
ated their programme as more attractive and also felt 
more stimulated than the participants using the bCCT.

Due to the unexpected onset of the COVID-19 pan-
demic at the beginning of this RCT, we had to convert 

Fig. 3  Estimated marginal means of the MoCA score in intervention group (iCCT) and control group (bCCT). Estimated marginal means (standard 
errors). Covariates appearing in the model were calculated at the following values: cognitive activities: 19.7 h per week, physical activities: 10.6 h 
per week, social activities: 7.0 h per week, sum score of vascular risk factors: 1.1, medication score: − 0.1

Table 3  User Experience Questionnaire (UEQ) scores in both 
groups

UEQ dimension IG M (SD) CG M (SD)

Attractiveness 1.77 (0.81) 1.18 (1.02)

Perspicuity 1.64 (1.03) 1.56 (1.01)

Efficiency 1.11 (0.67) 0.98 (0.63)

Dependability 1.25 (0.74) 1.39 (0.81)

Stimulation 1.59 (0.79) 0.91 (1.29)

Novelty 0.87 (0.91) 0.54 (1.32)
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all steps of the study into virtual mode. Because of this 
conversion, we had to drop one of our previously planned 
additional outcome measures on cognition, the SKT, and 
we had to rely solely on the MoCA score [30].

As a consequence of the virtual, computer-based study 
design, only people who had the technical equipment 
and operating skills to use a computer, laptop, or tablet 
were included. However, as this technical equipment was 
necessary for carrying out the CCTs anyway, the online 
data collection did not result in any fundamental changes 
to the study design or participant recruitment. How-
ever, this technical precondition in combination with the 
inclusion criterion of age 60 + could explain why the level 
of education and household income of the study par-
ticipants were high on average, with 89% of participants 
having a higher level of education than the basic qualifi-
cation in Germany. In the total population, this value is 
61% [68]. We did not adjust the MoCA score by age, gen-
der, or education [69], but we used a relatively low MoCA 
cut-off (≤ 24 and not ≤ 26, see O’Caoimh et  al. [39]) for 
the psychometric definition of MCI to reduce the prob-
ability of including people who were false positives, 
especially in a population with a relatively high level of 
education.

In this study, the result of the block-type randomisation 
of the participants into the two groups can be described 
as successful. The median of the effect sizes for the differ-
ence between the iCCT group and bCCT group at base-
line (including the MoCA at baseline) had a value of 0.03 
for Cramer’s V (5 variables) and 0.12 for Cohen’s d (10 
variables).

With both CCTs, we found that participants’ average 
increase in global cognition was significant. This find-
ing agrees with results from Zhang et al. [21] recent sys-
tematic review and meta-analysis, which focussed on 
effects of CCT on cognitive outcomes in MCI. In the 
eleven RCTs they included, they found a significant ben-
efit of CCT on global cognition, but the pooled effect 
size of 0.23 was substantially smaller than the effect size 
we found in our study, especially in the IG with iCCT 
(Cohen’s d = 0.82). However, the interpretation should 
be treated with caution because not only the studies but 
also the instruments they used were very different in this 
comparatively young field of MCI research. For example, 
most studies used the MMSE to measure global cogni-
tive abilities, in which the tasks to be solved were actually 
too easy for the sample of people with MCI and therefore 
not sensitive enough. Therefore, we used the much more 
sensitive MoCA test as the primary outcome variable [70, 
71], for which an online version already existed [72].

In the studies evaluated in the systematic review by 
Zhang et  al. [21], the effect sizes of studies with active 
CGs were smaller than of studies with non-active CGs. 
Although we had an active CG, the increase in global 
cognition from the iCCT with an underlying learning 
system was considerably larger than the increase from 
our bCCT (Cohen’s d = 0.4). In general, the effect sizes 
we identified were high compared with other interven-
tions that have focussed on global cognition in people 
with MCI, as we found that the MoCA score increased 
significantly on average by 2.0 points (95% CI [1.3, 2.8]) 
in the IG with iCCT. For example, Xu et  al. [14] evalu-
ated and compared the effectiveness of 17 different types 

Fig. 4  User experience of the two versions of the computerised cognitive training (CCT) classified by the User Experience Questionnaire. 
Construction of a benchmark for the User Experience Questionnaire (UEQ), see Schrepp et al. [54]; CCT, computerised cognitive training
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of pharmacological or non-pharmacological RCT inter-
ventions in improving global cognition among patients 
with MCI. Despite the diversity of interventions, only 
cognition-based interventions (MD = 0.80, 95% CI [0.04, 
1.57]), physical exercise (MD = 1.92, 95% CI [1.19, 2.64]), 
combined physical exercise and cognition-based inter-
vention (MD = 1.86, 95% CI [0.60, 3.12]), and antioxi-
dants (MD = 0.94, 95% CI [0.04, 1.83]) had positive effects 
on global cognition measured with the MMSE in partici-
pants with MCI. This finding was taken into account in 
the analysis in so far as several lifestyle factors—includ-
ing cognitive, physical, and social activities, which could 
moderate the effect of the training—were included in the 
ANCOVA as covariates.

In the treatment of MCI, a fundamental distinction 
must be made between pharmacological and non-phar-
macological therapeutic approaches. The standardised 
mean difference for the six-month treatment with the 
iCCT compared with the bCCT was 0.41. For the mono-
clonal antibodies lecanemab and donanemab—approved 
in the US—this value was 0.19 and 0.24 respectively, 
across a treatment period of 18 months compared with a 
placebo [73].

According to the systematic review by Contreras-
Somoza et al. [22], people with MCI can carry out CCT, 
and most of them provide positive evaluations of the 
application. The results with regard to user experience 
with the CCTs we developed showed that elderly peo-
ple with MCI were able to use CCT and were satisfied 
with the application, which was crucial for carrying out 
the intervention. The participants rated the iCCT and 
the bCCT with rates that were above average in two of 
three usability scales: perspicuity and dependability. In 
efficiency, the rates were higher for the iCCT in com-
parison to the bCCT. However, the differences were small 
enough, so that no significant or relevant difference in the 
intensity of use could be observed. The study participants 
rated the attractiveness and hedonic quality of the iCCT 
higher than the bCCT. Such perceptions could influence 
motivation for long-term use. Given that the attractive-
ness and stimulation of the iCCT received good ratings, 
and novelty was rated as above average, we assume that 
the IG study participants will continue to use the cogni-
tive training for longer time periods than the CG partici-
pants will continue to use bCCT. Future studies should 
test this hypothesis.

Strengths and limitations
Several methodological strengths and limitations were 
identified. Because the study was conducted remotely, the 
participants were able to participate regardless of their 
mobility or their place of residence. However, the need 
for computers meant that people with a higher level of 

education were more likely to be targeted and included. 
Although the self-assessment of cognitive decline was 
used in the definition of MCI, we did not have a proxy 
rating that could be applied for a detailed verification of 
the MCI diagnosis. Furthermore, no individual normative 
scores that were adjusted for age, gender, or education 
were used in the psychometric assessment of MCI. As 
a result, some MCI cases among the people with higher 
education were not included in the study, but it cannot be 
completely ruled out that some of the more highly edu-
cated study participants already had mild dementia. The 
validity of the main analysis is enhanced by the elaborate 
evaluation design, which considered several lifestyle fac-
tors as potential moderators of the primary outcome of 
global cognition. Due to the COVID-19-related contact 
restrictions and the absence of validated remote test bat-
teries, detailed psychometric performance tests could 
not be used. In this situation, no clinical data supporting 
the diagnosis (i.e. no biomarkers) were assessed. In addi-
tion, the psychometric assessment of MCI was carried 
out using screening procedures. However, the testing of 
the primary outcome and the other data could be com-
pletely blinded as part of the remote testing by trained 
student assistants. The external validity of the results was 
supported by the fact that the study participants were 
able to decide completely by themselves when to carry 
out the therapy thanks to the independent and autono-
mous implementation of the training programme. On the 
other hand, the associated unguided implementation of 
the CCT meant that no direct measures could be taken 
to ensure adherence (e.g. as compared with training in 
a rehabilitation clinic). The fact that the CCT was used 
regularly and for a long time indicates the good experi-
ence users had with the application. Furthermore, the 
results are limited due to the comparatively high educa-
tional level of the participants and the small sample size. 
Thus, the results should be replicated in future studies 
using a larger sample, in which an attempt should also 
be undertaken to reach people with a lower educational 
level. Finally, it must be taken into account that—due to 
the study design with an active control group—no com-
parison with the spontaneous, untreated course of MCI 
was possible.

Conclusions
This study showed that by using a multi-tasking CCT 
three times a week for 30  min per session, people with 
MCI living at home show a significant increase in their 
cognitive abilities within 6 months. For this reason, digi-
tal cognitive training can be used for the secondary pre-
vention of further deterioration in cognitive abilities in 
MCI as early as possible and due to its uncomplicated 
application at home it should reach as many people as 
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possible. This training should be easy to use and designed 
to be diversified, playful, and with many different exer-
cises at different levels of difficulty in order to minimise 
boredom during prolonged use and to improve user sat-
isfaction. ML should be integrated in order to optimise 
the effect size and the satisfaction of the users by indi-
vidualising the difficulty levels of the individual exercises.
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