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Computerized cognitive training for memory functions in mild
cognitive impairment or dementia: a systematic review and

meta-analysis

Aaron T. C. Chan

', Roy T. F. Ip", Joshua Y. S. Tran@®', Joyce Y. C. Chan' and Kelvin K. F. Tsoi ®'**™

Dementia is a common medical condition in the ageing population, and cognitive intervention is a non-pharmacologic strategy to
improve cognitive functions. This meta-analysis evaluated the benefits of computerized cognitive training (CCT) on memory
functions in individuals with MCI or dementia. The study was registered prospectively with PROSPERO under CRD42022363715 and
received no funding. The search was conducted on MEDLINE, Embase, and PsycINFO on Sept 19, 2022, and Google Scholar on May
9, 2023, to identify randomized controlled trials that examined the effects of CCT on memory outcomes in individuals with MCI or
dementia. Mean differences and standard deviations of neuropsychological assessment scores were extracted to derive
standardized mean differences. Our search identified 10,678 studies, of which 35 studies were included. Among 1489 participants
with MCI, CCT showed improvements in verbal memory (SMD (95%Cl) = 0.55 (0.35-0.74)), visual memory (0.36 (0.12-0.60)), and
working memory (0.37 (0.10-0.64)). Supervised CCT showed improvements in verbal memory (0.72 (0.45-0.98)), visual memory
(0.51 (0.22-0.79)), and working memory (0.33 (0.01-0.66)). Unsupervised CCT showed improvement in verbal memory (0.21
(0.04-0.38)) only. Among 371 participants with dementia, CCT showed improvement in verbal memory (0.64 (0.02-1.27)) only.
Inconsistency due to heterogeneity (as indicated by I? values) is observed, which reduces our confidence in MCl outcomes to a
moderate level and dementia outcomes to a low level. The results suggest that CCT is efficacious on various memory domains in
individuals with MCI. Although the supervised approach showed greater effects, the unsupervised approach can improve verbal

memory while allowing users to receive CCT at home without engaging as many healthcare resources.
npj Digital Medicine (2024)7:1; https://doi.org/10.1038/s41746-023-00987-5

INTRODUCTION

Dementia is a common medical condition among the elderly in
which the symptoms of cognitive impairment significantly affect
social functioning and daily living'. While Alzheimer's Disease (AD)
is the most common type of dementia, other underlying etiologies
can also cause dementia and mild cognitive impairment (MCI).
These include vascular brain injury resulting from strokes or
microvascular infarcts, the accumulation of Lewy bodies in the
brain, and other clinical diseases like Parkinson’s Disease?>. It was
estimated that 57.4 million people were living with dementia in
2019 and the number will reach 152.8 million by 20502 The
prevalence of dementia was estimated to be around 5-7% in the
ageing population3. According to the World Health Organization,
the estimated global cost of dementia was US $1.3 trillion in 2019,
and it is the seventh leading cause of death worldwide®*.
Meanwhile, MCl is a prodromal stage in which individuals suffer
from cognitive impairment but remain capable of maintaining
instrumental activities of daily living>®. The prevalence of MCl in
the general population also increases with age, ranging from 6.7%
in individuals aged 60-64 to as much as 25.2% in individuals aged
80 or above®. It was estimated that in the individuals aged 60
years or older, those with MCl were twice as likely than those with
normal cognition to have cerebral amyloid-f aggregation, which is
a key indicator of AD pathology’.

Memory deficit is one of the most observable and common
symptoms among individuals with MCl or early dementia that
disturbs the quality of life. An epidemiologic study suggested that

the prevalence of amnestic MCl in the elderly population was
more than double compared to the non-amnestic type®. Memory
deficit is also considered to be the clinical hallmark of AD*> and
individuals with AD often show deficits in episodic memory at very
early stages of the disease®. Individuals with amnestic MCl have
been found to have a significantly higher risk of AD and amyloid-f3
aggregation compared to those with the non-amnestic type’. The
elderly with subjective memory complaints (SMC) are shown to
have a higher risk of dementia than the individuals without SMC®.
Memory decline is also found among the elderly to be
independently associated with the ability to carry out instrumental
activities of daily living'"'2,

Cognitive intervention is generally regarded as an effective non-
pharmacologic strategy to mitigate risks in neurodegeneration.
The 2018 American Academy of Neurology guideline posits that
cognitive intervention may be effective in improving cognitive
function that clinicians may recommend it to people with MCP.
The underlying mechanism is proposedly through the enhance-
ment of cognitive reserve, which improves resilience against
neurodegeneration'®. In addition, MRI-based studies found that
cognitive training changed the resting brain state by improving
cerebral blood flow, connectivity in brain networks and white
matter integrity in healthy seniors, suggesting one of the benefits
of cognitive training is induced through enhancing neuroplasti-
city'®. Non-pharmacologic management for MCl is important as
currently there is no disease-modifying treatment or FDA-
approved medications for MCI>'®, Conventionally, cognitive
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interventions for MCl were delivered in a face-to-face, paper-and-
pencil setting by trained professionals, but nowadays cognitive
interventions are also available in computerized versions. Compu-
terized cognitive training (CCT) can be more easily incorporated
with technological features, such as adaptive difficulties according
to real-time performance to keep the tasks engaging and
challenging. Immersive virtual reality (VR) and internet connectiv-
ity can also be incorporated into the training regime which
enriches the experience beyond the traditional boundary in the
paper-and-pencil setting. Compared to traditional paper-and-
pencil cognitive training, the administration of CCT is guided
through a computerized process, reducing the workload and skills
required of the trainers.

Although CCT processes are computerized, most CCT interven-
tions are designed to be administered under the face-to-face
supervision of a trained professional, such as a clinician or a
therapist, to ensure adherence and respond to technical
difficulties. By contrast, unsupervised CCT fully utilizes the
automation element and allows the subjects to administer the
CCT at home by themselves or caregivers without real-time
supervision by professionals, so it saves healthcare resources.
Despite the significance of unsupervised CCT, none of the
previous meta-analyses on CCT'%'7 has reported the difference
in efficacies between supervised CCT and unsupervised CCT in
people with MCl or dementia. Therefore, this study aims to (1)
review the latest studies on CCT, (2) provide an updated
assessment of its benefits on memory function in people with

MCI or dementia, and (3) compare the effectiveness of unsuper-
vised and supervised CCT.

RESULTS
Study selection

A total of 10,678 literature records were identified from the
databases. After removal of duplicate records, titles and abstracts
screening was conducted on 9711 records. Full-text screening for
eligibility assessment was conducted on 229 records and finally 35
articles were included in this systematic review (Fig. 1). Seven
articles included participants with dementia only and 26 articles
included participants with MCl only. Two articles reported data on
the participants with MCI and those with dementia separately, so
each of these two articles was separated into two comparisons
(i.e., MCl and dementia respectively) for analysis'®'®, As a result,
28 studies with 1489 participants with MCl and 9 studies with 371
participants with dementia were included.

Characteristics of studies

Among the 35 eligible studies with 37 comparisons for the
interventions of CCT, nine of the studies used home-based,
unsupervised CCT while the remaining 26 studies used supervised
CCT (Table 1). The sample sizes of individual studies ranged from
13 to 141 participants with mean ages between 44 and 81 years.
Baseline cognitive assessment scores among the participants
ranged from 164 to 26.2 (MoCA) and 16.1 to 28.1 (MMSE), so

10678 record identified

2179 from PubMed
200 from Google Scholar
45 from other sources

8254 from Ovid (Medline, Embase and PsycINFO)

4’| 967 duplicate records removed

9711 records screened

v

9482 records excluded

7838 non-RCT

1049 ineligible interventions (not CCT)
211 ineligible outcomes

384 ineligible participants

229 articles sought for full-text
screening

63 records not retrieved

54 conference abstracts
9 full texts not retrievable

\4

166 full texts assessed for eligibility

v

131 records excluded

9 non-English articles

12 ineligible interventions (not CCT)
84 ineligible outcomes

16 without eligible control groups

10 ineligible participants

review and meta-analysis

35 articles included in systematic

Fig. 1 PRISMA flow diagram of included studies.
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Table 2. Main outcomes on Computerized Cognitive Training (CCT).

Verbal Episodic

Visual Episodic

Working Memory

no. of Study SMD (95%Cl) no. of Study SMD (95%Cl) no. of Study SMD (95%Cl)
Mcl
- Supervised CCT 15 0.72 (0.45-0.98) 0.51 (0.22-0.79) 12 0.33 (0.01-0.66)
- Unsupervised CCT 7 0.21 (0.04-0.38) 3 0.05 (—0.20-0.31) 5 0.49 (—0.09-1.06)
Overall 22 0.55 (0.35-0.74) 1M 0.36 (0.12-0.60) 17 0.37 (0.10-0.64)
Dementia 0.64 (0.02-1.27) 2 0.36 (—0.24-0.95) 6 0.24 (—0.28-0.76)
-without two outliers 7 0.23 (—0.02-0.49)

CCT computerized cognitive training, C/ confidence interval, MC/ mild cognitive impairment, SMD standardized mean difference.
The effect sizes with statistical significance (at 95% confidence level) are highlighted in bold.

participants were mainly in the early stage of dementia or MCI.
Nine of the 35 studies were at high risk of bias and the remaining
26 studies either raised some concerns or were at low risk of bias
(Supplementary Table 1). Studies delivered CCT via different
devices, including traditional desktop computers (74.3%), touch-
screen computers or tablets (20%), and computers equipped with
immersive virtual reality (VR) functions (5.7%). The intensity of CCT
training was mainly one to two hours per week. The duration of
training ranged from two weeks to six months. Amongst the
studies that have reported adherence data, the completion rates
ranged between 64.1% and 100%. Nine out of 11 studies on
supervised CCT and two out of nine studies on unsupervised CCT
reported 100% of training completion. A detailed summary of
adherence data can be found in Supplementary Fig. 1.

Effects of CCT on MCI outcomes

Overall, 1489 participants with MCI from 28 studies compared CCT
for verbal episodic memory (78.5%), visual episodic memory
(39.2%), and working memory (60.7%). CCT overall showed
significant improvements in verbal episodic memory (SMD (95%
Cl) =0.55 (0.35-0.74)), visual episodic memory (0.36 (0.12-0.60)),
and working memory (0.37 (0.10-0.64)) (Table 2).

Nineteen of these studies, with 913 participants with MCl, used
supervised CCT, and they were evaluated for verbal episodic
memory (78.9%), visual episodic memory (42.1%), and working
memory (63.2%). Supervised CCT showed significant improve-
ments in verbal episodic memory (SMD (95%Cl)=0.72
(0.45-0.98)), visual episodic memory (0.51 (0.22-0.79)), and work-
ing memory (0.33 (0.01-0.66)) (Fig. 2).

The remaining nine studies, with 576 participants with MC|,
used unsupervised CCT and they were evaluated for verbal
episodic memory (77.8%), visual episodic memory (33.3%), and
working memory (55.6%). Unsupervised CCT showed marginally
improved verbal episodic memory (0.21 (0.04-0.38)), but not visual
episodic memory, and working memory (Fig. 3).

Subgroup analyses on MCl outcomes

A subgroup analysis was conducted on various durations of
training time. Comparing the CCT training time for the participants
with MCI, 12 studies provided CCT training for 4-18h, eight
studies provided CCT training of 19-36 h, six studies provided CCT
training of >36 h and two studies did not report a total training
time (Supplementary Table 2). In verbal episodic memory, CCT
showed significant improvement for total training time of 4-18 h
(0.40 (0.14-0.65)), 19-36 h (0.63 (0.33-0.93)) and more than 36 h
(0.57 (0.04-1.10)). In visual episodic memory, CCT only showed
significant improvement for a total training time of more than 36 h
(0.41 (0.04-0.78)), but not for a total training time of 4-18 or
19-36 h. In working memory, CCT did not show significant
improvement in each training time subgroup.

Published in partnership with Seoul National University Bundang Hospital

Another subgroup analysis was conducted to compare active-
controlled studies with passive-controlled studies. Fourteen
studies used active control, such as unstructured computer
activities or paper-and-pencil cognitive activities, and the other
fourteen studies offered usual care (Supplementary Table 3). In
verbal episodic memory, studies that used usual care as control
showed stronger benefits from CCT than those using active
control (0.67 (0.33-1.01) vs 0.39 (0.20-0.58)). Otherwise, no
systematic difference was observed in the visual episodic memory
and working memory across different control groups.

Effects of CCT on dementia outcomes

Among 371 participants with dementia, CCT only showed
significant improvements in verbal episodic memory (0.64
(0.02-1.27)), but not visual episodic memory, and working
memory (Table 2).

Risk of bias and publication bias

Nine of the 35 studies were at high risk of bias and the remaining
26 studies either raised some concerns or were at a low risk of bias
(Supplementary Table 1). Sensitivity analyses were conducted by
removing the studies with a high risk of bias in each meta-analysis
that had given significant results. After the removal of these high-
risk-of-bias studies, all significant results retained significance
except for the CCT’s effect on Verbal Memory in Dementia, of
which the effect size shifted considerably from 0.64 (0.02-1.27) to
0.89 (—0.55-2.32) and became insignificant. Two outcomes
(Overall CCT's Effects on Verbal Memory in MCl and Supervised
CCT's Effects on Verbal Memory in MCl) were found to display
asymmetries in funnel plots, but their effect estimates remained
significant after trim-and-fill adjustments (Supplementary Table 4).

GRADE assessment

Based on the GRADE assessment on each significant effect
estimate, this study concludes that: (1) the overall CCT and
supervised CCT confer benefits on verbal, visual and working
memory in people with MCI, at moderate certainty; (2) the
unsupervised CCT confers benefits on verbal memory in people
with MCI, at moderate certainty; and (3) the overall CCT confers
benefits on verbal memory in people with dementia, at low
certainty. The downgrading of certainty for both MCl and
dementia outcomes was due to serious inconsistency as indicated
by the high I? values observed. The certainty for the dementia
outcome was further downgraded due to the serious risk of bias,
as more than half of the included dementia studies were at high
risk of bias.
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CCT Non-CCT Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Verbal Episodic Memory
Herrera 2012 1.05 0.745 11 -035 1.038 1" 43% ——— 1.49(0.52, 2.46)
Tarmnanas 2014 28 1.024 32 02 1.742 34 70% S—— 1.78[1.21,2.36)
Fiatarone 2014 091 3.208 24 -042 3156 27 7.2% e — 0.410.14,0.97)
Finn 2015 092 1.092 12 -017 13 12 50% 0.88(0.03,1.72)
Barban 2016 09 235 46 0.3 2356 60 86% p— 0.2510.13,0.64)
Gooding 2016 8.71 1767 31 225 1385 20 71% T 0.39-0.18,0.96)
Hagovska 2017 1.66 3.008 30 1.78 7596 30 76% —— -0.02[-0.53,0.49)
Poptsi 2019 186 2773 14 -0.02 2243 18 58% 0.74 [0.01,1.46)
Yang 2019 273 4176 33 116 4.402 33 78% T 0.36-0.13,0.85)
Bernini 2019 1.43 1857 17 -062 1399 18 58% 1.22(0.49, 1.95)
Kang 2021 0.76 0.946 23 046 0654 18 66% 0.35(0.27,0.98)
Nousia 2021 1.24 1531 25 -0.76 1.344 21 65.4% e — 1.36(0.71, 2.01)
Park 2022 089 1.03 28 01 142 28 7.3% — 063(0.09,1.17)
Yeh 2022 163 244 18 -0.28 1937 18 61% 0.85(0.16,1.53)
Wu 2023 137 227 27 0.3 22 26 7.2% e 0.74(0.18,1.30)
Subtotal (95% CI) 3n 374 100.0% L 3 0.72 [0.45, 0.98)

Heterogeneity. Tau*= 0.17, Chi* = 40.02, df= 14 (P = 0.0003), F = 65%
Testfor overall effect Z= 5.37 (P < 0.00001)

Visual Memory

Herrera 2012 036 3.297 11 163 2729 1" 7.8% R p——— 063[0.23,1.49)
Fiatarone 2014 -01 1152 24 -1.05 1162 27 13.0% —— 0.81(0.23,1.38)
Tamanas 2014 47 6.262 32 24 3613 34 152% T 0.45-0.04,0.94)
Gooding 2016 006 13.21 31 -31 349 20 13.2% T 0.29-0.27,0.86)
Savulich 2017 371 292 21 -019 3152 21 11.0% — 1.26 [0.59, 1.93)
Yang 2019 2 3323 33 215 3422 33 154% B -0.04 [-0.53,0.44)
Bernini 2019 237 36 17 168 4187 18 11.0% —— 017 [-0.49,0.84)
Wu 2023 422 605 27 042 439 26 13.4% S—— 0.71(0.15, 1.26)
Subtotal (95% CI) 196 190 100.0% E 0.51[0.22,0.79)

Heterogeneity: Tau*= 0.08, Chi*=13.03,df=7 (P=0.07), F= 46%
Testfor overall effect Z= 3.49 (P = 0.0005)

Subtotal (95% ClI) 247 240 100.0%
Heterogeneity: Tau*= 0.21, Chi*= 32,92, df= 11 (P = 0.0005), P=67%
Testfor overall effect Z=2.01 (P=0.04)

0.33 [0.01, 0.66)

Working Memory

Herrera 2012 046 0666 11 -018 0554 1" 6.5% 1.01[0.11,1.90)
Tarmnanas 2014 16 084 32 06 0965 38 97% — 1.09[0.57,1.61)
Finn 2015 241 2823 12 058 4177 12 71% - 0500.32,1.31)
Hyer 2016 1.27 2008 34 053 1853 34 100% ™ 0.38-0.10,0.86)
Yang 2019 1.09 1867 33 -064 1454 33 97% —— 1.02[0.51,1.54)
Bernini 2019 019 0427 17 -002 0619 18 83% - 0.38-0.29,1.05)
Poptsi 2019 072 135 14 -018 133 18 80% I -0.391.10,0.31)
Park 2020 0 1.052 10 0 092 1" 6.8% I a— 0.00 [-0.86, 0.86)
Kang 2021 -013 0778 23 023 0723 18 87% =T -0.47 [-1.09,0.16)
Bernini 2021 017 0869 18 -0.13 0657 12 7.7% - 043[0.31,117)
Nousia 2021 012 1.276 25 -024 0818 21 9.1% - 0.320.26,0.91)
Yeh 2022 -0.53 2568 18 039 1.864 18 84% —'—"" -0.40 [-1.06, 0.26)

2 1 0 1 2
Favours Control Favours CCT

Fig.2 CCT (Supervised) on memory performance in individuals with MCI. CCT computerized cognitive training, Cl confidence interval, MCl
mild cognitive impairment, SD standard deviation.

DISCUSSION

This meta-analysis demonstrates that both supervised and
unsupervised CCT improve different types of memory domains
among individuals with MCl. Memory deficit is a prevalent
complaint and is independently associated with a decline in
quality of life, therefore, many cognitive interventions have
incorporated training components of verbal, visual, and working
memory. Although the supervised approach of computerized
cognitive training showed the greatest benefits, the unsupervised
approach can also improve verbal memory while allowing users to

npj Digital Medicine (2024) 1

receive CCT at home without engagement of the healthcare
professionals.

The efficacies of CCT found on different memory domains are
mostly consistent with previous reports'®'” and demonstrate that
CCT is a viable non-pharmacological intervention for people with
MCl in improving memory performance. A previous meta-analysis
by Hill et al'®. reported similar findings that CCT was effective in
improving working memory and verbal memory but did not
detect a significant effect size in visual/ non-verbal memory as in
our study. Such a discrepancy in visual memory is likely due to our
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CCT Non-CCT Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
Verbal Episodic Memory
Barnes 2009 04 1208 22 -013 0855 25 88% T 0.50 [-0.08, 1.09)
Han 2017 112 1.56 43 036 1.56 42 159% [—— 0.48 [0.05,0.91)
Tang 2019 1996 4.249 30 0428 5392 30 11.5% T 0.32[-0.19,0.83)
Li 2019 001 1.036 7 011 1012 63 26.6% —.r -0.10[-0.43,0.29)
Manenti 2020 03 2192 18 -03 2129 17 6.8% T 0.27 [(0.40,0.94)
Callisaya 2021 03 2592 44 -03 2216 33 145% === 0.24 -0.21,0.70)
van Balkom 2022 1.884 2929 43 15 2136 40 16.0% == 0.15[-0.28, 0.58)
Subtotal (95% CI) 278 250 100.0% * 0.21 [0.04, 0.38]
Heterogeneity: Tau*= 0.00, Chi*=6.10,df=6 (P=0.41), F= 2%
Test for overall effect: Z= 2.36 (P = 0.02)
Visual Memory
Finn 2011 45 21158 8 6.75 47.78 8 68% B -0.06 [-1.04,0.92)
Li 2019 034 0924 78 019 1114 63 587% 0.15[-0.19,0.48]
van Balkom 2022 -0.651 5.802 43 -0.205 318 39 345% -0.09[-0.53,0.34)
Subtotal (95% CI) 129 110 100.0% 0.05 [-0.20, 0.31])
Heterogeneity: Tau*= 0.00; Chi*= 0.79, df= 2 (P=0.67), F=0%
Test for overall effect: Z=0.39 (P = 0.70)
Working Memory
Barnes 2009 053 1.208 22 -032 0689 25 21.9% ——— 0.86 [0.26, 1.47)
Finn 2011 7 11188 8 6.8 16638 8 15.7% —_—— 0.01 [-0.97,0.99)
Lin 2016 069 0488 10 -032 0498 11 143% S—— 1.97 [0.88, 3.05)
Tang 2019 0.078 2298 30 -0096 1.863 30 235% . 0.08 [-0.42,0.59)
van Balkom 2022 0.047 1.447 43 0075 1403 40 247% . -0.02 [-0.45,0.41)
Subtotal (95% CI) 113 114 100.0% <l 0.49 [-0.09, 1.06])
Heterogeneity: Tau*= 0.30; Chi*= 15.66, df= 4 (P = 0.004), F=74%
Test for overall effect: Z=1.65 (P=0.10)

2 1 0 1 2
Favours Control Favours CCT

Fig. 3 CCT (Unsupervised) on memory performance in individuals with MCl. CCT computerized cognitive training, Cl confidence interval,

MCI mild cognitive impairment, SD standard deviation.

updated inclusion of six additional studies (which accounts for half
of our 11 included studies for visual memory) published from 2017
to 2023 after Hill et al.'s publication and the exclusion of one study
due to the non-English main text. Our results are also consistent
with another meta-analysis' which demonstrated that CCT
improves overall memory and working memory.

Also, our meta-analysis showed that CCT confers a benefit in
people with dementia on verbal episodic memory, but not on
visual and working memory. Several previous studies'®?%2! have
reported cognitive training in general, computerized or not, was
not efficacious in improving cognitive functions in dementia
cohorts. In this meta-analysis, the positive efficacy on verbal
memory in people with dementia was mainly driven by two
recently published studies?*?® that found substantial improve-
ments in memory function with supervised CCT and they recruited
only participants with early stage AD. Hence, the positive efficacy
detected in our meta-analysis can be attributed to the lower
severity of dementia which may make them more responsive to
cognitive training. Meanwhile, we note that more than half of the
included studies on participants with dementia were at high risk
of bias. We therefore recommend more clinical studies to be
conducted to ascertain further the benefits of CCT among those
diagnosed with dementia, especially those at the early stage.

Our meta-analysis reports the difference in efficacies between
supervised and unsupervised CCTs in individuals with MCL. In
different memory domains, supervised CCT demonstrated super-
ior efficacies than unsupervised CCT. Such differences can be
attributed to the face-to-face supervision results in better
adherence, fewer distractions, and socializing opportunities for
the participants. Notably, unsupervised CCT is only efficacious in
improving verbal episodic memory, but not working or visual
memory. Similarly, the effect sizes detected on verbal episodic

Published in partnership with Seoul National University Bundang Hospital

memory are consistently greater than those detected in visual
memory and working memory in both MCl and dementia cohorts
in our meta-analyses. The better performance of verbal episodic
memory observed in trained participants across various subgroups
is consistent with several previous meta-analyses on general
cognitive training in individuals with MCl, which also reported
larger effect sizes in episodic memory than in working memory or
nonverbal memory?#25,

Different subgroup analyses were performed to further
investigate the potential confounding factors on the conclusions.
Some previous literature?®?” suggested that the benefits of CCT
might be limited to passive-controlled trials only. A more recent
meta-analysis'® also reported that active-and passive-controlled
trials gave comparable effect size estimates for CCT in MCI cohorts.
Our results showed a greater effect in the passive-controlled trials
than that in the active-controlled trials on verbal episodic memory,
but no significant difference between the two types of controls on
visual memory and working memory (Supplementary Table 3).

Nowadays, we have more well-proven cognitive assessment
tools to screen for dementia and MCI?® and these screening tools
are becoming increasingly accessible to the general public in
different communities. With no pharmacological intervention for
people with MCI, physicians would generally recommend regular
exercise and cognitive training as the main part of a non-
pharmacologic management strategy®. Traditionally, the main-
stream cognitive training methods, including the computerized
versions, are conducted under supervision by healthcare workers,
but such a supervised approach is often resource-intensive. When
more cases of cognitive impairment are identified due to the
increasing accessibility of cognitive screening, the scarcity is even
more exacerbated. Moreover, related healthcare manpower and
resources are often wasted as the training is inappropriately
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matched with the population with different levels of cognitive
impairment. Therefore, unsupervised or self-administered training,
which is empowered by computerization and artificial intelligence,
is an attractive option for broader implementation without
requiring as many professional resources. In fact, experts have
always been exploring whether unsupervised interventions can be
as effective as supervised interventions. For example, a previous
meta-analysis has found that unsupervised music therapy is more
effective than interactive, supervised music therapy in relieving
behavioral and psychological symptoms of people with demen-
tia?®. Our findings support supervised CCT as the preferred
method to deliver the intervention as the effect sizes in verbal
memory, visual memory and working memory are all significant
and greater than those detected in unsupervised CCT. None-
theless, despite showing greater benefits, supervised CCT requires
both centralized facilities and trained professionals to deliver the
intervention, which is not scalable due to resource limitations.
Nowadays, it is easier to access both digital devices and internet
connectivity, which helps to decentralize the implementation of
CCT without face-to-face supervision. Hence, unsupervised CCT
should be considered as a valuable alternative for broader
implementation as it demonstrates benefit in improving verbal
memory and it can be recommended to individuals with MCl who
are waiting to be matched with supervised CCT resources.

This meta-analysis, conducted with stringent inclusion criteria
and a reasonable sample size, demonstrates the efficacy of both
supervised and unsupervised CCT on memory performance in
people with MCl or at the early stage of dementia. There are still
some limitations. First, studies only analyzed the immediate post-
intervention effects of CCT and the short-term benefits of memory
function with CCT were demonstrated in our analysis. Ongoing
support for people with early symptoms of dementia is important.
For long-term care, an unsupervised CCT with a lower manpower
requirement should be promoted. Future studies should further
explore the long-term benefits of CCT which may slow down the
progression of MCl into dementia. Second, heterogeneity is
observed across the included studies in all three memory domains
in MCJ, as reflected by the high I? values. One of the main reasons
may be the diversity of CCT interventions with different CCT
designs, training durations and training frequencies. Such clinical
heterogeneity cannot be eliminated, so random-effect models
were used in the analysis to combine the evidence. Third, some
eligible studies recruited both participants with MCl and
participants with dementia and reported their results as a mixed
cohort. Our exclusion of these mixed cohort studies would reduce
the overall sample size of this meta-analysis, but it enhanced the
similarity among the eligible studies. It also aligned with the
primary focus of research that we aimed to study the benefits of
CCT on individuals with MCl and those with dementia separately.
Furthermore, training adherence is a potential limitation for the
clinical application of CCT. None of the studies among the
unsupervised CCTs reported poor compliance or low completion
rates. Two studies even showed 100% completion rates with
unsupervised CCT. Such a good adherence may be attributed to
other remote supports, such as reminder messages to the
participants or their family members. These confounding factors
could not be totally adjusted, but it also highlights the importance
of engagement strategies to enhance training adherence for
unsupervised CCT. Finally, the potential publication bias always
exists in systematic reviews, as unpublished studies can never be
totally found in the literature search. To address potential
publication bias, funnel plots’ asymmetries were assessed by
Egger's Test and the two detected asymmetric funnel plots were
adjusted by Trim-and-fill methods. Both trim-and-fill adjusted
effect size estimates remained statistically significant, despite
slight reduction in magnitudes (Supplementary Table 4).

In this meta-analysis, CCT demonstrates improvements of
memory functions in individuals with MCI; the benefit of

npj Digital Medicine (2024) 1

unsupervised CCT for verbal memory function is also proven.
Although CCT also showed benefits on verbal memory function in
individuals with dementia, such results should be interpreted
carefully because a high risk of bias is observed among the
dementia studies. As the majority of the existing studies have
focused on supervised CCT, future research directions should
focus more on the effects of unsupervised CCT and investigate its
potential in incorporating advanced technologies and artificial
intelligence into self-administered cognitive training.

METHODS

This systematic review and meta-analysis adheres to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) guidelines®® and was registered with PROSPERO under
CRD42022363715 prospectively.

Literature search

A literature search was performed in the electronic databases of
MEDLINE, Embase and PsycINFO from inception to Sept 19, 2022,
with keywords related to dementia/ MCl and CCT, including MCl,
dementia, Alzheimer, computerized cognitive training, digital
cognitive training, and web-based cognitive training (Supplemen-
tary Fig. 2). A supplementary search was conducted on Google
Scholar on May 9, 2023 by the same keywords, in which the first
10 pages of all search records were screened. Inclusion criteria
were: (1) participants were with MCl or dementia, either with
diagnosis by clinicians or an established diagnostic criteria, such as
the Petersen criterion®', the report of International Working Group
on MCI*?, the Clinical Dementia Rating scale®3, the National
Institute of Neurological and Communicative Disorders and Stroke
and the AD and Related Disorders Association®*, and The
Diagnostic and Statistical Manual of Mental Disorders (DSM)*>;
(2) CCT interventions were used, with a structured training
program of tasks to be completed by the participants through a
computer or digital interface with an explicit goal to improve
cognitive performance; (3) there was a non-CCT control group for
comparison, examples of which include usual care, paper-and-
pencil cognitive training, physical exercise, or unstructured
cognitive activities (such as newspaper reading); (4) neuropsycho-
logical assessment scores of at least one memory domain from
verbal episodic memory, visual memory and working memory
were collected at baseline and immediately after the intervention
period; and (5) only randomized controlled trials (RCT) were
included. Exclusion criteria were: (1) Intervention programs that
combined CCT with other types of non-CCT interventions in a
multi-component fashion were excluded if the CCT component
contributed less than 50% of the total training time; (2)
Exergaming interventions, that incorporated aerobic exercise or
vigorous physical activities into video games, were excluded; (3)
Studies that specifically recruited people with concurrent mental
disorders, brain injuries or AIDS were excluded; and (4) Studies
published in languages other than English were also excluded.

Data extraction

All study records from the literature search were independently
screened by two reviewers (A.T.C.C. and J.Y.S.T.). The demographic
details of individual trials as summarized in Table 1, including the
year of publication, number of participants, mean age, gender
distribution, types of interventions and control groups, were also
extracted into a standardized Excel form. The outcomes were
extracted and categorized into one of the three domains: (1)
verbal episodic memory, (2) visual memory and (3) working
memory by an established neuropsychological categorization
method*® (Supplementary Table 5). Discrepancy records were
resolved by the third reviewer (J.Y.C.C)).
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Interventions and outcome

CCT were classified into supervised and unsupervised subgroups.
Supervised CCT is the traditional approach to administer CCT that
requires supervision or the presence of trained healthcare
professionals, such as occupational therapists or psychologists. It
is usually conducted at scheduled time slots with centralized
equipment in clinics or health centers. Unsupervised CCT is an
emerging approach of self-administered CCT without real-time
supervision or the presence of trained healthcare professionals or
specialists. The training can be conducted with the users’ own
computers or tablets at home or dwelling places without any time
constraints. The benefits of CCT were separately evaluated on
participants with MCl and those diagnosed with dementia. For the
studies with a mixed cohort that included both types of
participants, we sent emails to the primary authors to see if the
data for the two types of participants could be separately
retrieved and provided. Memory functions in the neuropsycholo-
gical assessment scores were the main outcomes of this study.
When a study reported multiple outcomes within the same
memory domain, only one was selected in the ultimate analysis
according to a pre-established priority list (Supplementary Fig. 3).

Statistical analysis

Mean differences and standard deviations of the neuropsycholo-
gical assessment scores on memory domain were extracted from
each study. In consideration of the variation across different
assessment scales, the standardized mean differences (SMD) were
used in the meta-analysis. The heterogeneity was also assessed by
I* to reflect the extent to which the variation across studies was
mainly due to heterogeneity instead of random sampling error. As
various CCT interventions were independently developed with
different delivery methods and processes, the random-effects
model was applied in the meta-analysis regardless of the
significance of the heterogeneity levels. Review Manager (Version
5.4.1) was used to perform these meta-analyses to pool the SMDs
from the CCT and control arms to estimate the effect size of CCT
(with 95% Confidence Intervals). Egger's Test of Intercepts and
Trim-and-fill assessments were conducted in R version 4.2.2 by
using the dmetar package®’.

Quality assessment

The GRADE method was used to assess the certainty of evidence
based on five domains: risk of bias, imprecision, inconsistency,
indirectness, and publication bias®®. The certainty could be
downgraded or upgraded depending on the quality assessment
in each five domains. The resulting certainty of each finding could
be “Very low”, “Low”, “Moderate” or “High”. Risk of bias was
assessed according to Cochrane Collaboration’s Risk of Bias 2
tool®® guidelines in five domains: randomization process, devia-
tions from intended interventions, missing outcome data,
measurement of the outcome and selection of the reported
result. If any domain was assessed to be at high risk, then the
overall assessment of the study would be at “High Risk”. If any
domain was assessed to raise some concerns but none of the
other domains was at high risk, then the overall assessment would
be “Some Concerns”. If all of the domains were rated at low risk,
then the overall rating would be “Low Risk”. Publication bias was
assessed by inspecting the asymmetry in funnel plots. For funnel
plots that consisted of ten or more studies, asymmetry was further
tested by Egger's Test**!. When significant asymmetry was
detected by Egger’s Test, the Trim-and-fill technique would be
used to adjust for the potential effect of publication bias*>.
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Data collected and used in this meta-analysis can be requested from the
corresponding author.
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