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A B S T R A C T   

Cognitive impairment is a central non-motor symptom of Parkinson’s disease (PD), and there are no established 
treatments. Computerized cognitive training (CCT) is a safe and efficacious strategy but its efficacy in PD is 
unclear. We aimed to investigate the efficacy of CCT on cognitive, psychosocial and daily function, and assess 
potential effect moderators in people with PD without dementia. Randomized controlled trials of CCT were 
included in multivariate meta-analyses and meta-regressions. Seventeen studies (16 trials) encompassing 679 
participants were included. The pooled effect of CCT relative to control was small and statistically significant for 
overall cognitive function (g=0.16; 95% CI 0.02–0.29). There was robust evidence for benefit on clinical mea
sures of global cognition across 10 trials (g=0.33; 95% CI 0.19–0.48), especially in PD with mild cognitive 
impairment (PD-MCI), as well as on individual cognitive domains. Greater CCT dose and PD-MCI population 
were associated with larger effect sizes, but no statistically significant differences were found between subgroups. 
There was no significant difference in the efficacy of home-based compared to supervised training. Our findings 
suggest that CCT is associated with cognitive benefits in PD, including when delivered remotely. Larger, well- 
powered trials are warranted to examine what specific CCT regimens are most likely to promote cognitive 
and everyday functioning in the long-term.   

1. Introduction 

Cognitive impairment is a central non-motor symptom in Parkinson’s 
disease (PD), associated with significant impact on quality of life 
(Svenningsson et al., 2012) and largely unresponsive to pharmaco
therapy (Aarsland et al., 2017). Approximately 20% of people with PD 
present with mild cognitive impairment (MCI) at diagnosis, with a 
higher age-standardized risk of conversion to MCI and dementia as the 
disease progresses (Aarsland et al., 2017). Developing and implement
ing interventions that could effectively prevent or delay cognitive 
decline is therefore a critical and unmet need for PD care (Aarsland 
et al., 2017; Goldman et al., 2018). 

Expert panels (Aarsland et al., 2017; Goldman et al., 2018) and 

clinical guidelines (Müller et al., 2020) have pointed to cognitive 
training as a safe and efficacious non-pharmacological intervention to 
prevent cognitive decline in PD, either as a stand-alone intervention or 
as part of a multicomponent strategy. Computerized cognitive training 
(CCT) has several advantages over traditional cognitive interventions, 
including the potential to adapt training to individual needs, inexpen
sive delivery at home, and real-time feedback on performance to pa
tients and clinicians (Walton et al., 2017). Yet conversely to robust 
evidence for efficacy in older adults (Hill et al., 2017; Lampit et al., 
2014b), a Cochrane review did not find reliable evidence for CCT effi
cacy on global cognition based on seven trials in people with PD and MCI 
or dementia (Orgeta et al., 2020). Other systematic reviews (Couture 
et al., 2019; Lawrence et al., 2017; Leung et al., 2015; Nousia et al., 
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2020; Svaerke et al., 2020) have reported mixed results, typically on the 
basis of a small pool of studies mixing CCT with other cognitive in
terventions as well as randomized controlled trials (RCTs) with other 
study designs. Thus, whether and how CCT should be implemented in 
clinical practice for people with PD remain largely unclear (Goldman 
et al., 2018; Kalbe et al., 2018). In light of preliminary expert panel 
recommendations and a sharp increase in trials of CCT in the past several 
years, we aimed to update the randomized evidence for CCT and 
examine potential effect moderators that could guide clinical 
implementation. 

2. Methods 

2.1. Protocol and registration 

This review adheres to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis (PRISMA 2020) statement (Page et al., 
2021) and was prospectively registered with PROSPERO 
(CRD42020185386). The review protocol has been published (Gavelin 
et al., 2020). 

2.2. Eligibility criteria 

We included RCTs studying the effects of CCT on one or more 
cognitive, psychosocial or functional outcome in patients with PD (any 
age and etiology), as compared to an active (e.g., sham CCT, recreational 
activities) or passive (wait-list, no-contact) control group. Study par
ticipants could be either cognitively healthy, with subjective cognitive 
impairment (PD-SCI) or mild cognitive impairment (PD-MCI); studies 
including only participants with PD dementia (PDD) were excluded as 
CCT is unlikely to be efficacious past dementia onset (Hill et al., 2017; 
Orgeta et al., 2020). Studies that included mixed samples (e.g., PDD and 
PD-MCI) were included if separate results were reported or could be 
obtained for the eligible population. CCT was defined as minimum of 4 h 
of practice on standardized computerized tasks or video games with 
clear cognitive rationale, administered on personal computers, mobile 
devices or gaming consoles (Hill et al., 2017; Lampit et al., 2014b; Leung 
et al., 2015). Studies that combined CCT with other interventions (e.g., 
physical exercise) were eligible as long as the adjacent intervention was 
provided similarly to the experimental and control groups. In multi-arm 
studies, all experimental and control conditions meeting the eligibility 
criteria were included. Eligible outcomes were change from baseline to 
post-intervention in non-trained measures of cognition, assessed 
through one or more standardized neuropsychological tests or close 
equivalents (Hill et al., 2017; Lampit et al., 2014b; Leung et al., 2015). 
Additional outcomes included subjective cognitive complaints, psycho
social function (e.g., depression, quality of life) and everyday func
tioning (e.g., instrumental activities of daily living). Outcomes from 
longitudinal follow-ups were also included. The primary outcome was 
overall cognitive performance. Secondary outcomes were global cogni
tion, domain-specific cognitive performance, subjective cognition, psy
chosocial function and functional abilities. 

2.3. Search strategy and study selection 

We searched MEDLINE, EMBASE and PsycINFO from 1 January 2015 
through July 27, 2021 to identify articles published since the date of the 
search in our previous meta-analysis of cognitive training in PD (Leung 
et al., 2015). No restrictions on language or type of publication were 
applied. Records from the updated search were combined with eligible 
studies identified in the original version of the review. Three studies 
included in our previous review were excluded as they provided 
paper-based cognitive training (Pena et al., 2014; Petrelli et al., 2014) or 
sports games with limited cognitive challenge (Pompeu et al., 2012). 
The electronic search was complemented by hand searching the refer
ences of included articles and previous reviews, clinical trial registries 

and communication with investigators of ongoing studies. The full 
search strategy is provided in Appendix A. Two independent reviewers 
(HMG and MD) conducted duplicate initial screening of titles and ab
stracts as well as full-text screening of potentially relevant articles. We 
attempted to locate the associated full-text through manual searches or 
obtain data from authors of potentially eligible conference abstracts or 
unpublished trials. 

2.4. Data extraction and coding 

Data extraction and coding was conducted by one reviewer (MD or 
IL) and another reviewer (HMG) checked all data entry. Missing or 
incomplete data were requested from the corresponding authors of the 
studies. Coding of outcomes into cognitive domains was conducted ac
cording to the Cattell-Horn-Carroll and Miyake (CHC-M) taxonomy 
(Webb et al., 2018). Following this framework, each cognitive outcome 
was classified as representing a broad cognitive domain (e.g., Executive 
Function) as well as a more specific, narrow ability (e.g., Inhibition). 
Global cognitive screening instruments, such as the Mini-Mental State 
Examination (MMSE) or the Montreal Cognitive Assessment (MoCA), 
were classified as global cognition. The classification of outcomes by 
domain is presented in Appendix B. Data were extracted as means and 
standard deviations (SD) for each group and time-point or, when this 
was not available, as mean change and SD (Zimmermann et al., 2014) or 
mean difference and 95% confidence interval (CI) (Walton et al., 2018). 
Intention-to-treat data were preferred if reported. 

2.5. Risk of bias assessment 

Two independent reviewers (MD, IL or HMG) assessed the risk of bias 
of individual RCTs using the revised Cochrane Risk of Bias tool (RoB 2) 
(Sterne et al., 2019). Disagreements were resolved by consensus or by a 
senior reviewer (AL). Studies with “some concerns” or “high” risk of bias 
in domain 3 (bias due to missing outcome data) or 4 (bias in measure
ment of the outcome) were considered as having some concerns or high 
risk of bias overall, and coded as a single group (Hill et al., 2017; Lampit 
et al., 2014b; Leung et al., 2015). 

2.6. Data synthesis 

Analyses were based on robust variance estimation (Hedges et al., 
2010) using the R packages robumeta (Fisher et al., 2017) and club
Sandwich (Pustejovsky, 2020). Between-group differences in eligible 
outcomes measures were converted to standardized mean differences 
and calculated as Hedges’ g with 95% CI. Pooling of outcomes across 
studies was conducted using multivariate models with robust variance 
estimation in order to account for non-independence of multiple effect 
sizes within studies (Hedges et al., 2010). Analyses were conducted for 
overall cognition, comprising of all cognitive outcomes combined, fol
lowed by separate analyses for each cognitive domain, and for psycho
social, functional and subjective cognitive outcomes. For the primary 
outcome, a sensitivity analysis was conducted by comparing results from 
correlated and hierarchical effects models. Heterogeneity across studies 
was quantified using tau2 and further expressed as a proportion of 
overall observed variance using the I2 statistic (Borenstein et al., 2017). 
Prediction intervals were calculated to assess the dispersion of true ef
fects across settings (Riley et al., 2011). 

To investigate potential moderators of overall cognitive efficacy, the 
following pre-specified subgroup analyses were performed using robust 
variance estimation meta-regression models: cognitive status (normal/ 
PD-SCI or PD-MCI), CCT type (single or multi-domain), delivery (su
pervised or home-based), dose (total training hours) and type of control 
(active intervention, sham or passive control). Potential interactions 
between moderators were planned but not conducted due to insufficient 
number of studies to power multivariable meta-regressions. Small-study 
effect was assessed by visually inspecting funnel plots of effect size vs 
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standard error (Sterne et al., 2011) and formally tested using the Egger’s 
test (Egger et al., 1997). Finally, we performed subgroup analysis of the 
overall cognitive outcome by risk of bias, study source and 
preregistration. 

3. Results 

3.1. Study selection 

After removal of duplicates, the updated literature search yielded 
1521 articles, of which 1391 were excluded based on titles and abstracts. 
Subsequently, we assessed 130 full-text articles for eligibility and ten of 
these fulfilled inclusion criteria. A list of the excluded studies with 
reasons is provided in Appendix C. Records were combined with four 
eligible studies from our previous review (Cerasa et al., 2014; Edwards 
et al., 2013; París et al., 2011; Zimmermann et al., 2014) and two 
additional studies were identified through manual search 
(NCT01156714; van de Weijer et al., 2020). One study that compared 
outcomes for CCT with or without transcranial direct current stimula
tion (tDCS) was split into two separate comparisons with three inde
pendent arms each (Lawrence et al., 2018), resulting in a total of 17 
RCTs in the meta-analysis (Fig. 1). We identified one secondary outcome 
article (Giehl et al., 2020b) which was combined with the other manu
script from the same study (Ophey et al., 2020). The authors of seven 
studies (Bernini et al., 2021; De Luca et al., 2019; Ferraz et al., 2018; 
Maggio et al., 2018; NCT01156714; Ophey et al., 2020; van de Weijer 
et al., 2020) were contacted with requests for additional summary data, 
of which five provided data (Bernini et al., 2021; De Luca et al., 2019; 
Ferraz et al., 2018; Maggio et al., 2018; Ophey et al., 2020). 

3.2. Characteristics of included studies 

The included studies encompassed 679 participants with mean age 
ranging from 59.7 to 71.4 years. Participant disease severity ranged 
from Hoehn & Yahr stages 1–4. Nine studies focused on participants 
with cognitive impairment (Bernini et al., 2019, 2021; Cerasa et al., 
2014; De Luca et al., 2019; Lawrence et al., 2018; Maggio et al., 2018; 
París et al., 2011; van de Weijer et al., 2020; Vlagsma et al., 2020). Five 
studies were from Italy (Bernini et al., 2019, 2021; Cerasa et al., 2014; 
De Luca et al., 2019; Maggio et al., 2018), two were from Australia 
(Lawrence et al., 2018; Walton et al., 2018), the Netherlands (van de 
Weijer et al., 2020; Vlagsma et al., 2020) and the United States (Edwards 
et al., 2013; NCT01156714) and the remaining studies were from Brazil 
(Ferraz et al., 2018), Finland (Fellman et al., 2018), Germany (Ophey 
et al., 2020), Switzerland (Zimmermann et al., 2014) and Spain (París 
et al., 2011). Six studies (38%) had a high risk of bias, seven (44%) had 
some concerns and three (19%) had a low risk of bias (Table 1, Appendix 
D). Eleven studies administered multi-domain training (Bernini et al., 
2019, 2021; De Luca et al., 2019; Ferraz et al., 2018; Lawrence et al., 
2018; Maggio et al., 2018; NCT01156714; París et al., 2011; van de 
Weijer et al., 2020; Walton et al., 2018; Zimmermann et al., 2014) and 
five used single-domain training of working memory (Fellman et al., 
2018; Ophey et al., 2020), attention (Cerasa et al., 2014; Vlagsma et al., 
2020) or speed of processing (Edwards et al., 2013). All training pro
grams were adaptive. Eight studies compared CCT to active control in
terventions, three included sham control and three had a passive control 
group (Table 1). One study had an active intervention and a sham 
control group (Bernini et al., 2021) and one had an active intervention 
and a passive control group (Lawrence et al., 2018). Two studies used 
CCT as a control group (Ferraz et al., 2018; Vlagsma et al., 2020). 

3.3. Efficacy of CCT on overall cognition 

Across 17 studies encompassing 679 participants and 221 cognitive 
effect sizes, the overall (composite) cognitive effect of CCT was small 
and statistically significant (g = 0.16, 95% CI = 0.02–0.29, p = 0.02), 
with moderate heterogeneity (τ2 = 0.047, I2 = 31%, prediction interval 
− 0.32 to 0.64, Fig. 2a). The funnel plot (Appendix E) and Egger’s test 
(β = 0.65, p = 0.41) did not provide evidence for small-study effect. 
Sensitivity analysis using hierarchical effects models showed a highly 
convergent result as the main analysis (g = 0.19, 95% CI = 0.07–0.31, 
p = 0.01). There was no evidence for difference in overall cognitive ef
fect size across levels of risk of bias, registration status or type of control 
(Table 2). Meta-regressions did not confirm between-subgroup differ
ences, although markedly lower effect sizes were noted within studies 
that targeted people with normal cognition or PD-SCI and those that 
provided less than the weighted mean dose of 14.3 training hours 
(Table 2). 

3.4. Efficacy of CCT on global cognition 

Ten studies encompassing 327 participants and 23 effect sizes re
ported global cognition outcomes (e.g., the MMSE or MoCA). The pooled 
effect size was moderate and statistically significant (g = 0.33, 95% CI =
0.19–0.48, p < 0.001, Fig. 2b). There was no evidence of heterogeneity 
(τ2 = 0.00, I2 = 0%) or funnel plot asymmetry (β = − 0.56, p = 0.71, 
Appendix F). Nine of the ten studies were in PD-MCI; removal of the 
single study in normal cognition (Walton et al., 2018) did not change the 
results (g = 0.35, 95% CI = 0.18–0.51, p = 0.002). 

3.5. Efficacy of CCT on individual cognitive domains 

Fig. 3 summarizes meta-analyses of individual cognitive domains 
classified according to the CHC-M framework. Detailed analyses at the 
outcome measure level are provided in Appendix G to L. Although most 
analyses were small (median 8 studies per domain), moderate effect Fig. 1. Flowchart of study selection process.  
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Table 1 
Characteristics of included studies.  

Study n (% 
female)a 

Mean 
age 

Mean MMSE 
(or 
equivalent) 

Cognitive status H&Y 
range 

Mean years 
since 
diagnosis 

Delivery Interventions CCT type Dose Attritionb Country Risk of 
bias 

Bernini et al. 
(2019) 

35 (51)  70.23 25.34 Impaired MCI: 
MDS criteria 

≤ 4 9.0 Supervised CCT: CoRE + Standard 
physical rehabilitation 
Active control intervention: 
Standard physical 
rehabilitation 

Multi- 
domain 

3 × 45 min per 
week for 4 weeks, 
12 sessions in total. 

CCT: 26% 
CG: 0% 

Italy High 

Bernini et al. 
(2021) 

48 (35)  71.44 25.31 Impaired 
MCI: MDS criteria 

≤ 3 10.9 Supervised CCT: CoRE 
Active control intervention: 
paper-and-pencil cognitive 
training 
Sham control: unstructured 
activities 

Multi- 
domain 

4 × 45 min per 
week for 3 weeks, 
12 sessions in total. 

CCT: 14% 
CG 1: 14% 
CG 2: 0% 

Italy Some 
concerns 

Cerasa et al. 
(2014) 

15 (40)  59.70c 29.05c Impaired Based 
on cognitive 
testing 

1–3 3.4c Supervised CCT: RehaComSham 
control: Simple visuomotor 
task 

Attention 2 × 60 min per 
week for 6 weeks, 
12 sessions in total. 

CCT: 20% 
CG: 30% 

Italy High 

De Luca et al. 
(2019) 

60 (48)  62.55 25.2 Impaired Based 
on MoCA score 

< 3 nr Supervised CCT: ERICAActive control 
intervention: Paper and 
pencil cognitive training 

Multi- 
domain 

3 × 60 min per 
week for 8 weeks, 
24 sessions in total. 

0% Italy Some 
concerns 

Edwards et al. 
(2013) 

73 (31)  68.85c 28.07c No cognitive 
impairment 

1–3 6.9c Home- 
based 

CCT: InSightPC: Waitlist Speed of 
Processing 

1–3 × 60 min per 
week for 12 weeks, 
20 sessions in total. 

CCT: 27% 
CG: 2% 

USA High 

Fellman et al. 
(2018) 

52 (65)  65.15 37.2d No cognitive 
impairment 

nr 5.6 Home- 
based 

CCT: In-house developed 
Sham control: Online 
quizzes 

Working 
memory 

3 × 30 min per 
week for 5 weeks, 
15 sessions in total. 

CCT: 0% 
CG: 7% 

Finland Low 

Ferraz et al. 
(2018) 

42 (38)  69e 27e No cognitive 
impairment 

2–3 4e Supervised CCT: Kinect Adventure 
games Active control 
intervention: Functional 
training 

Multi- 
domain 

3 × 30 min per 
week for 8 weeks, 
24 sessions in total. 

CCT: 9% 
CG: 12% 

Brazil Some 
concerns 

Lawrence et al. 
(2018) 

21 (52)  68.65 25.61 ImpairedMCI: 
MDS criteria 

nr 5.5 Home- 
based 

CCT Group 1: Smartbrain 
Pro Standard 
CCT Group 2: Smartbrain 
Pro TailoredPC: No 
treatment 

Multi- 
domain 

3 × 45 min per 
week for 4 weeks, 
12 sessions in total. 

0% Australia Some 
concerns 

Lawrence et al. 
(2018) tDCS 

21 (71)  67.67 25.9 ImpairedMCI: 
MDS criteria 

nr 5.6 Home- 
based 

CCT Group 1: Smartbrain 
Pro Standard + tDCS 
CCT Group 2: Smartbrain 
Pro Tailored + tDCS 
Active control intervention: 
tDCS 

Multi- 
domain 

3 × 45 min per 
week for 4 weeks, 
12 sessions in total. 

0% Australia Some 
concerns 

Maggio et al. 
(2018) 

20 (50)  69.4 23.05 Impaired Based 
on MMSE score 

1–3 9.4 Supervised CCT: BTS Nirvana Active 
control intervention: Paper- 
and-pencil cognitive 
training 

Multi- 
domain 

3 × 60 min per 
week for 8 weeks, 
24 sessions in total. 

0% Italy Low 

NCT01156714 28 (25c)  63.88c nr nrNo dementia 1–3 nr Supervised CCT: InSight + treadmill 
training Active control 
intervention: Treadmill 
training 

Multi- 
domain 

3 × 40 min per 
week for 12 weeks, 
36 sessions in total. 

CCT: 15% 
CG: 45% 

USA High 

Ophey et al. 
(2020) 

75 (47)  63.98 27.51e,f No cognitive 
impairment 

2–3 4.9e Home- 
based 

CCT: NeuroNationPC: 
Waitlist 

Working 
memory 

5 × 30 min per 
week for 5 weeks, 
25 sessions in total. 

CCT: 0% 
CG: 3% 

Germany Low 

París et al. 
(2011) 

28 (50)  65.04 27.89 Impaired50% 
with MCI, 
Petersen criteria 

1–3 7.5 Supervised CCT: SmartBrain Active 
control intervention: Speech 
therapy 

Multi- 
domain 

3 × 45 min per 
week for 4 weeks, 
12 sessions in total. 

CCT: 11% 
CG: 20% 

Spain High 

(continued on next page) 
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Table 1 (continued ) 

Study n (% 
female)a 

Mean 
age 

Mean MMSE 
(or 
equivalent) 

Cognitive status H&Y 
range 

Mean years 
since 
diagnosis 

Delivery Interventions CCT type Dose Attritionb Country Risk of 
bias 

Walton et al. 
(2018) 

38 (34)  69.66 27.92 No cognitive 
impairment 

1–4 10.9 Supervised CCT: Designated "brain 
training" programs Sham 
control: Non-specific 
computerized tasks 

Multi- 
domain 

2 × 60 min per 
week for 7 weeks, 
14 sessions in total. 

CCT: 0% 
CG: 29% 

Australia High 

van de Weijer 
et al. (2020) 

41 (nr)  64.35 24.70f Impaired MCI, 
MDS criteria 

1–3 7.2 Home- 
based 

CCT: AquaSnap PC: Waitlist Multi- 
domain 

3 × 30 min per 
week for 12 weeks, 
36 sessions in total. 

CCT: 14% 
CG: 10% 

Netherlands Some 
concerns 

Vlagsma et al. 
(2020) 

43 (37)  61.25 28.48g Impaired 
Executive 
dysfunction 

1–3 6.3 Supervised CCT: CogniPlusActive 
control intervention: ReSET 
Strategic Executive 
Treatment 

Attention 1–2 × 60 min per 
week, 14 sessions in 
total. 

CCT: 10% 
CG: 14% 

Netherlands Some 
concerns 

Zimmermann 
et al. (2014) 

39 (36)  68.05 29e No cognitive 
impairment 

2e 5.15h Supervised CCT: CogniPlusActive 
control intervention: 
Nintendo Wii 

Multi- 
domain 

3 × 40 min per 
week for 4 weeks, 
12 sessions in total. 

CCT: 5% 
CG: 0% 

Switzerland Some 
concerns 

Abbreviations: CCT = computerized cognitive training. CG = control group. H&Y = Hoehn and Yahr. MCI = mild cognitive impairment. MDS = Movement Disorder Society. MMSE = Mini-Mental State Examination. 
MoCA = Montreal Cognitive Assessment. nr = not reported. PC = passive control. tDCS = transcranial direct current stimulation. 

a Included in the analysis 
b From baseline to post-intervention assessment 
c Baseline sample 
d Telephone Interview for Cognitive Status – Modified (0–50) 
e Average of median scores 
f Montreal Cognitive Assessment (1–30) 
g Scales for Outcomes in Parkinson’s Disease – Cognition (0–43) 
h Based on subtracting mean age at diagnosis from mean age at baseline 
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sizes favoring CCT were found for fluid reasoning, abstract reasoning 
and short-term memory, as well as a small effect size for retrieval 
fluency. 

3.6. Efficacy of CCT on other outcomes 

The pooled analyses revealed small and statistically non-significant 
effects for executive functions screening outcomes (k = 6 RCTs, g =
0.18, 95% CI = − 0.30 to 0.66, p = 0.37, τ2 = 0.1, I2 = 49%, Appendix 

M), psychosocial outcomes (k = 13, g = 0.01, 95% CI = − 0.13 to 0.14, 
p = 0.94, τ2 = 0.00, I2 = 0%, Appendix N), functional abilities (k = 5, g 
= − 0.01, 95% CI = − 0.37 to 0.36, p = 0.95, τ2 = 0.00, I2 = 0%, Ap
pendix O) and subjective cognition (k = 5, g = 0.03, 95% CI = − 0.11 to 
0.17, p = 0.54, τ2 = 0.00, I2 = 0%, Appendix P). Only four trials (Bernini 
et al., 2019; Lawrence et al., 2018; Ophey et al., 2020; Vlagsma et al., 
2020) reported long-term outcomes, with follow-up ranging between 7 
weeks and 6 months post-training. Pooling of the 95 cognitive outcomes 
from these follow-ups revealed a small, imprecise and heterogeneous 

Fig. 2. Efficacy of CCT on (a) overall cognitive outcomes and (b) global cognition.  
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overall effect size (g = 0.14, 95% CI = − 0.24 to 0.51, p = 0.36, τ2 =

0.16, I2 = 55%). 

4. Discussion 

With over three times as many RCTs compared to previous meta- 
analyses (Lawrence et al., 2017; Leung et al., 2015; Orgeta et al., 
2020), we report that CCT is associated with cognitive benefit in people 
with PD. Critically, we report that CCT is associated with a moderate 

effect size for clinical measures of global cognition, especially in 
PD-MCI, with no evidence of heterogeneity or bias across studies. This 
result updates negative findings from previous meta-analyses (Leung 
et al., 2015; Orgeta et al., 2020) and confirms that CCT is feasible and 
efficacious for overall and global cognition in PD-MCI, consistent with 
the efficacy of CCT in MCI without PD (Hill et al., 2017). Analyses of 
individual cognitive domains were based on relatively smaller numbers 
of studies but did suggest moderate effect sizes for abstract reasoning, 
retrieval fluency and short-term memory, which are common areas of 

Table 2 
Moderator analyses of CCT efficacy on overall cognition.  

Moderator No. of studies (effect sizes) Summary effect Test of moderation 

Hedges’ g 
(95% CI) 

t df p F df p 

Risk of bias               
Low  3 (42) 0.24 (− 0.52 to 1.00)  1.6  1.8  0.28  0.38 1,2.74  0.58 
High  14 (179) 0.14 (− 0.02 to 0.29)  1.9  11.9  0.08      
Trial registration           0.25 1,13  0.62 
Registered  7 (79) 0.12 (− 0.07 to 0.32)  1.6  5.70  0.17      
Unregistered  10 (142) 0.19 (− 0.04 to 0.42)  1.9  7.97  0.09      
Control           0.81 2,5.1  0.49 
Active intervention  10 (114) 0.12 (− 0.14 to 0.37)  1.0  8.2  0.33      
Sham control  4 (59) 0.15 (0.05–0.25)  5.3  2.5  0.02      
Passive  4 (48) 0.25 (0.01–0.48)  3.6  2.6  0.05      
Source           0.81 1,4.3  0.85 
Leung 2015  4 (45) 0.19 (− 0.44 to 0.81)  1.0  2.6  0.37      
Newer RCTs  13 (176) 0.15 (0.05–0.29)  2.3  11.0  0.04      
Cognitive status           2.68 1,13.3  0.13 
Normal/PD-SCI  7 (56) 0.06 (− 0.12 to 0.24)  0.8  5.7  0.46      
PD-MCI  10 (165) 0.26 (0.03–0.48)  2.6  8.0  0.03      
CCT Type           0.48 1,7.7  0.51 
Single domain  5 (54) 0.10 (− 0.18 to 0.38)  1.1  3.6  0.36      
Multi-domain  12 (167) 0.19 (0.01–0.37)  2.3  10.2  0.05      
Delivery           0.26 1,9.4  0.62 
Supervised  11 (138) 0.14 (− 0.08 to 0.35)  1.4  9.4  0.18      
Home-based  6 (83) 0.19 (0.03–0.35)  3.3  4.3  0.03      
Dose (total hours)           4.4 1,7.2  0.07 
14 h or less  12 (199) 0.08 (− 0.08 to 0.24)  1.1  9.8  0.28      
More than 14 h  5 (22) 0.31 (0.07–0.56)  3.7  3.6  0.02       

Fig. 3. Efficacy of CCT on individual CHC-M broad (square) and narrow (circle) cognitive domains.  
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impairment in PD (Muslimovic et al., 2005; Williams-Gray et al., 2007). 
Larger RCTs are still needed to investigate whether long-term CCT can 
indeed attenuate cognitive decline and prevent dementia in this 
population. 

Beyond mere efficacy, the practical questions regarding CCT are 
what methods should be used, in whom and what outcomes should be 
anticipated (Goldman et al., 2018; Kalbe et al., 2018). These questions 
could not be addressed in previous meta-analyses as they were based on 
significantly fewer studies and used univariate methods, which often 
underestimate between-study heterogeneity, especially when studies are 
small (Cheung, 2019). To address this problem, we used multivariate 
methods and were able to detect considerable heterogeneity and draw 
several practical conclusions for CCT design, albeit on a preliminary 
basis due to imprecision within individual studies and subgroups. 

First, home-based delivery of CCT seems to be feasible and effica
cious, suggesting that this might be the main mode of delivery given the 
need to provide treatments at scale, perhaps as part of a larger tele
medicine package (Kalbe et al., 2018). Second, consistent with the evi
dence for CCT in older adults without PD (Lampit et al., 2014b, 2020), 
multi-domain CCT is more likely to be efficacious for overall or global 
cognitive outcomes compared to programs targeting a single cognitive 
domain, whose effects tend to be most pronounced in the specific do
mains they target (Lampit et al., 2014b, 2020). Given the heterogeneity 
of cognitive impairment in PD (Goldman et al., 2018), multi-domain 
programs do not only provide practice on multiple areas of impair
ment, but could be personalized to individual needs, e.g., by focusing on 
individual areas of weakness and modify the composition of targeted 
domains over time. Third, CCT effects appear to build up over time 
(although not necessarily linearly) and wane to some extent without 
further training, emphasizing the importance of setting dosing guide
lines (potentially based on individual performance) as well as booster 
sessions to maintain benefits and prevent decline in the long-term 
(Walton et al., 2017). 

The 16 RCTs in this review reported data for 20 eligible comparisons, 
half of which compared CCT head-to-head against active interventions 
rather than sham or passive control. As expected, these comparisons 
resulted in smaller, less precise and more heterogeneous effect size, 
especially within the two trials that compared CCT to other cognitive 
interventions (Vlagsma et al., 2020; Zimmermann et al., 2014). Other 
combinations included physical exercise (Bernini et al., 2019; 
NCT01156714) and tDCS (Lawrence et al., 2018), both considered 
potentially effective cognitive treatments in PD (Aarsland et al., 2021). 
Whether combination of CCT with other interventions may results in 
larger benefit to cognition or psychosocial functioning is a key area for 
further research in the field (Goldman et al., 2018; Kalbe et al., 2018). It 
is also very likely that the form of combination will affect the results. For 
examples, a recent network meta-analysis (Gavelin et al., 2021) found 
that simultaneous cognitive and physical exercise resulted in the best 
cognitive and physical outcomes in older adults over and above 
sequential training. 

We found no evidence for benefit in subjective cognition, functional 
abilities or psychosocial functioning. These findings are consistent with 
those of previous meta-analyses of cognitive training in PD (Leung et al., 
2015; Orgeta et al., 2020), although CCT was previously found effica
cious for psychosocial functioning (including subjective cognition and 
mood) in MCI without PD (Hill et al., 2017). Of note, outcomes within 
these domains were inconsistently reported in primary trials and a wide 
array of different measures were employed. Given the observed benefits 
of CCT on cognition, increased harmonization of clinically relevant 
functional outcomes across trials is needed to better establish whether 
these domains are responsive to the intervention or additional compo
nents are required (Kalbe et al., 2018). Moreover, few studies investi
gated long-term effects on cognition and the pooled effect size was small 
and imprecise. Of note, a recently published RCT in a large sample of 
patients with PD showed no long-term benefits from CCT on cognition 
nor any effects on subjective cognitive complaints (van Balkom et al., 

2022). Thus, while the findings from the current review support the 
feasibility and immediate efficacy of CCT on cognition, further delin
eating how intervention regimens may be designed to enhance clinical 
value in the long-term remains an essential area for future work. 

While the state of the evidence is encouraging, several limitations 
remain to be addressed. First and foremost, RCTs in the field are rela
tively small (median sample size 42) and report results from short 
training duration. Like most interventions targeting cognitive decline, 
the benefits of CCT wain gradually over time (Lampit et al., 2014a) and 
periodical booster training will be required to attenuate cognitive 
decline in the long-term (Edwards et al., 2017). Similarly, small study 
sizes meant that none of the preplanned meta-regressions found statis
tically significant effects. Second, we do not know how individual fac
tors interact with CCT adherence and outcomes (Kalbe et al., 2018). We 
believe that our findings warrant such investigations, in particular in
dividual participant data meta-analysis taking prognostic factors into 
account. Third, we still do not know whether CCT effects are related to 
changes in the neuronal mechanisms underpinning cognitive decline in 
PD important information for initiating and planning individual CCT 
(Aarsland et al., 2021). Although a few of the included trials reported 
neuroimaging outcomes (e.g., Cerasa et al., 2014; Giehl et al., 2020a), 
more studies and greater consistency of methods is needed before a 
meaningful synthesis will be possible. 

4.1. Conclusions 

The body of RCTs provides a strong rationale for large, well-powered 
long-term trials, akin to those conducted in other older adult pop
ulations and neurodegenerative disorders. Such RCTs should aim to 
establish the clinical effectiveness of CCT versus or in combination with 
alternative treatments, ensuring a sufficient dose of training, and 
include booster schedules to maintain gains beyond the initial training 
period. The evidence supports the use of remote delivery at home, as 
well as increase use of automated personalization and support (Kalbe 
et al., 2018). Adherence to clinical trial guidelines, most notably 
blinding of assessors, intention-to-treat analyses and detailed descrip
tion of treatment protocols is paramount to ensure clinical uptake. 
Current gaps and challenges notwithstanding, these results should 
encourage further work aiming to develop guidelines and new tech
nologies to effectively manage cognitive impairment in PD. 
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