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Abstract
The paradoxical effects of contextual interference (CI) assume that high CI practices 
hinder performances during the acquisition phase of learning, while providing more 
permanent enhancement during the retention phase. This meta-analysis evaluates  
the possible generalizability of the CI phenomenon in physical education (PE)  
and sports contexts, with regard to the acute and relatively permanent gains in  
performance outcomes. A total of 933 records from five electronic databases were 
screened using the PICOS criteria, of which 36 studies were selected. Outcomes  
evaluating the performance changes (Δ) from pre-post, post-retention, and pre- 
retention tests were included. Out of 183 overall pooled outcomes, Δ in only 37  
performance outcomes (20%) agreed with the paradoxical CI effects on the  
acquisition or the relatively permanent gains. No statistically significant overall  
difference was detected for “Δ pre-post” between low (blocked) (28.9 ± 59.5%) and 
high (random/serial) (27.9 ± 52.8%) CI (effect size (ES) = 0.1, p = 0.35). An overall  
significant difference (p = 0.001) in favor of high CI practice was detected in “Δ  
post-retention.” However, this difference was not large enough (ES =  − 0.35) to  
produce an overall greater long-term gain following high (24.56 ± 4.4%), compared  
to low (21.9 ± 9.8%) CI (ES =  − 0.13, p = 0.18). Out of 10 tested variables, only  
the age significantly moderated both CI effects (p < 0.0001 for both Δ pre-post and  
Δ pre-retention) and the female proportion significantly moderated only the first  
CI effect (p = 0.009 for Δ pre-post). These findings found very limited evidence  
supporting the recommendation to employ high CI practices to gain a longer-term  
performance advantage, calling into question the generalization of the CI model  
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to PE and sports practices. High-quality follow-up research evaluating alternative 
motor-learning models are therefore needed.

Keywords  Physical education · Motor learning · Retention · Practice schedule · 
Gross motor skills · Variability of practice · Differential learning

Introduction

In the domain of motor learning, the contextual interference (CI) approach and its 
efficacy in maximizing skill acquisition and retention have generated discussion 
among coaches, physical education (PE) teachers, practitioners, and sports 
scientists (Wang et al., 2022). Originally, the CI learning effects were described as a 
combination of two phenomena occurring one after the other. When practice trials 
are interrupted by the execution of other tasks, detrimental effects can be observed 
immediately after the acquisition phase but are followed by greater benefits in the 
subsequent retention phase compared to uninterrupted sequence (Magill & Hall, 
1990). Due to the analogous structure of the experimental design in teaching 
institutions, where testing is often conducted immediately after the teaching phase, 
it is tempting to directly transfer the findings to an educational context. However, 
the problem resides in the alluring attempt to generalize experimental findings from 
the original field of verbal (Battig, 1966, 1972) and fine motor learning (Shea & 
Morgan, 1979) to the parallel learning of several gross motor movements through 
epistemologically critical induction. This issue of induction (first proposed in 
1740), identified by Hume (2007) as the inference from a part (specific examples) 
to the whole (general conclusions), is reflected in four essential steps in the research 
timeline of the CI effect. The first induction’s problematic step occurred when the 
learning of letter sequences (Battig, 1979) was extended to the learning of individual 
fine motor movements (Shea & Morgan, 1979). The second arose in the extension to 
the parallel learning of several fine motor movement sequences (Wright et al., 1992). 
The third involved generalizing to the learning of gross motor movements (Wrisberg 
& Liu, 1991), and the fourth involved generalizing to the parallel learning of 
several large motor movements (Apidogo et al., 2024). Initially, only the single and 
undifferentiated criterion of learning served as the basis for a possible generalization 
(Battig, 1979), but it has since become apparent that the CI effect, similar to the 
working memory model developed in parallel (Baddeley & Hitch, 1974), could 
only be systematically demonstrated for sequences of fine motor movements with 
a high visual-spatial component (Schöllhorn et al., 2022). The experimental study 
by Mechsner et  al. (2001) suggests a similar potential regulatory role of visual 
perception on the motor system. Nonetheless, according to Battig (1979), the 
interference effect is in general considered as a consequence of adaptation processes 
that occurs when a learner reacts to a varied input during an acquisition phase.

The original and most common forms of structured practice in studies on the CI 
effect are blocked (often referred to as “low CI practice”) and random (often referred 
to as “high CI practice”) practice. Blocked practice requires the learner to complete 
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all trials of a task before moving on to a different task in predictable patterns, 
thereby allowing them to repeat multiple tasks with less variability (Schmidt et al., 
2011). Whereas random practice interleaves tasks in an unpredictable order with 
tasks rarely repeated in consecutive trials, producing high variability (Schmidt 
et  al., 2011). High CI practice has been assumed to involve learners in (i) deeper 
and more elaborate information processing, known as the “elaborative hypothesis” 
suggested by Shea and Zimny (1983), or (ii) increased forgetting, which requires 
extra retrieval practice and reconstruction of tasks’ plans-of-action, known as the 
“forgetting/reconstruction hypothesis” (Lee & Magil 1983, 1985). According to 
both hypotheses, more detailed and permanent representations of the task should 
be memorized during the random practice, which may enhance the retention 
performance. Based on the cognitive load theory (Gentile, 1998), overloading the 
working memory during the random practice is suggested to hinder performances 
during the acquisition phase.

Following a review of the literature, Brady (1998) speculated that the effects of 
CI are generalizable to motor abilities. However, Shewokis (1997), Barreiros et al. 
(2007), and Wang et  al. (2022), based on numerous contradictory data, noted the 
difficulty of generalizing the CI phenomenon to all motor abilities and particularly 
to applied sports skills as the effects appeared to be mediated by various variables 
such as the learners’ characteristics, the nature of the skills and intervention 
durations. The CI literature includes studies with participants of different ages, 
genders, and experience levels, with tasks of different types and complexity, along 
with learning durations ranging from 1 day to several weeks. Although the majority 
of the CI studies employed a standardized experimental design including an 
acquisition phase followed by a retention phase with pre-, post-, and retention tests, 
inconsistent findings on the CI effects have been reported (Barreiros et  al., 2007; 
Brady, 2004; Wang et al., 2022). Despite the enormous effort but epistemologically 
fatal attempt to reach a decision on a possible generalization by democratically 
weighing the respective number of positive studies, the issue remains debatable. 
While many studies have reported superior acquisition performance for the blocked 
group and superior retention performance for the random group (Hajihosseini, 
2016; Kalkhoran & Shariati, 2015; Memmert, 2006; Pasand et  al., 2016), others 
have found no significant differences (Naimo et al., 2013; Porter et al., 2020; Sharp 
et al., 2020; Yanci et al., 2013; Zetou et al., 2007) or even reversed values at post-
acquisition and/or retention tests (Farrow & Maschette, 1997; Hall et al., 1994; Zipp 
& Gentile., 2010).

Although meta-analyses follow a similar epistemological logic of weighted 
majorities, they also provide a quantitative summary overview of the results of 
previous studies, on the basis of which research directions could be rethought. Since 
the CI proponents’ claim is to improve motor learning in general with a random 
acquisition schedule, it is important to remember that motor learning was defined by 
Schmidt and Lee (2019) as “a set of processes associated with practice or experience 
leading to relatively permanent gains in the capability for skilled performance.” 
According to this definition, a proper evaluation of the effect of a motor learning 
approach is primarily related to the amount of performance gain obtained during 
acquisition (acute gain) and/or retention (sustainable gain) phase. However, the 
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majority of CI studies (original research or reviews) have attempted to validate 
selected CI effects by comparing the performance of blocked and random groups 
separately for post and retention tests (Ammar et al., 2023; Wang et al., 2022). In 
this context, a recent systematic review and meta-analysis with meta-regression 
showed little evidence to support the CI hypothesis and its generalization to applied 
PE and sport settings (Ammar et  al., 2023). This meta-analysis pooled only the 
performance outcomes of blocked and random groups at each test session (post- 
and retention tests), while little attention was paid to the possible magnitude of gain 
(e.g., Δ pre-post, Δ post-retention, and Δ pre-retention). The lack of gain analyses 
calls into question the majority of previous conclusions derived from original and 
review studies evaluating CI effects.

To address this problem and provide a more differentiated and holistic evaluation 
of the CI effect, the current systematic review and meta-analysis focused on the 
difference between high and low CI schedules in terms of acute (Δ pre-post) and 
delayed (Δ post-retention and Δ pre-retention) gains in skilled performance. 
Likewise, by performing a thorough subgroup analysis and/or meta-regression 
of possible moderators, the present systematic review tends to offer more reliable 
explanations of previously reported discrepancies, while also highlighting 
useful perspectives that may aid future investigations to optimize gains in skilled 
performances.

Method

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) 2020 statement (Page et al., 2021a, b) and the recent PRISMA guidelines 
adapted to sports science (Rico-González et al., 2022) were followed in the present 
systematic review. Since no participants were required for this study, obtaining 
ethical approval was not necessary.

Eligibility Criteria

Inclusion criteria were applied following the PICO (participants, intervention, 
comparators, and outcomes) model. Articles were included if they were conducted 
on healthy participants and examining the effect of CI on motor learning with an 
intervention group of random/serial practice order (high CI (Lage et al., 2022)) and 
at least a control group with blocked practice order (low CI). No specific criteria 
were specified for the age of the studied population. Any outcome evaluating the 
acquisition, retention, and/or transfer of a learned sports/gross motor skill was 
included. Gross motor skills are defined as the ability to engage the use of large 
muscle groups (e.g., in the torso, arms, legs), coordinating major body movements 
to perform activities such as maintaining balance, walking, running, jumping, and 
throwing objects (Esposito & Vivanti, 2013). These eligibility criteria resulted in 
the exclusion of studies that were conducted in a human population with physical or 
mental disability (e.g., mentally retarded, Down syndrome, mental handicap) and/
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or conducted with lack of practice for the control (blocked) group. Studies focusing 
only on cognitive performance and/or fine motor skills and did not describe the 
effects of CI on at least one measure/outcome of performance in a movement task 
(sport/gross motor skill) were also excluded. Furthermore, narrative and systematic 
reviews, books, citations, conference proceedings, commentaries, and studies, of 
which only the abstracts were available, were excluded to be able to make a reliable 
risk-of-bias assessment. Importantly, studies failing to guarantee the intervention 
and control groups are equivalent at baseline were excluded from the quantitative 
synthesis (meta-analysis).

Search Strategy

Up to April 16th, 2022, a comprehensive systematic search of studies was 
performed electronically in five electronic databases—PubMed, Web of Science, 
Scopus, Taylor and Francis, and SciELO. To ensure a thorough retrieval of 
relevant studies, our search strategy included no filters, such as language, species, 
or publication year. Furthermore, for PubMed and Web of Science, we used the 
“All Fields” search option, while for Taylor and Francis, we selected “Anywhere” 
(equivalent to “All Fields”). In Scopus, primarily an abstract and indexing database 
that does not include full texts, we utilized “TITLE-ABS-KEY” which is the default 
search field. Search terms (including mapping to appropriate MeSH terms where 
appropriate) described low and high contextual interference classes (contextual 
interference OR random practice OR alternating practice OR non-repeated practice 
OR variable practice OR high interference OR blocked practice OR repeated 
practice OR low interference), in combination with keywords relating to sports and 
motor skills (sports performance OR sports skill OR motor skill OR motor task OR 
motor learning OR motor skill learning OR motor skill acquisition OR retention 
performance OR transfer performance OR skill transfer OR skill retention). The 
search was applied to titles and abstracts and was conducted with additional filters 
excluding non-human studies (NOT mice OR rats OR animals) and studies in injury/
disease (NOT mice OR rats OR animals OR injury OR diseases OR impairment 
OR rehabilitation OR surgery OR stroke OR Parkinson OR patient OR treatment 
OR disorder OR review OR meta-analysis OR systematic review OR commentary). 
Full search strategies for each database are presented in Appendix S1. To minimize 
the risk of missing relevant publications, an additional search was performed by 
screening the reference lists of the included studies and related review papers using 
Google Scholar. Personal files were also searched and subject experts in the field 
were contacted for information on potential upcoming studies. Authors of included 
studies were contacted for missing information.

Selection Process

The search strategies were combined, and duplicates were removed by “Endnote 
20” (Camelot UK Bidco Limited-Clarivate, UK, London). Following the removal of 
duplicates, titles and abstracts of all unique hits were screened by two authors (AA 
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and MAB) for eligibility, and disagreements were resolved by consensus. Once all 
relevant articles were located, the full texts were screened for their appropriateness 
for inclusion in accordance with the predetermined PICO criteria. The reason 
for excluding an article during each step (abstract and full-text screenings) was 
recorded.

Data Collection Process

To avoid any selection bias and data extraction flaws, two authors independently 
collected data using a pilot-tested extraction form and resolved disagreements 
by consensus. Extracted data included (i) author(s) and year of publication, (ii) 
study design, (iii) sample size (intervention and control groups), (iv) participant 
characteristics (i.e., age, sex, and experience level), (v) sport and specific skill 
names, (vi) and intervention protocol including the intervention duration, number of 
training sessions, total number of acquisition trials, duration between test sessions 
(pre-post; post-retention, and/or post-transfer), and testing protocol (e.g., block and/
or random), (v) and the difference between groups at pre-, post-, retention-, and/or 
transfer-test.

The mean and standard deviation (SD) of the main performance outcomes 
(sports/gross motor skills) at the different testing sessions (pre, post, retention, 
and/or transfer) were extracted and used to perform the meta-analysis and meta-
regression. When data were displayed graphically and no further data were provided 
upon request, mean and SD were retrieved using WebPlot Digitizer (Pacifica, CA, 
USA, Version: 4.5) (https://​autom​eris.​io/​WebPl​otDig​itizer, accessed on 8 June 
2022). Studies not including or mentioning the results of pre-test measurements, as 
well as the studies showing significant differences between the low (control) and 
high (intervention) CI groups at pre-test (i.e., baseline), were excluded from the 
meta-analysis and meta-regression. The same applies to studies that did not mention 
SD (or other measures which could be converted to SD) with the mean values.

In studies that focused solely on serial and blocked (low CI) groups without 
including random practice (high CI), data from serial practice were categorized 
under the broader high CI group for comparison against low CI.

During data extraction, assessments conducted before the intervention or training 
begins, or referred to as “baseline,” were considered “pre-test”; assessments; those 
occurring immediately after the intervention or training program were considered 
“post-test”; measures conducted after the completion of the post-test, which can 
range from the same day (Boyce & Del Rey, 1990) to a year later (Memmert, 2006), 
were considered “retention.” For studies that included multiple retention tests, such 
as at 24 h and 1 week (e.g., Boyce & Del Rey, 1990), data were extracted separately 
for each specified retention period. The same approach was applied to studies with 
multiple acquisition tests.

https://automeris.io/WebPlotDigitizer
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Quality Assessment

Given the absence of a specific scale for evaluating methodological quality in 
motor learning research, the Physiotherapy Evidence Database (PEDro) scale 
(Verhagen et al., 1998) has been employed in the present study. Originally designed 
for evaluating physiotherapeutic interventions on clinical populations, the PEDro 
scale is universally recognized for its efficacy in appraising study quality within 
the broader spectrum of clinical research, including motor control studies (Ammar 
et  al., 2020a, b, c; Maher et  al., 2003). The PEDro scale’s focus on key research 
design elements includes randomization, blinding, and statistical analysis, serving as 
universal benchmarks of methodological rigor in clinical research.

The PEDro scale is a reliable and objective tool based on the Delphi list 
developed by Verhagen et al. (1998). To identify which of the trials are likely to be 
externally (criteria 1) and internally (criteria 2–9) valid with interpretable results, 
each paper was independently assessed twice by two independent authors using the 
11-item checklist to yield a maximum score of 10 (the sum of awarded points for 
criteria 2–11). Discrepant results were resolved through consensus meetings. Points 
were only awarded when a criterion was clearly satisfied. According to a recent 
article evaluating the measurement properties and summarizing the clinimetric 
properties of the PEDro scale, total PEDro scores of 0–3 are considered “poor,” 4–5 
“fair,” 6–8 “good,” and 9–10 “excellent” (Cashin & McAuley, 2020). Additionally, 
for trials evaluating complex interventions (e.g., exercise), a total PEDro score of 
8/10 is considered optimal.

Meta‑Analysis and Risk of Bias Assessment

The meta-analysis was conducted following the recent recommendations of Hagger 
(2022) and Gucciardi et  al. (2022) utilizing the R programming language and 
software environment (R Version 4.3.1; R Core Team, 2021).

Calculation of Effect Size and Variance

Standardized mean difference (SMD) was used as the measure of effect size (ES) and 
was calculated between the low and high CI for the acute (Δ pre-post) and delayed 
(Δ post-retention and Δ pre-retention) gains in skilled performance. For each 
performance outcome, SMD calculation was based on the initially extracted data of 
mean and SD at each test point, along with the sample size, and the trial correlation. 
Because no correlation values were published in any of the included investigations, 
the recommendation of Higgins and Green (2011), assuming a conservative 
estimation of r = 0.50, was followed. To calculate the SMD for each performance 
outcome regarding acquisition gain (Δ pre-post), the initial step involves computing 
the mean difference (MD) and SD change between pre- and post-test for each group 
(low and high CI) using the following formulas (Deeks et al., 2019):

MD = Post − Prescore
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Then, the raw difference (rawDiff) and the pooled SD (SDp) between group were 
calculated as follows:

The SMD was then computed as the rawdiff divided by the SDp. The same 
formulas were applied to determine the SMD for the delayed (Δ post-retention and 
Δ pre-retention) gains, with the performance in the subsequent test (i.e., retention 
test) considered as post-test score.

To account for the direction of change, a corrected SMD (cSMD) was calculated 
as an SMD absolute value bearing a “ + ” or “-” sign based on the direction of mean 
change. A positive SMD value indicates that performance changes were in favor of 
low CI, whereas a negative SMD indicates that performance changes were in favor of 
high CI. This correction step is crucial in the motor control field, and was performed 
with caution as the interpretation of effect direction for performance outcome 
depends on the specific measurements of the performance. Performance measured 
in terms of “number of errors” or “completion time” are interpreted inversely to 
performance measured in terms of “successful throws” or “covered distance.” For 
instance, for outcomes measured in terms of errors, a higher Δ change was deemed 
non-favorable for skill acquisition; thus, a higher Δ change in high CI practice 
compared to low CI practice was interpreted as positive, indicating a preference 
for low CI practice. This approach was applied for both the acquisition (pre-post) 
and the relatively permanent gains (pre-retention). For the Δ post-retention, a 
smaller decrease in performance (smaller Δ change) could be an indicator of better 
retention. Consequently, a smaller post-retention decrease in performance was 
deemed favorable for low CI practice when outcomes were measured in terms of 
errors, thus interpreting the effect direction as negative, indicating a preference for 
high CI practice.

The SMD magnitude was interpreted as follows: small (0.20–0.49), moderate 
(0.50–0.79), and large (> 0.80) (Hedges, 1981). Forest plots illustrated point 
estimates of the effect size and 95% confidence intervals.

Variance in each performance outcome was computed as square of the standard 
error (SE), which has been determined using the following formula:

SDChange = Sqrt(SDPre2 + SDPost2 − 2 × 0.5 × SDPre × SDPost)

Rawdiff = MDLowCI −MDHighCI

SDp = Sqrt(((n(LowCI) − 1) × SDChange(LowCI)2

+ (n(HighCI) − 1) × SDChange(HighCI)2)∕(n(LowCI) + n(HighCI) − 2))

SE = Sqrt(1∕n(LowCI) + 1∕n(HighCI) + SMD2∕(2 × (n(LowCI) + n(HighCI))))
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Statistical Synthesis of Effect Sizes

Most included studies in the meta-analysis (94.6%) reported data for multiple 
performance outcomes when examining the effects of low vs. high CI. It is suggested 
that effect sizes (Ess) derived from the same study are likely more similar than ESs 
from different studies (Assink & Wibbelink, 2016). Therefore, the incorporation 
of multiple ESs from a single study may violate the assumption of independence 
in ESs in meta-analyses (e.g., Cheung, 2014, Van den Noortgate et  al., 2013). To 
account the dependency issues when including multiple data points from the same 
studies in the present meta-analysis, a three-level meta-analysis (i.e., a multilevel 
model) was used (Cheung, 2019). This approach separates the variance components 
of the pooled effect into sampling variance of the observed effect sizes (level 1), and 
variance within (level 2) and between studies (level 3). Previous reports have shown 
that such a multilevel meta-analysis effectively addresses the hierarchical nature of 
the data (e.g., effect sizes nested within studies), thus preserving information and 
improving statistical power (Assink & Wibbelink, 2016). A multilevel meta-analysis 
was conducted separately for each Δ change (Δ pre-post, Δ post-retention, and Δ 
pre-retention). Forest plots illustrated point estimates of the weighted ESs and 95% 
CIs.

These analyses were conducted in R language and environment for statistical 
computing (Version 4.3.1; R Core Team, 2021) using the R-package metafor 
(Version 4.2.0; Viechtbauer & Cheung, 2010).

Statistical Heterogeneity and Moderators Analysis

Two statistics, Q (Morris, 2008) and I2 (Higgins et al., 2003), were assessed statistical 
heterogeneity. Substantial heterogeneity was considered for I2 values > 50%, 
indicating a that random-effects model was preferred to a fixed-effects model 
(Higgins et al., 2003). To identify potential sources of variance and heterogeneity, 
while controlling for several dependency issues, moderator analysis was performed 
using multivariate subgroup analysis for categorical variables including the age 
groups (5–9, 10–14, 15–19, 20–24, 25–32, and > 65 years old), the experience level 
of the participants (i.e., inexperienced, and experienced), the investigated sports and 
skills, and the testing protocol (i.e., only blocked, only random, or blocked for the 
control group/random for the intervention group). Additionally, multivariate meta-
regression for integer or decimal variables, including the sex of the participants (i.e., 
expressed in % of females’ subjects in any given study), intervention duration (days), 
number of training sessions, total number of acquisition trials, and duration between 
test sessions (pre-post, post-retention, and pre-retention for the correspondent Δ 
changes) was also performed. The codes used to run these analyses are available in 
the supplementary file.
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Outliers Detection

In our meta-analytic models, we conducted diagnostics for leverage, outliers, and 
influential cases using hat values, Cook’s distance, and studentized residuals, 
following methodologies from Stevens (1984), Viechtbauer and Cheung (2010), and 
Aguinis et  al. (2013). Cases were flagged if their hat values and Cook’s distance 
exceeded three times their mean, with studentized residuals greater than 3 in 
absolute terms.

Publication Bias

The risk of small study bias was visualized through funnel plots. Moreover, Begg’s 
rank correlation test and the multilevel model of the Egger’s test were used to detect 
publication bias. The variance of effects was converted into standard error and the 
moderation model was performed (Fernández-Castilla et  al., 2021). The robust 
estimated results of the Egger’s test were produced for all analyses.

A significance level of p < 0.05 was adopted for all analyses. z-curve has also 
been conducted to estimate the power of the included studies. According to Bartoš 
and Schimmack, (2022) and McKay et al. (2023), a z-curve analysis estimates the 
statistical power (i.e., average power) of the included studies, on the basis of the 
significant results that are present. The expected discovery rate estimated by the 
z-curve analysis and reflecting the expected rate of significant results is equivalent to 
the power estimate, while the observed discovery rate is equivalent to the actual rate 
of significant results. A discrepancy between the observed discovery rate and the 

Identification of studies via other methodsIdentification of studies via databases and registers

Records identified from*:

Databases/Registers

(n = 933)

PubMed (n = 236);

Web of Science (n = 239)

Scopus (n = 325)
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Scielo (n = 0)

Records removed before 
screening:

Duplicate records removed

(n = 387): 359 using Endnote 

and 28 manually

Records screened

(n = 546)

Records excluded**

(n = 435)

Reports sought for retrieval

(n = 111)
Reports not retrieved

(n = 0)

Reports assessed for eligibility

(n = 111)
Reports excluded:

Sports/Gross motor skill not

assessed (n = 48)

Unhealthy participant (n = 6)

Failed to guarantee equivalent

baseline (n = 20)

SD (or related statistical measure)

values not available (n = 7)

Post-test results not reported (n=1)

Records identified from:

Citation searching (n = 11)

Subject experts (n = 4)

Reports assessed for eligibility

(n = 15)

Reports excluded:

Failed to guarantee equivalent

baseline (n = 5)

SD (or related statistical

measure) values not available 

(n = 3)

Studies included in review

(n = 36)

Reports of included studies

(n = 36)

Reports sought for retrieval

(n = 15)
Reports not retrieved

(n = 0)

Fig. 1   PRISMA 2020 flow diagram
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95% confidence interval of the expected discovery rate estimate provides evidence 
of reporting bias.

Results

Study Selection

Figure  1 provides the flow diagram of the search process. The predefined search 
strategies yielded a preliminary pool of 933 possible papers. Among these, 387 were 
excluded as duplicates (359 using Endnote and 28 manually). The remaining 546 
published papers were screened by titles and abstracts for eligibility with 435 being 
removed and 111 reports remained for full-text assessment. By applying the PICO 
eligibility criteria, 54 full texts were excluded based on the population (i.e., 6 stud-
ies focused on mentally disabled participants) and outcome (i.e., 48 only focus on 
cognitive performance and/or fine motor skills with no focus on at least one out-
come of performance in a movement task (sport/gross motor skill)). In total, 57 
published studies met the PICO inclusion criteria. After conducting an additional 
search, 15 articles were identified as potentially relevant studies, resulting in a total 
of 72 relevant studies. After a careful review of the 72 full texts, 36 studies were 
excluded from the quantitative synthesis (meta-analysis) for the following reasons: 
25 studies failed to guarantee the intervention and control groups were equivalent 
at baseline (15 studies without pre-test measurement, 9 studies did not mention the 
pre-test results, and one study failed to recruit groups with equivalent pre-test per-
formances); 10 studies did not report SD values or other measures that could be 
converted to SD such as standard error (SE), confidence intervals (CI), variance, 
coefficient of variation (CV) in some or all measurements; and 1 study did not 
report post-test results. Detailed references of the excluded full texts are presented 
in Appendix S2. In total, 36 articles with a wide variety of motor tasks and enough 
comparable data were included in the systematic review (Table 1). However, only 35 
of these were incorporated into the quantitative synthesis due to the study by Pasand 
et al. (2016) being identified as an outlier in all tested Δ changes.

Study Characteristics

Characteristics of the 36 studies as well as the difference between the low and high 
CI group in the Δ pre-post, Δ post-retention, and Δ pre-retention of each perfor-
mance outcome are presented in Table 1. Most of the studies (26 out of 36) applied 
a randomized between-subject design. Six studies followed a non-randomized 
between-subject design with group assignment based on pre-test results, and the 
four remaining studies applied either a quasi-random or matched between-subject 
design, a randomized or a counterbalancing within-subject design. Regarding the 
examined sports-related skills, 6 studies focused on volleyball, 4 studies on golf, 3 
studies on tennis, 2 studies on either badminton, baseball, basketball, field hockey, 
table tennis, or shooting (e.g., pistol or kneeling), 1 study on either football, Austral-
ian rules football, gymnastics, dancing or bench press, and the remaining 6 studies 
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focused on some sport-related gross motoric skills (e.g., balance, agility, throwing, 
jumping), without sports specification.

Of the 36 studies included, 22 investigated more than one performance outcome 
(i.e., different sports/gross motor skills and/or different performance variables). 
Similarly, most of the studies (27 out of 36) examined both the acquisition and 
retention phases, while nine studies focused on the acquisition phase with no 
retention test. Additionally, some studies focused on more than one population (e.g., 
male vs. female or experienced vs. inexperienced), or testing protocol (e.g., blocked 
vs. random testing). Therefore, a specific ES was calculated for each outcome, 
population, and/or test session, and the 36 selected studies yielded a total of 264 ES. 
These ES are distributed between Δ pre-post (103 ES), Δ post-retention (81 ES), 
and Δ pre-retention (81 ES).

It should be noted that data of forearm pass from Jones and French (2007) were 
not considered in the meta-analysis, as these studies failed to guarantee equivalence 
at baselines for these specific skills. Similarly, for the meta-regression assessing 
the effect of between-test duration, we elected to exclude the retention data of 
Memmert (2006), which used extreme values for the duration between tests (365 
days) compared to the other studies (56 days maximum), and may potentially bias 
the linear trend.

Furthermore, four studies (Bortoli et al., 2001; Buszard et al., 2017; Keller et al., 
2006; Krause et al., 2014) focused on serial practice, but not on random practice. 
Therefore, data from the corresponding serial practice groups were extracted and 
analyzed, falling within the broader category of high CI.

Subject Characteristics

The studies in this systematic review included a total of 1135 participants between 
low (n = 572) and high (n = 563) CI groups. The number of participants in each trial 
ranged from 11 to 83 for both groups. These studies targeted healthy populations 
with a mean age of 19.5 ± 10.2  years. Four studies targeted 5- to 9-year-old 
participants, seven studies targeted the “10 to 14” years old range, seven studies 
targeted the “15 to 19” years old range, nine studies targeted the “20 to 24” years old 
range, and 7 studies targeted the “25 to 29” years old range. One study focused on 
adults aged 32 years, and one study focused on senior adults (aged above 65 years). 
In 24 out of 36 studies, participants from both sexes were recruited. Five studies 
recruited only male participants and five studies recruited only female participants. 
The gender distributions of the participants were not mentioned in one study. Most 
of the studies (28 out of 36) examined an inexperienced population (including 
participants with no previous experience, novice, beginner, unskilled, or with 
limited experience), while five studies examined experienced athletes, and three 
studies examined populations with varied experience levels (e.g., experienced and 
inexperienced groups).
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Differences in the Δ of Performance Outcomes Between Low and High CI Practices

As Table 1 indicates, in the acquisition phase, the pre-post Δ was in favor of low CI 
training in 22 performance outcomes, in favor of high CI training in 12 performance 
outcomes, with no differences between the groups in 68 performance outcomes.  
In the retention phase, the post-retention Δ was in favor of low CI training in 7 
performance outcomes, in favor of high CI training in 28 performance outcomes, 
with no differences between the groups in 46 performance outcomes. Combining  
the acquisition and retention phase, the pre-retention Δ favored low CI training in 12  
performance outcomes and high CI in 15 performance outcomes, with no differences  
between groups in 54 performance outcomes.

Differences Between Low and High CI Practices in the Δ Pre‑Post

Data from 36 studies investigating the difference between low and high CI practice 
in the Δ pre-post of performance outcomes were pooled in our MA.

Outlier analysis identified two performance outcomes from studies by Pasand 
et  al. (2016) and Buszard et  al. (2017) as potential outliers due to their extreme 
effect sizes (|SMD| range between 4.8 and 7.8). Following outlier removal, the 
analysis proceeded. Given that the study by Pasand et al. (2016) investigated only 
one performance outcome, identified as outlier, this study was completely excluded 
from the multilevel meta-analysis.

Accordingly, 35 included studies yielded a total of 101 ES. A small effect size 
was computed (Fig. 2), based on the three-level meta-analytic model, indicating a 
non-significant difference between low and high CI practice in the Δ pre-post of 
performance outcomes (ES = 0.1, standard error (SE) = 0.11, 95% CI =  − 0.12 to 
0.32, t(100) = 0.92, p = 0.359). Significant heterogeneity was computed (Q = 336.84, 
df = 100, p < 0.0001). The estimated variance components were τ2

Level 3 = 0.29 and 
τ2

Level 2 = 0.11. This means that I2
Level 3 = 54.3% of the total variation can be attrib-

uted to between-cluster, and I2
Level 2 = 20.44% to within-cluster heterogeneity, with a 

total I2 = 74.75%. To identify potential sources of heterogeneity, subgroup analysis 
and meta-regression analysis were performed.

Moderator Analyses (of Multilevel Models)

Multilevel subgroup analysis revealed “age groups” significantly moderated the dif-
ference between low and high CI (F(5, 95) = 8.83, p < 0.00014). However, “experi-
ence level,” “sports,” “skills,” and “testing protocol” did not moderate the differ-
ence between low and high CI practice in the Δ pre-post performance (Table  2). 
No significant differences between low and high CI practices in Δ pre-post per-
formance were detected for the majority of analyzed subgroups in each category 
(Table 2). Better Δ pre-post performance in favor of low CI practice was apparent 
for the 20–24 (ES = 0.33 and p = 0.009) and > 65 years old age groups (ES = 1.65 
and p = 0.016) (Table 2), as well as for “Kneeling/pistol shooting” sports (ES = 0.51, 
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Fig. 2   Forest plot for the weighted difference between blocked and random practices at acquisition gain. 
Legends: KS, kneeling shooting; B, badminton; LS, long serves; SS, short serves; M, male; F, female; 
TS, tennis strockes; LS, low skills; HS, high skills; VBS, volleyball serve; THR, throwing; VT, vertical 
target; HT, horizontal target; Tscore, total score; TB, tennis ball; FfB, feather fly ball; VB, volleyball; 
FB, football; FFS, flat forehand shot; TBS, topspin backhand shot; SBVS, slice backhand volley shot; 
SSS, slice serve shot; HB, handball; AR, Australian Rules; TUG, timed up and go test; POMA, Tinetti 
performance-oriented mobility assessment; FRT, functional reach test; FH, field hockey; PassAcc, push 
pass accuracy; PassSpd, push pass speed; NVS, nonvariable schedules; VS, variable schedules; drbl, 
dribble; BC, ball control; MF, movement form; FH1, field hockey acquisition 1; FH2, field hockey acqui-
sition 2; Srv, serve; dis, displacement; Bpress, bench press; Uhd, underhand; CODA, change of direction 
ability; SSP, straight sprinting performance; BSB, baseball; DS, dominant side; NDS, non dominant side; 
Put, putting; dist, distance; ang, angle; NOV, novice; Exprt, experts
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p = 0.017) (Table  2), However, this significant difference was in favor of high CI 
practice for the “Baseball (swing)” sport (ES =  − 1.11, p = 0.005) (Table 2).

Multivariate meta-regression analyses revealed a moderating effect of only female 
percentage (F(1, 98) = 6.99, p = 0.0095), with coefficient = 0.0084 (SE = 0.003, 95% 
CI = 0.002 to 0.015, t(98) = 2.64, and p = 0.0095, Fig.  3). However, intervention 
duration, number of training sessions, total number of acquisition trials, and dura-
tion between pre- and post-test sessions did not moderate the difference between low 
and high CI practice in the Δ pre-post performance (Table 3).

Publication Bias

Visual inspection of the funnel plot (Fig. 4) revealed no evidence of publication bias, 
a conclusion confirmed by Begg and Mazumdar’s rank correlation test (Kendall’s 
tau =  − 0.08, p = 0.266)) and the multilevel model of Egger’s test (F(1,99) = 0.09, 
p = 0.766)). z-curve analysis estimated an expected discovery rate (average statisti-
cal power) of EDR = 0.09 (95% CI [0.05, 0.65]) and an observed discovery rate of 
ODR = 0.32 (95% CI [0.23, 0.42]) (Fig. 5). Comparing the observed discovery rate 
with the 95% confidence interval of the expected discovery rate revealed no discrep-
ancy and thereby provided further evidence of the absence of reporting bias.

Fig. 2   (continued)
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Difference Between Low and High CI Practices in the Δ of Post‑Retention

Data from 27 studies investigating the difference between low and high CI prac-
tice in the Δ post-retention of performance outcomes were pooled in our MA. Out-
lier analysis identified five performance outcomes from studies by Menayo et  al. 
(2010) and Pasand et al. (2016) as potential outliers due to their extreme effect sizes 
(|SMD| range between 3.69 and 12.02). Following outlier removal, the analysis 
proceeded. Given that the study by Pasand et al. (2016) investigated only one per-
formance outcome, identified as outlier, this study was completely excluded from 
the multilevel meta-analysis. Accordingly, 26 included studies yielded a total of 
76 ES. Based on the three-level meta-analytic model (Fig. 6), a significant differ-
ence between high and low CI practice in the Δ post-retention of performance out-
comes was found (ES =  − 0.35, SE = 0.1, 95% CI =  − 0.55 to − 0.15, t(75) =  − 3.42, 
p = 0.001). Significant heterogeneity was computed (Q = 303.1, df = 75, p < 0.0001). 
The estimated variance components were τ2

Level 3 = 0 and τ2
Level 2 = 0.61. This means 

that I2
Level 3 = 0% of the total variation can be attributed to between-cluster, and 

I2
Level 2 = 80.01% to within-cluster heterogeneity, with a total I2 = 80.01%. These 

results suggest that there is no variance attributed to between-cluster differences, 

Fig. 3   Moderation effect of female % on acquisition gain

Table 3   Test of moderators for continuous variables of pre-post performance

Original

Moderator Moderator test Heterogeneity

Female percentage F(1, 98) = 6.99, p = 0.0095 Q (98) = 319.27; p < 0.0001
Intervention durations F(1, 98) = 0.78, p = 0.3798 Q (98) = 309.21; p < 0.0001
Number of training sessions F(1, 99) = 0.12, p = 0.73 Q (99) = 330.79; p < 0.0001
Tot number of acquisition trials F(1, 88) = 0.02, p = 0.9042 Q (88) = 299.17, p < 0.0001
Duration between pre-post F(1, 98) = 0.51, p = 04786 Q (98) = 308.79, p < 0.0001
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Fig. 4   Funnel plot for outcome performances at acquisition gain

Fig. 5   Z-curve analysis of the included studies in the Δ pre-post
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Fig. 6   Forest plot for the weighted difference between blocked and random practices at Δ post-retention. 
Legends: KS, kneeling shooting; B, badminton; LS, long serves; SS, short serves; M, male; F, female; 
TS, tennis strockes; LS, low skills; HS, high skills; VBS, volleyball serve; THR, throwing; VT, vertical 
target; HT, horizontal target; Tscore, total score; TB, tennis ball; FfB, feather fly ball; VB, volleyball; 
FB, football; FFS, flat forehand shot; TBS, topspin backhand shot; SBVS, slice backhand volley shot; 
SSS, slice serve shot; HB, handball; AR, Australian Rules; TUG, timed up and go test; POMA, Tinetti 
performance-oriented mobility assessment; FRT, functional reach test; FH, field hockey; PassAcc, push 
pass accuracy; PassSpd, push pass speed; NVS, nonvariable schedules; VS, variable schedules; drbl, 
dribble; BC, ball control; MF, movement form; FH1, field hockey acquisition 1; FH2, field hockey acqui-
sition 2; Srv, serve; dis, displacement; Bpress, bench press; Uhd, underhand; CODA, change of direction 
ability; SSP, straight sprinting performance; BSB, baseball; DS, dominant side; NDS, non dominant side; 
Put, putting; dist, distance; ang, angle; NOV, novice; Exprt, experts
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indicating that all moderators are expected to vary across studies rather than within 
the same cluster. Consequently, subgroup analyses and meta-regression are deemed 
unnecessary in this context.

Publication Bias

Visual inspection of the funnel plot (Fig.  7) revealed no evidence of publication 
bias, a conclusion confirmed by Begg and Mazumdar’s rank correlation test (Kend-
all’s tau =  − 0.11, p = 0.15) and the multilevel model of Egger’s test (F(1,74) = 2.23, 
p = 0.1395). z-curve analysis estimated an expected discovery rate (average statisti-
cal power) of EDR = 0.41 (95% CI [0.05, 0.77]) and an observed discovery rate of 
ODR = 0.41 (95% CI [0.30, 0.53]) (Fig. 8). Comparing the observed discovery rate 
with the 95% confidence interval of the expected discovery rate revealed no discrep-
ancy and thereby provided further evidence of the absence of reporting bias.

Fig. 7   Funnel plot for outcome performances at Δ post-retention
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Difference Between Low and High CI Practices in the Δ of Pre‑Retention

Data from 28 studies investigating the difference between low and high CI prac-
tice in the Δ pre-retention of performance outcomes were pooled in our MA. 
Outlier analysis identified six performance outcomes from studies by Menayo 
et al. (2010), Rendell et al. (2011), Pasand et al. (2016), and Jeon et al. (2021) as 
potential outliers due to their extreme effect sizes (|SMD| range between 3.3 and 
4.2). Following outlier removal, the analysis proceeded. Given that the studies by 
Pasand et al. (2016) investigated only one performance outcome, identified as out-
lier, this study was completely excluded from the multilevel meta-analysis. Accord-
ingly, 27 included studies yielded a total of 75 ES. A small effect size based on 
the three-level meta-analytic model (Fig. 9), indicating a non-significant difference 
between low and high CI practice in the Δ pre-retention of performance outcomes 
(ES =  − 0.133, SE = 0.1, 95% CI =  − 0.33 to 0.06, t(74) =  − 1.36, p = 0.179). Sig-
nificant heterogeneity was computed (Q = 257.92.020, df = 74, p < 0.0001). The 
estimated variance components were τ2

Level 3 = 0.03 and τ2
Level 2 = 0.41. This means 

that I2
Level 3 = 5.32% of the total variation can be attributed to between-cluster, and 

I2
Level 2 = 69.32% to within-cluster heterogeneity, with a total I2 = 74.64%. To iden-

tify potential sources of heterogeneity, subgroup analysis and meta-regression anal-
ysis were performed.

Moderator Analyses (of Multilevel Models)

Multivariate subgroup analysis revealed that “age groups” significantly moderate the 
difference between low and high CI practice in Δ pre-retention performance (F(5, 
69) = 2.69, p = 0.0384). However, the “experience level,” “sports,” “skills,” and 

Fig. 8   z-curve analysis of the included studies in the Δ post-retention
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Fig. 9   Forest plot for the difference between blocked and random practices at relatively permanent gain. 
Legends: KS, kneeling shooting; B, badminton; LS, long serves; SS, short serves; M, male; F, female; 
TS, tennis strockes; LS, low skills; HS, high skills; VBS, volleyball serve; THR, throwing; VT, vertical 
target; HT, horizontal target; Tscore, Ttal score; TB, tennis ball; FfB, feather fly ball; VB, volleyball; FB, 
football; FFS, flat forehand shot; TBS, topspin backhand shot; SBVS, slice backhand volley shot; SSS, 
slice serve shot; HB, handball; AR, Australian Rules; TUG, timed up and go test; POMA, Tinetti perfor-
mance-oriented mobility assessment; FRT, functional reach test; FH, field hockey; PassAcc, push pass 
accuracy; PassSpd, push pass speed; NVS, nonvariable schedules; VS, variable schedules; drbl, dribble; 
BC, ball control; MF, movement form; FH1, field hockey acquisition 1; FH2, field hockey acquisition 2; 
Srv, serve; dis, displacement; Bpress, bench press; Uhd, underhand; CODA, change of direction ability; 
SSP, straight sprinting performance; BSB, baseball; DS, dominant side; NDS, non dominant side; Put, 
putting; dist, distance; ang, angle; NOV, novice; Exprt, experts
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“testing protocol” did not moderate the difference between low and high CI prac-
tice in the Δ pre-retention performance (Table 4). No significant differences between 
low and high CI practices in Δ pre-retention performances were detected for the 
majority of analyzed subgroups in each category (p > 0.05). Better Δ pre-retention 
performance in favor of high CI practice was apparent for the age groups “25–32 
years old” (ES =  − 0.42, p = 0.018) (Table 4).

Multivariate meta-regression analyses did not identify a moderating effect for 
any of the variables tested (i.e., female percentage, intervention duration, number 
of training sessions, total number of acquisition trials, or duration between post- and 
retention-test sessions (Table 5).

Publication Bias

Visual inspection of the funnel plot (Fig. 10) revealed no evidence of publication 
bias, a conclusion confirmed by Begg and Mazumdar’s rank correlation test (Ken-
dall’s tau =  − 0.15, p = 0.06) but not by the multilevel model of Egger’s test (F(1, 
73) = 4.86, p = 0.031). z-curve analysis estimated an expected discovery rate (aver-
age statistical power) of EDR = 0.23 (95% CI [0.05, 0.76]) and an observed discov-
ery rate of ODR = 0.28 (95% CI [0.19, 0.40]) (Fig. 11). Comparing the observed dis-
covery rate with the 95% confidence interval of the expected discovery rate revealed 
no discrepancy and thereby provided further evidence of the absence of reporting 
bias.

Methodological Quality of Studies

Overall, the study quality was deemed to be fair to good (Table 6). The PEDro scale 
revealed a score of five to seven for all included studies with a mean PEDro score 
of 5.89 ± 0.66 (mean ± SD). Of the 36 included studies, 26 investigations received 
a good score of six (20 trials) or seven (6 trials) out of 10 (i.e., a double-blind but 
not triple-blind trial). The remaining studies (10 out of 37) received a fair score of 
5 as they failed to randomize the trial, conceal the allocation, and/ or blind subjects, 
therapists and assessors.

Table 5   Test of moderators for continuous variables of pre-retention performance

Moderator Moderator test Heterogeneity

Female percentage F(1, 73) = 3.3, p = 0.0732 Q (73) = 247.9; p < 0.0001
Intervention durations F(1, 71) = 0.62, p = 0.4354 Q (71) = 249.02; p < 0.0001
Number of training sessions F(1, 73) = 0.72, p = 0.3978 Q (73) = 255.51; p < 0.0001
Tot Number of acquisition trials F(1, 64) = 0.003, p = 0.955 Q (64) = 241.59, p < 0.0001
Duration between pre-post F(1, 72) = 0.17, p = 0.6786 Q (72) = 256.79, p < 0.0001
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Fig. 10   Funnel plot for outcome performances at relatively permanent gain

Fig. 11   Z-curve analysis of the included studies in the Δ pre-retention
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Discussion

The paradoxical effects of CI assume high CI practices with a random schedule 
hinder performances during the acquisition phase (i.e., “cognitive load theory,” 
CLT  Gentile, 1998), while providing more permanent enhancement during the 
retention phase (i.e., the “elaborative” (Shea & Zimny, 1983) and the “forgetting/
reconstruction” hypotheses, Lee & Magill, 1985). Considering Schmidt and Lee’s 
(2019) definition of motor learning, the generalization of CI effects on motor 
abilities implies a lower acquisition gain and a greater relatively permanent gain in 
the capability of skilled performance, following high versus low CI practice.

The results of the current systematic review and meta-analysis indicate that 
neither the CI effects nor the associated hypotheses can be generalized to gross/sport 
motor skills. There is no statistical evidence that high CI practice leads to systematic 
lower acquisition gain (pre-post %change = 28.32 ± 58.41% and 28.08 ± 53.21% for 
low and high CI schedules, respectively) and/or greater relatively permanent gain 
(pre-retention % change = 23.09 ± 60.46% and 24.40 ± 93.91% for low and high CI 
schedules, respectively) in PE/sports settings.

Additionally, Δ in only 37 out of 183 overall pooled performance outcomes 
(20%) agreed with the paradoxical CI effects on the acquisition (22 out of 102 for 
Δ pre-post) and the relatively permanent (15 out of 81 for Δ pre-retention) gains 
(Table  1). Consequently, no statistically significant overall difference between 
low and high CI practices was detected for any of these gains. Interestingly, the 
20% consensus is of the same order of magnitude or even smaller as found in 
replication studies in the fields of medicine and psychology (Baker, 2016).

It should be emphasized that an overall significant difference in favor of 
high CI practice, in coherence with the CI theory, has been detected in Δ post-
retention (post-retention % change =  − 2.39 ± 22.29% and − 0.33 ± 25.09% for 
low and high CI schedules, respectively). However, this difference was not large 
enough (ES =  − 0.35) to produce an overall greater gain (i.e., Δ pre-retention) 
following high CI practice.

In line with these overall findings, the subgroup analyses and meta-
regressions revealed that only in extremely limited “conditions” can the CI 
paradoxical effects on the acquisition (i.e., conditions: age groups 20–24 
and > 65  years old, female participant, and kneeling/pistol shooting sports) or 
the relatively permanent gains (i.e., conditions: age group 25–32 years old) be 
partially corroborated. Importantly, no paradoxical CI effects were concurrently 
identified for both gains in any of the tested subgroups.

Moreover, only four out of the twenty-six studies (15%) focusing on both 
acquisition and retention phases approved the paradoxical CI effects on both 
acquisition and relatively permanent gains in some performance outcomes (1 
out of 4 outcomes, Wrisberg and Liu (1991) and Menayo et  al. (2010); 1 out 
of 2 outcomes, Aiken and Genter (2018); and 1 out of 1 outcome, Pasand et al. 
(2016)) (Table  1). These findings further support the limited paradoxical CI 
effects in a PE- and/or sports-related context.
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Since the majority of sports skills involve whole-body motion and require 
coordinated movements within several limbs in parallel, increased cognitive and 
physical loads are generated (Gebkenjans et al., 2007), and intra-task interference  
can be created within repetitive skills (Albaret & Thon, 1998). A previous  
report suggested that this intra-task interference could supersede the inter-task 
interference generated via CI, thereby limiting the CI effects in gross/sports 
skills (Albaret & Thon, 1998). Likewise, high CI practice has been suggested to 
overload the learners’ working memory during the acquisition phase, engaging 
them in deeper elaborative and/or reconstruction processes (Lee & Magill, 1983, 
1985; Shea & Zimny, 1983). The combination of high CI training with complex 
and highly demanding motor tasks (e.g., sport skills) should therefore result in 
the learner’s cognitive abilities being overloaded even more or earlier, thereby 
further decreasing the likely benefit of a high CI schedule, resulting in reduced 
Δ pre-post performance gains. While CI-related studies of fine motor skills have 
primarily examined sequential movements with dominant visual-spatial input, 
for which the working memory model was originally developed (Baddeley, 
1992, 2018), most CI studies in sport involve movements with highly parallel 
tasks and dominant proprioceptive and kinaesthetic sensations. Similarly, the 
CLT was developed for phenomena related to cognitive learning tasks (Sweller, 
1988), and especially related to secondary biological knowledge (Sweller, 2023), 
with similar characteristics as in the working memory model of Baddeley.

Differences Between Low and High CI Practices in the Acquisition Gain

The first hypothesis of the CI paradoxical phenomenon suggests that low CI practice 
better facilitates the acquisition of skilled performance, while practicing under 
high CI schedules leads to inferior acquisition (Battig, 1966; Lee & Magill, 1985; 
Schmidt et al., 2011; Shea & Morgan, 1979). This first CI-phenomenon is typically 
explained by an increased demand on working memory due to a random schedule 
compared to a blocked schedule (Magill & Hall 1990). According to the CLT, 
applying a random schedule, particularly during the early stage of complex skill 
learning, may lead to system overload given the high attention, memory, and motor 
demands, therefore hindering performance during the acquisition phase (Gentile, 
1998).

Since the working memory of children and beginners is assumed to become 
overloaded more quickly, as they either have a smaller working memory than adults 
(Reynolds et  al., 2022) or the exercises contain even more subjective information 
due to their novelty (Amico & Schaefer, 2022; Schöllhorn et  al., 2022), this first 
CI-effect should logically be more pronounced in children and beginners (at least in 
some studies). The present subgroup analysis contradicts this hypothesis and shows 
no difference between low and high CI in both 5–9 (small ES =  − 0.2) and 10–14 
(medium ES = 0.6) years old age groups.

The fact that beginners and children do not respond according to the CI model 
may be due to two conditions more in line with the differential learning (DL) 
model (Ammar et al., 2024; Apidogo et al., 2021). Firstly, children (and beginners) 
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show increased variability in the execution of movements during repetitions (e.g., 
block of repetition in low CI), which in the case of large motor movements can 
reach a level corresponding to that which is also produced in high CI. Similar to 
the training principle of artificial neural networks, it has been shown switching 
between different movements significantly increases the variance of the individual 
movements compared to a blocked sequence, which leads to more stable responses 
after acquisition (Apidogo et al., 2024; Gebkenjans et al., 2007; Schöllhorn, 2016). 
Evidence for the dependence of learning on the degree of variance was provided 
by Wu et al. (2014). If a low and a high CI sequence leads to a comparable degree 
of variance in the to-be-learned movements, then similar learning progress can 
be expected and hardly any differences can be recognized. Secondly, the working 
memory of children can be assumed to have less capacity or, at least, be structured 
differently than that of adults, which may result in a different processing of extensive 
information. Alternatively, instead of a quantitative overload, a qualitative change 
in the load of information processing within the working memory, similar to the 
chunking process surpassing the threshold of 7 ± 2 stimuli (Miller, 1956), has been 
suggested as a possible reason for the different effects (Schöllhorn et al., 2022).

This is consistent with the phenomena observed in DL studies, where a greater 
number of variants are performed compared to CI related studies, leading to 
regularly increased acquisition and learning rates, even in adults (e.g., Apidogo 
et al., 2024). In DL, there are not only 3–6 prescribed exercises repeated at different 
distances, but each exercise is varied, resulting in a complete overload of a classical 
working memory. Thus, in comparison to blocked learning, a significantly lower 
performance gain during the acquisition phase is to be expected, if the cognitive 
load theory would be generalized to physical tasks. However, at least the same 
performance increases are observed (e.g., Ammar et al., 2024; Apidogo et al., 2024), 
further increasing the subsequent learning phase (Schöllhorn et  al., 2014, 2015). 
In summary, studies on DL provide additional evidence for the CLT’s ensuing 
uncertainty, thereby prompting us to reconsider the explanations used before 
proceeding with drawing contradictory conclusions and invalid generalizations.

Another approach for explaining the missing CI-effect in children may relate to 
different evaluation strategies of errors in children and adults, providing a further 
argument in favor of DL. Indeed, in addition to the variety of exercises, DL is 
characterized by the absence of augmented feedback (Schöllhorn, 2000), which is 
argued to be ineffective when sufficient exercise variation is provided (Silverman 
et al., 1992; Ramirez Ruiz et al., 2022; Wu et al., 2011) or can even be misleading 
(Buekers et  al., 1992). The lack of augmented feedback might lead to different 
error processing strategies, which Broadbent et  al. (2017) suggested could reduce 
cognitive overload in randomized learning sequences by minimizing the focus 
on error correction. Since DL results in high error rates at least similar to those 
in randomized CI, but without the observed overload effects post-acquisition, the 
way deviations are assessed and processed could crucially influence learning 
effectiveness. The differences in error evaluation between children and adults, and 
how these evaluations vary by learning method, warrant further investigation.

More recent studies have used neurophysiological measurements to evaluate the 
CI effects and/or the CLT following different levels of CI practices in motor skill 
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acquisition. The majority of them were able to show that high CI practice was 
associated with higher cognitive load in fine motor skills (e.g., finger sequence 
production), as evidenced by the involvement of a wide range of motor-skill-related 
neural regions (Hardwick et  al., 2013; Penhune & Steele, 2012), activation of the 
default or scaffolding network (Cross et  al., 2007; Wymbs & Grafton, 2009), an 
increased frontal–parietal blood oxygenation signal, and higher motor cortex (M1) 
excitability during the acquisition phase (Lin et al., 2011). However, there is little 
evidence on the applicability of the CI first hypothesis and the CLT when practicing 
sport/gross movements. Existing literature reports altered electrical brain activity 
with high CI practice being coupled with lower left temporal alpha prior to golf 
putting (Gallicchio and Ring 2019), stronger reduction of the P3 component during 
target throwing training (Frömer et  al., 2016), and increased prefrontal gamma—
associated with stress—during the acquisition of a badminton serve (Henz et  al., 
2018).

Aside from the limited neurophysiological evidence for the generalization of the 
CLT to sport settings, the existing findings have revealed numerous inconsistencies 
regarding the CI effects on sports skill acquisition and performance. When 
comparing the difference between low and high CI practices in terms of post-test 
performance, some studies show superior acquisition performance for the low CI 
group (Boyce & Rey, 1990; Pasand et  al., 2016; Sadri et  al., 2013), while others 
show no significant differences between the two practices (Bortoli et  al., 2001; 
Broadbent et  al., 2015; Fazeli et  al., 2017; Goodwin & Meeuwsen, 1996; Meira 
& Tani, 2003; Memmert, 2006; Pollatou et  al., 1997; Porter et  al., 2020; Zetou 
et  al., 2007); sometimes even an inverted first CI effect with higher acquisition 
performance is observed following random practice (Aiken & Genter, 2018; Hall 
et al., 1994; North et al., 2019; Sharp et al., 2020). Equivocal conclusions have been 
reached in previous review studies, with some of them supporting the CI effects 
(Brady, 1998, 2004), while others reported the difficulty of generalizing the CI 
effects in applied sport settings (Barreiros et al., 2007; Shewokis, 1997; Wang et al., 
2022). Similar to original investigations, these review papers have mainly focused 
on the difference between high and low CI practices in retention-test performance, 
with little attention given to the gain during the interference part after the acquisition 
phase. Additionally, these reviews did not exclude studies failing to guarantee 
equivalent baselines between high and low CI conditions, calling their conclusions 
into question.

Focusing on the performance gains during the acquisition phase in studies that 
succeed in guaranteeing an equivalent baseline in low and high CI conditions, the 
current meta-analysis provides statistical evidence supporting previous reviews 
highlighting the problem of generalizing the CI effect on sport performance 
during the acquisition phase. Only 20 performance outcomes (out of 101 pooled 
outcomes = 19.8%) demonstrated superior gain after low vs. high CI practice, 
which agrees with the CI effect during the acquisition phase, whereas more than 
four times as many (80.2%) outcomes disprove this first CI effect and show either 
non-significant differences (69 outcomes) or even a reversed effect (12 outcomes). 
Overall, there was no statistically significant difference in performance gain 
following low vs. high CI practices after the acquisition phase, according to the 
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current meta-analysis. Therefore, the recommendation to start with blocked training 
during the early stage of complex skill learning cannot be derived logically from the 
present meta-analysis data.

Differences Between Low and High CI Practices in the Relatively Permanent Gain

The second hypothesis of the CI paradoxical phenomenon suggests an 
overcompensation of the short-term disadvantage of CI during the acquisition 
phase with a relatively permanent gain in the retention phase (Battig, 1966; Lee & 
Magill, 1985; Shea & Morgan, 1979). The suggested long-term advantages in the 
subsequent learning phase were most often assigned to either the “elaborative” or 
the “forgetting/reconstruction” theoretical positions. By using various encoding 
strategies, the elaborative hypothesis suggests that a high CI schedule engages 
the learner in a deeper and more elaborative process, resulting in a more distinct 
and sophisticated task representation (Shea & Zimny, 1983). While the forgetting/
reconstruction theoretical position suggests that changing the characteristics of a 
task between trials results in forgetting motor processing, which engages the learner 
in a plan-of-action reconstruction process and necessitates extra retrieval practice 
to complete each task (Lee & Magill, 1983, 1985). Although controversial, both 
theoretical positions assume a more detailed and permanent mental representation 
of the task, which can be beneficial for the retention performance following high 
CI practice. More recent studies examining the effects of CI on motor learning 
have used neurophysiological measurements to assess the evidence for these early 
theoretical positions.

However, there is scarce indirect evidence for the emergence of a specific 
behavioral or neural signature or profile during high-CI schedules versus low-CI 
schedules (Wright et al., 2016), and if any, it is indirect, with numerous additional 
assumptions. More surprisingly, contradicting the early hypotheses of more 
elaborative and/or extra reconstruction processes following high CI practice, Wright 
et al. (2004) reported that during extensive acquisition under high CI practice, the 
learner can use similar motor programming strategies, but perform very differently 
during the retention testing phases. More unexpectedly, when focusing on fine motor 
skill (a finger-tapping task), Lin et al. (2011) reported a decreased BOLD signal in 
frontal–parietal regions (important motor regions for training) during the retention 
test following interleaved practice.

The limited neurophysiological evidence supporting the “elaborative” and 
the “forgetting/reconstruction” theoretical positions calls into question the 
generalization of the second CI hypothesis, suggesting a longer-term advantage of 
high CI practice, particularly in complex sport performances. This uncertainty can 
also be derived from numerous inconsistencies about the CI effects on the retention 
performance of sports skills. When comparing the difference between high and low 
CI practices in terms of retention-test performance, some studies reveal that the 
high CI group demonstrated superior retention performance (Hajihosseini, 2016; 
Kalkhoran & Shariati, 2015; Memmert, 2006; Pasand et  al., 2016), while others 
showed no significant differences between the two practices (Naimo et  al., 2013; 
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Porter et al., 2020; Sharp et al., 2020; Yanci et al., 2013; Zetou et al., 2007). In some 
cases, an inverted first CI effect was observed, with higher acquisition performance 
following random practice (Farrow & Maschetie, 1997; Hall et  al., 1994; Zipp & 
Gentile, 2010). The contradictory responses to high CI designs become plausible 
if, in addition to the pure exercise sequence, the age and specific conditions of the 
movements to be learned are also taken into account. The results confirming the 
first CI effect were exclusively observed in adults performing movements with high 
visual components (e.g., pistol shooting, volleyball passes and playing at a target, 
throwing at a basket, and baseball hitting balls with varying curved trajectories). 
Post-test results contradicting the first CI effect were typically found in children or 
adolescents acquiring movements with dominant kinesthetic and proprioceptive 
components (e.g., bench press, Frisbee throwing, sprinting). An exception in this 
category is the basketball study by Porter et  al. (2020), which adhere to Miller’s 
(1956) chunking threshold (7 ± 2) by involving throws from 8 different locations for 
the high CI group, largely exceeding the 4 locations in Memmert’s (2006) study, 
and constant location for the control group. The assumption that the acquisition 
impairment is a prerequisite for subsequent increased learning rates was not 
supported by studies on differential learning, where increased acquisition rates were 
followed by equally increased learning rates. In line with the original findings, recent 
systematic reviews also noted the difficulty of generalizing the CI phenomenon to 
applied sports skills (Ammar et al., 2023; Wang et al., 2022).

Despite the fact that performance gain, particularly the relatively permanent 
one, is considered a major component in the field of motor learning (Schmidt 
& Lee, 2019), these previous studies (original and review) have evaluated the 
second CI effect only by assessing the difference between both practices in terms 
of performance in the retention test, with little attention given to the relatively 
permanent gain.

The current meta-analysis provides additional statistical evidence on the 
myth of CI effects and possible generalizations in a sport context by focusing 
on the relatively permanent performance gain, as reflected in the difference 
between baseline (pre-test) and retention performances. Only 25 out of 75 pooled 
performance outcomes (33.3%) demonstrated superior gain following random 
vs. blocked practice. This agrees with the second CI effect, whereas nearly twice 
as many (50 = 66.6%) outcomes contradict the first CI effect, showing either non-
significant differences (46 outcomes) or even a reversed effect (4 outcomes). Overall, 
the present meta-analysis revealed no statistically significant difference between 
relatively permanent performance gain following high vs. low CI practices after the 
“acquisition + random” phases. Therefore, the recommendation to employ high CI 
practices to gain a longer-term performance advantage cannot be derived from the 
present evidence.

Moderator Variables of the CI Effects on Performance Gains

The lack of scientific consensus regarding the evidence of CI effects in sport 
practice has been attributed to various factors, such as participants’ age and 
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experience levels, complexity and nature of the sports-related skill, and duration of 
the acquisition phase (Barreiros et al., 2007; Brady, 1998, 2008; Graser et al., 2019; 
Magill & Hall, 1990; Merbah & Meulemans, 2011; Wang et al., 2022). The various 
moderators of the CI hypothesis have historically explained the lack of differences 
in skilled performances measured at post- and/or retention testing, with little 
attention paid to the moderation effects on possible gains (e.g., acquisition gain and/
or relatively permanent gain) generalized by each amount of CI. The present meta-
analysis with subgroup and meta-regression analysis addressed this gap, revealing 
that most of the studied variables including the learner’s experience level, as well 
as the acquisition protocol (i.e., practice duration, number of training sessions and 
acquisition trials, duration between testing sessions, and testing protocol), did not 
moderate the difference between low and high CI practices in terms of acquisition 
and/or relatively permanent gain.

Indeed, no significant moderation effect has been identified for any of these 
variables for the CI effect on the acquisition (Δ pre-post performances) and relatively 
permanent gain (Δ pre-retention performances), while only age group significantly 
moderates both CI effects (acquisition and relatively permanent gains) and female % 
significantly moderates the CI effect only on acquisition gains.

In terms of participants’ age, pre-post Δ performances were in favor of low CI 
practice in older adults (> 65 years old, p = 0.02) with a large ES of 1.65, and in 
population aged between 20 and 24 years old (p = 0.01) with a small ES of 0.33. 
Furthermore, the Δ pre-retention performances were in favor of high CI practice 
in studies involving participants aged between 25 and 32 years old (p = 0.02 with a 
small ES of − 0.42).

The significant moderation effects of age on both CI effects support previous 
evidence for a significant interaction of participant age with the CI effect (Jeon et al., 
2021; Pollock & Lee, 1997). Particularly, the greater relatively permanent gain 
using the high compared to the low CI practice, only observed in populations aged 
between 25 and 32, aligns with findings from previous reports indicating that CI 
effects seem to exist more in young adults than in children (Pollock & Lee, 1997) or 
older adults (Jeon et al., 2021). One possible explanation for the moderating effect 
of age is age-related changes in cognitive function. In this context, Lin et al. (2012) 
found that the brain regions associated with the main activities seem to differ after 
high CI practice at different ages. More recently, the same research groups revealed 
psychophysiological interactions for functional MRI data between age group and 
high vs. low CI practices of a motor skill. Indeed, following a high CI practice, 
younger adults showed efficient brain network topology, stronger functional 
segregation, and a significant association between higher network centrality and 
better learning, while older adults did not exhibit those favorable network properties 
(Lin et al., 2016).

The greater pre-post difference (Δ) observed with low compared to high  
CI practice in the older adult population (aged over 65 years, as studied by Jeon 
et al., 2021) may be attributed to their familiarity with learning through repetition,  
characteristic of blocked practice (i.e., a series of repeated movements). This 
approach aligns with the repetitive learning (RL) model, grounded in early learning  
theories like behaviorism, and emphasizes the importance of repeating correct trials  
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to enable the learner to execute specific skills with enhanced precision and accuracy.  
For older adults, the RL model was a foundational educational approach, preceding  
more recent models like variability of practice (VP) and high CI practice. These 
recent models focus on either varying the variable parameters (e.g., absolute timing,  
absolute forces), but not the invariant ones, as in the case of VP (Adams, 1987; 
Schmidt, 1975), or varying both the invariants (represented as generalized motor 
programs (GMPs)) and the schedule (i.e., the temporal structuring) of the learning 
process, as in the case of CI (Battig, 1979; Shea & Morgan, 1979). Both models  
were developed in the last quarter of the twentieth century (Schöllhorn et al., 2022),  
but have taken time to be integrated into educational systems.

Nevertheless, the benefits of low over high CI practice during the acquisition 
phase in older adults should be interpreted with caution. The present age-related 
subgroup analysis was based on data from only three pooled outcomes, all extracted 
from a single study by Jeon et al., 2021, which had a PEDro score of 6, indicating 
that it barely meets the criteria for good quality. Moreover, the computed confidence 
interval for this subgroup’s ES was large (0.75 to 2.55). The limited scope of this 
data may not comprehensively reflect the impact of the CI’s practice models on the 
older population.

In terms of sex’s moderation effects, the present result showed a benefit of low 
over high CI practice in studies with higher female proportions. These results 
indicate the higher the proportion of females in a study, the higher the chance of 
getting acquisition performance gains in favor of the low CI practice. Thus, the 
better the chance of being in line with the first CI hypothesis. The effect of gender 
on the CI phenomenon has rarely been investigated. The findings of the present 
meta-analysis confirm the previous findings of the seminal study by Smith and 
Rudisill (1993), investigating the influence of proficiency level and gender on the 
CI effect, with an open skill and reported only females to exhibit the contextual 
interference effect during the acquisition phase. The author mentioned the difficulty 
of explaining this difference between the sexes in terms of the first CI effect, 
speculating that the sex difference could be due to the lower experience level of 
females in open skill compared to males. They also highlighted the need for further 
research to determine whether proficiency can account for interactions between CI 
and gender. Moreover, given the differences in the neurophysiological processing 
of language between women and men (Baxter et  al., 2003), and considering that 
language processing occurs in the same areas responsible for sequential and 
visual-spatial information processing (Binding et  al., 2022; Manohar et  al., 2017; 
Meyer et al., 2005), it is plausible to suggest that most studies on CI learning have 
predominantly focused on very specific properties of the medio-lateral temporal 
(MLT) cortex (Cutsuridis & Yoshida, 2017; Patel et  al., 2023) involved in a very 
specific form of movements, indicating a narrow scope of investigation. The extent 
to which these differences lead to women holding on to a mnemonic strategy for 
longer due to their different language processing, even when learning sequential 
movement forms due to possibly greater capacities, before switching to modified 
chunk-like processing and thus triggering clearer CI effects, requires extensive new 
and interdisciplinary research. However, the close relationship between bilingualism 
and episodic memory benefits in older adults (Schroeder & Marian, 2012), and the 



1 3

Educational Psychology Review (2024) 36:57	 Page 61 of 73  57

close link of episodic memory and MLT (Cutsuridis & Yoshida, 2017), provides a 
new opportunity to create alternative approaches to training these brain areas.

A similar explanation of the current findings is related to gender differences in 
terms of basic cognitive resources and their associated neuroanatomical functioning, 
particularly working memory (Clements et al., 2006; Gur et al., 2000; Harness et al., 
2008; Hill et  al., 2014; Saylik et  al., 2018; Shaywitz et  al., 1995). Evidence for 
specific gender-related working memory networks suggest that females consistently 
activate more limbic (e.g., amygdala and hippocampus) and prefrontal structures 
(e.g., right inferior frontal gyrus), and males activate a more distributed network 
including more parietal regions (Hill et al., 2014). On the other hand, many studies 
have previously shown that, during the acquisition of motor skills, high CI practice 
is associated with greater cognitive engagement compared to low CI practice (Cross 
et  al., 2007; Hardwick et  al., 2013; Henz et  al., 2018; Lin et  al., 2011; Penhune 
& Steele, 2012; Wymbs & Grafton, 2009). This was evidenced by a greater level 
of activation in frontal areas and increased working memory demand due to non-
systematic variations (Lage et al., 2015). Taking into consideration a lower female 
ability to activate a more distributed working memory network compared to males 
(Hill et  al., 2014), it is possible that the working memory resources of high CI 
practice in female learners may be more quickly overwhelmed by the magnitude 
of visual-spatial information required to generate multiple motor solutions (i.e., 
task switching) during acquisition, which may explain the observation that this 
population benefits more from the low CI practice in this acquisition phase.

Future research is required to demonstrate whether studies on working memory 
training help compensate for deficits in this area. Evidence for the trainability of the 
linguistic (sequential)-visual spatial domain is provided by studies in children with 
ADHD (Klingberg et al., 2005) and chimpanzees (Tang et al., 2019). The conditions 
under which this seems possible are extensively discussed (Jacoby & Ahissar, 
2013); however, to what extent the capacities of specific working memories can 
be enlarged by training and to what extent this enlargement allows a non-specific 
transfer between the different types of working memory is still unclear. Interestingly, 
even the components of the multi-component model of working memory according 
to Baddeley and Hitch (1974) are limited to verbal and visuo-spatial aspects, but do 
not consider the proprioceptive, kinaesthetic, and tactile domains (Baddeley, 2018).

In contrast to the acquisition and relatively permanent gain, participants’ age and 
gender, similar to their experience level and testing protocol, showed that they did 
not significantly moderate the CI effect on post-retention performance.

Taken together, a significant difference between high and low CI practice was 
only computed during the retention phase (post-retention period). However, the 
magnitude of this difference was not large enough to generate a significant overall 
difference on the relatively permanent gain (pre-retention). The present results reveal 
that CI effects on motor learning gain can only be confirmed under very limited 
conditions, challenging the extension of CI effects to the sport context in general.
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Methodological Quality of the Studies

The studies included in the current MA have an overall quality ranging between 5 
and 7 out of 10, which is considered to be a “fair” to “good” standard. Given the 
nature of motor learning experiments, these findings are reasonable. It is difficult, 
if not impossible, to blind assessors, therapists, and participants (when they are 
familiar with low and high CI practices) to the condition in which they are allocated. 
In order to enhance the overall methodological quality of future studies, more effort 
should be put into addressing the other risk of bias items (i.e., PEDro items 1–4 and 
8–11) in future studies. Furthermore, the earliest papers included in this systematic 
review were published in the 1990s, while the Standardized Reporting of Trials 
(SORT) statement, including the checklists for interventional trials, was published in 
1994. This may further explain the fair score in some of the previous studies.

Methodological Considerations and Recommendations

After carefully screening the results section of each study, 36 studies were excluded 
as they did not report precise results (e.g., mean and SD or a related statistical 
measure) at one or more time points of the test session, making it impossible to 
compute Δ change and SDM, or they failed to ensure an equivalent baseline 
between control and intervention groups. Although such exclusion is necessary, it 
may impact the overall conclusions due to missing data from these studies, which 
could offer valuable insights into certain aspects of CI. This necessitates cautious 
interpretation of the current results, while also highlighting the importance of proper 
result reporting and ensuring an equal baseline between groups in future motor 
learning research.

Motor control research is characterized by a variety of measured performance 
outcomes. Different skills and sports movements can be tested within the same 
study (e.g., service, set, and pass) using different measurements (e.g., accuracy 
and error) that can have inverse interpretations for their changes (an increase in 
terms of accuracy score is beneficial, but a similar increase in terms of the number 
of errors is not). Including multiple and varied data points from the same studies 
in a meta-analysis is challenging and can induce several dependency issues. 
Therefore, meta-analyses conducted in the field of motor learning are recommended 
to address this dependency issue when running the meta-analysis while also 
controlling the effect direction when computing the ES. A possible way to do this 
is to consider the computation of a corrected ES accounting for the effect direction 
(see the “Calculation of effect size and variance” subsection for more detail) and 
the employment of multilevel meta-analysis and multivariate subgroup and meta-
regression analyses, a methodology that allows for appropriately handling the 
hierarchical data structure (Assink & Wibbelink, 2016; Jukic et  al., 2023) (see 
the “Statistical Synthesis of Effect Sizes” and the “Statistical Heterogeneity and 
Moderators Analysis” subsection for more detail).

Additionally, it is noteworthy to highlight the need for conducting outlier detection 
to exclude performance outcomes with extreme ES from the analysis (see the 
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“outlier detection” subsection for more detail), as such extreme values may affect the 
overall results. Furthermore, robust bias correction techniques are also warranted in 
such meta-analyses. For instance, in multilevel meta-analysis, the multilevel model 
of the Egger’s test can be used, along with the Begg’s rank correlation test, as robust 
model to detect publication bias (Fernández-Castilla et al., 2021). Alternatively, as 
recommended by Mckay et al. (2023), the RoBMA-PSMA method can be used to 
offer a clearer indication of preferred method while accounting for several forms of 
reporting bias. Conducting a z-curve is also recommended to estimate the power of 
the included studies and better understand the presence of publication bias (Mckay 
et al., 2023). In this context, it is important to note that the reported average power 
of the studies included in the present meta-analysis might sometimes be overlooked. 
Therefore, it should be interpreted with caution. Understanding this metric is crucial 
as it can guide the sample size of future studies in this field, thereby improving their 
power, quality, and replicability.

Regarding future original research in this field, investigators should aim for 
high study quality by fulfilling as many of the PEDro scale’s items as possible. For 
instance, studies involving inexperienced subjects and assessors unfamiliar with 
the different motor learning models can satisfy all 11 items. However, in studies 
involving subjects and assessors with prior knowledge of models such as low and 
high CI, satisfying the blinding related PEDro items (items 5–7) may be challenging 
and even impossible. In such cases, satisfying the remaining items to achieve a score 
between 6 and 8 is crucial. Achieving this score requires meeting at least 6 criteria 
from items 2–4 and 8–11. Criteria 2–4 are met by employing random and concealed 
allocations and ensuring baseline comparability. Criteria 8–11 involve analyzing 
key outcomes for more than 85% of initially allocated subjects, using statistical 
comparisons, and reporting effect sizes and variability measures such as standard 
deviations or confidence intervals. Meeting these criteria enhances the study’s 
quality and internal validity, facilitating its inclusion in future meta-analyses.

Although the PEDro scale proved effective in assessing studies, there is a need 
for a scale specifically designed for motor learning. This scale would address the 
aforementioned blinding issue and account for a detailed description of the training 
protocol and tested skill (e.g., mention of the dominant components: visual, 
kinesthetic, and/or proprioceptive, the degree of variability, and the noise level) as 
well as a detailed description of the study’s subjects’ characteristics (e.g., detailed 
experience levels, including years of experience). Such a scale could help identify 
other potential moderators of the motor learning model’s effects.

Strengths, Limitations, and Implications for Future Research

The current meta-analysis is the first to attempt to validate the CI effects in a PE 
and/or sports context by focusing on the acute and delayed skilled performance’s 
gains generalized by each amount of CI. The main findings indicated extremely 
limited support for the validity of the CI phenomenon in PE/sports settings as no 
overall significant difference between low and high CI practice was found in either 
the acquisition or the relatively permanent gains.
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Nonetheless, the high level of heterogeneity in the included studies due to the 
disparate participants’ characteristics, motor skills, and intervention protocols 
highlights the need for careful interpretation of the current findings and high-
quality follow-up research considering more important covariates such as the 
“noise amount” of the training intervention (Schöllhorn et al., 2006, 2009) and the 
dominant components (i.e., visual, kinesthetic, and/or proprioceptive) of the learned 
skill, in combination with reliable neurophysiological measurements appropriate 
to sport skill assessment (e.g., EEG, HRV). The findings of subgroup analysis 
and meta-regression should also be interpreted with caution because of their 
observational nature (Spineli & Pandis, 2020).

Furthermore, future motor learning research should properly report their results’ 
values, while using a sufficient sample size and ensuring an equal baseline in skilled 
performance outcomes.

Conclusions

Unlike previous meta-analyses, the present one did not focus on the comparison of 
discrete performances after the acquisition and retention phases, but on performance 
gains during these phases, with special attention to equal starting levels. The 
findings showed no overall significant CI effects for performance gains during these 
phases. Importantly, the CI phenomenon (i.e., acquisition gain in favor of low CI 
and relatively permanent gain in favor of high CI) was not fully confirmed in any 
of the investigated subgroups. Thus, the often-made generalization of CI effects on 
sports movements is not supported by our findings. Numerous inconsistent findings 
call for a reconsideration of previous explanatory approaches. This concerns to a 
large extent the inadmissible generalization of the working memory concept, which 
has so far primarily been based on cognitive learning and insufficiently differentiates 
motor learning with a high proprioceptive, kinaesthetic, and tactile component 
(Baddeley, 2018). Ambiguities also exist regarding the influence of the number of 
different exercises, as well as their relative similarities (Schöllhorn, 2016). Similarly, 
there are deficits with regard to the criteria for quantifying performance progress. So 
far, these have focused exclusively on discrete outcomes rather than on the quality 
of movement execution. As such, we recommend a change of direction toward the 
newly emerging substantive issues to further progress our understanding in motor 
learning, when the idea of CI learning originally inspired many researchers, but has 
since stalled.
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