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Abstract

Aim

We aimed to identify and evaluate the quality and evidence of the motor learning literature

about intervention studies regarding the contextual interference (CI) effect (blocked vs. ran-

dom practice order) in children with brain lesions and typically developing (TD) children.

Method

Eight databases (Cinahl, Cochrane, Embase, PubMed, Pedro, PsycINFO, Scopus and

Web of Knowledge) were searched systematically with predefined search terms. Controlled

studies examining the CI effect in children (with brain lesions or TD) were included. Evi-

dence level, conduct quality, and risk of bias were evaluated by two authors independently.

A best evidence synthesis was performed.

Results

Twenty-five papers evaluating TD children were included. One of these studies also

assessed children with cerebral palsy. Evidence levels were I, II, or III. Conduct quality was

low and the risk of bias high, due to methodological issues in the study designs or poor

description thereof. Best evidence synthesis showed mainly no or conflicting evidence. Sin-

gle tasks showed limited to moderate evidence supporting the CI effect in TD children.

Conclusion

There is a severe limitation of good-quality evidence about the CI effect in children who prac-

tice different tasks in one session, especially in children with brain lesions.
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Introduction

Children with brain lesions, such as cerebral palsy (CP), frequently have to deal with impair-

ments of the sensorimotor system, leading to restrictions in activities and independence which

could affect participation in daily life [1]. Intensive therapeutic interventions are needed to

address these limitations. Usually, several tasks or skills are practiced during single therapeutic

sessions to cover a broad range of impairments and limitations and to keep the children

engaged. However, learning one skill can be influenced by practicing another one during the

same session [2]. This so-called contextual interference effect [3] has been established by Battig

and has been described later in various motor learning studies. These studies showed that the

contextual interference effect was low when different tasks are practiced in a blocked order,

meaning that one task is practiced until it is learned before moving to the next [4]. A high con-

textual interference effect is achieved if different tasks are practiced in a random order [4].

Most evidence about the contextual interference effect has been obtained in healthy young

adults with the intent of improving practice schedules in sports. In this population, a low con-

textual interference effect results in better acquisition but worse transfer and retention of task

performance. The findings are the opposite if practicing with high contextual interference

[4,5].

For paediatric patients after rehabilitation discharge, it is important that learned tasks can

be retained over time and generalised to other conditions or tasks. The evidence is lacking,

though, whether this specific population would also benefit from a high contextual interfer-

ence, and whether this can be achieved by practicing in a random order.

Several aspects seem to influence the contextual interference effect. Magill and Hall men-

tioned that task characteristics (e.g. non-laboratory tasks such as beanbag throwing vs. labora-

tory tasks such as coincident anticipation timing tasks) and subject characteristics like age or

the level of experience are important, although it remains unclear how age exactly influences

the contextual interference effect [5]. Therefore, it remains unclear what the optimal practice

order in typically developing children (e.g., [6–8]) and in children with brain lesions undergo-

ing neurorehabilitation is.

Some reviews about contextual interference exist [5,9–12], but none of them included a sys-

tematic evaluation regarding the effects and quality of intervention studies in the field of paedi-

atric motor learning, which limits the relevance for the field of paediatric neurorehabilitation.

This shortage of knowledge is unfortunate since neurorehabilitation is based on motor learn-

ing principles [13], and therapeutic interventions could be improved by adhering to such prin-

ciples [14]. As we assume that results from contextual interference studies involving typically

developing children could be better generalised to children with brain lesions compared to

results obtained from healthy adults, the objective of this systematic review was to investigate

the evidence of contextual interference in children with congenital or acquired brain lesions

and typically developing children. The research question is the following: What is the evidence

concerning the contextual interference effect for children with congenital or acquired brain

injuries and typically developing children?

Methods

This review was conducted by following certain aspects of the guidelines provided by the

American Academy of Cerebral Palsy and Developmental Medicine (AACPDM) [15] and sup-

plemented by the risk of bias tool provided by the Cochrane Collaboration [16]. The procedure

is described in detail below.

Since no participants were required for this study, obtaining ethical approval was not

necessary.

Contextual interference in children: A systematic review
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Inclusion and exclusion criteria

We defined inclusion criteria in line with PICO (Population, Intervention, Control, Outcome)

and included studies assessing children (with congenital or acquired brain injuries and/or typ-

ically developing) in the age range between 1 and 18 years (Population). We included motor

learning studies examining the contextual interference effect with a random practice order

group (Intervention) and at least one blocked practice order group (Control). Any outcome

evaluating the acquisition, retention, and/or transfer of the learned skill (Outcome) was con-

sidered selectable. JG defined the search terms based on PICO and HVH reviewed the search

terms. The following search terms were used:

Population: ‘child’, ‘children’, ‘childhood’, ‘paediatrics’, ‘adolescents’, ‘adolescence’,

‘youths’, ‘student’, ‘elementary’, ‘high school’.

Intervention: ‘motor learning’, ‘skill learning’, ‘contextual interference’, ‘practice order’;

Control group: ‘blocked and random’;

Outcome: ‘performance’, ‘acquisition’, ‘retention’, ‘transfer’, ‘generalisation’, and

‘generalisability’.

Search terms were customised for each database including the use of MESH terms when

applicable. We refrained from adding methodological criteria (e.g. randomisation procedures

for group allocation) to get a broad overview of the existing literature. The search was per-

formed by the first author on the databases Cinahl, Cochrane, Embase, PubMed, Pedro, Psy-

cINFO, Scopus and Web of Knowledge (an example of a detailed search strategy is shown in

S1 Table). The reference lists of original research papers and systematic reviews were screened

for further eligible studies. The primary search was performed in March 2015 (for the period

1960 to March 2015) and updated in December 2016 (period 2015 to 2016).

We excluded studies that allowed a true practice phase (i.e., not a typical familiarization

phase which normally consists of a few trials that are performed to have the participant give an

idea about the skill to be learned) before the actual acquisition phase. There is a phenomenon

called “learning to learn” [17] which describes the beneficial influence of prior practice experi-

ence on an unfamiliar motor task [18]. In humans, this phenomenon has been observed in

visuomotor [18,19], and cognitive tasks [20–22]. In a recent study with healthy young adults

practicing a dynamic balance task, the “learning to learn” phenomenon could not be repro-

duced [23]. We included studies with a wide variety of motor tasks. Since there is no general

accordance about the “learning to learn” phenomenon we decided to exclude studies with

prior practice phase because this would affect the comparability with studies without such a

practice phase.

We also excluded conference papers, studies of which only the abstracts were available,

unpublished dissertations, and studies in a language other than English or German.

Selection procedure

Firstly, JG and HVH read the titles and abstracts and decided upon eligibility independently.

Secondly, the same authors read the full texts of the papers that were considered eligible and

decided on final eligibility independently. In cases of disagreement, the authors discussed until

consensus was reached.

Data extraction and analysis

JG summarised relevant data using a standardised data extraction sheet. Included were the

type of study, participants (population, age, number per group), task, information regarding

the acquisition, retention and transfer phases, including time points, duration, used outcome

measures (e.g. anticipation timing task) and parameters (e.g. variable and random error), as

Contextual interference in children: A systematic review
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well as the results. In case of incomplete reporting of patient characteristics or study proce-

dure, we contacted the authors of the original publication.

We had planned to pool data when studies were comparable regarding populations, inter-

ventions, outcomes, and types of studies. If we were not able to follow this approach, due to

heterogeneity of the studies, pooling within relevant subgroups was considered. When we

would choose to refrain from pooling completely, because meaningful subgroups could not be

built a best evidence synthesis would be performed using the levels of evidence described by

Tulder et al. [24]. The results of each study would be rated as significant (favouring blocked or

random order), inconsistent or not significant. Consistency of the results within one study

would be given if 75% of the comparisons (e.g. measures, parameters, tasks) would provide

similar results (e.g. random was better than blocked for the retention). Then the evidence of

the different tasks (several studies per task, if possible) was rated according to the suggestions

by Tulder et al. [24]: strong (consistent findings among multiple high quality randomised con-

trolled trials (RCTs)), moderate (consistent findings among multiple low quality RCTs and/or

controlled clinical trials (CCTs) and/or high one high quality RCT), limited (one low quality

RCT and/or CCT, conflicting (inconsistent findings among multiple RCTs and/or CCTs;

inconsistent findings among different parameters within one trial (if only one trial is available)

or no evidence from trials (no RCTs or CCTs). Consistency of the studies assessing similar

tasks would be given if more than 75% of the studies showed results in the same direction.

Methodological quality assessment

JG and CB assessed the level of evidence and the methodological quality of the eligible studies

independently from each other, as recommended by the AACPDM [15]. The detailed descrip-

tions of the evidence levels are displayed in S2 Table. The evaluation of the methodological

quality included the seven aspects also described by the AACPDM [15] (for details see S3

Table).

We also evaluated the risk of bias. Bias is defined as any systematic error that results in an

incorrect estimate of the true effect of an exposure on the outcome of interest. Bias can result

in an over- or underestimation of the true value depending on the type of bias. We considered

selection bias (i.e. sequence generation, allocation concealment), performance bias (i.e. blind-

ing participants, personnel), attrition bias (i.e. incomplete outcome data), reporting bias (i.e.

selective reporting), and other sources of bias (see also S4 Table). As bias is a potential threat to

the trustworthiness of study results, the strength of a conclusion of a systematic review should

be adjusted accordingly [16].

JG and CB rated the risk of bias according to recommendations described in the Cochrane

Handbook for Systematic reviews of Interventions [16]. Discrepancies between the two

authors were discussed until consensus was reached.

Results

Search results

The primary search in the databases led to 503 records (Fig 1). The 11 full texts that were

excluded due to topic reasons were not motor learning studies or did not evaluate contextual

interference. Thirteen full texts were excluded due to design issues (5 had no random order

practice group, 4 had several practice orders within the same group (i.e., no parallel study

design), 2 had a preparation phase, in which participants were allowed to practice for several

sessions prior to the acquisition phase, 1 study had no blocked practice but a series of trials in

blocks, and 1 had no blocked group but two random groups with different levels of variation).

By checking the references of eight reviews (four were found during the primary search, three

Contextual interference in children: A systematic review
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within the references of these reviews and one by coincidence on google scholar) that focussed

on contextual interference in general (not specifically for children), we could include two addi-

tional studies. The references of the original research studies contained no further eligible

studies. The updated search resulted in one additional study (Fig 1).

Fig 1. Flowchart of the search process. Flowchart of the primary search (time period between 01.01.1960 and 31.03.2015) the updated search

(time period of 2015 and 2016), and the inclusion and exclusion process. From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group

(2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/

journal.pmed1000097. For more information, visit www.prisma-statement.org.

https://doi.org/10.1371/journal.pone.0209979.g001
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We included 25 papers in this systematic review. One paper presented three different exper-

iments with three different samples [25]. This paper is handled as three separate studies in our

review. Four of 27 studies assessed typically developing children as well as participants with

disorders: Down’s Syndrome [6], learning disabilities [26], mild mental handicaps [27], and

CP [28]. Only the groups of typically developing children (i.e. with no diagnoses or disorders)

were included for the best evidence synthesis. Concerning patient groups with congenital or

acquired brain lesions, we included only the study in which children with CP learned to grasp

unfamiliar objects [28]. Information of each study is presented in Table 1.

The methodological quality of the studies

Evidence levels (Table 2). Most studies have an evidence level II or III, except for one,

which had a level I [34]. Eight studies did not perform a randomisation [7,14,31–33,35,37,45],

and were rated as level III. Two studies used cluster randomisation of school classes [30,44].

One study randomly divided the participants into a complex and a simple task group and then

further subdivided these groups into subgroups [14], but as this latter subdivision was not

described, we did not consider it randomisation.

Quality of conduct (Table 2). The methodological quality of the studies was low.

Twenty-two studies received 0 out of 7 points. No study received a point for the questions 1

(allocation, randomisation), 2 (description and adherence of interventions), 5 (statistics), and

7 (appropriate methods the control confounding and bias). Two studies received 1 point

(study by Jones & French [38], experiment 1 from Ste-Marie et al. [25]) and three studies

received 2 points (study by Broadbent et al. [31], experiments 2 and 3 from Ste-Marie et al.

[25]).

Risk of bias. Most of the studies had a high risk of bias in all domains, except for Broad-

bent et al. [31] who defined the primary outcome measure and presented the results for all

time points [31]. Therefore, we rated the risk of attrition bias as low.

Combining the study results by pooling the data in a meta-analysis was not appropriate

since the studies were too heterogeneous considering the populations, types of motor tasks,

intensities, time points (e.g. retention after five minutes, 24 hours or three weeks), and out-

come measures. We also refrained from a subgroup analysis due to the low methodological

quality and too small sample sizes of studies with sufficient relevant similarities.

Best evidence synthesis

The best evidence synthesis (Table 3) was conducted for the typically developing children. We

grouped the studies according to the tasks they evaluated and received 15 task-specific groups.

For most tasks, the evidence was conflicting or absent. Single tasks showed limited to moderate

evidence supporting the contextual interference effect. Acquisition: there was limited evidence

for the benefit of blocked practice over random practice for dance step sequence [29], ball roll-

ing, striking, and kicking [44], and a positioning motor task [40]. Retention: There was limited

evidence for the benefit of random practice over blocked practice for throwing different balls

[35] and playing tennis in a simulated environment [31]. Transfer: Moderately consistent evi-

dence was found for the benefit of random practice over blocked practice for handwriting

skills [25] and limited evidence for throwing different balls [35].

Discussion

We investigated the evidence of contextual interference in children with congenital or

acquired brain injuries and typically developing children. Only one study included children

with brain lesions. The methodological quality of the studies was low and the risk of bias high,
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which makes it difficult to formulate recommendations whether children with brain lesions or

typically developing children would profit more from a blocked or random approach.

Contextual interference in children with hemiplegic cerebral palsy

The one study examining children with hemiplegic CP (n = 18, mean age 10 years, SD 1.8)

also included a group of age-matched typically developing peers (n = 18, mean age 10.4 years,

SD 1.7 years) [28].The study consisted of two experiments. In the first experiment, children

lifted various known objects while the vertical lifting load force was measured. The second

Table 2. Levels of evidence and conduct quality.

Study Evidence level Quality

Conduct questions

Summary 1 2 3 4 5 6 7

Bertollo et al., 2010 [29] II 0/7 no no no no no no no

Bortoli et al., 1992 [30] II 0/7 no no no no no no no

Broadbent et al., 2015 [31] III 2/7 no no yes no no yes no

Del Rey et al., 1983 [32] III 0/7 no no no no no no no

Duff et al., 2003 [28] II 0/7 no no no no no no no

Edwards et al., 1986 [6] II 0/7 no no no no no no no

Fialho et al., 2006 [33] III 0/7 no no no no no no no

French et al., 1990 [34] I 0/7 no no no no no no no

Gophna et al., 2007 [26] II 0/7 no no no no no no no

Granda Vera & Montilla, 2003 [35] III 0/7 no no no no no no no

Green et al., 1995 [36] II 0/7 no no no no no no no

Jarus & Goreover, 1999 [37] III 0/7 no no no no no no no

Jarus & Gutman, 2001 [14] III 0/7 no no no no no no no

Jones & French, 2007 [38] II 1/7 no no no no no yes no

Meira & Tani, 2003 [39] II 0/7 no no no no no no no

Painter et al., 1994 [27] II 0/7 no no no no no no no

Perez et al., 2005 [40] II 0/7 no no no no no no no

Pigott & Shapiro, 1984 [7] III 0/7 no no no no no no no

Pollock & Lee, 1997 [41] II 0/7 no no no no no no no

Saemi et al., 2012 [42] II 0/7 no no no no no no no

Stambaugh, 2011 [43] II 0/7 no no no no no no no

Ste-Marie et al., 2004 [25] Experiment 1 II 1/7 no no no yes no no no

Ste-Marie et al., 2004 [25] Experiment 2 II 2/7 no no no yes no yes no

Ste-Marie et al., 2004 [25] Experiment 3 II 2/7 no no no yes no yes no

Wegman, 1999 [44] II 0/7 no no no no no no no

Wrisberg & Mead, 1983 [45] III 0/7 no no no no no no no

Zetou et al., 2007 [46] II 0/7 no no no no no no no

Evidence levels and scoring of the conduct questions of all the included studies. Evidence levels: level I = randomised

controlled trials (sample size > 100); level II randomised controlled trials (sample size < 100); level III: controlled

cohort studies; level IV: case series; level V: expert opinions [15]. Conduct questions: 1) inclusion and exclusion

criteria, 2) description of and adherence to the intervention, 3) validity and reliability of outcome measures, 4)

masking of the participants and assessors, 5) statistical analysis, 6) dropouts, 7) controlling for confounding variables.

[15]

https://doi.org/10.1371/journal.pone.0209979.t002
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Table 3. Best evidence synthesis according to tasks, learning level and practice order.

Area Task Study Evidence synthesis per study Evidence synthesis summary

Acquisition Retention Transfer Acquisition Retention Transfer

NLT FMT Mirror tracing task Gophna et al., 2007 [26] NS/NR NS NS - - -

Playing clarinet Stambaugh, 2011[43] IC IC NS X X -

Handwriting skills Ste-Marie et al., 2004 [25]

Experiment 1

NS R NA X X ��

R

Ste-Marie et al., 2004 [25]

Experiment 2

IC IC R

Ste-Marie et al., 2004 [25]

Experiment 3

NS NS R

GMT Throwing beanbags Jarus & Goreover, 1999 [37] IC IC IC X X X

Jarus & Gutman, 2001 [14] IC NS NS

Painter et al., 1994 [27] NS/NR NS/NR NA

Pigott & Shapiro, 1984 [7] NS NA NS

Throwing different balls Granda Vera & Montilla, 2003 [35] IC R R X �

R

�

R

Throwing tennis balls Saemi et al., 2012 [42] NS NS NA - - NA

Volleyball Bortoli et al., 1992 [30] NS NS IC - - X

Fialho et al., 2006 [33] NS/NR NA IC

French et al., 1990 [34] NS NS NA

Jones & French, 2007 [38] NS NS NA

Meira & Tani, 2003 [39] NS NA NS

Zetou et al., 2007 [46] NS NS NA

Hitting different balls with different rackets Green et al., 1995 [36] NS NA IC - NA X

Lifting unfamiliar objects Duff et al., 2003 [28] NR NR NA - - NA

Dance step sequence Bertollo et al., 2010 [29] B NS NA �

B

- NA

Propelling task Pollock & Lee, 1997 [41] NS NR NR - - -

Tennis Broadbent et al., 2015 [31] NS R IC - �

R

X

Ball rolling, striking, kicking Wegman, 1999 [44] B IC NA �

B

X NA

LT FMT Anticipation timing task Del Rey et al., 1983 [32] B NA NS X NA X

Edwards et al., 1986 [6] NR NA IC

Wrisberg & Mead, 1983 [45] NS NA IC

Positioning motor task Perez et al., 2005 [40] B IC NA �

B

X NA

Abbreviations: NLT = Non-laboratory tasks; LT = Laboratory tasks; FMT = Fine-motor tasks GMT = Gross motor tasks; B = significant, favouring blocked order;

IC = inconsistent; NA = not applicable, no study evaluated the according aspect; NR = not reported; NS = not significant; R = significant, favouring random order.

Evaluation of the studies: Results of the single studies were evaluated taking in account the typically developing children and all parameters and tasks into account.

Results with� 75% of the comparisons favouring one practice order were evaluated as consistent evidence within one study. Evaluation of the tasks: Results of the

according studies were merged if � 75% of the studies of one task showed the same result, evidence was rated as consistent. Strength of the evidence (adapted from

Tulder et al. [24]):

��� = Strong—consistent findings among multiple high quality randomised controlled trials (RCTs)

�� = Moderate—consistent findings among multiple low quality RCTs and/or controlled clinical trials (CCTs) and/or high one high quality RCT

� = Limited—one low quality RCT and/or CCT

X = Conflicting—inconsistent findings among multiple trials (RCTs and/or CCTs); inconsistent findings among different parameters within one trial (if only one trial is

available)

- = No evidence from trials—no RCTs or CCTs

https://doi.org/10.1371/journal.pone.0209979.t003
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experiment investigated the contextual interference effect. The participants lifted three novel

objects with varying weights 27 times. One group did this in blocked order, the other group in

random order. Retention was tested immediately after and 24 hours after the practice phase.

While during acquisition blocked practice resulted in better differentiation of force rates

between the different objects, there was no difference during the retention trials between the

practice groups. Based on these two experiments the authors concluded that children with

hemiplegic CP have an internal picture of the weight of familiar objects, that they can learn

and retain to provide the right amount of force when lifting objects with unknown weights,

but that the amount of practice rather than the practice order is essential for this learning

process [28]. A conclusion about the contextual interference effect in children with CP is dif-

ficult, though, because this was the only study we found and it had some qualitative short-

comings. In the methodological quality assessment, this study received 0 of 7 points

(Table 2) and the risk of bias was high. The main reasons for our low rating of this study

were the lack of information about the control group at baseline (only the means of the

whole groups are reported without a measure of variation), the missing information about

the adherence, the psychometric properties of the assessments were not reported, it was

unclear whether assessors were masked, the lack of a power calculation, and the number of

drop-outs were not reported.

Contextual interference in typically developing children

When considering contextual interference studies with typically developing children, a conclu-

sion also remains unclear. Although the best evidence synthesis showed limited to moderate

support of the contextual interference effect for some of the tasks (favouring random practice

for better retention and transfer), in the majority of the tasks no evidence (acquisition: n = 7/

15, retention: 6/13, transfer: n = 3/10) or conflicting evidence (acquisition: n = 5/15, retention:

n = 5/13, transfer: n = 5/10) was found (Table 3). Besides the low methodological quality, sev-

eral factors could have affected the contextual interference effect contributing to the inconclu-

siveness of some results [2].

The influence of types of skills and variations

One of these factors might be the kind of skill and its variations that were studied. For example,

Magill and Hall already discussed that the generalisability of the contextual interference effect

could be influenced by task characteristics like laboratory tasks, such as coincident anticipation

timing tasks, versus motor skill performance outside the laboratory or non-laboratory tasks,

such as throwing beanbags [5].

In our review, we found four studies that investigated laboratory tasks, namely anticipation

timing tasks [6,32,45], and a positioning motor task [40]. The other studies investigated non-

laboratory tasks: six examined volleyball skills [30,33,34,38,39,46], four beanbag throwing

[7,14,27,37], and three experiments investigated handwriting skills [25]. Further tasks were

dance step sequences [29], tennis skills [31], lifting unfamiliar objects [28], mirror tracing

tasks [26], throwing different balls [35], hitting different balls with different rackets [36], roll-

ing, striking and hitting balls [44], a propelling task (Crokinole game) [41], throwing tennis

balls [42], and playing the clarinet [43].

From a therapeutic point of view, this change of interest from laboratory to non-laboratory

tasks is desired. While learning a laboratory task can reflect the capacity of the child, i.e. what a

person with a health condition actually is able to do, learning non-laboratory tasks may better

resemble daily life activities, i.e. performance (what a person does in his/her usual environ-

ment, e.g. skills or tasks needed for self-care, leisure activities, school or work), as described by
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the World Health Organisation’s International Classification of Functioning, Disability and

Health (ICF) [47]. Practicing non-laboratory tasks might improve the translation to other

daily life relevant tasks, as these tasks might appear more natural and are probably more fre-

quently occurring in the child’s daily routines than laboratory tasks.

In healthy adults, the evidence is mixed when practicing laboratory tasks, but practicing

non-laboratory tasks supports the contextual interference effect [5]. In our review, the best evi-

dence synthesis shows limited to moderate support for the contextual interference effect in

five non-laboratory and one laboratory task (Table 3). However, only in a “throwing different

balls” [35] task, we found the contextual interference effect for both the retention and transfer.

In summary, a clear differentiation about how laboratory or non-laboratory tasks support the

contextual interference effect in children cannot be determined.

The influence of experience, age and task difficulty

In adults, it is suggested that the learner needs to have an idea of the movement or some ini-

tial experience to profit from variations of the practice schedule, but the relation between age

and the contextual interference remains unclear [5]. In children, Jarus and Goreover

observed a difference between three age groups (5 years, 7 years, and 11 years) who practiced

beanbag throwing [37]. In general, older children performed the bean bag throwing task bet-

ter. While the group of 7-year-old children acquired and retained better during blocked

practice, there was no difference between the practice groups during the transfer [37].

Hence, for this task, blocked practice might be more beneficial for this age group. While the

authors argued that this finding could be explained by the low experience level and the

young age of the 7-year-old children, these observations were not made for the 5-year-old

children, which is not in line with the author’s explanation. Furthermore, Pollock and Lee

compared the learning of propelling a small wooden disk with the middle finger (an adapta-

tion of the Crokinole game) between children and adults [41]. They could reconstruct the

contextual interference effect in adults and also in children during transfer and retention,

but the children showed no difference in task acquisition between the blocked and random

groups [41]. Apparently, this pattern has been observed in adults practicing a difficult task

and can be explained with a benefit of blocked practice during acquisition of easy tasks only

[2,48].

If the difficulty level of a task seems to influence only the acquisition but not the retention

and transfer in adults, the random practice order can be recommended in adults, regardless

whether the task is simple or difficult. In typically developing children, though, we cannot

make such a recommendation, because the evidence is unclear as experience, age, and task dif-

ficulty intermingle with each other. It becomes even more complicated when trying to general-

ise the effects of experience, age, and task difficulty on the contextual interference effect to

children with congenital or acquired brain lesions. For example, the question of whether chil-

dren in neurorehabilitation are novices or whether they are experienced has to be considered

carefully. Given that children with congenital brain lesions or acquired brain lesions in a

chronic state have had therapy for most of their lives or for a long time, respectively, they

could be considered an expert group. Children with a (sub-) acute acquired brain injury most

likely could, on the one hand, be regarded as novices when it comes to relearning motor activi-

ties of daily life with their impaired sensorimotor and cognitive systems. On the other hand,

they might have performed all these activities independently before they experienced the brain

injury which puts them on another starting point compared to children with congenital brain

lesions. All these aspects need to be incorporated when considering the contextual interference

effect in paediatric neurorehabilitation.
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Can knowledge about related populations be transferred to children with

brain lesions?

The evidence about the contextual interference in typically developing children is limited, yet,

more extensive compared to the evidence available for children with brain lesions. In adults

with brain lesions, the results are not clearly supporting the contextual interference effect. In

adults with chronic stroke, for example, the typical contextual interference effect could not be

reconstructed when performing three specific movements (wrist/finger extension, elbow joint

extension, and shoulder joint abduction) combined with active neuromuscular stimulation

[49]. When practicing a task that was designed to approximate the steps needed take a coffee

cup out of the cupboard and put it on the table, the random practice outperformed the blocked

group in stroke patients [50]. Schweighofer et al. [51] concluded that these conflicting results

might be due to the lack of separation of the patients between high and low working memory

capabilities. In their study, individuals with stroke with normal visuospatial working memory

retained visuomotor skills better when practicing in random order compared to blocked

order, while in participants with low visuospatial working memory retention performance did

not differ between practice groups [51]. It seems that also in adults with brain injury results

might be influenced by other factors additional to the practice order.

We assume that results obtained in typically developing children (compared to healthy

adults) could be better generalised to children with brain lesions. Nevertheless, we should be

cautious, because, firstly, the physical requirements are different: damaged sensory pathways

and structures involved in processing sensory information, such as found in children with

brain lesions, reduce the ability to detect errors and consequently impair motor learning

[52,53]. Secondly, learning a motor task with a damaged brain is likely different from learning

with an intact, typically developing brain. This stands in contrast with previous observations

in adults with a unilateral stroke which suggested that the stroke affected the control and exe-

cution, but not the learning of motor skills per se [54]. However, as this issue is under debate,

there is still no definite agreement which brain regions and processes are involved in learning

and how the learning processes are executed (e.g. [55–57]. Furthermore, the individual lesion

areas in combination with many other factors make every patient and their learning abilities

and strategies unique. Therefore, further research is needed to understand the relation of path-

ological changes and motor learning disorders [58]. Thirdly, it has been shown that physio-

therapists perceive primary impairments (e.g. muscle tone, movement patterns) and

secondary outcomes (e.g. range of motion, joint alignment, muscle strength), as well as per-

sonal factors (e.g. motivation) and environmental factors (e.g. support and expectations from

the family) as important factors influencing the acquisition of motor abilities in children with

CP [59]. These factors could slow down or even hinder learning in children with brain lesions

compared to typically developing children.

The methodological quality of the studies

A reconstruction of the methodological approach was challenging in many studies. It was

often unclear whether certain methodological aspects were poorly performed or just poorly

described. This influenced our assessment of bias and quality. For example, the psychomet-

ric properties of the applied outcome measures were unknown or not reported. Several

studies mentioned reliability evaluations of their measures, while information on validity or

absolute measurements errors (such as the standard error of measurement) was missing.

Also, the description of the appropriate statistics and power calculation (both are needed to

score a “yes”) was missing. Only one study mentioned a power analysis but did not present

it [37].
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The oldest papers we included in this review were published in the 1980ies (Fig 2). The

Standardised Reporting of Trials (SORT) Statement [60] was published in 1994. Before that

checklists for interventional trials were not available. This might partly explain why the older

studies did not report all aspects systematically and were therewith rated low in the quality

evaluation.

Limitations

There are some limitations of this systematic review which need to be mentioned. Our litera-

ture search was limited to seven databases and restricted to published articles only. Grey litera-

ture was not considered. We excluded studies which performed a proceeding familiarisation

phase prior to the actual practice phase, whether or not this affects the learning remains to be

discussed. For the best evidence synthesis, we did not subdivide the study results according to

long- or short-term learning phases because there were not enough comparable studies to

build subgroups. This asks for a cautious interpretation of the results.

Recommendations for future research

We expect that the contextual interference effect in children with brain lesions can influence

rehabilitation outcomes. Therefore, we would recommend to design such studies and include

these particular patient groups. A careful selection of the motor task to be studied is crucial: it

should be clinically relevant and motivating for the child to perform and it should provide

objective parameters to quantify the retention or transfer of the task or skill particularly, as

these are most relevant for the child after discharge from rehabilitation. The study should be

designed and its results reported in accordance with the various internationally accepted

checklists to ensure high study quality and low bias.

Conclusion

To recapitulate, there is a persistent demand for increasing our knowledge about the contex-

tual interference effect in children, especially, in children with brain lesions, as the number of

existing studies is small, and the methodological quality of the studies is low. For some tasks,

we found limited evidence supporting the contextual interference effect in typically developing

children. However, we would be cautious in generalising these results to children with brain

lesions. To improve movement or sports programmes in typically developing children and

Fig 2. The distribution of the publication years of the articles included in this systematic review.

https://doi.org/10.1371/journal.pone.0209979.g002
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advance rehabilitation programmes for children with brain lesions, there is an emerging need

to increase our knowledge of the contextual interference effect in these populations.
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