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A B S T R A C T

Background Previous studies suggest that compromised bimanual performance experienced by
children with unilateral cerebral palsy (CP) is not only due to difficulties in action execution but
may also be a result of impaired anticipatory action planning.

Aims The effect of age and side of hemiplegia were examined and the relationship between
anticipatory action planning, unimanual capacity and bimanual performance was explored.

Methods and procedures Using a multi-centre, prospective, cross-sectional observational de-
sign, anticipatory action planning was analyzed in 104 children with unilateral cerebral palsy,
aged 6–12 years, using the sword task.

Outcomes and results Anticipatory action planning did not improve with age in children with
unilateral CP, aged between 6–12 years. No differences were found between children with left or
right hemiplegia. Finally, anticipatory action planning was not related to unimanual capacity or
bimanual performance.

Conclusion and implications This study demonstrates anticipatory action planning, measured
using the sword task, does not improve with age in children with unilateral CP and is not related
to bimanual performance or laterality. Future studies of anticipatory action planning in children
with unilateral CP should consider using measures that require effective anticipatory action
planning for successful task completion rather than end state comfort.

What this paper adds
The results from this study demonstrate that children with unilateral cerebral palsy (CP), aged 6 to 12 years old, do not naturally

develop anticipatory action planning skills. This provides support for the need for therapy focused on improving anticipatory action
planning, not just motor execution. Further evaluation of these interventions is necessary to identify whether anticipatory action
planning is amenable to improvement from targeted training. In addition, we found that anticipatory action planning is not later-
alized in children with unilateral CP and anticipatory action planning was not related to unimanual capacity or bimanual perfor-
mance. Future studies of anticipatory action planning in children with unilateral CP are advised to use measures such as the hex-
agonal knob task that require effective anticipatory action planning for successful task completion rather than end state comfort.
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1. Introduction

The most common subtype of cerebral palsy (CP) is unilateral CP, which is characterized by deficits in the posture and motor
function of one side of the body, as a consequence of brain damage that primarily affects one hemisphere (Stanley, Blair, & Alberman,
2000). Previous studies suggest that compromised task performance experienced by children with unilateral CP is not only due to
problems in action execution, but may also be a result of problems with anticipatory action planning (Mutsaarts, Steenbergen, &
Bekkering, 2006; Mutsaarts, Steenbergen, & Bekkering, 2005; Steenbergen & Gordon, 2006; Steenbergen, Verrel, & Gordon, 2007;
Steenbergen, Jongbloed-Pereboom, Spruijt, & Gordon, 2013).

Anticipatory action planning can be defined as the ability to anticipate the end of an upcoming action prior to commencing
movement (Johnson-Frey, McCarty, & Keen, 2004). Planning movements in advance is especially advantageous in sequential tasks
that involve the use of tools (Steenbergen, Meulenbroek, & Rosenbaum, 2004). Consequently, a commonly used method to study
anticipatory action planning involves grasping an object with the intention of placing it in a specific goal position and/or in a specific
orientation at the end of the task (Steenbergen et al., 2013). It has been repeatedly found that individuals tend to sacrifice comfort of
the start posture so that the task is finished with the hand and arm in a biomechanically efficient and comfortable end-posture. This
effect is known as the End-State Comfort (ESC) effect (Cohen & Rosenbaum, 2004; Rosenbaum, Barnes, Vaughan, & Jorgensen, 1992).
By avoiding extreme joint angles, ending in a comfortable posture allows more precision to be exerted at the end of the task (Short &
Cauraugh, 1999) and results in a more coordinated, graceful performance.

The ESC effect is a well-established phenomenon in healthy adult populations (Rosenbaum, Chapman, Weigelt, Weiss, & van der
We, 2012). In typically developing children, however, results have been inconclusive with regard to the onset of the ESC effect during
development (Wunsch, Henning, Aschersleben, & Weigelt, 2013). Some studies suggest the ESC effect is already evident in 3 year-old
children (Jovanovic & Schwarzer, 2011; Knudsen, Henning, Wunsch, Weigelt, & Aschersleben, 2012) with increasing percentages of
comfortable end postures with increasing age (Jongbloed-Pereboom, Nijhuis-van der Sanden, Saraber-Schiphorst, Craje, &
Steenbergen, 2013; Stöckel, Hughes, & Schack, 2012; Thibaut & Toussaint, 2010; Wunsch, Pfister, Henning, Aschersleben, & Weigelt,
2016). Other studies have found a low percentage of comfortable end postures in children aged 2–7 years with little improvements
with increasing age (Adalbjornsson, Fischman, & Rudisill, 2008; Manoel & Moreira, 2005; van Swieten et al., 2010). These conflicting
results are likely due to differences in the type and complexity of the tasks that have been used to assess the ESC effect, which include
the cup manipulation task (e.g., Adalbjornsson et al., 2008), the bar transport task (e.g., Stöckel et al., 2012), the handle rotation
task/hexagonal knob task (e.g., van Swieten et al., 2010), the grasp height task (e.g., Wunsch et al., 2016), and the sword task (e.g.,
Jongbloed-Pereboom et al., 2013). These tasks substantially differ in the extent to which precision is needed at the end of the task
which is known to affect outcomes (e.g., Jongbloed-Pereboom, Spruijt, Nijhuis-van der Sanden, & Steenbergen, 2016).

Studies on anticipatory action planning in children with unilateral CP suggest that anticipatory action planning does not improve
with age (Craje, Aarts, Nijhuis-van der Sanden, & Steenbergen, 2010; Janssen & Steenbergen, 2011; Lust, Spruijt, Wilson, &
Steenbergen, 2017). Consistent with findings that found dominant networks for planning processes in healthy adults that involve
temporal, parietal, and frontal areas within the left hemisphere (e.g., Johnson-Frey, 2004; Schluter, Krams, Rushworth, &
Passingham, 2001), adolescents with right unilateral CP have been found to have greater impairment than children with left uni-
lateral CP, indirectly supporting left hemisphere specialisation for anticipatory action planning (Craje, van der Kamp, & Steenbergen,
2009; Steenbergen et al., 2004). However, these results need to be interpreted with caution given the relatively small sample sizes of
both studies (n=22 and n=11, respectively). In addition, outcomes reported by Craje et al. (2009) were also based on whether
participants used a consistent planning strategy based on their initial grip type distribution during the bar transport task. Both
planning according to ESC (i.e., always ending with a comfortable end posture and switching between pronated and supinated start
postures) and forearm pronation at start (i.e., always using a pronated start posture and switching between comfortable and un-
comfortable end postures) were examined. There was no significant difference between children with right or left hemisphere da-
mage when evaluating ESC effect alone. In a larger (n=76) study, Kirkpatrick, Pearse, Eyre, and Basu (2013) also did not find
differences in anticipatory action planning between children with left or right unilateral CP using the hexagonal knob task, suggesting
a more distributed system for anticipatory action planning across both hemispheres.

Compromised anticipatory action planning is considered to be an underlying cause of impaired action execution in children with
unilateral CP (Steenbergen et al., 2013), however, little is known about the relationship between them. In a group of typically
developing children, Jongbloed-Pereboom et al. (2013) did not find a relationship between anticipatory action planning and un-
imanual capacity as measured with the Box and Blocks Test (BBT), r= .28. Similarly, in a group of children with CP, Mutsaarts et al.
(2006) also did not find a relationship between the number of failures on an anticipatory action planning task and BBT scores. When
the motor requirements for the BBT are considered, it is perhaps not surprising that a repetitive unimanual grasp and release task
does not require high level cognitive skills as opposed to more complex bimanual tasks. However, Kirkpatrick et al. (2013) also did
not find a relationship between anticipatory action planning and the ABILHAND-Kids questionnaire for manual ability. As the authors
suggest, outcomes from a parental questionnaire that focuses on whether the child can perform a task, rather than the manner in
which this task is performed, may also not reflect a requirement for anticipatory action planning. In our study, we will use the
Assisting Hand Assessment (AHA), an observational-based measure that includes activities which impose a higher cognitive demand
compared with unimanual grasp/release, to examine the association between anticipatory action planning on bimanual performance.

1.1. Aim

The broad aim of this study is to examine the effect of age and side of hemiplegia on the development of anticipatory action

H. Krajenbrink et al. Research in Developmental Disabilities 85 (2019) 163–171

164



planning in a large group of children with unilateral CP. We will also explore the relationship between anticipatory action planning
and the Assisting Hand Assessment (AHA), an observational measure of bimanual performance.

1.1.1. Primary aim
Using the sword task, examine the developmental trajectory of anticipatory action planning in a large group of 6–12-year-old

children with unilateral CP.

1.1.2. Secondary aims
Investigate the effect of side of hemiplegia on anticipatory action planning in children with unilateral CP.

1.1.3. Tertiary aims
Investigate the relationship between anticipatory action planning with two validated measures of unimanual capacity and bi-

manual performance: the BBT for manual dexterity and the AHA for bimanual performance in children with unilateral CP.

1.2. Hypothesis

1.2.1. Primary hypothesis
In children with unilateral CP, there will be no significant effect of age on development of anticipatory action planning.

1.2.2. Secondary hypothesis
In children with unilateral CP, there will be no significant effect of the side of hemiplegia on development of anticipatory action

planning.

1.2.3. Tertiary hypothesis
In children with unilateral CP, there will be a relationship between anticipatory action planning and the AHA but not for the BBT.

2. Material and methods

2.1. Trial registration

This study has been registered (information has been removed to prevent author identification).

2.2. Design

Prospective, cross-sectional observational design.

2.3. Participants

The current study is part of a larger research project examining cognition and bimanual performance in children with unilateral
CP. Children were recruited from five pediatric treatment centers (information has been removed to prevent author identification).
Children were eligible to participate if they had a diagnosis of congenital unilateral CP; age 6 to 12 years at time of assessment; and
had sufficient cooperation to complete the assessment. Children who otherwise met the inclusion criteria were excluded if they had
upper limb surgery within 12 months of assessment or received Botulinum toxin-A injection within three months of assessment.

2.4. Ethics

Ethical approval was received from all sites. Further information has been removed to prevent author identification. Parents or
guardians of all participants provided informed written consent for their child to take part in the study.

2.5. Data collection

Clinical assessments were undertaken by trained occupational therapists at each participating site. For descriptive purposes,
children were classified using the Manual Ability Classification System (MACS; Eliasson et al., 2006), the Gross Motor Function
Classification System (GMFCS; Palisano, Rosenbaum, Walter, & Russell, 1997), and the Wechsler Intelligence Scale for Children (4th
Ed) (WISC-IV; Wechsler, 2003). The sword task was scored from video footage by two independent raters who were blinded to other
scores. Consistent with Jongbloed-Pereboom et al. (2013), the inter-rater reliability in our sample was good with an average measure
ICC of .85, 95% [.84, .86], F(2260)= 6.70, p < .001, calculated based on a mean-rating (k=2), absolute-agreement, two-way
mixed effects model.
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2.6. Tasks

2.6.1. Anticipatory action planning
Anticipatory action planning was assessed using the sword task (Craje et al., 2010). The sword task has previously been used in a

study of children with unilateral CP (Craje et al., 2010) and found to be valid and reliable in typically developing children
(Jongbloed-Pereboom et al., 2013). Administration was designed to be interesting and motivating for children (Craje et al., 2010).
During the design phase of this study in 2011, the sword task was deemed to be the most appropriate measure of anticipatory action
planning for the study population, especially in a clinical setting. Sitting at a table, children were asked to use their dominant hand to
grasp the handle of a plastic sword that had been placed randomly in one of six positions on a template board (see Fig. 1). Children
were required to place the sword into a hole in a wooden block. Two orientations served as experimental or critical orientations, in
which children were required to sacrifice comfort of the start position in order to be able to end the task in a comfortable posture
(orientation 2 and 3 for right-handed participants and orientation 5 and 6 for left-handed participants). The other four orientations
served as control orientations, in which comfort at the start resulted in comfort at the end. To avoid the confounding influence of
musculo-skeletal impairment children were instructed to use their dominant hand to pick up the sword using a power grip which was
demonstrated by the experimenter. Three blocks of six trials (one for each orientation) resulted in a total of 18 trials. Trial or-
ientations were randomized within each block. Trials were recorded with a video camera for offline scoring by two independent
raters. The percentage of comfortable end postures in both, the critical orientations and the control orientations, were used in the
analysis. Outcomes were only included when the sword task was administered correctly. Outcomes were excluded when at least one
of the raters considered two or more of the three trials for a certain orientation were performed incorrectly.

2.6.2. Unimanual capacity
The Box and Blocks Test (BBT) was used to measure unimanual capacity of both upper limbs (Mathiowetz, Volland, Kashman, &

Weber, 1985). In 6o seconds, children were required to move as many 2.5 cm blocks as possible from one compartment, over a low
partition, to another. The number of blocks transported with each hand were used in the analysis. Validity of the BBT and test-retest
reliability of the right hand and left hand were good, r = .98 and r= .94, respectively (Mathiowetz et al., 1985).

2.6.3. Bimanual performance
Bimanual performance was assessed using the Assisting Hand Assessment (AHA School Kids Version 5.0; Holmefur & Krumlinde-

Sundholm, 2016) The School Kids AHA is a standardized, criterion-referenced test for use with children aged 6 to 12 years. In the
context of one of two board games, the AHA aims to measure how effectively a child uses their more-affected hand in bimanual
activities using a 4-point rating scale across 20 items. The session was videotaped and later scored from video observation by a
certified AHA rater (occupational therapist). Raw scores are converted to internal level data using Rasch analysis. Rescaled logit-
based AHA units ranging from 0 to 100 were obtained and used in the analysis. Validity of the AHA and test-retest reliability were

Fig. 1. Setup of the sword task, sword in orientation 3.
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excellent, ICC= .99 (Holmefur & Krumlinde-Sundholm, 2016; Holmefur, Aarts, Hoare, & Krumlinde-Sundholm, 2009; Krumlinde-
Sundholm, Holmefur, Kottorp, & Eliasson, 2007).

2.7. Data analysis

Shapiro-Wilk tests indicated that percentages of comfortable end-postures in both the critical orientations, skewness of 0.29
(SE=0.24) and kurtosis of -1.37 (SE=0.47), and the non-critical orientations, skewness of -1.72 (SE=0.24) and kurtosis of 1.97
(SE=0.47), were not normally distributed. Therefore, non-parametric tests were used. Alpha level was set at .05. All analyses were
performed using SPSS version 22 (IBMCorp Relaesed, 2013).

To analyze the effect of age on development of anticipatory action planning, a Kruskal-Wallis test was performed for both the
percentage of comfortable end postures in the critical orientations and in the non-critical orientations. Differences between children
with left or right hemiplegia and those with the presence or absence of impaired ESC were analyzed with Mann-Whitney U test.
Finally, the association between anticipatory action planning and unimanual and bimanual performance were tested with Spearman’s
correlation coefficients. Correlation coefficients greater than 0.70 were considered as high, 0.50 to 0.70 as moderate, 0.50 to 0.30 as
low and less than 0.30 as negligible (Mukaka, 2012).

3. Results

A total of 131 children with unilateral CP participated in this study. Outcomes from five children were excluded due to missing
data for the sword task. A further 22 children were excluded as at least one rater considered two or more of the three trials for a
certain orientation were performed incorrectly. In total, data from 104 children (63 males; 48 right hemiplegia; mean age= 9y,2m;
SD=1y,10m; range: 6y,1 m - 12y,8 m; MACS I: N=25, II: N= 74, III: N=5; GMFCS I: N= 79, II: N=25) with unilateral CP were
included in the analysis (see Table 1). Thirty three percent of the children were born preterm (<37 weeks) and 31% had a history of
seizures.

Table 2 shows an overview of the mean, median, and range of the percentage of comfortable end postures in the critical and the
non-critical orientations. In addition, the mean percentage of comfortable end postures in the action planning task as a function of age
are shown in Fig. 2. Scores varied between 0–100%, with most children either ending 0% (28 in total, 27% of the sample) or 100%
(22 in total, 21% of the sample) of critical trials in a comfortable end posture. There were no differences between the different age
groups in the percentages of comfortable end postures in both the critical orientations, H(6)= 4.06, p= .668, and the non-critical
orientations, H(6)= 1.72, p= .944.

The percentage of comfortable end postures in the critical orientations did not differ for participants with left hemiplegia
(Mdn=50.24, IQR=83.33) or right hemiplegia (Mdn=55.14, IQR=66.67), U=1217.50, p= .403.

There was no association found between anticipatory action planning and unimanual capacity (BBT) using the more-affected hand
(rho = -.136, p= .169) or the less-affected hand (rho = -.004, p= .964). There was also no significant association between
anticipatory action planning and bimanual performance (AHA) (rho = -.146, p= .140). Based on the sword task data, we identified
two subgroups: children that ended 0% of the critical trials in a comfortable end posture (n=28) or children that ended 100% of the
critical trials in a comfortable end posture (n=22) and examined whether these groups differed in unimanual capacity and bimanual
performance using Mann-Whitney U tests. There were no differences in BBT scores or AHA scores between groups.

4. Discussion

The main aim of this study was to investigate the development of anticipatory action planning in a large group of children
(N=104) with unilateral CP. Consistent with previous studies that used much smaller sample sizes, the present study demonstrates
that anticipatory action planning does not improve with age in children with unilateral CP (Craje et al., 2010; Janssen & Steenbergen,
2011; Lust et al., 2017). No differences were found in the percentage of comfortable end postures in the critical orientations for
children between 6 to 12 years of age, suggesting a lack of development of anticipatory action planning skills. Using outcomes from
351 typically developing children aged 3 to 10 years as a reference (Jongbloed-Pereboom et al., 2013), in our study children with
unilateral CP appear to perform at a similar level as 4 to 9 year-old typically developing children. However, Jongbloed-Pereboom
et al. (2013) found that 10 year-old children performed significantly better than 9 year-old children suggesting that performance may
further improve with age, because a ceiling effect was not yet observed for 10 year-old children. The results of our study, and those
discussed above, suggest that unlike typically developing children, children aged 6 to 12 years with unilateral CP do not naturally
develop anticipatory action planning skills. This supports the need for intervention focused on anticipatory action planning, an
important determinant for performing activities of daily living (Steenbergen & Gordon, 2006). An increasing body of knowledge from
behavioural and neurophysiological studies (Caeyenberghs, van Roon, Swinnen, & Smits-Engelsman, 2009; Steenbergen et al., 2013;
Zielinski, Jongsma, Baas, Aarts, & Steenbergen, 2014) suggests that children with CP have a neurocognitive deficit affecting their
motor skill learning in general, and motor planning in particular (Kurz, Becker, Heinrichs-Graham, & Wilson, 2014; Zielinski et al.,
2014). Aside from established interventions such as bimanual therapy (Hoare & Greaves, 2017), promising interventions to improve
motor planning include Cognitive Orientation to daily Occupational Performance (CO-OP; the learning of a global problem solving
strategy - goal, plan, do check; Cameron et al., 2017), Motor Imagery (MI; internal rehearsal of future motor actions without overt
motor output; Steenbergen, Craje, Nilsen, & Gordon, 2009), and Action Observation (AO; observation of the action performed by
someone else; Gatti et al., 2013; Kirkpatrick, Pearse, James, & Basu, 2016; Sgandurra et al., 2017). The results from this study warrant
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further testing of these interventions in children with unilateral CP. This will assist in identifying whether anticipatory action
planning is amenable to improvement from targeted training. Future research should also include a broader age range to examine
development of anticipatory action planning over a longer developmental period.

As a second aim, we examined the possible differential effect of side of hemiplegia on anticipatory action planning ability.
Previous studies investigating this relationship showed equivocal results. Initially, smaller studies in children with unilateral CP by
Steenbergen et al. (2004) and Craje et al. (2009) report a disproportionate action planning impairment among adolescents with
lesions in the left hemisphere. However, a more recent study by Kirkpatrick et al. (2013) of 76 children with unilateral CP, de-
monstrated that anticipatory action planning was not lateralized. These outcomes were used to guide our hypotheses which was
supported by our results. We found no difference in the percentage of comfortable end postures between children with left or right
hemiplegia, supporting the idea of a distributed system of anticipatory action planning across hemispheres and/or cortical re-
organization following brain damage in early life (Kirkpatrick et al., 2013).

The third aim was to examine the relationship between anticipatory action planning, unimanual capacity and bimanual per-
formance. In line with a recent study in typically developing children (Jongbloed-Pereboom et al., 2013), results from our study
demonstrated anticipatory action planning was not related to the scores on the BBT. This is unsurprising given our previous com-
ments on the nature of the BBT where a child is simply required to move blocks from one side to another. The requirement for
planning is minimal. Bimanual task performance however, requires greater perceptual and cognitive demands, especially planning.
Our study investigated the relationship between anticipatory action planning and an observational-based test of bimanual perfor-
mance, the Assisting Hand Assessment (AHA). Contrary to our hypotheses, anticipatory action planning was not related to perfor-
mance on the AHA. The most logical explanation for this may be that the AHA total score (summing 20 items) is too broad to
sensitively reflect the specific components of bimanual performance that require anticipatory action planning. As a result, it seems

Table 2
Percentage comfortable end postures of both the critical and non-critical orientations separated by age group.

Critical orientations Non-critical orientations

Age group Mean Median Range Mean Median Range

6 48.96 41.67 100.00 96.88 100.00 16.67
7 46.97 36.67 100.00 96.78 100.00 25.00
8 36.11 33.33 83.33 95.08 100.00 33.33
9 60.26 83.33 100.00 94.23 100.00 25.00
10 38.79 16.67 100.00 94.70 100.00 25.00
11 36.36 33.33 100.00 95.32 100.00 25.00
12 41.67 41.67 100.00 92.71 100.00 25.00

Fig. 2. Visualization of the mean percentage comfortable end postures of both the critical and non-critical orientations, for each age group sepa-
rately. Error bars represent standard errors.
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that the step by step planning process many children with unilateral CP use to plan action execution may be sufficient to complete
bimanual tasks of the AHA.

Overall, the results from our study are not entirely consistent with previous studies on anticipatory action planning in children
with unilateral CP. One likely explanation is that the sword task may not be the most valid measure of anticipatory action planning.
The reason for this is that the mean percentage of comfortable end postures in the critical orientations has been found to be 80% and
60% for healthy adolescents and adults, respectively (Jongbloed-Pereboom et al., 2016). This suggests that environmental and
cognitive factors, other than planning for ESC, may also affect initial grasp orientation of the sword. For example, the combination of
a relatively high level of initial discomfort and relatively low accuracy requirements at the end of the sword task possibly allows
children to make a decision not to sacrifice comfort of the start posture and still be able to perform the task reasonably well.
Furthermore, the temporal aspects during task administration may also significantly influence a child’s response. The sword task does
not specify the speed in which children perform the task (three blocks of six trials). Review of videotaped sessions in our study
indicates wide variation in speed of administration. As a result, it may be speculated that two children with equal anticipatory action
planning capabilities score differently on the sword task due to a different speed-accuracy trade-off. In addition, although the goal of
the task is straightforward, some children experienced difficulty following the rules for administration. Some tended to grasp the
sword at the bottom instead of the handle and/or change their grip from ulnar to radial during the movement sequence, which led to
administration errors. Exclusion of these children from our analysis may have introduced bias since these errors may be a reflection of
correct or incorrect anticipatory action planning. Grasping the sword at the bottom possibly reflects anticipatory action planning
since it makes the transport movement much easier. On the other hand, changing grip during the transport phase suggests a step-by-
step anticipatory action planning strategy, where children did not plan the entire action before starting the execution. To overcome
these issues, we suggest that future studies of anticipatory action planning in children with unilateral CP use the handle rotation task/
hexagonal knob task (2006, Kirkpatrick et al., 2013; Mutsaarts et al., 2005). Here, instead of using relative comfort ratings, effective
anticipatory action planning is necessary for successful task completion. Consistent methods to measure the ESC effect are essential
for comparison across studies. At the same time, task aspects such as precision demands at the end of the movement, the amount of
start positions, and sequence length, should be varied in a structured manner to be able to identify what aspects determine task
complexity and thereby performance on anticipatory action planning tasks.

5. Conclusion

This study demonstrates that anticipatory action planning, measured using the sword task does not improve with age in children
with unilateral CP, aged 6–12 years. Furthermore, anticipatory action planning is not lateralized in children with unilateral CP and
there is no association between anticipatory action planning and the Assisting Hand Assessment. Future studies of anticipatory action
planning in children with unilateral CP are advised to use measures such as the hexagonal knob task that require effective antici-
patory action planning for successful task completion rather than ESC.
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