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Abstract 26 

Background. The ability to rapidly switch between tasks is important in a variety of contexts. 27 

Training in task switching may be particularly valuable for children with intellectual 28 

disability (ID), specifically ID linked to genetic syndromes such as Prader-Willi syndrome 29 

(PWS). We have developed a cognitive training game for children with PWS and performed 30 

a pilot evaluation of the programme to inform future game development. Here, we describe 31 

and critically reflect on the development and pilot evaluation process. 32 

Methods. Several novel aspects of our approach are highlighted in this paper, including the 33 

involvement (in various roles) of children with a rare genetic syndrome (PWS) in the 34 

development and evaluation of the software (participatory design) and the development of a 35 

matched control, or placebo version of the game for use in the pilot evaluation. 36 

Results. Children with PWS were capable of contributing to the design and development of a 37 

cognitive training game in various roles. In the subsequent pilot evaluation, playing the active 38 

version of the game was associated with greater improvement in task switching performance 39 

than playing the matched control (placebo) version of the game. However, attrition was an 40 

issue during both the design phase and the pilot evaluation. 41 

Conclusions. The lessons learned from our work have relevance in a wide range of contexts, 42 

such as the development of future cognitive training games; the evaluation of serious games 43 

in general; and the involvement of end-users with cognitive disabilities and/or rare 44 

syndromes in the design and development of software. 45 
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Background 51 

The idea that one could improve one’s cognitive skills by playing a game has recently 52 

received much attention. Many so-called “brain training” games have been developed and 53 

marketed, both by commercial companies and researchers (Rabipour & Raz, 2012). Several 54 

of the skills targeted by these games fall under the umbrella of cognitive control, that is, 55 

executive process which coordinate and modulate other, more basic cognitive processes. 56 

Cognitive control ensures that our various cognitive skills work together in an organised way, 57 

which is essential for the completion of complex, goal-directed tasks (Miyake et al. 2000; 58 

Miyake & Friedman, 2012). Cognitive control is important for mental and physical health, 59 

success at school and work, and quality of life (Diamond, 2013). 60 

Cognitive control is also related to a variety of clinically important behaviours. For example, 61 

externalising behaviours are associated with poor inhibitory control (Young et al., 2009). 62 

Importantly, in children with certain genetic syndromes linked to intellectual disability (ID), 63 

deficits in the ability to rapidly switch between tasks (which is a typical cognitive control 64 

process) have been associated with a strong resistance to change and preference for routine. 65 

In children with the neurodevelopmental disorder Prader-Willi syndrome (PWS), for 66 

example, task switching deficits have been causally related to highly negatively impactful 67 

behaviours such as temper outbursts (Woodcock, Oliver & Humphreys, 2009). There is also 68 



growing evidence supporting a link between task switching and resistance to change – which 69 

can also precipitate negatively impactful behavioural problems – in individuals with other 70 

neurodevelopmental disorders, such as autism spectrum conditions (Eisenberg et al., 2015; 71 

Miller et al., 2015). 72 

The possibility of improving control processes such as switching through training games is 73 

therefore of much interest and has important applications in clinical populations. However, 74 

while the potential of such software as interventions for children with ID is recognised, some 75 

current cognitive training programmes may be too advanced for children with ID (Bennett, 76 

Holmes & Buckley, 2013). Furthermore, a review published in 2015 includes no studies 77 

investigating the effects of training task switching in children with ID (Kirk, Gray, Riby & 78 

Cornish, 2015). There is therefore a need to develop and evaluate cognitive control training 79 

games which are suitable for children with ID. However, there is currently very little 80 

published research which focuses on how such games should be made. Bul et al. (2015) 81 

describe the development and user testing of a game designed to improve cognitive control 82 

processes in children with Attention Deficit Hyperactivity Disorder (ADHD). While this 83 

paper makes an important contribution to our understanding of how user testing of cognitive 84 

training games in clinical populations may be carried out, only a brief overview of the 85 

“collaborative game development” process is provided. Detailed accounts of methods and 86 

results for the development of cognitive training games for clinical populations are lacking. 87 

In the present study, we report the design, development, and pilot evaluation of a new task 88 

switching training game for children with PWS. Our aim in this paper is to describe the novel 89 

aspects of techniques used in the development process, in such a way that the insights 90 

obtained – and lessons learned – may benefit those developing and evaluating future 91 

cognitive training games. In addition, our findings will be of interest to researchers and 92 

designers focused on designing software for people with cognitive disabilities, and those 93 

concerned with the development and evaluation of software-based interventions in general. 94 

As is important in the design of games, our approach draws on techniques and insights from 95 

multiple disciplines. Furthermore, modern software development processes are typically 96 

highly flexible and adaptive, in part due to the complexity of software development and the 97 

need to respond to change during the development process (Matharu, Mishra, Singh & 98 

Upadhyay, 2015). These so-called “agile” approaches are also frequently used in game 99 

development (Aleem, Capretz & Ahmed, 2016). As such, the techniques described in this 100 

paper were used at various points throughout the development process. However, since these 101 

approaches could in principle be applied independently, we present our methods, results, and 102 

discussion of those results as two separate studies, each focused on a novel aspect of the 103 

development process. Study 1 considers the role of participatory design; i.e., the involvement 104 

of end-users in various roles in the development process. Study 2 focuses on the use of active 105 

and placebo versions of the software in a pilot evaluation of the prototype game. To our 106 

knowledge, our study is the first to use this technique in the evaluation of a cognitive training 107 

game. 108 

Study 1: Participatory design 109 

Understanding the specific needs of the end user of a piece of software (including how they 110 

will use the software and in what context) may increase the usefulness and usability of the 111 

software (ISO, 2010). One way to achieve such understanding is to involve potential users of 112 

the software in the development process; indeed, this is a well-established practice (Bano & 113 

Zowghi, 2013). However, more recently, researchers have considered how such involvement 114 

may benefit people from traditionally excluded groups, including children with disabilities. 115 

For example, researchers have suggested that participation in software design may afford 116 



wider benefits to the children involved, such as enjoyment, improved social skills, a sense of 117 

empowerment, and increased confidence, in addition to the expected improvements in 118 

software quality (Benton & Johnson, 2015). It may therefore be important to involve children 119 

with disabilities in the design of cognitive training games. However, as Benton and Johnson 120 

(2015) point out, there is still much for researchers to discover about the process of involving 121 

children with disabilities in the design of software. In addition, there are various roles which 122 

an end user can play in a design process (Benton & Johnson, 2015; Druin, 1999). A meta-123 

analysis of user involvement in the design of games aiming to promote healthy lifestyle 124 

behaviours found that certain kinds of user involvement led to games that were less effective 125 

than those designed without user involvement (DeSmet et al., 2016). These results were 126 

moderated by the role played by users in the design process, and the elements of the game 127 

they contributed to. For example, involving users in the aesthetic design of game characters 128 

was associated with lower game effectiveness. The authors suggest that design techniques 129 

may need to be adapted to suit the users’ experience level and cognitive abilities. Combining 130 

these two insights shows that there is much to discover about how best to involve children 131 

with disabilities (as end-users) in the software development process, including which roles it 132 

is most feasible and appropriate for children to take, and the potential benefits and challenges 133 

of such user involvement. In the present study, we involved children with PWS in the 134 

software development. Here we report on that process with a view to addressing such 135 

important questions. 136 

Methods 137 

Participants 138 

A total of eight children (7 – 17 years; 6 female) with PWS and their parents took part in the 139 

development process (as is consistent with the individualised nature of responding to 140 

feedback ascertained via a participatory design process, children took part in different stages 141 

as fitted best into their ongoing lives – leading to differing numbers of participants in each 142 

stage). Children and their parents were informed about the research and provided consent in 143 

line with procedures as approved by the School of Psychology Research Ethics Committee at 144 

Queen’s University Belfast. Names used to describe participants in this article are 145 

pseudonyms. PWS is a genetic disorder with an estimated lower bound population prevalence 146 

rate in the UK of 1:52,000 (Whittington et al., 2001). It is caused by absence of paternally 147 

derived genetic material in a specific region (q11-q13) on chromosome 15 (Boer et al., 2002). 148 

Since the present study did not seek to inform on phenotypic characteristics of PWS, 149 

information on the specific genetic abnormality causing PWS (e.g., paternal deletion) was not 150 

sought. Of note, the development of task switching and related cognitive functions has not 151 

been examined in individuals with PWS. However, the age range of the present sample 152 

corresponds to a period when such cognitive skills and the brain networks underpinning them 153 

typically develop greatly (McKenna, Rushe & Woodcock, 2017). This was an important 154 

factor contributing to the choice of controlled experimental design in the initial evaluation 155 

(reported below). 156 

Materials and procedure 157 

Consultation with children prior to development 158 

Children were consulted at the beginning of the project (i.e., before any design decisions had 159 

been made) regarding their preferences and abilities regarding existing games in order to 160 

inform on the development of an initial game prototype. Seven children from the overall 161 

cohort (age 7 – 15; 6 female) took part. Each child was assisted throughout by a parent. We 162 

selected 15 games suitable for children (listed in the Supplementary Materials). This 163 



consultation process was previously reported in Robb, Waller & Woodcock (2015). The 164 

games were selected to exhibit a variety of design possibilities with respect to the following 165 

factors: 166 

Gameplay. The games selected involved engaging in a variety of activities: solving shape-167 

based puzzles, engaging in intensive multitasking, following simple stories (i.e., less 168 

interactivity), collecting items (e.g., coins), controlling animated characters, painting and 169 

building virtual objects. 170 

Controls. Several methods of controlling video games were also presented to the children: 171 

using simple touches and gestures on a touchscreen device; using virtual buttons on a 172 

touchscreen device (i.e., buttons operated by touching the screen); using a standard computer 173 

mouse; using a standard computer keyboard; using motion controls (i.e., using the 174 

accelerometer built into most handheld devices to control the game by rotating or otherwise 175 

moving the device). 176 

Distribution platforms: The games selected were played on one of two platforms: handheld 177 

devices or computers (either desktop or laptop). 178 

Children played each game for five minutes initially, then completed an online questionnaire 179 

designed to determine their level of comprehension of each game (example item shown in 180 

Figure 1). Children were then given free access to the games for a period of 14 days. The 181 

children were free to play whichever games they wanted, although parents were asked to 182 

encourage children to consider all the games. At the end of each day, children were asked to 183 

complete a short online questionnaire, to determine which games they had played, how long 184 

they had played for, and which game was their current favourite (images of the games were 185 

displayed; children answered the questions by clicking on the games which they had 186 

played/enjoyed). After two weeks, parents and children were asked to complete a more 187 

comprehensive online questionnaire. This questionnaire contained detailed questions about 188 

the children’s favourite and least favourite games, as well as their playing habits and their 189 

preferences (example item shown in Figure 2). 190 

Play testing of the initial prototype 191 

After the release of the first playable prototype of the software, children were asked to play 192 

the game and provide feedback via online questionnaires (preliminary findings were reported 193 

in Robb et al., 2015). Questionnaires incorporated various item types, including Likert-style 194 

scales, multiple choice questions, and free-response questions. Questions used simplified 195 

language and included images where possible (example item “How much did you enjoy 196 

playing the game?”; three-point Likert-style scale with images; see Figure 3). In addition, 197 

quiz-style questions were used to establish how well children had understood what they were 198 

supposed to do in the game (example item shown in Figure 4). 199 

[Figure 1 about here] 200 

[Figure 2 about here] 201 

[Figure 3 about here] 202 

[Figure 4 about here] 203 

Collaborative development 204 

Finally, the lead developer of the game maintained continual contact with the participants’ 205 

parents (primarily via email) during the entire development process. This communication 206 

took several forms. Firstly, parents reported bugs and technical issues as soon as they 207 

occurred, allowing these problems to be rectified quickly. Secondly, parents provided 208 



descriptions of their child’s usage of the game, including how and when they were playing it, 209 

what challenges they faced, and what sort of behaviours they displayed. Finally, the lead 210 

developer encouraged parents to, in turn, encourage their child to play the game frequently. 211 

This ongoing collaborative communication reflects the agile approach to software 212 

development used in this project; such agility is widely accepted as an optimal technique in 213 

the development of software including video games (Matharu et al., 2015; Aleem et al. 214 

2016). This allowed us to adapt the game rapidly in response to feedback, and continually 215 

refine the software. 216 

Results and discussion 217 

Regarding children’s preferences and habits in existing games, we found that there was 218 

variation in the gameplay preferences of children (Figure 5). When asked to select their 219 

favourite game, only one of the gameplay features identified above (intensive multitasking) 220 

was not represented. Children generally preferred using simple touch gestures and on-screen 221 

buttons to control games, although some children preferred using a keyboard (Figure 6). Less 222 

variation was apparent when asked about the platform on which children preferred to play 223 

games, with all but one child preferring to play games on a handheld tablet (see also Robb et 224 

al., 2015). When asked what they enjoyed about their favourite game, the most popular 225 

answer was that the game was easy to play. When asked what they disliked about their least 226 

favourite game, the most popular answer was that it was too hard. 227 

[Figure 5 about here] 228 

[Figure 6 about here] 229 

Results from the questionnaire administered to children after playing the first version of the 230 

prototype game showed that the core gameplay involved in playing the game was both 231 

understood and enjoyed by children. All but one child played the first version of the game for 232 

30 minutes before answering the questionnaire; the remaining child only played the game for 233 

5 minutes (see also Robb et al., 2015). 234 

Through ongoing communication with parents, we were able to determine more specific 235 

results regarding the game we were developing. Although the questionnaire showed that 236 

children overall understood the gameplay, parents reported that some children were initially 237 

confused by the gameplay, which led to some frustration. In addition, parents reported that, at 238 

various stages when the gameplay changed, children were also momentarily confused. Some 239 

children asked parents questions about what they should do, while other children exhibited 240 

frustrated behaviour. Parents also informed us that they believed the first version of the game 241 

was interesting and engaging for children, at least for short periods of time. One child 242 

expressed an interest in learning more about the player-controlled character (e.g., by asking a 243 

parent what the character was feeling). Parents also reported behaviours indicative of children 244 

being engaged and/or enjoying themselves (e.g., saying “yes!”, when they were successful in 245 

the game). Overall, results showed that the game was, as one parent put it, “a good start”. 246 

Parents noted that they expected more would be required to make the core gameplay more 247 

engaging in the long-term. 248 

Later in the development process, parents’ feedback primarily focused on the challenges 249 

faced by children in playing the game. The software had been refined to provide additional 250 

features designed to both (1) increase engagement and (2) aid children in understanding the 251 

gameplay. However, particularly when changes in the gameplay occurred, parents now began 252 

to state that it was increasingly difficult to encourage children to play the game. The 253 

challenges faced were of two general types. Firstly, all parents at some point reported that it 254 



was challenging to set aside time during the day to focus on the game. Secondly, some 255 

parents noted that as children played the game more often, they became less interested in it. 256 

Through this participatory design process, involving (1) initial consultation with children 257 

with PWS, (2) play testing of an initial prototype, and (3) a collaborative and adaptive 258 

approach to refine this prototype, a prototype cognitive training game was developed.  259 

The game was implemented as a web-based application optimized to be playable on tablets 260 

and mobile phones using simple touch controls. It was developed by one full-stack developer 261 

(lead author of this paper) over approximately 12 months. It is difficult to estimate the exact 262 

development time, however, as the developer was also a researcher with associated research 263 

duties (on the same project), and game development was part time, with hours varying 264 

throughout the development period. The developer was experienced in both software 265 

engineering/game design and illustration/animation. As such, graphical assets were either 266 

created by the developer or obtained from a database of video game assets released under 267 

public licences1. Sound assets were obtained from a similar database of publicly-licenced 268 

audio files2. The game was developed using Phaser version 2.4.43. Phaser is a free, open-269 

source, HTML5 game development framework suitable for creating games to be played using 270 

desktop or mobile web browsers. It is supported by extensive documentation and examples 271 

on the framework’s website and online forum, and has a large, active, development and 272 

support community. Phaser games may be programmed in either JavaScript or TypeScript; in 273 

the current project, JavaScript was used. To ensure a modular, modifiable design, an entity-274 

component system was utilised (West, 2007). Regarding the development environment, a 275 

single Windows 7 PC was required. Code was written using the free, open source text editor 276 

Atom version 1.x (specific version unknown)4. For a local development server, we utilised 277 

Mongoose (specific version unknown)5. Github6 provided version control, and Github Pages7 278 

was used to host the game directly from the project repository. The project incorporated a 279 

backend-as-a-service (BaaS) framework with cloud storage to store persistent data (e.g., 280 

players’ accounts). During the work reported here, Parse8 (originally developed by Facebook) 281 

was used. However, subsequently, Parse was shutdown by Facebook in January 2017, and the 282 

framework was open sourced. This required us to migrate to Back4App9, which provides a 283 

similar BaaS based on the now open source Parse Framework. 284 

The core gameplay involved controlling a character to collect items. Although there was 285 

variation in children’s gameplay preferences, both controlling characters and collecting items 286 

were popular among the children. These gameplay mechanics were selected as they provided 287 

a simple way to implement task switching demands: the items to be collected were small 288 

creatures, although only certain creatures could be collected at any given time. Creatures 289 

could be identified in terms of their colour (red or blue) or their shape (cuboid or pyramidal). 290 

At some times the target creature was identified by its colour; while at others it was identified 291 

by its shape. Children were therefore regularly required to switch between representing the 292 

creatures in terms of shape or colour; this provided the core task switching demand of the 293 

game (Figure 7, although other additional switching demands were also included. A full 294 

                                                 
1 https://opengameart.org/ 
2 https://freesound.org/ 
3 https://phaser.io/ 
4 https://atom.io/ 
5 https://cesanta.com/ 
6 https://github.com/ 
7 https://pages.github.com/ 
8 https://parseplatform.org/ 
9 https://www.back4app.com/ 
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description of the gameplay and the rationale for including specific features is provided in 295 

Supplementary Materials (Table S1). 296 

By consulting with children before any design decisions had been made, we were able to 297 

select a core gameplay mechanic that children understood and were able to use. This suggests 298 

that, for certain decisions in a software development process where the end users may have 299 

special requirements due to disabilities, participatory design may be an important factor in 300 

informing key design decisions. Previous research has identified several roles that children 301 

can play in the design process, such as tester, informant, and partner (Druin, 1999). Our 302 

findings show that children with intellectual disabilities can play both tester and informant 303 

roles (an informant role is ongoing and includes being consulted at an early stage to provide 304 

input to initial design decisions) in the design of video games. This provides evidence that 305 

future participatory design practices can build on. Although there is now a growing body of 306 

research focused on participatory design with children with disabilities, most of this research 307 

involves children with autism. Children with other developmental disabilities, particularly 308 

rare genetic syndromes such as PWS, are much less likely to be involved in participatory 309 

design (Benton & Johnson, 2015; Börjesson, Barendregt, Eriksson & Torgersson, 2015). Our 310 

work shows that, by using simplified information and visual elements, and with parental 311 

support, such children can successfully inform the development of video games. Future work 312 

should expand upon this to include children with a wider range of disabilities in the design of 313 

software. However, we also note that, here, children did not contribute to all design decisions. 314 

This is of course inevitable: when designing a game to train task switching, at least some of 315 

the requirements (e.g., that the player is required to perform task switches) are known in 316 

advance. We recommend that future participatory designers reflect on the usefulness of 317 

children’s contributions before engaging in participatory design and focus children’s input on 318 

requirements that they can reasonably be expected to contribute to. In this regard the 319 

informant role (Druin, 1999), in which children are consulted on an ongoing basis, but only 320 

where the designers believe they can make a useful contribution, is perhaps most appropriate 321 

in the design of educational and healthcare technology, where there are specific, known 322 

requirements that the software must have in order to be effective. 323 

Study 2: Initial evaluation of the game as including an appropriate 324 

gameplay mechanic for training task switching 325 

Although many studies have been conducted to evaluate the effects of cognitive training 326 

programmes, recent reviews and meta-analyses have highlighted the urgent need to improve 327 

the design and implementation of evaluation studies (Simons et al., 2016). For example, one 328 

issue with cognitive training studies is the difficulty of ensuring a suitably matched control 329 

group. Previous studies have used a range of control conditions, including passive controls 330 

(i.e., the participants engage in no training), and active controls in which participants may 331 

engage in a non-computerised cognitive task (e.g., doing crossword puzzles) or some other 332 

kind of game (e.g., playing Tetris) (Simons et al., 2016). Simons et al. (2016) suggest that, 333 

unlike in drug trials, for example, it is impossible for participants to be blind to their group-334 

allocation in a cognitive training trial; the participants in the placebo group will be aware that 335 

they are not using the cognitive training programme. However, it may be possible to achieve 336 

this by creating a version of the cognitive training game which has key features (i.e., features 337 

expected to target the cognitive processes being changed) either removed or modulated, but is 338 

otherwise identical to the training version. Essentially, this would amount to creating a 339 

placebo version of the game software, which could therefore facilitate double-blind placebo-340 

controlled trials of cognitive training games. 341 



There are substantial costs involved in game development, and there have been mixed results 342 

around the efficacy of game-based cognitive training (e.g. see Karbach & Unger, 2014). A 343 

full discussion of the potential merits of computer games for cognitive training is beyond the 344 

scope of the present paper. However, it is clear that if pursuing a cognitive training goal with 345 

computer game design, evidence that the gameplay mechanic is capable of exerting an 346 

appropriate (beneficial) influence on the cognitive process that is the target for the training, is 347 

important. Furthermore, obtaining this evidence early in the game development process 348 

would ensure that resources can be directed along promising lines. 349 

In the present study we therefore aimed to develop a matched placebo version of the early 350 

stage cognitive training game that was the result of the participatory design process (study 1). 351 

The matched placebo controlled for the whole gameplay experience but did not contain the 352 

gameplay features that were designed to place demands on task switching (the active 353 

features). Furthermore, we aimed to evaluate the capacity of the active features to influence 354 

task switching beneficially in a placebo controlled cross-over design. If the active features 355 

benefited task switching ability, this would provide evidence that the early stage game 356 

developed via the participatory design process, is suitable for further development. 357 

Methods 358 

Development of the placebo version of the game 359 

During development of the game, features were implemented in the game code in a modular 360 

fashion, so that the implementation of each specific feature was, as much as possible, 361 

separated from that of other features. It was therefore a straightforward process for the 362 

research and development team to create active and matched placebo versions of the game. 363 

Specifically, the placebo version of the game did not include any switching demands other 364 

than the core switching demand (Figure 7), while the active version of the game included 365 

unexpected events which required the player to perform additional task switches (described 366 

fully in Supplemental Material, Tables S1 and S2). The active game also featured a difficulty 367 

adjustment system which provided increasing challenge over time (i.e., both within 368 

individual games and across multiple games) as the player performed better in the game. The 369 

placebo game provided a simple difficulty adjustment system which provided increasing 370 

challenge within individual games but did not adapt to players’ performance over multiple 371 

games (i.e., each new game began at the easiest setting, regardless of a player’s performance 372 

in previous games). The details of these difficulty adjustment systems are explained in 373 

Supplemental Material (Table S1). 374 

Evaluation of the appropriateness of the active game features for training task 375 

switching 376 

Participants and design 377 

All 8 individuals with PWS who took part in the design process (9-17 years) were invited to 378 

participate in the placebo-controlled, cross-over experiment (see Figure 8). Participants were 379 

randomly allocated into one of two groups defining whether they played the active version of 380 

the game or a corresponding placebo version. Three participants dropped out before 381 

commencement of the test due to other demands for the family at the time, which prevented 382 

the time required being available. Five participants began taking part and were asked to play 383 

the game as much as possible over a four-week period. 384 

[Figure 8 about here] 385 



Measures 386 

Four computer-based neurocognitive task switching tests were administered to index 387 

cognitive skill in task switching. The tests were based on the work of Miyake et al. (2000); 388 

and adaptations that have been employed with children (e.g., Lehto et al., 2006). The tests are 389 

described in detail in the Supplementary Materials. In brief, the tests each presented 390 

participants with visual stimuli that needed to be identified as belonging to one of two values 391 

of two possible dimensions (e.g. a male or female person in a gender dimension; or a young 392 

or old person in an age dimension). Trials where the relevant dimension was different to that 393 

in the previous trial demanded a task switch (switch trials), whereas trials where the relevant 394 

dimension was the same as that in the previous trial did not demand such as task switch. 395 

Importantly, assessing task switching (and more broadly executive functioning) is 396 

particularly challenging in individuals with intellectual disabilities (Bevins & Hurse, 2016) 397 

because tests of such processes necessarily make demands on a range of lower level cognitive 398 

processes that may be selectively impaired. The four tests used here were specifically 399 

designed to overcome this challenge by taking participants though a graded practice 400 

procedure, which forced participants to demonstrate acceptable ability in all non-switching 401 

cognitive processes involved in the test, before they were permitted to continue to the part of 402 

the test that assessed task switching. 403 

Outcome variables were calculated after screening for outlying trials on an individual 404 

participant basis. Switch time was the mean reaction time (in milliseconds) in switch trials; 405 

and switch error was the proportion of incorrect switch trials. Composite switching outcome 406 

variables were calculated across all tasks completed at every relevant time point. This 407 

allowed the simple means of switch time and switch error variables, across all relevant tasks, 408 

to constitute composite outcomes that were comparable over time, despite reaction times and 409 

error rates not being directly comparable across tests. 410 

Procedure 411 

The switching tests were completed at home via the internet, under the supervision of a 412 

parent on four occasions, twice before engagement with placebo or active versions of the 413 

game commenced, once following phase 1 of gameplay, and once following phase 2 of 414 

gameplay (see Figure 8). Importantly, administration of the switching tests twice before 415 

phase 1 of gameplay provided an index of expected improvement in switching test 416 

performance driven purely by prior practise with the tests. A brief parent report and self-417 

report questionnaire on behavioural indicators of impaired switching; and on experience 418 

during gameplay were also administered via online forms. These questionnaires were 419 

pertinent to study goals wider than those described here and so are not discussed further. 420 

Results and discussion 421 

The duration between assessment time points varied for some participants (see Table 1) 422 

because for some, daily life disrupted the opportunity to dedicate time to the training, so time 423 

elapsed between when an assessment was completed and when training was engaged with. 424 

Training time was always accrued primarily during the four weeks preceding the assessment 425 

that followed the corresponding training phase. 426 

Of the five participants who began taking part, two had been randomly allocated to receive 427 

the active training first (Pseudonyms Mary and Jess), whilst the others had been randomly 428 

allocated to receive the placebo training first. However, a technical error meant that Mary 429 

actually received the placebo training first. As illustrated in Table 1, only one of the four 430 

participants who received the placebo training first (Sarah) continued to complete the active 431 

training phase.  432 



Initially, participants and caregivers were blinded to which type of training the child was 433 

completing. However, since those who began with the placebo training lacked motivation to 434 

continue, parents of children who began with the placebo training were told about their 435 

child’s training allocation at the end of phase 1. Two participants finished both training 436 

phases, one completed the placebo training first, and the other (Jess), completed the active 437 

training first. 438 

As expected, all participants demonstrated an improvement in switching linked to practise 439 

with the switching tests. Relative to these practice effects however, placebo training was 440 

associated with consistently less improvement in performance across all participants. On the 441 

other hand, active training (specifically, engagement for at most 2 hours 45 minutes) was 442 

associated with more improvement in performance relative to practise for both participants 443 

who completed such training (Table 1). Thus, active training did appear capable of improving 444 

task switching performance outside of the training environment. 445 

[Table 1 about here] 446 

Participants’ lack of motivation to engage with the placebo training, which led most to drop 447 

out before the active training phase, has important implications for the concept of using a 448 

non-active version of a cognitive training game as a placebo. If engagement with the placebo 449 

game cannot be maintained during the training period, a randomised controlled trial would 450 

not be capable of differentiating effects of active training from repeated engagement with any 451 

computer-based activity. Furthermore, as evidenced by our results, a cross-over design would 452 

be problematic.  453 

Given the present early stage of game development, in removing active components from the 454 

game to create the placebo version, the only way in which the game adapted to players’ 455 

ongoing performance was also removed (in the active game, switching demands increased 456 

with ongoing play). A similar non-adaptive placebo control approach has been applied 457 

previously in systematic evaluations of computer based cognitive training programmes 458 

(Spencer-Smith & Klingberg, 2015). However, such previous evaluations have in the most 459 

part used a face to face trainer-student set up to provide an external motivator for 460 

engagement. On the other hand, an appropriate level of challenge makes an important 461 

contribution to intrinsic motivation (Abuhamdeh & Csikszentmihalyi, 2012). The present 462 

results highlight the importance of such a source of intrinsic motivation and suggest that 463 

future work should aim to provide appropriate challenge in placebo versions of cognitive 464 

training games. Indeed, work designing a computer game for training in mathematics has 465 

begun to distinguish between how the overall game adapts to challenge players, and how the 466 

mathematical content adapts (Mees, Habgood, Jay, & Howard-Jones, 2017). 467 

Despite the challenges with placebo control, the gains in performance on the neurocognitive 468 

switching tests mediated by engagement with the active training provide important evidence 469 

to support the basic game dynamic as a core component of a task switching training 470 

programme for people with PWS. Other training programmes that have been linked to 471 

beneficial cognitive outcomes usually comprise at least 12 training hours (Spencer-Smith & 472 

Klingberg, 2015). The present prototype game lacked scope to encourage play for longer 473 

periods of time. Importantly however, demonstrating such a beneficial effect on task 474 

switching at the present early stage of game development provides a strong basis for further 475 

development of a game based around the present gameplay mechanic.  476 



Conclusion 477 

We developed a prototype game for training task switching in children with PWS, which 478 

appears to provide an appropriate foundation for further development of a task switching 479 

training computer game for this population. Participatory design allowed a prototype to be 480 

created that engaged children for short periods of time. Furthermore, it allowed some 481 

important limits to usability to be identified, and the software to be refined to overcome 482 

these. However, it is also quite likely that, over a longer period of time, user-involvement in 483 

the design process led to fatigue. This is shown by (1) how as development progressed, it 484 

became more challenging to encourage participants to use the software, and (2) the levels of 485 

attrition experienced in the evaluation of the prototype game. Regarding the former point, 486 

research on participatory design has recently begun to focus on the potential benefits for the 487 

participants themselves rather than benefits in software quality (Benton & Johnson, 2015). 488 

Here we note that there may be conflicts between these two motivations. For example, 489 

towards the end of the development process, we sought to obtain feedback from children 490 

regarding the usability of the latest version of the software. Even though children did enjoy 491 

playing the game, spontaneous, free play is not the same as being asked to play for a specific 492 

amount of time then provide feedback (e.g., by completing a questionnaire or verbalising 493 

their thoughts to parents). Therefore, it seems likely that children’s enjoyment may 494 

potentially be at odds with researchers’ and developers’ need to obtain useful feedback. Of 495 

course, in these cases, the voluntary wishes and enjoyment of the children should be put first 496 

(as it always was in the project reported here). To address this, participatory designers may 497 

need to recruit a larger cohort of participants, thus recognising that some children may not 498 

want to be involved in every stage. However, this of course presents a unique challenge when 499 

the participants are of interest because they have been diagnosed with a rare syndrome such 500 

as PWS. 501 

Although the attrition observed following engagement with the placebo training was an 502 

important finding of the present study, the attrition post recruitment but before any training 503 

had begun was a limitation. This attrition reflected the typical busy lives of families and is 504 

important to consider with respect to future trial designs requiring substantial time input from 505 

participants as they engage with a cognitive training programme. A related limitation was the 506 

variation in time to complete the training phases in the evaluation of the prototype. Periods 507 

longer than those planned lapsed between some assessment time points for the two 508 

participants who completed both training phases, because of the need to adapt the procedure 509 

around participants’ lives. It is important to bear this limitation in mind going forward when 510 

thinking about how best to encourage regular engagement with a cognitive training game. It 511 

may be for example, that games with short chunks of gameplay, which could be completed 512 

flexibly around other activities, would be well suited to meet this need. Indeed, our ongoing 513 

development of the prototype game described here encompasses such a structure. 514 
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Tables 677 

Table 1. Switching test composite outcomes at each assessment session in the evaluation. 678 

Green shading indicates improvement of at least 5%, orange shading indicates improvement 679 

of 5% or less, red shading indicates worsening of scores of at least 5%. 680 

 681 

Participant pseudonym Mary  Jess  Ellie  May  Sarah  

First play phase Placebo Active Placebo Placebo Placebo 

Age (years) 13 15 9 10 17 

# tests completed at all stages 3 4 4 3 2 

Placebo training (minutes) 177.5 85.83 68.61 118.01 137.31 

Active training (minutes) 0 164.91 0 0 160.3 

Baseline switch error  0.28 0.19 0.41 0.39 0.29 

switch time (ms)  1219 1263 1611 928 1174 

Practise time from baseline 24 hours 22 hours 14 hours 17 hours 24 hours 

switch error 0.19 0.14 0.24 0.38 0.29 

switch time (ms) 1010 1276 1163 680 916 

Training 

phase 1 

time from baseline 22 days 34 days 35 days 37 days 102 days 

switch error 0.28 0.05 0.34 0.46 0.31 

switch time (ms) 1097 1038 1434 635 1170 

Training 

phase 2 

time from baseline  198 days   203 days 

switch error  0.10   0.31 

switch time (ms)  1169   805 

BRIEF shift  12.5%   37.5% 

Practice 

effect 

error % improved  30.0  27.8  41.0  3.5  0  

time % improved  17.1 -1.0 27.8 26.7 22.0 

Placebo 

effect  

error % improved  -30.0 -23.2 -25.6 -21.4  -7.1 

time % improved  -7.1 -10.4 -16.9 4.9 -21.7 

Active 

training 

effect 

error % improved   44.44   0 

time % improved   18.8   31.1 

  682 



Figure captions 683 

Figure 1. An example of images used in a questionnaire item for children. In this case, the 684 

question asked children how much they understood how to play a game (a picture of each 685 

game was also provided). 686 

Figure 2. An example item used in a questionnaire for children regarding their preferences 687 

about existing games (here, regarding their preferences for control systems). 688 

Figure 3. Example images used in a three-point Likert-style scale asking children how much 689 

they enjoyed playing the first prototype version of the game. 690 

Figure 4. Example quiz-style item designed to determine how well children understood what 691 

to do in the first prototype version of the game. 692 

Figure 5. Gameplay preferences of participating children (pp) with Prader-Willi syndrome. 693 

Figure 6. Preferred game control systems of participating children (pp) with Prader-Willi 694 

syndrome. 695 

Figure 7. An example screen from the prototype game, illustrating the core task switching 696 

demand. The player controls the Collector (the character in the center of the screen). Players 697 

are required to collect the Creatures of the type indicated in the Target Panel (top left), while 698 

avoiding all other Creatures. The core switching demand is provided by changing how the 699 

collectible Creatures are identified in the Target Panel (i.e., by their shape or by their colour). 700 

In this example, the player must collect cuboidal Creatures and avoid pyramidal Creatures. 701 

This image also shows a Power Up (top right), as explained in Supplemental Material. The 702 

exclamation point indicates that a Hazard, which the player must avoid, is about to appear at 703 

that location (see Supplemental Material). 704 

Figure 8. Procedure for pilot evaluation. 705 

 706 
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Figure 3 718 

 719 

 720 

 721 

 722 

 723 

Figure 4 724 
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Supplemental Material 

 

List of games used in the consultation with children prior to development reported in Study 1.  

Websites given are intended to provide the reader with the best possible information about each game. 

Where possible, an official game website is provided, or a website where a version of the game can be 

played (all websites last accessed January 31 2019). In the case of Mole Kart, Cordy 2, and Gravity Duck, 

no official websites or playable versions are available at the time of writing. In these cases, we have 

provided links to websites which provide the best available information (Wikipedia or YouTube video 

demonstrating the gameplay). 

Tealy and Orangey (http://www.addictinggames.com/action-games/tealy-and-orangey-game.jsp) 

Multitask (https://www.kongregate.com/games/icylime/multitask-2) 

Lux Ahoy (https://luxahoy.com/) 

UFO Run (http://www.crazygames.com/game/ufo-run) 

Fit it Quick (https://www.coolmathgames.com/0-fit-it-quick) 

Monument Valley (https://www.monumentvalleygame.com) 

99 Bricks Wizard Academy (https://en.wikipedia.org/wiki/99_Bricks_Wizard_Academy) 

Mole Kart (https://en.wikipedia.org/wiki/Mole_Kart) 

Cordy 2 (https://en.wikipedia.org/wiki/Cordy_(video_game)) 

Shu’s Garden (http://shusgarden.ca/) 

LEGO Junior’s Quest (https://www.lego.com/en-us/family/apps/quest) 

Dr. Panda Handyman (https://drpanda.com/games/dr-panda-handyman) 

Amazing Alex (http://teaser.amazingalex.com/) 

Toca Builders (https://tocaboca.com/app/toca-builders/) 

Gravity Duck (https://www.youtube.com/watch?v=O0U-5moIvUk) 
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Table S1 Features included in the game 

Feature of the 

game 
Description Comments 

Collector 
The character controlled by the player. See 

Figure 7. 
  

Creatures 

The characters which the Collector must collect 

or avoid. Each creature has a shape and a 

colour. In all versions of the game discussed 

here, creatures are either red or blue in colour, 

and cuboid or pyramidal in shape. Creatures 

move around the game area, changing direction 

at random intervals, or when they make contact 

with the edge of the game area or another 

creature. See Figures 7 and S1. 

  

Dynamic 

Difficulty 

Adjustment 

Difficulty is adjusted in three ways: (1) 

Between games, the difficulty is adjusted by 

increasing how frequently the target is switched 

from a colour to a shape or vice versa. At the 

easiest setting, the target switches after every 6 

waves (i.e., only once per game). At the hardest 

setting, the target switches after every wave. (2) 

Within games, the difficulty of each wave (see 

Figure S2 for an explanation of waves) is 

adjusted by adding or removing creatures (more 

creatures makes the game harder). (3) Within 

waves, difficulty is adjusted by adding power-

ups (which make the game easier) or hazards 

(which make the game harder). See Figure S2. 

In the placebo version of the game, only 

difficulty adjustment between waves 

(i.e., (2)) was used. The active version 

of the game included all three methods 

of difficulty adjustment. 

Ghost Mode 

A state of the Collector. When in Ghost Mode, 

the Collector will pass through non-target 

creatures and rocks without making contact. 

The Collector’s appearance flickers. Ghost 

Mode is activated for 3 seconds after the 

Collector makes contact with a non-collectible 

Creature, or a Hazard. 

Makes the game temporarily easier after 

the player has made a mistake 
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Feature of the 

game 
Description Comments 

Hazard 

A rock which appears in a random location 

(although always a minimum distance from the 

Collector). The appearance of Hazards is 

accompanied by an explosion sound effect and 

a Screen Shake. Hazards pursue the Collector 

until they either make contact with the 

Collector, or 3 seconds has elapsed. When 

either of these conditions is fulfilled, the 

Hazard disappears. See Figure S1. 

This introduces an additional switching 

demand, as the player must change their 

goal from attempting to collect 

Creatures, to avoiding the Hazard. 

Hazards are introduced when the player 

has made 2 consecutive successful 

collections, in order to make the game 

temporarily more difficult. Hazards also 

introduce additional required tasks into 

gameplay, and high levels of concurrent 

tasks are features of entertainment video 

games purported to facilitate learning 

and its transfer. 

Music and 

Sound Effects 

Music is optional, and can be turned on or off in 

the game settings. The game also incorporates 

multiple sound effects. 

 Some participants’ caregivers reported 

that participants found the music 

unpleasant; whilst others enjoyed the 

music. 

Power Up (fast 

mode) 

A lightning bolt appears in a random location. 

If the Collector collects the lightning bolt, their 

velocity is increased for 5 seconds. See Figure 

7. 

This makes the game temporarily easier, 

as the Creatures are easier to catch. 

Power Ups are introduced after the 

player has made 2 consecutive 

unsuccessful collection attempts (i.e., 

they have made contact with creatures 

that are not currently collectible). 

Provides scaffolding to successful 

performance. Power Ups also introduce 

additional required tasks, increasing 

concurrent task load. 

Power Up (slow 

mode) 

A clock appears in a random location. If the 

Collector collects the clock, the velocity of the 

Creatures is reduced for 5 seconds. See Figure 

S1. 

Psuedo-3D 

Graphics 

Use of graphical projection to simulate 3 

dimensions in 2-dimensional images; also 

known as 2.5D graphics. See Figure S3. 

This entails that the Creatures (which 

are geometric shapes), appear differently 

depending on their direction of travel. 

This introduces an additional switching 

demand.   

Scoring 

The player receives 1 point for collecting a 

Creature. If the Collector makes contact with a 

Creature that is not currently collectible, the 

player loses 1 point (unless their score is 

already 0). The current score is displayed in a 

panel in the bottom left of the screen. See 

Figure 1. 

  

Screen Shake 

The entire contents of the screen move very 

rapidly in random directions for a moment, as if 

an earthquake has occurred in the game world. 
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Feature of the 

game 
Description Comments 

Target Cue 

A representation of the current target (i.e., 

which colour or shape of creature should be 

collected) is temporarily displayed in the centre 

of the screen. 

  

Target Indicator 

A white circle which appears around a creature 

that is currently collectible for 2 seconds. 

Target Indicators are displayed when the 

Collector makes contact with a non-collectible 

Creature and at the beginning of each new wave 

(see Figure S2 for an explanation of waves). 

See Figure S1. 

Provides scaffolding to the player when 

the task switches. 

Target Panel 

An image representing the current target (i.e. 

which colour or shape of creature should be 

collected), displayed on a black background. 

The Target Panel can be hidden, in which case 

only a tab is shown (i.e., the information is not 

visible; as shown in Figure 2); the player must 

tap on the tab to reveal the Target Panel, as 

shown in Figure 1. 

The fact that the panel retracts (i.e., the 

player must tap on it to reveal it) 

introduces an additional switching 

demand into the game, in that the player 

must switch from the current goal (e.g., 

collection a Creature) to operating the 

panel. 
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Figure S1. A screenshot from the game. The Collector is shown in the center of the screen. Also shown is a 

Hazard (rock) and a Power Up (Slow Mode; the clock at top right). The player’s current score is shown in 

the score panel (bottom left). In this image, the Target Panel (top left) is shown retracted (cf. Figure 7). Also 

shown are Target Indicators (i.e., the white circles around some of the creatures. In this example, the player 

must collect cuboidal Creatures while avoiding pyramidal Creatures. 

 

Figure S2. The concept of waves in the game. 

 

 

Figure S3. Psuedo-3D graphics used in the game. Each shape can be represented in multiple ways 

(depending on the direction the creature is moving), simulating a 3D view in 2D graphics. 
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Table S2 Differences between the placebo and active versions of the game. 

 

Feature of the game Active game Placebo game 

Dynamic Difficulty 

Adjustment (DDA) 

Difficulty adjusted between games, 

between waves, and within waves. See 

Table S1 and Figure S2. 

Difficulty adjusted between 

waves only. See Table S1 and 

Figure S2. 

Hazards; Power Ups Included. See Figure S1 Not included 

Target Panel When tapped, displays for 1 second 

before retracting. See Figures 1 and 

S1. 

Displayed permanently. See 

Figure 1. 
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Practice procedure for switching tests 

The four switching tests were each administered following a bespoke practice procedure: Introduction trials 

introduced the child to the task and checked responses could be linked to target stimuli. Tutorial trials 

introduced the child to the cue to task and checked that the cue could be linked to the correct task. 

Preparation trials provided the child with an opportunity to prepare for the measure trials (would be used to 

evaluate performance), in which all features were identical to those that would be used to evaluate 

performance, except that children were provided with feedback contingent on an incorrect response or no 

response having been provided within the allotted time limit. Thresholds for failure were imposed on each 

trial type comprised in the practice procedure. Thresholds were selected to strike a balance between giving 

children the opportunity to demonstrate competence, and maintaining total maximum testing duration 

acceptably low (see Table S3 for more details).   

 

Switching test characteristics 

The four switching tests were designed to each draw to different degrees on the cognitive skills required for 

appropriate performance, which do not involve task switching. Thus, categorisation decisions ranged from 

low level perceptual to high level conceptual categories; stimuli were presented to visual and auditory 

modalities in different tests; cues to task were presented to visual and auditory modalities in different tests 

and additionally indicated the task to different degrees of transparency; and cues to task were presented at 

different durations preceding target stimulus presentation, providing children with different lengths of time 

for task preparation (see Table S4). 

 

Switching test trial structure 

The trial structure differed slightly across introduction, tutorial, preparation and measure trials in order to 

create the graded practice procedure.  However, trial structure was equivalent across all four tests (see 

Figure S5-S7). 

 

Switching test testing procedure 

A storyline about an alien visiting Earth was used to motivate children during engagement with the tests, 

which involved audio phrases generated by a computer, and images including the well-known alien 

character from the film E.T the Extra-Terrestrial accompanying test explanations and feedback. To allow 

the tests to be completed flexibly across a range of possible computers at participants’ homes, the size of 

stimuli adapted based on the resolution of the screen being used (which caregivers were instructed to 

indicate by measuring a line that appeared on the screen following log in).  Screen resolutions used varied 

between 3.20 and 4.60 pixels per millimetre. 

 

Trials administered during the practice procedure were selected so as to best explain what was required to 

children and ensure the relevant cognitive skills had been tested at each stage.  Following practice, the 49 

measure trials followed the same pre-determined sequence for all tests, with task switches every second 

trial. Four different target stimuli were available for each test, which could either be congruent – when the 

same response was afforded by both tasks – or non-congruent – when different responses were afforded by 

each task. Task switches were presented on the third trial and then every second trial. Thus, the first trial was 

not classified as a switch or a repeat trial. And, from the second trial onwards repeat and switch trials 

alternated. In this way, trials were balanced for congruency, switching, stimulus and task, with three trials of 

each combination of these features. 
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Table S3: Description of practice procedure for switching tests  

Trial type 

& # 

available 

Trial function: to 

assess…  

Repeat procedure  Threshold for 

failure 

Scaffolding Procedure (also see figures S5-9) 

Introduction 

(IT) 

4 

understanding of the 

two tasks  

Correct response 

followed by next trial 

in sequence;  

Incorrect response or 

no response before 

time out, followed by 

a repeat of the same 

trial 

Incorrect response or 

time out for any 

single trial 5 times 

Verbal explanation of 

task and response 

mapping; verbal and 

visual feedback on 

success (correct/ 

incorrect/ time out) 

1. Target stimulus at top or bottom 

centre + cue to response presented 

until response or 5s (time out); 

2. Trial feedback presented for 

duration of verbal feedback sound 

Tutorial 

(TT) 

4 

understanding of the 

task cues; and that 

task switches can 

occur 

Incorrect response or 

time out for any 

single trial 3 times 

Verbal explanation of 

task cue; verbal and 

visual feedback on 

success 

1. Cue to task + verbal description of 

cue, presented for duration of verbal 

description (longer for trials 1 & 3, 

see script); 

2. Addition of Target stimulus + cue 

to response (as ITs) ; 

3. Trial feedback (as ITs) 

Preparation 

(PT) 

4 

ability to task switch 

in the context of the 

test 

Any response is 

followed by next trial 

in sequence;  

If > 1 incorrect 

response or no 

response before time 

out, following 4th trial 

all 4 trials are 

repeated in sequence 

At least 2 incorrect 

or time out responses 

in the 3rd repetition 

of all 4 trials 

Reminder of task cue on 

trials 1 and 3 only; 

verbal and visual 

feedback if response 

incorrect or too slow; 

encouragement 

feedback following trial 

4 if trials to be repeated 

As TTs except: 

a. time out is 3s;  

b. reduced verbal description of cue 

(see audio script) and only on trials 1 

& 3; 

c. no  trial feedback presented 

following correct responses 
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Table S4: Description of tasks, required responses and stimuli for switching tests. 

 

Test Type of 

discrimination 

Tasks 1 Cue to task Task 

preparation 

Response 

mapping 

Cue to response Target stimuli  

Location size Conceptual 

category 

(relatively 

uncommon) 

1. Is stimulus 

usually inside 

or outside the 

house? 

2. Will 

stimulus fit 

inside a 

rucksack or 

not? 

Pictorial 

(transparent) 

A: house 

cartoon 

B: rucksack 

cartoon 

Relatively long 

(cue presented 

1000ms before 

target) 

Left: in 

Right: out 

Semi-transparent;  

High response conflict; 

L: bottom L side in symbol  

R: bottom R side out symbol  

Verbal 

1. “Toaster”; 

2. “Donkey”; 

3. “Bookshelf”; 

4. “Football” 

 

Age gender Conceptual 

category 

(relatively 

common) 

1. Is stimulus 

young or old? 

2. Is stimulus 

male or 

female? 

Locational; 

High response 

conflict  

A: top L or R 

B: bottom L or 

R 

 

Shortest (cue 

presented 

concurrently 

with target) 

L: young/ 

female 

R: old/ 

male 

 

Semi-transparent;  

For response conflict, see Cue to 

task 

L: top children’s sign & bottom 

men’s sign to slight L of centre 

R: top old person’s sign & 

bottom women’s sign to slight R 

of centre 

Pictorial 

1. Boy 

2. Old woman 

3. Girl 

4. Old man 

Shape colour Perceptual 

category (low 

level) 

1. Is stimulus a 

square or a 

circle? 

2. Is stimulus 

red or blue? 

Verbal 

A: “shape” 

B: “colour” 

Longest (cue 

presented 

2000ms before 

target) 

Left: 

square/ 

red 

Right: 

circle/ 

blue 

Transparent; High response 

conflict 

L: bottom left side red square 

R: bottom right side blue circle 

 

Pictorial 

1. Red square 

2. Blue circle 

3. Blue square 

4. Red circle 
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Global local Perceptual 

category 

(higher level) 

1. Is global 

shape a square 

or a triangle? 

2. Is local 

shape a square 

or a triangle? 

Pictorial (non-

transparent) 

Relatively 

short (cue 

presented 

500ms before 

target) 

Left: 

square 

Right: 

triangle 

Transparent;  

For response conflict, see Stimuli 

L: bottom left side black outline 

of square 

R: bottom right side black outline 

of triangle 

Pictorial (Navon)  

High response 

conflict 

1. Square of 

squares 

2. Triangle of 

triangles 

3. Triangle of 

squares 

4. Square of 

triangles 
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Switching test removal of outliers 

For each switching test, switch time and switch error outcome variables were calculated based on the 24 

switching trials that followed a task switch.  Prior to calculation of switch time outcomes, trials were 

examined for those with reaction times lying outside three standard deviations unit from the participant’s 

mean reaction time for switching trials in the relevant task.  However, no such outlying trials were 

identified. 

 

 

Supplementary evaluation results 

Switch time and switch error practice effects were calculated based on the percentage improvement in scores 

between T1 and T2 assessments. Improvement in these scores linked to training phase 1 was calculated 

based on the percentage improvement between T1 and T3 assessments, with practice effects subtracted from 

this value.  In the corresponding manner, improvement linked to training phase 2 was calculated based on 

the percentage improvement between T1 and T4 assessments, with practice effects subtracted from this 

value.   

 

 

 

 

 

 

 


