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A B S T R A C T   

Background: Numeracy is an area of difficulty for children with Down syndrome (DS). It has been 
demonstrated that The Number Race, a non-commercial adaptive computer game designed to 
foster basic mathematical abilities, represents a promising instrument to enhance these skills in 
children with DS when delivered by an expert in a clinical setting. 
Aims: In the present study, we assessed the efficacy of The Number Race when administered at 
home by properly instructed and remotely supervised parents. 
Methods and procedures: Basic numerical skills were assessed before and after training, as well as 
at three-months follow-up. Performance of children with DS who worked at home with the parent 
(PG) was compared with that of children who received the training by an expert (EG). For both 
groups, the training lasted ten weeks, with two weekly sessions of 20− 30 min. 
Outcomes and results: Results show that both groups improved across various measures of nu-
merical proficiency, including the overall score of the numeracy assessment battery, while only 
the EG showed an improvement in a measure of mental calculation. The improvements were 
maintained three months after the end of the training. 
Conclusions and implications: These findings confirm the efficacy of The Number Race and extend it 
to an home-based setting, whereby parents administer the training with external supervision.   

What this paper adds? 

In a previous study, the non-commercial adaptive computer game The Number Race was shown to be effective in fostering number 
sense in children with Down syndrome. In that case, training was administered in a clinical setting by a psychology researcher. Here we 
show that similar beneficial outcomes of The Number Race can be obtained when the training is conducted by parents at home. In-
formation of this nature makes it possible to rethink administration modality and duration for this numerical training and for cognitive 
training in general. Our results pave the way for broader and no-cost access to the Down syndrome population, exploiting the familiar 
home-based setting and the possibility of prolonged training. 
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1. Introduction 

Down syndrome (DS), or trisomy 21, is the most common cause of intellectual disability of genetic origin, affecting about 1 in 
700–1000 live births (e.g., McGrother & Marshall, 1990; Sherman, Allen, Bean, & Freeman, 2007). DS is characterized by intellectual 
disability in the great majority of cases, with a broad variability in terms of degrees of severity (e.g., Grieco, Pulsifer, Seligsohn, Skotko, 
& Schwartz, 2015). 

Previous research has indicated that DS is associated with a specific behavioural phenotype, characterized by speech and language 
impairments (Chapman & Hesketh, 2000), with greater difficulties in expressive than in receptive language. Research has also shown 
that individuals with DS are extremely limited in terms of memory span, especially in auditory-verbal memory (Jarrold, Baddeley, & 
Hewes, 1999; Vicari, Marotta, & Carlesimo, 2004), as well as in executive functions, particularly working memory (Lanfranchi, 
Cornoldi, & Vianello, 2004; Lanfranchi, Baddeley, Gathercole, & Vianello, 2012), inhibition, planning, and cognitive flexibility 
(Lanfranchi, Jerman, Dal Pont, Alberti, & Vianello, 2010; Lee et al., 2011). Some aspects of motor functioning seem to be relatively 
impaired too (Block, 1991). On the other hand, non-verbal skills are reportedly less severely affected, though recently a variable 
picture has emerged depending on which aspect of visuospatial cognition is considered (Yang, Conners, & Merrill, 2014). Another area 
of relative strength is social functioning (Fidler, 2005). 

Several studies have focused on basic number skills in individuals with DS (Onnivello, Lanfranchi, & Zorzi, 2019, for review). These 
abilities are fundamental not only to support math achievement but also for daily living, to adapt to the demands of the environment 
and thus have an autonomous life. Children are immersed in an environment rich with quantitative information and numerical ex-
periences. They see numbers everywhere around them, and they see people using numbers to describe, count or measure. Infants 
represent small quantities in their mind and discriminate between them (Antell & Keating, 1983); moreover, they are able to 
discriminate between large quantities, although discrimination acuity is progressively refined during childhood (e.g. Halberda & 
Feigenson, 2008; Mou & Van Marle, 2014; Xu & Spelke, 2000; Xu, Spelke, & Goddard, 2005). Later on, children learn how to count 
arrays of objects and perform small calculations (for an overview see Sella, Hartwright, & Cohen Kadosh, 2018). Children with DS 
usually show poor basic number skills in comparison to children with the same chronological age. However, while some numerical 
abilities appear to be simply delayed and follow the typical developmental trajectory, for other skills there is evidence of specific 
impairments even with respect to mental age. 

The ability of children with DS to represent and compare non-symbolic numerical quantities has been a major topic of investigation. 
Two core mechanisms represent non-symbolic numerical information (Feigenson, Dehaene, & Spelke, 2004): the Object Tracking 
System (OTS) provides an object-based exact representation of small sets (up to 4), whereas the Approximate Number System (ANS) 
encodes larger numerosities (i.e., more than 4) in an analogical and approximate way. Individuals with DS make more errors, even 
with respect to typically developing children with the same mental age, in comparing small numerosities (in particular 2vs3 and 3vs4; 
Paterson, Girelli, Butterworth, & Karmiloff-Smith, 2006; Sella, Lanfranchi, & Zorzi, 2013). This evidence suggests that subitizing, that 
is the accurate perception of small numerosities (up to 4) supported by the OTS, develops atypically in individuals with DS. In contrast, 
their ability to compare large numerical quantities, which relies on the ANS, seems to be functioning in line with mental age 
(Abreu-Mendoza & Arias-Trejo, 2015; Camos, 2009; Paterson et al., 2006; Sella, Lanfranchi, & Zorzi, 2013). Moreover, the perfor-
mance of children with DS shows the typical ratio effect (the discriminability of two quantities becomes more difficult as the numerical 
ratio of the two sets gets closer to 1), supporting the idea that they use the same processes deployed by typically developing children 
(Abreu-Mendoza & Arias-Trejo, 2015; Camos, 2009). 

Two studies investigated the ability to map numerical quantities onto a visual “number line” in DS (Lanfranchi, Berteletti, Torrisi, 
Vianello, & Zorzi, 2015; Simms, Karmiloff-Smith, Ranzato, & Van Herwegen, 2020). In these studies the performance of children with 
DS resulted aligned with that of typically developing children of the same mental age rather than chronological age. Therefore, nu-
merical estimation skills in this population seems to be related to cognitive skills, rather than to experience or education. 

Another area of difficulty in individuals with DS is counting, and there has been a broad debate on whether they have a superficial 
or a deep understanding of counting. Gelman and Cohen (1988), for example, found that children with DS performed less well than 
preschoolers matched for mental age in both counting and cardinality tests, and suggested that they merely count by rote, with no 
understanding of the cardinality principle. Cornwell (1974) also came to the conclusion that the counting performance in children with 
DS was not guided by principles, and the author added that a lack of understanding of counting principles made it impossible for these 
children to acquire higher-level arithmetical concepts. On the contrary, other studies found that individuals with DS could understand 
cardinality, though they might count shorter sequences and smaller arrays of objects. For instance, Caycho, Gunn, and Siegal (1991) 
replicated the Gelman and Cohen study, matching a group of children with DS with typically developing children on receptive vo-
cabulary, concluding that children with DS can make use of counting principles and that their counting competence is related more to 
their receptive language than to DS per se. Bashash, Outhred, and Bochner (2003) likewise found that children with DS were able to 
apply the fundamental principles of counting in several counting situations. Similarly, Sella et al. (2013) found that, despite a slow and 
slightly less accurate performance, children with DS show a level of counting proficiency and cardinality understanding that is 
adequate for their mental age. 

Research has focused also on calculation, showing that this is a particularly difficult area for individuals with DS (Marotta, Viezzoli, 
& Vicari, 2006). They have difficulties with simple calculations within small ranges, such as 5 or 10 (Lanfranchi et al., 2015), so that 
school-age children with DS perform on this task even poorer than typically developing preschooler matched for mental age. 

To sum up, basic number skills seem to be an area of particular impairment in individuals with DS. Some of these abilities, such as 
number estimation and the comparison of large quantities, display only a delayed developmental trajectory which is aligned with 
mental age, while other abilities, such as comparing small quantities, counting and mental calculation, seem to develop atypically and 
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remain impaired even with respect to the overall cognitive level. The focus on basic number skills is strongly motivated by their 
relation to formal mathematical achievement, both in typical development (e.g., Halberda, Mazzocco, & Feigenson, 2008; Jordan, 
Kaplan, Oláh, & Locuniak, 2006) and in children with specific impairments, such as children with dyscalculia (Butterworth, Varma, & 
Laurillard, 2011; Piazza et al., 2010; Sella, Berteletti, Brazzolotto, Lucangeli, & Zorzi, 2014). Moreover, it has been demonstrated that 
training non-symbolic arithmetic leads to an improvement in symbolic arithmetic (Hyde, Khanum, & Spelke, 2014; Park & Brannon, 
2013). This suggests that supporting numeracy development in DS children with specific training programs is of paramount 
importance. 

In recent years, a non-commercial software developed by leading experts of numerical cognition in the form of an interactive and 
adaptive computer game has been successfully used to foster basic number skills both in typically developing children and in children 
with dyscalculia: The Number Race (Wilson, Dehaene et al., 2006). The game is based on four principles: enhancing number sense, 
cementing the links between different ways of representing numbers, conceptualizing and automatizing arithmetic, and maximizing 
motivation. Previous studies have demonstrated the efficacy of this training both in typically developing children (Sella, Tressoldi, 
Lucangeli, & Zorzi, 2016) and in children with dyscalculia (Wilson, Revkin, Cohen, Cohen, & Dehaene, 2006). The Number Race has 
also been recently used with children with DS (Sella, Onnivello, Lunardon, Lanfranchi, & Zorzi, 2021). In the latter study, training was 
administered by an expert and lasted for ten weeks, with two weekly sessions of 20− 30 min. The study design also included a control 
group of children with DS who worked with a software aimed to foster reading skills (also delivered by an expert). Results showed that 
children who were trained with The Number Race, compared to the control group, improved in specific numerical skills and in mental 
calculation; moreover, these gains were maintained three months after the end of the training. 

The aim of the present study is to explore the possibility of training basic number skills at home under the supervision of parents. In 
the study by Sella et al. (2021), each child played with The Number Race under the supervision of an expert. However, taking a child 
twice a week to a specialized center can be challenging for many parents, due to the great number of weekly activities in which these 
children are usually involved. Implementing the same training at home can be a great advantage for parents. Previous studies have 
already demonstrated the feasibility of a cognitive training administered by parents. For example, Conners, Rosenquist, Arnett, Moore 
and Hume (2008) found that a rehearsal training administered at home by parents was effective in improving memory span in children 
with DS. Moreover, Pulina, Carretti, Lanfranchi, and Mammarella (2015) demonstrated that, with adequate support, parents could 
effectively train working memory in their children. Although parent-implemented intervention may entail intervening variables, we 
believe that it can have greater ecological validity and, if successful, improvements could be sustained by means of regular mainte-
nance exercises. Therefore, it is worthwhile to assess whether giving parents guidance on how to work with The Number Race on basic 
number skills could produce similar results to those achievable by an expert. 

2. Materials and methods 

2.1. Participants 

Children with DS were recruited from local associations, which offer support to families of children with intellectual disabilities, or 
through acquaintances. All children lived and were included in mainstream schools in north-eastern Italy. Informed written consent 
was obtained from parents. The study was approved by the Ethics Committee for Psychological Research of the University of Padova 
(Italy) and it conformed to the standards of the Declaration of Helsinki. Overall, forty-one children with DS received training through 
the computer game The Number Race (Wilson, Dehaene et al., 2006) in its Italian version (La gara dei Numeri; Berteletti, De Filippo, De 
Grazia & Zorzi, 2012). Training was administered either at home by a parent (Parent Group, hereafter PG; N = 21) or by an expert in 
psychology (Expert Group, hereafter EG; N = 20). 

The present work is part of a wider project, in which as a first step the EG was compared with an active control group (CG) of 
children with DS who practised literacy skills (with a specific software and under expert supervision) to assess the effectiveness of 
training with The Number Race (Sella et al., 2021). As a second step of the project, in the present paper the same EG data are used as a 
comparison group to statistically assess the effect of the parent-guided home-based training delivered to PG children. In the present 
study performance of CG children is reported in the graphs to appreciate the specific effect of numerical training (as it controls for the 
effect of time and individual work with children) and it is used as a baseline to compute effect sizes for both PG and EG. 

Table 1 
EG and PG group characteristics.   

EG (n = 20) PG (n = 21) t(39) p BF10 

Chronological age (months) 118.10 (24.59) 128.43 (25.12) − 1.33 0.19 0.62  
[70− 149] [81− 174]    

PPVT-R age equivalent (months) 55.90 (21.09) 56.71 (32.02) 0.14 0.88 0.31  
[27− 103] [27− 181]    

CPM age equivalent (months) 68.50 (18.61) 54.86 (16.06) 2.52 0.02a 3.45  
[39− 111] [30− 92]    

Note. Mean (SD) and group comparisons are reported. EG = Expert group; PG = Parent group; BF=Bayes Factor; BF 
a In light of the significant difference between PG and EG in the non-verbal mental age estimates, analyses were repeated considering only a 

subgroup of PG participants matched to the EG group for this measure. The results are reported in the Supplementary Information and are fully 
aligned with those reported in the main text. 
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General cognitive level was assessed in all groups using a measure of non-verbal ability – Raven’s Colored Progressive Matrices (CPM; 
Belacchi, Scalisi, Cannoni, & Cornoldi, 2008; Raven, Raven, & Court, 1998), and a measure of verbal ability – the Peabody Picture 
Vocabulary Test-Revised (PPVT-R; Dunn & Dunn, 1997; Stella, Pizzioli, & Tressoldi, 2000). Participants’ characteristics are presented in 
Table 1. 

2.2. Apparatus and procedure 

2.2.1. Pre-training, post-training and follow-up measures 
Each test phase consisted of 4 meetings of around 45 min each. The three test phases were set immediately before the training (pre- 

test), immediately after the training (post-test) and the last one carried out three months after the end of the training (follow-up). The 
researcher met each child individually in a comfortable and quiet room. A series of paper and pencil tasks was administered in order to 
assess different aspects of numerical cognition. Moreover, several computerized tasks were administered for the same purpose. 
Considering that the majority of computerized tasks assess the same aspects of numerical cognition of the paper and pencil tasks, and 
that for these tasks the follow up data of 6 children are missing for the EG and 1 chid for the PG due to a computer failure, we report 
description and results of the computerized tasks as supplementary material in the Supporting Information section. Only description 
and results for the Mental Calculation task are reported in the main text since this is the only measure of arithmetic proficiency in the 
experimental protocol. 

2.2.1.1. Numerical Intelligence Battery (BIN: Batteria Intelligenza Numerica). The BIN test (Molin, Poli, & Lucangeli, 2007) assesses 
several numerical skills, which are the precursors of later mathematical and arithmetical learning. It is composed of four subscales: 
Lexical, Semantic, Counting and Pre-syntactic. The battery demonstrated good psychometric properties, with all subscales presenting 
high reliability (Lexical subscale: r = 0.89, Semantic subscale: r = 0.69, Counting subscale: r = 0.74, Pre-syntactic subscale: r = 0.79). 
The Lexical subscale assesses the ability to read and write Arabic numbers as well as the ability to connect number-words to the correct 
digits. The Semantic subscale measures the ability to compare non-symbolic (i.e., dots) and Symbolic (i.e., Arabic digits) numerical 
quantities. The Counting subscale assesses the ability to recite the number–words sequence forward and backward as well as the 
knowledge of the order of Arabic digits from 1 to 5. The Pre-syntactic subscale evaluates the ability to link numbers to their quantity 
representation and to order multiple quantities. For each subscale, the number of correct responses was calculated. The scores in the 
four subscales are summed to obtain a total score, which is here considered as an overall index of basic numerical abilities. 

2.2.1.2. Number Comparison. In this task, children were asked to choose the larger between two number words. In each trial, the 
experimenter said: “Which is ‘more’ between x candies and y candies?”, where x and y were two numbers from one to nine. The to-be- 
compares pairs of numbers were: 4-2, 2-7, 3-8, 2-1, 8-7, 5-4, 3-6, 7-6, 1-5, 9-3, 1-4. We calculated the percentage of errors as the 
outcome measure. 

2.2.1.3. Number-To-Position (NTP). In the Number-to-Position (Berteletti, Lucangeli, Piazza, Dehaene, & Zorzi, 2010; Siegler & Opfer, 
2003) children were presented with a 20-cm line on a white landscape sheet. The ends of the lines were labeled with 1 on the left and 
with either 10 or 20 on the right. Two intervals were administered, one at the time: 1− 10 and 1− 20. The child had to place a given 
number on the line. The number to be positioned was shown on the left upper corner of the sheet. For each interval, there were eight 
randomly presented numbers (i.e., 2, 3, 4, 5, 6, 7, 8, 9 for the 1–10 interval; 2, 4, 6, 7, 13, 15, 16, 18 for the 1–20 interval). For each 
number to place, a separate sheet with the number line was presented. The following instructions were given: “Now we are going to 
play a game with number lines. You can see that this line goes from 1 to 10 (or 20). I will tell you a number and you have to indicate 
which is the place of this number on the line, as precise as you can.” The instructions were repeated as many times as needed but no 
feedback was given. As training trials, children had to place 1 and 10 in the 1− 10 line, whereas in the 1− 20 line the training trials were 
1 and 20. The experimenter named the target number on every trial. In most cases, children were given a pencil and they drew a 
vertical mark on the line where they thought the target number should be; some children had difficulties in holding the pencil, so they 
were asked to point with their finger the place of the target number on the line, as precise as they could, and the experimenter made the 
mark. An index of accuracy on this task was obtained by computing the percentage of absolute error, i.e. (|Estimate-Target Num-
ber|/Numerical Interval)*100. For each child the mean percentage of error in both intervals was computed. 

2.2.1.4. Mental Calculation. In the Mental Calculation task, 18 operations (8 additions and 10 subtractions) were individually shown on 
a computer screen and read aloud by the experimenter. Children had to give the result as fast as they could and were given no support 
to solve the problem; however, they were allowed to use their own fingers. Verbal answers were recorded by the experimenter on the 
computer using the keyboard. For each task, the percentage of correct responses was computed. 

2.2.2. Training 
Training lasted for ten weeks, with two weekly sessions of 20− 30 min each. EG children worked individually with the support of a 

research assistant in a clinical context, whereas PG children worked at home with the support of a parent. An expert in psychology met 
all parents who agreed to deliver the training at home to provide information about basic number skills, instructions on how to conduct 
the training program, how to work with their children and how to sustain motivation. Moreover, the expert supervised parents through 
weekly phone calls: feedback was given and questions were answered. Finally, the expert was available for parents’ phone calls 
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whenever needed for additional advice or troubleshooting. All participants completed the training. 

2.2.2.1. The Number Race. Children played with the Italian version of The Number Race game (Berteletti, De Filippo De Grazia, & 
Zorzi, 2012; Wilson, Dehaene et al., 2006). Players compete against the software in a numerical comparison task, choosing the larger 
between pairs of numerical quantities that range from 1 to 9, which may be sets of objects or digits; moreover, as the difficulty of the 
game increases, children are also required to solve additions or subtractions to perform the comparison with numbers in the 1− 10 
range. The players choose “which is more”, while the other quantity is given to the opponent (the software). The difficulty of the 
comparison is increased or decreased by changing the time the stimuli remain on the screen, the size of the dots in the non-symbolic 
comparisons, or the numerical distance between the to-be-compared quantities. An adaptive algorithm modulates the difficulty of the 
game to keep it optimally challenging, thus working on the “zone of proximal learning” (Vygotsky, 1976). After each numerical 
comparison, players move their character forward along a number line on a board, and the race ends when the first player reaches the 
end of the board. Verbal feedback is constantly provided to maintain motivation. 

2.3. Data analysis 

In order to evaluate the efficacy of the training run by a parent compared to the training run by an expert, we analyzed results on 
numerical tasks before, immediately after and three months after the end of the training. We ran a mixed ANOVA for each measure 
with Session (Pre-test vs. Post-test vs. Follow-up) as within-subject factor and Group (PG vs. EG) as between-subject factor. 

Mauchly’s Test of Sphericity was run to check the equality of the variances of the differences between all the levels. When the 
assumption of Sphericity was violated, the Greenhouse-Geisser adjustment was applied to p-values (reported as p[gg]). Post-hoc t-tests 
were two-tailed and the p-values were corrected for multiple comparisons using the Bonferroni criterion (i.e., alpha value divided by 
the number of tests). 

Bayesian analyses were run to quantify the evidence for both the alternative hypothesis (H1) and the null hypothesis (H0). We 
reported Bayes factors (BF10) expressing the probability of the data given H1 relative to H0, where values larger than 1 are in favour of 
H1 whereas values smaller than 1 are in favour of H0 (for example, a BF10 = 10 indicates that the data are 10 times more likely to occur 
under H1 compared to H0). In the results we reported the evidence associated with BFs as “anecdotal” (BF < 3), “moderate” (BF > 3), 
“strong” (BF > 10), “very strong” (BF > 30), or “extreme” (BF > 100) (Jeffreys, 1961). Bayes factors are also used to indicate the 
relative evidence between competing models: in particular, the ratio of BF10 for the model including the interaction Group X Session to 
the BF10 for the model only including the main effects (Group and Session) is important to ascertain whether the effect of intervention 
differs between groups. Here a ratio smaller than 1 is evidence for a lack of interaction, thereby suggesting similar training effects in 

Table 2 
Descriptive Statistics for EG and PG.   

EG (n = 20) PG (n = 21)  

Pre-test Post-test Follow-up Pre-test Post-test Follow-up 

BIN Total score 67.64 79.95 80.71 63.66 75.25 75.65 
Correct answers (%) (21.94) (16.93) (16.94) (25.13) (23.75) (23.78)  

[29.25− 99.06] [50− 100] [52.83− 99.06] [18.87− 99.06] [21.70− 98.11] [30.19− 100] 
BIN Lexical Subscale 82.39 90.65 90.87 87.79 90.89 90.68  

(20.07) (12.40) (12.21) (19.86) (17.33) (17.30)  
[43.48− 100] [69.57− 100] [65.22− 100] [21.74− 100] [30.44− 100] [34.68− 100] 

BIN Semantic Subscale 73.81 86.19 86.67 71.20 87.53 86.40  
(15.26) (9.88) (11.62) (17.59) (15.54) (17.58)  

[42.86− 100] [66.67− 100] [66.67− 100] [38.10− 100] [57.14− 100] [38.10− 100] 
BIN Counting Subscale 59.88 73.75 74.13 54.64 67.86 68.57  

(31.47) (26.81) (25.54) (38.63) (35.58) (32.62)  
[20.00− 100] [32.50− 100] [37.50− 100] [0− 100] [0− 100] [7.50− 100] 

BIN Pre-syntactic Subscale 60.46 74.09 76.36 47.62 60.61 62.55  
(23.28) (20.76) (19.26) (26.95) (25.40) (27.57)  

[18.18− 100] [31.82− 100] [31.82− 95.46] [9.09− 95.46] [13.64− 90.91] [22.73− 100] 
Number Comparison 29.09 14.55 14.09 43.29 28.14 19.48 
Errors (%) (18.56) (15.16) (14.59) (21.69) (22.44) (24.94)  

[0− 63.64] [0− 45.46] [0− 45.46] [0− 100] [0− 72.73] [0− 100] 
NTP 0− 10 20.43 17.13 15.54 26.58 22.50 25.00 
Errors (%) (9.46) (10.55) (11.16) (16.28) (17.59) (15.79)  

[7.53− 44.44] [4.33− 42.44] [3.06− 50.88] [7.51− 59.60] [5.73− 63.89] [5.67− 50.00] 
NTP 0− 20 22.33 16.56 14.65 28.05 24.60 25.91 
Errors (%) (11.48) (11.09) (9.76) (16.13) (15.65) (16.02)  

[2.44− 48.19] [3.28− 44.21] [5.88− 47.64] [7.26− 51.97] [4.87− 51.97] [3.65− 51.97] 
Mental Calculation 23.81a 47.22a 50.00a 27.49a 28.95a 30.99a 

Accuracy (%) (32.79) (43.19) (42.98) (32.58) (29.78) (31.50)  
[0− 94.44] [0− 100] [0− 100] [0− 94.44] [0− 88.89] [0− 94.44] 

Note. Means (SD) for each outcome variable are reported. EG = Expert group; PG = Parent group. 
a Due to a computer failure, the sample size was reduced for Mental Calculation (NEG = 14; NPG = 19). 
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expert- and parent-led groups. 
Effect size values were computed to analyse and compare improvements of both EG and PG, in comparison to the CG. These values 

were calculated as follows: the pre–post change in EG or PG means minus the pre–post change in the CG means, divided by the pooled 
pre-test standard deviation with a bias adjustment (Carlson & Schmidt, 1999; Morris, 2008). The same computation was applied to 
estimate effect size of pre–follow change and post–follow change (in the latter case, pooled post-test standard deviation was used) 

Table 3 
ANOVA results for each task are reported in terms of main effects of Session (Pre-test, Post-test and Follow up), Group (Expert Group vs Parent Group) 
and Session x Group interaction. The last column shows the ratio of Bayes Factor (BF) for the model including the interaction to the BF for the model 
only including the main effects; values smaller than 1 indicate evidence for a lack of interaction (i.e., similar effects in the two groups).   

Task 
Main Effect of Session Main Effect of Group Interaction Session*Group BF10 

Group+Session+Session*Group 
—————————————— 

BF10 

Group+Session  

BIN Total Score 

F(1.35, 52.65)=57.72 
p[gg]<0.001 

ηp
2=0.60 

BF10= 2.03x1016 

F(1, 39)=0.48 
p=0.49 
ηp

2=0.01 
BF10= 0.60 

F(1.35, 52.65)=0.09 
p[gg]=0.84, 
ηp

2=0.002 
BF10=2.01x1012 

BF10=0.14 

Group+Session: BF10=1.43x1013 

BIN - Lexical 

F(1.58, 61.66)=16.48 
p[gg]<0.001 

ηp
2=0.30 

BF10= 5748.40 

F(1, 39)=0.13 
p=0.72 

ηp
2=0.003 

BF10= 0.57 

F(1.58, 61.66)=3.69 
p[gg]=0.04 
ηp

2=0.09 
BF10=6822.20 

BF10= 1.93 

Group+Session: BF10=3526.43 

BIN - Semantic 

F(1.68, 65.46)=31.03 
p[gg]<0.001 

ηp
2=0.44 

BF10= 1.10x108 

F(1, 39)=0.20 
p=0.90 

ηp
2<0.001 

BF10= 1.42 

F(1.68, 65.46)=0.46 
p[gg]=0.60 
ηp

2=0.01 
BF10=7.68x106 

BF10=0.18 

Group+Session: BF10=4.23x107 

BIN - Counting 

F(1.34, 52.25)=23.24 
p[gg]<0.001 

ηp
2=0.37 

BF10= 1.29x106 

F(1, 39)=0.33 
p=0.57 

ηp
2=0.008 

BF10= 0.58 

F(1.34, 52.25)=0.01 
p[gg]=0.96 
ηp

2<0.001 
BF10=1.12 x105 

BF10=0.14 

Group+Session: BF10=8.25x105 

BIN - Pre-syntactic 

F(1.72, 67.23)=29.23 
p[gg]<0.001 

ηp
2=0.43 
BF10=

3.94x107 

F(1, 39)=3.54 
p=0.07 
ηp

2=0.08 
BF10= 1.91 

F(1.72, 67.23)=0.03 
p[gg]=0.96 
ηp

2=0.001 
BF10=7.10x106 

BF10=0.13 

Group+Session: BF10=5.32x107  

Number Comparison 

F(2, 78 = 23.57) 
p < 0.001 
ηp

2= 0.38 
BF10= 1.23x106 

F(1,39) = 4.46 
p = 0.04, 
ηp

2 = 0.10 
BF10= 1.72 

F(2, 78) = 1.39 
p = 0.26 
ηp

2 = 0.03 
BF10=8.43x105 

BF10=0.37 

Group+Session: BF10=2.29x106  

NTP 
1-10 

F(2,78) = 2.23 
p =0.11 
ηp

2= 0.05 
BF10= 3.73 

F(1,39) = 3.31 
p = 0.08 
ηp

2 = 0.08 
BF10= 2.21 

F(2,78) = 0.31 
p = 0.73 
ηp

2 = 0.01 
BF10=3.52 

BF10=0.43 

Group+Session: BF10=8.24  

NTP 
1-20 

F(2,78) = 4.97 
p =0.01 
ηp

2= 0.11 
BF10= 2.98 

F(1,39) = 4.91 
p = 0.03 
ηp

2 = 0.11 
BF10= 1.90 

F(2,78) = 1.27 
p = 0.29 
ηp

2 = 0.03 
BF10=2.24 

BF10=0.38 

Group+Session: BF10=5.95 

Mental 
Calculation 

F(1.57, 48.55) = 7.23 
p[gg] = 0.004 

ηp
2= 0.20 

BF10= 4.64 

F(1,31) = 0.96 
p = 0.33 
ηp

2 = 0.03 
BF10= 0.64 

F(1.57, 48.55) = 4.73 
p[gg] = 0.02, 

ηp
2 = 0.13 

BF10= 10.97 

BF10=3.56 

Group+Session: BF10= 3.08  
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(Fig. 1). This approach, which compares changes across groups between times (i.e. pre vs. post, pre vs. follow, post vs. follow), was 
chosen because it gives increased precision on estimates of treatment effects and statistically accounts for any pre-intervention dif-
ferences between groups (Morris, 2008). 

3. Results 

Descriptive statistics are reported in Table 2. The sample size for the analysis on Mental Calculation task was 19 for PG and 14 for EG 
due to a computer failure. In Table 3 ANOVA results for all the tasks are reported. Finally, effect size values comparing gains of EG and 
PG against the CG for each task are reported in Fig. 1. 

Fig. 1. Effect size values comparing gains of EG and PG against CG for each task. In order to simplify graph reading, effect size values of tasks 
assessing percentage of errors have been reversed, so that for all the tasks positive values represent improvement of EG and PG against CG. 
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(caption on next page) 
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Fig. 3. Mean scores in Number Comparison, Number-to-position and Mental Calculation tasks of EG and CG across sessions and distribution of 
individual scores before, immediately after and three months after the end of the training. Error bars represent between- and within- groups 
(horizontal segments) 95 % confidence intervals. Transparent points represent individual scores. 

Fig. 2. Mean BIN total and subscales percentage scores of PG, EG and CG and distribution of individual scores before, immediately after and three 
months after the end of the training. Error bars represent between-groups and within-groups (horizontal segments) 95 % confidence intervals. 
Transparent points represent individual scores. 
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3.1. BIN 

The 3 × 2 ANOVA on the total numerical intelligence score showed a main effect of Session (see Fig. 2). Overall, participants’ scores 
improved from pre-test to post-test (MDiffpre-post =-11.94, p < 0.001, BF10 = 2.04 × 107), and from pre-test to follow-up (MDiffpre-follow 
=-12.52, p < 0.001, BF10 = 1.87 × 107) but no significant difference was present between post-test and follow-up, indicating a 
maintenance effect. No main effect of Group was found. Moreover, there was no evidence (BF10 = 0.14) in favor of the model with the 
two main effects and the interaction compared to the model with only the two main effects. Effect size values comparing gains of EG 
and PG against CG showed for both groups a medium effect of the training (respectively 0.32 for EG and 0.27 for PG) between pre-test 
and post-test that was maintained at follow-up. 

We then conducted a series of 3 × 2 ANOVAs considering the percentage of correct answers of each BIN subscale (see Fig. 2). In the 
Lexical subscale, participants’ performance improved from pre-test to post-test (MDiffpre-post =-5.62, p < 0.001, BF10 = 225.51), and 
from pre-test to follow-up (MDiffpre-follow =-5.62, p < 0.001, BF10 = 143.01) but no significant difference was present between post-test 
and follow-up. There was no main effect of Group. An anecdotal evidence (BF10 = 1.93) emerged in favor of the model with the two 
main effects and the interaction compared to the model with only the two main effects. T-test between-groups comparisons, with 
Bonferroni adjustment to alpha level of 0.05/3 = 0.016, revealed that PG did not differ from EG at pre-test, post-test and follow-up. The 
t-test within-group comparisons showed that, considering Bonferroni adjustment to alpha level of 0.008 (i.e., 0.05/6), EG improved 
from pre-test to post-test (t(19) = 3.67, p = 0.002, g = 0.49, BF10 = 24.01) and from pre-test to follow-up t(19) = 4.17, p < 0.001, g =
0.50, BF10 = 65.26), while PG did not show improvements between sessions. Accordingly, the effect size values showed a medium 
effect of the training for EG (0.23) with respect to CG that was maintained at follow-up. No effect was found for the PG (-0.01). 

For the Semantic subscale, there was a main effect of Session: participants’ performance improved from pre-test to post-test 
(MDiffpre-post =− 14.40, p < 0.001, BF10 = 2.79 × 105), and from pre-test to follow-up (MDiffpre-follow =-14.05, p < 0.001, BF10 =

2.55 × 104) but no significant difference was present between post-test and follow-up. No main effect of Group was found and there 
was no evidence (BF10 = 0.18) in favor of the model with the two main effects and the interaction compared to the model with only the 
two main effects. Effect size values showed for both groups a greater gain with respect to CG, with a medium effect (0.55) for the EG 
and a large effect (0.73) for the PG. The gains were maintained at follow up. 

The Counting subscale presented again a main effect of Session. Participants’ performance improved from pre-test to post-test 
(MDiffpre-post = − 13.54, p < 0.001, BF10 = 3496.91), and from pre-test to follow-up (MDiffpre-follow = − 14.09, p < 0.001, BF10 =

2100.54) but no significant difference was present between post-test and follow-up. There was no main effect of Group. There was no 
evidence (BF10 = 0.14) in favor of the model with the two main effects and the interaction compared to the model with only the two 
main effects. For both groups effects sizes showed medium effect of the training (respectively 0.31 for EG and 0.26 for PG) with respect 
to the CG at post-test that was maintained at follow-up. 

For the Pre-syntactic subscale, a main effect of Session emerged: participants’ performance improved from pre-test to post-test 
(MDiffpre-post = − 13.30, p < 0.001, BF10 = 1.27 × 104), and from pre-test to follow-up (MDiffpre-follow = − 15.41, p < 0.001, BF10 =

1.38 × 105) but no significant difference emerged between post-test and follow-up. There was no main effect of Group. There was no 
evidence (BF10 = 0.13) in favor of the model with the two main effects and the interaction compared to the model with only the two 
main effects. For both groups the training had a small effect (respectively 0.11 for EG and 0.08 for PG) at post test with respect to the 
CG that was maintained at follow-up. 

3.2. Number Comparison 

A 3 × 2 ANOVA was conducted on the percentage of errors (see Fig. 3). A main effect of Session was found. Participants’ errors 
decreased in all the session: from pre-test to post-test (MDiffpre-post =14.86, p < 0.001, BF10 = 2616.14), from pre-test to follow-up 
(MDiffpre-follow =19.51, p < 0.001, BF10 = 1.35 × 104) but no significant difference emerged between post-test and follow-up. The 
main effect of Group was also significant: the percentage of errors of EG was lower than the percentage of errors of PG (MEG = 19.38, 
MPG = 30.44, p = 0.005, BF10 = 7.13). There was no evidence (BF10 = 0.37) in favor of the model with the two main effects and the 
interaction compared to the model with only the two main effects. In both groups effect sizes showed a medium effect (0.49 for both EG 
and PG) of the training at post test. A medium effect size with respect to the CG was also found for the EG (0.30) from post-test to 
follow-up, while the effect size was large for the PG (0.64). 

3.3. Number-To-Position (NTP) 

To investigate the effect of training on number estimation, the percentage of absolute error in the NTP task was analyzed with a 3 ×
2 ANOVA (see Fig. 3). Analyses were run separately for the 0− 10 and 0− 20 interval. 

For the 0− 10 interval the ANOVA showed neither effect of Session nor of Group. Moreover, there was no evidence (BF10 = 0.43) in 
favor of the model with the two mains effects and the interaction compared to the model with only the two main effects. 

For the 0− 20 interval the ANOVA showed a main effect of Session. Participants’ accuracy improved from pre-test to post-test 
(MDiffpre-post=-4.58, p = 0.01, BF10 = 4.30), and from pre-test to follow-up (MDiffpre-follow =-4.84, p = 0.02, BF10 = 2.67) but no 
significant difference emerged between post-test and follow-up. A main effect of Group was also found: the percentage of absolute error 
of EG was lower than the percentage of absolute error of PG (MEG = 17.95, MPG = 26.29, p < 0.001, BF10 = 29.31). There was no 
evidence (BF10 = 0.38) in favor of the model with the two main effects and the interaction compared to the model with only the two 
main effects. A medium effect of the training with respect to the CG was found in both groups at post-test (respectively 0.65 for EG and 
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0.39 for PG). For the EG a medium effect (0.33) indicated a further improvement from post-test to follow-up; in the PG the effect was 
small (0.10). 

3.4. Mental Calculation 

To examine the effect of training on arithmetic proficiency, the percentage of accuracy on the Mental Calculation task was 
considered in a 3 × 2 ANOVA (see Fig. 3) that showed no main effect of Group, while a main effect of Session was present. Participants’ 
performance increased from pre-test to post-test (MDiffpre-post=-10.77, p = 0.04, BF10 = 1.49) and from pre-test to follow-up (MDiffpre- 

follow =-13.13, p = 0.01, BF10 = 3.35). 
Moderate evidence (BF10 = 3.56) emerged in favor of the model with the two main effects and the interaction compared to the 

model with only the two main effects. The T-test between groups comparisons, with Bonferroni adjustment to alpha level of 0.05/3 =
0.016, revealed that PG did not differ from EG at pre-test, post-test and follow-up 

The t-test within group comparisons showed that, considering Bonferroni adjustment to alpha level of 0.008 (i.e., 0.05/6), im-
provements between sessions of both groups did not reach statistical significance (all p > 0.008). However, effect size values 
comparing gains of the two training groups against the CG showed a medium effect of the training from pre to post test in the EG (0.41) 
that was maintained at follow up, while a negligible effect was found in the PG (-0.20). 

4. Discussion 

The aim of the present work was to assess the feasibility of improving basic number skills in individuals with DS through an 
intervention program delivered at home by parents. Findings from the literature suggest that cognitive training of individuals with 
intellectual disabilities needs several sessions per week (e.g. Buckley, 2008), and should last longer (e.g. Ottersen & Grill, 2015) to be 
effective. However, it is often the case that parents find it difficult to involve their children in specific training programs due to lack of 
time or opportunity to regularly visit a specialised center. In a previous study, we demonstrated the efficacy of The Number Race, an 
adaptive computer game, in improving basic number skills in individuals with DS, working under the supervision of an expert in 
psychology (Sella et al., 2021). In the present work, we compared the data collected in the previous study with those of a group of 
children with DS that has been trained at home by parents with the same schedule. 

First of all, the results of the present study confirmed the efficacy of The Number Race in improving basic number skills in atypically 
developing children (Wilson, Dehaene, Dubois, & Fayol, 2009). Indeed, both groups (i.e., the one trained by an expert and the one 
trained by parents) improved their performance after the training not only in specific tasks directly trained by the software, such as 
number comparison, but also in a more general measure of numerical intelligence (the BIN total score) that taps areas not directly 
exercised with the software. In both groups the gain was greater than the one seen in an active control group working on reading skills, 
whose results were described in the previous study. Moreover, in both groups the improvement was largely maintained after three 
months, thereby showing a long-lasting effect. 

It is interesting to note that in the ability directly trained by the software, Number Comparison, both groups improved with respect to 
the CG not only from pre-test to post-test, but also from post-test to follow-up. It seems that playing with the software helps the child to 
pay attention to quantities, and this attitude continues to develop even outside the context of the training activities. 

Concerning the Number-to-Position tasks, a decrement of the absolute percentage of error was seen only for the 1− 20 number line, 
but not for the 1− 10 one. This is probably due to the fact that the performance of individuals with DS aged between 6 and 16 years on 
the 1− 10 line is already in line with mental age, if not better, with a linear mapping of numbers, as previously shown by Lanfranchi 
et al. (2015). 

Previous studies demonstrated the link between basic number skills and later math achievement in typically developing children (e. 
g. Halberda et al., 2008; Jordan et al., 2006), and in children with dyscalculia (Piazza et al., 2010; Sella et al., 2014). Moreover, the link 
between basic number skills and many activities of everyday life, fundamental for adaptive behavior, such as handling money or time, 
is well known. For these reasons, the results of our study, suggesting the feasibility of training basic number skills in individuals with 
DS, are particularly important considering the specific deficit showed by this population in small number comparison, counting and 
mental calculation (see Onnivello et al., 2019, for a review). 

Secondly, our results indicate that parents were able to effectively administer the training to their children, who improved their 
performance in numerical skills, number estimation and number comparison after playing with The Number Race. This seems to be in 
line with previous studies that supported the possibility for parents of directly training their children, under the supervision of an 
expert, in other cognitive domains, such as verbal (Conners et al., 2008) or visuo-spatial working memory (Pulina et al., 2015). 

The only area where the improvement was negligible in children trained by parents, compared to a moderate effect for the group 
trained by the expert, was Mental Calculation. In this regard, it should be noted that The Number Race is an adaptive videogame and 
most of the children in the PG, differently from the EG, did not reach the most difficult game levels that engage mental calculation. 
Accordingly, our results suggest that a longer period of intervention would better suit the needs of children with DS and it would 
increase the probability that every child reaches the game levels that exercise also the ability to perform mental calculation. 

In summary, our results confirm the efficacy of The Number Race to improve basic number skills in individuals with DS. 
Notwithstanding the methodological limitations (e.g., non-random allocation and lack of blinding; see Sella et al., 2021 for a thorough 
discussion) the present study suggests the possibility to use this software not only under the supervision of an expert, but also at home 
under the supervision of parents (with adequate support and instruction). We believe that the slightly lower efficacy of the program 
when administered under the supervision of parents might be compensated by more focused instructions and supervision to parents 
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together with a longer duration of the training (which is much easier to pursue in a home-based setting). Moreover, a home-based 
intervention may change caregivers’ attitude toward mathematics and the confidence they have in teaching the subject to their 
children. 

Our results have important practical significance because they open the possibility of a broader use of The Number Race to train 
basic number skills in children with DS. On one side, working at home permits a large number of children to have access to the training 
program; on the other side, a more frequent or a periodic use of the program would be possible in order to enhance the effect of the 
training. 
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