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A B S T R A C T

This study mainly intended to examine whether the objective motor and visuospatial measures 
assessed in school-aged children predicted the evaluations expressed by their teachers. Moreover, 
it was investigated whether the pupils identified by their teachers as those with the poorest vi
suospatial skills also exhibited the worst performance in an instrumentally administered func
tional mobility task using wearable inertial sensors. Non-verbal fluid reasoning, visuospatial 
fluency, spatial understanding, and mobility (i.e., the instrumented Timed Up and Go test, iTUG) 
were assessed in 116 children (Mage = 105.4 months, SD = 16.4 months) attending several Italian 
primary schools, whereas their teachers completed the visuospatial subtest of the Shortened Vi
suospatial questionnaire for teachers (i.e., SVS-vs). Statistically significant associations were 
found between the SVS-vs score, certain psychological measures, and the time required to 
perform the intermediate and final 180◦ turn in the iTUG task. Then, approximately 30 % of the 
variance in the SVS-vs condition was predicted by non-verbal reasoning, spatial understanding, 
and the time required to perform the final 180◦ turn in the iTUG task. Finally, children who 
reported the lowest SVS-vs scores were slower in performing the 180◦ intermediate turn of the 
iTUG test than the group who exhibited the highest SVS-vs scores.

1. Introduction

The ability to manipulate visual and spatial information (i.e., texture, color, and shapes, and the position of an object in space 
relative to one's position or the location of other environmental stimuli) is crucial in learning natural science (Castro-Alonso, 2019), 
geography (Coluccia, 2008), mathematics (Allen et al., 2019), geometry (Giofrè et al., 2013; Weckbacher & Okamoto, 2014), drawing 
(Fastame, 2020), and for engaging in physical exercise (Di Corrado et al., 2020). Motor skills (i.e., the internal processes involved in 
moving the whole body or parts of it in space, including cognitive processes that control and optimize movements; Burton & Rodg
erson, 2001) are linked with several academic and behavioral skills, including decoding letters and words, solving quantitative 
problems, writing, and interacting effectively with peers and adults (Cameron et al., 2016). Roebers et al. (2014) stated that there is a 
bidirectional relationship between cognitive and motor development that impacts the way children interpret and manipulate their 
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environment. Indeed, the development and subsequent improvement of motor skills in school-aged children give rise to the formation 
and differentiation of cognitive concepts and processes (such as object permanence or tool use); whilst the development of cognitive 
concepts and processes impacts a child's examination and manipulation of her/his environment.

Studies have shown that children with a specific learning disorder involving the non-verbal domain (i.e., the so-called Non-Verbal 
Learning Disorder, Non-Verbal Syndrome, NVS, or visuospatial learning disability, developmental visuospatial disorder or visuo- 
spatial deficits) perform poorly in academic tasks requiring the manipulation of visuospatial stimuli (e.g., geometry, geography). 
Rourke (1995) defined NVS as a neurodevelopmental condition resulting from a dysfunction of the right hemisphere. It is charac
terized by a discrepancy between lower visuospatial and motor learning skills contrasted by efficient verbal (e.g., reading and vo
cabulary) competencies. Children with NVS exhibit poorer visuospatial working and long-term memory, non-verbal problem solving, 
executive functioning, visual-tactile perception, visuomotor integration and coordination, and visuoconstructive skills than typically 
developing control individuals or peers with other learning disabilities (e.g., Fine et al., 2013; Garcia et al., 2014; Mammarella et al., 
2006; for a recent review, see Fisher et al., 2022).

Evidence of the relationship between NVS and motor skills appears mixed and controversial. Specifically, some scholars have found 
that children with a specific learning disability are characterized by impairment in fine and gross motor performance, coordination, 
and balance (Vuijk et al., 2010; Houwen et al., 2016), while others did not find any relationship (Suhaili et al., 2019). This may be due 
to a methodological bias, the selection of heterogeneous instruments, tools used to assess such skills, or a paucity thereof (Blanchet & 
Assaiante, 2022). For instance, researchers who applied quantitative techniques to examine human movement analysis focused on 
static balance: participants were analyzed posturographically (i.e., through spontaneous body sway) under a range of different sensory 
conditions, including the presence or otherwise of visual input, changes in stiffness of the supporting surface, and movement of the 
base of support. In the present context, poor mobility skills in children are associated with functional mobility impairments (Blanchet 
& Assaiante, 2022); a subject that (to the best of our knowledge), has never been investigated instrumentally.

Moreover, as pointed out by Mammarella and Cornoldi (2020), although the visuospatial profiles associated with the Non-Verbal 
Syndrome are well known, explicit diagnostic criteria have not been internationally validated, and diagnostic manuals for mental 
conditions have not recognized it as a discrete neurodevelopmental disorder. Its prevalence is, therefore, unknown and is mis
diagnosed accordingly (Mammarella & Cornoldi, 2020). Notwithstanding, Cornoldi et al.'s (2003) Shortened Visuospatial (SVS) 
questionnaire for teachers is designed to identify pupils at risk of a visuospatial learning disability. The SVS questionnaire for teachers 
encompasses a visuospatial subtest and six subscales assessing verbal learning, arithmetic, social skills, disattention, global cognitive 
functioning, and socio-cultural resources, respectively (for a detailed description of the tool, see the Method section). Empirical ev
idence of the discriminant and construct validity of the SVS questionnaire is robust; for example, it can be used to dissociate dyslexia 
and nonverbal learning disability (Cornoldi et al., 2003; Garcia et al., 2014). Compared with controls, children with a suspected non- 
verbal learning disorder (as identified through the SVS questionnaire) exhibited poorer spatial-sequential working memory, as re
flected in borrowing, carrying, and calculation errors, and column confusions (Mammarella et al., 2010; Venneri et al., 2003). In 
addition, children identified as at risk of NVS through the SVS questionnaire for teachers displayed poorer visual perception, and visual 
and simultaneous spatial working memory (Mammarella & Pazzaglia, 2010). Finally, Fastame and Manca (2019), who used the SVS 
questionnaire, observed a significant relationship between the visuospatial subtest scores and performance among Italian pupils in an 
imagery and spatial understanding task.

However, to the best of our knowledge, no studies have examined the relationship between objectively assessed functional mobility 
and non-verbal competencies using the SVS questionnaire, which is surprising given that five out of its 10 items in the visuospatial 
subtest refer to daily activities involving motor skills (e.g., “Is the child good at drawing?”). Moreover, from a practical perspective, 
valid and reliable tools are essential for the early identification of pupils at risk of visuospatial learning deficits. Bearing in mind that 
the SVS questionnaire is a screening tool and is not designed to diagnose NVS, we would argue that providing further evidence of utility 
to detect visuospatial problems may help promote the screening of non-verbal functions in primary school, often neglected in favor of 
evaluating the cognitive processes underpinning reading, writing, and mathematics deficits. The SVS questionnaire may, therefore, be 
used to detect pupils who exhibit the symptoms associated with NVS. More broadly, it may shed light on the prevalence of visuospatial 
learning deficits and the need to implement individualized plans (i.e., centered-person psychoeducational training) to boost poor 
cognitive processing (e.g., higher-order visuospatial functions).

Therefore, in the present study, we set out to investigate: 1) the nature of the relationship between teacher evaluations of their 
pupils's visuospatial skillsusingthe SVS questionnaire and several objectively assessed measures of non-verbal intelligence, visuospatial 
mental imagery, flexibility, and motor efficiency (i.e., functional mobility); 2) the predictive power of the above-mentioned motor and 
non-verbal measures regarding visuospatial scores (as measured by the SVS questionnaire). Based on previous evidence, significant 
associations were expected between the participants' SVS visuospatial scores and the objectively assessed measures of mental imagery 
and spatial understanding skills (Fastame & Manca, 2019). Moreover, despite the lack of direct empirical evidence, and taking into 
account the discriminant validity of the SVS questionnaire for teachers (Cornoldi et al., 2003), we also hypothesized a significant 
relationship between the participants' visuospatial subtest scores of the SVS questionnaire and fluid reasoning (Semrud-Clikeman et al., 
2010), and executive functioning (Semrud-Clikeman, 2003), respectively. Finally, because studies on the correlation between func
tional mobility and higher-order visuospatial skills assessed through the SVS questionnaire for teachers are lacking, no further a priori 
hypotheses were proposed.
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2. Materials and methods

2.1. Participants

This study was carried out in collaboration with several primary schools located in the metropolitan area of Cagliari (Italy). Thus, 
from a population of 208 children aged 6–11 years, whose parents expressed their will to participate in the study, a sample of 116 
individuals (Mage = 105.4 months, SD = 16.4 months; age range = 98–135 months) attending the 3rd (n = 43, 13 males and 30 females; 
age range = 98–112 months), 4th (n = 44. 19 males and 25 females: age range = 109–124 months), and 5th grade classes (n = 29, 10 
males and 19 females; age range = 124–135 months) was selected for the analyses (Fig. 1).

To be included in the study, the following criteria had to be satisfied: 1) to be typically developing children, that is, pupils had not to 
exhibit any sign of intellectual or sensory deficits; 2) to not show any motor disability or neurological disorder; 3) to have not received 
a diagnosis of specific learning disabilities according to the Italian law n◦ 170/2010. This law recognizes the educational needs of 
school-aged children with a diagnosis of dyslexia, dyscalculia, dysorthography, or further specific learning disorders (e.g., NVS, 
ADHD). This law also emphasizes the right to use compensatory tools and educational accommodations by the implementation of 
specific pedagogical and didactic measures to promote the academic achievements of pupils and students with specific learning 
disorders.

Gender was equally distributed across the grades (χ2 3.64, df = 2, p = .162). Table 1 summarizes the socio-demographic char
acteristics of the sample.

2.2. Materials

Each participant completed the following tests:
The Raven's Coloured Progressive Matrices test (CPM, Raven et al., 1998; Italian version Belacchi et al., 2008) was designed to 

evaluate a dimension of non-verbal fluid intelligence, that is, visuospatial reasoning and to exclude the occurrence of intellectual 
deficits. To perform this task, children were presented with a set of incomplete-coloured geometrical stimuli and were invited to select 
the piece necessary to complete the pattern among six alternatives. One score was given to each correct response (maximum total score 
= 36). The internal consistency of this test is expressed by Cronbach's alpha 0.909 (Raven et al., 1998).

The Five-Point test (Fernandez et al., 2009; Italian version, Stievano et al., 2013) was used to assess visuospatial fluency, which is 
associated with executive functioning. Each participant had to connect 2–5 symmetrically arranged dots which were presented in 40 
matrices. Therefore, children could produce a maximum of 40 drawings within 3 min. Participants were asked to respect two rules: 
first, they could not repeat the same configuration, and second, they could not draw lines that did not connect dots. One point was 
assigned to each correct response (maximum score = 40). The test's internal consistency for the correct responses corresponds to 
Cronbach's alpha 0.80 (Fernandez et al., 2009).

Part A of the Spatial Understanding test (Rigoni et al., 1997) is a visuospatial working memory task that was administered to 
evaluate visuospatial understanding and mental imagery skills. Specifically, each child was invited to read the description of a scene 
where some common stimuli (e.g., a rubber, a newspaper, a ball) were located; then he/she had to draw those items in their correct 
position in the environment. Five drawings had to be produced after the child read the description, that is, to perform this task, he/she 
processed the scene in a visuospatial mental image including all the described stimuli and their position in the space, and then he/she 

Fig. 1. STROBE flow chart of the study.
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had to update the mental representation once that each stimulus was depicted in the sheet. Therefore to perform this active visuo
spatial working memory task, pupils needed to invest their attentional resources to image the scene and be driven by their non-verbal 
representation to perform the drawing. Overall, the criteria used by Rigoni et al. (1997) to assess the performance were used to 
calculate a total error score (maximum error score = 15).

The SVS questionnaire for teachers (Cornoldi et al., 2003) encompasses 18 items and is used to screen visuospatial skills in primary 
school. For the aims of this study, only the subtest evaluating the visuospatial skills was used (i.e., SVS-vs). The SVS-vs subtest includes 
10 items. The teachers of each pupil completed together the SVS-vs subtest during their weekly meeting, to provide one response sheet 
for each participant. The completion of the questionnaire was aimed at discussing the visuospatial weaknesses and strengths of each 
child. Thus, for each statement, the frequency of occurrence of the described behavior was evaluated for each participant, using a 4- 
point Likert scale ranging from 1 (i.e., never) to 4 (i.e., always). The maximum total score in the SVS-vs condition was 40. The internal 
consistency of the Shortened Visuospatial Questionnaire for Teachers ranges between Cronbach's alpha of 0.90 and 0.95 (Cornoldi 
et al., 2003).

The instrumented Timed-Up-and-Go test (i.e., iTUG) is the instrumentally assisted version of the classical TUG (Podsiadlo & 
Richardson, 1991), one of the most widely used clinical tools for the evaluation of functional mobility. In the latter test, the individual's 
performance is rated according to the time necessary to complete it. Such a metric has been associated with a risk of falls among frail, 
lower-functioning older adults (Schoene et al., 2013). Recent studies have shown that the TUG test is also useful in analyzing the 
development of functional mobility in children, in particular, deficits in dynamic balance that interfere with the acquisition of motor 
skills (Verbecque et al., 2015). Moreover, the TUG also works well with measurement instruments for balance, gross motor function, 
quality of life, muscle strength, joint range of motion, functional capacity, and physical activity of children and adolescents (Nicolini- 
Panisson & Donadio, 2013).

In the present study, the iTUG test was individually performed using a miniaturized (70 × 40 × 18 mm size, 37 g weight) wearable 
inertial sensor (G-Sensor®, BTS Bioengineering S.p.A., Italy), which includes a triaxial accelerometer with multiple sensitivity (dy
namic range: ± 2, ± 4, ± 8, ±16 g, bandwidth: 4–1000 Hz), a triaxial gyroscope 16 bit/axes with multiple sensitivity (dynamic range: 
± 250, ± 500, ± 1000, ± 2000◦/sec, bandwidth: 4–8000 Hz), and a triaxial magnetometer (dynamic range: ± 1200μT). The device, 
which has been used in similar investigations involving children (Donisi et al., 2020; Mangano et al., 2020), was attached to each 
participant's trunk using a semi-elastic belt approximately at the L1 vertebrae position. Starting from the sitting position, each 
participant stood up upon receiving a verbal command, walked 3 m at a self-selected speed, performed a 180◦ turn around a cone, 
walked back to the chair, then performed a second 180◦ turn, and sat down. Two trials were conducted: the first trial was to familiarize 
the participant with the task, whereas the second one served for the actual data collection. Trunk accelerations were gathered at 100 
Hz frequency and transmitted via Bluetooth to a notebook containing dedicated software (BTS G-Studio, BTS Bioengineering S.p.A., 
Italy). The time required to complete the iTUG and the times associated with each sub-phase were processed as follows: 

• Sit-to-stand: the transition from sitting to standing position;
• Intermediate 180◦ turn: performed around the cone to invert the walking direction;
• Final 180◦ turn: carried out to prepare the body to assume the sitting position at the end of the TUG;
• Stand-to-sit: transition from sitting to standing position;

Previous studies have shown an overall good-to-excellent test-retest reliability for these parameters (van Lummel et al., 2016; 
Kleiner et al., 2018).

2.3. Procedure

Written informed consent was provided by the parents of each participant enrolled in the study before his/her participation. Then 
children were invited to occupy individual desks in their classroom and were asked to collectively complete the psychological tasks. 
Moreover, their motor efficiency was evaluated individually along the hallway or in a quiet room of the school. Specifically, con
cerning the psychological assessment, no time limit was given to complete Part A of the Spatial Understanding test and Raven's CPM 
test, whereas 3 min were calculated to carry out the Five-Point test. Moreover, to perform the iTUG test, the wearable inertial sensor 
was attached to the participant's trunk using a semi-elastic belt approximately located at the L1 vertebrae position. Children were 
requested to sit, with arms crossed at the wrists and held against the chest, on a standard chair with a backrest but without armrests. 
The seat height was chosen in such a way as to have a knee angle of approximately 90◦ flexion with feet flat on the floor. Once the 
verbal signal was given, each participant was invited to perform the task.

Table 1 
Sociodemographic information of the participants. Values are expressed as mean (SD).

Variable 3rd grade 4th grade 5th grade χ2 df p

n 43 44 29 3.638 2 0.162
Gender 1.629 2 0.443

Males 13 19 10
Females 30 25 19

Age (months) 105.3 (3.7) 116.1 (3.4) 128.6 (2.9)
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The presentation order of the cognitive and motor tasks was counterbalanced across the classes of participants, according to the 
Latin square procedure. Besides, the psychological and motor sessions were conducted in the morning between 9 AM and 12 AM, 
preferably on the same day and within one week. To reduce the fatigue effect, after completing a psychological test, children were 
allowed to rest and relax for some minutes, during which the completed response sheets were taken away, while the response sheets for 
the successive task were delivered. Overall, each testing phase (i.e., that encompasses both the psychological and motor assessments) 
lasted approximately 90 min.

Finally, the teachers of our participants completed the SVS-vs subtest during their weekly meeting. This assessment required a 
discussion that approximately lasted five minutes for each pupil.

The study was carried out in compliance with the ethical principles for research involving human subjects expressed in the 
Declaration of Helsinki and its later amendments and received formal approval by the Ethics Commission of the University of Cagliari 
(UniCa - Prot. n. 0001470 of January 11, 2022).

2.4. Data analysis

Statistical analyses were performed using the 24 version of the IBM SPSS Statistics package. The 0.05 statistical significance was set 
throughout all the analyses. Some descriptive statistics were carried out to examine the socio-demographic characteristics of the 
sample. Second, to pursue the first objective, Pearson's product-moment coefficients were computed to explore the relationship be
tween the SVS-vs score and the motor and psychological measures, respectively, and to exclude multicollinearity among the above- 
mentioned variables (i.e., r > 0.90; Pallant, 2016). Then, a hierarchical multiple regression analysis was carried out.

3. Results

First, Pearson's correlation coefficients were calculated between the SVS-vs score and Five-Point, CPM, Spatial Understanding, 
overall iTUG, sit-to-stand, intermediate 180◦ turn, final 180◦ turn, and stand-to-sit times, respectively. Table 2 illustrates these 
findings.

Then, based on the outcomes of the correlational analyses, a hierarchical regression analysis performed by ordinary least squares 
estimation was conducted to pursue the second objective, that is, to explore the predictive power of the non-verbal and motor measures 
regarding the SVS-vs score. Preliminary analyses were carried out to exclude violations of the assumptions of normality, linearity, and 
homoscedasticity, and to further rule out the presence of multicollinearity. In this regard, tests to verify if the data met the assumption 
of collinearity indicated that multicollinearity was not a concern (CPM, Tolerance = 0.93, VIF = 1.07; Spatial Understanding, 
Tolerance = 0.92, VIF = 1.08; Five-Point, Tolerance = 0.95, VIF = 1.05; intermediate 180◦ turn time, Tolerance = 0.88, VIF = 1.13, 
and final 180◦ turn time, Tolerance = 0.92, VIF = 1.09). Thus, the CPM score was entered in Step 1 as a measure of fluid intelligence, 
Spatial Understanding was entered in Step 2, Five-Point was entered in Step 3, and intermediate 180◦ turn time and final 180◦ turn 
time were entered in Step 4, whereas the SVS-vs score was used as the dependent variable. Table 3 presents these results.

As illustrated in Table 3, the CPM and Spatial Understanding scores and final 180◦ turn time to carry out the iTUG task significantly 
predicted 30 % of the variance in the SVS-vs condition.

4. Discussion

This study was mainly aimed at providing insights into the role of motor and visuospatial skills among third, fourth, and fifth 

Table 2 
Pearson's product-moment correlations between the scores expressed by the teachers in the visuospatial subtest of the Shortened Visuospatial 
Questionnaire for Teachers (i.e., SVS-vs), visuospatial fluency (i.e., Five Point), fluid intelligence (i.e., CPM, Raven's Coloured Progressive Matrices 
Test), Part A of the Spatial Understanding test (i.e., Spatial Understanding), and the functional mobility parameters objectively assessed (iTUG, 
instrumented Timed-Up-and-Go).

SVS-vs Five- 
point

CPM Spatial 
Understanding

iTUG- 
time

Sit-to- 
Stand- 
time

Intermediate 180◦

turn time
Final 180◦

turn time
Stand-to- 
sit time

SVS-vs – – – – – – – – –
Five-point 0.209* – – – – – – – –

CPM 0.276** 0.262*** – – – – – – –
Spatial 

Understanding − 0.461*** − 0.127 − 0.193* – – – – – –

iTUG-time − 0.169 0.007 − 0.005 0.123 – – – – –
Sit-to-Stand-time − 0.126 − 0.006 − 0.037 0.140 0.307*** – – – –

Intermediate 180◦

turn time
− 0.205* − 0.134 − 0.146 0.203* 0.315*** 0.024 – – –

Final 180◦ turn 
time − 0.215* − 0.073 0.097 0.042 0.261*** 0.054 0.240** – –

Stand-to-sit time − 0.029 0.037 0.033 − 0.031 0.295*** 0.140 − 0.008 − 0.189* –

* p < .05, ** p < .01, *** p < .001.
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graders in predicting teachers'evaluations of their nonverbal competencies through the visuospatial subtest of the SVS questionnaire 
for teachers. In our opinion, this goal is relevant, since the motor profile of children with poorer visuospatial skills has been under- 
researched (Mammarella & Cornoldi, 2020), so no definitive conclusions have been reached (Fisher et al., 2022). Indeed, albeit a 
consensus on the criteria for the diagnosis of NVS is lacking, several studies involving drawing and handedness tasks have shown that 
children with NVS exhibit poor visuoconstructive and fine-motor skills that have been usually evaluated through drawing and 
handedness tasks (Mammarella & Cornoldi, 2014). Bearing in mind the lack of a robust tradition of research investigating the motor 
skills of children with NVS, Poletti (2019) stressed the difficulty of delineating diagnostic borders between NVS and another neuro
developmental disorder characterized by motor deficits, the so-called Developmental Coordination Disorder. Although we did not set 
out to identify the motor characteristics of children with a diagnosis of NVS, we have highlighted the importance of concurrently 
assessing specific motor behaviors and visuospatial skills of pupils attending primary school. From an applied viewpoint, the extension 
and replication of the present investigation with school-aged participants exhibiting very poor motor and visuo-spatial skills could 
contribute to a more accurate characterization of the phenotype of children at risk of Non-Verbal Learning Disorder, so they can be 
identified and treated at an earlier stage. Based on previous studies (e.g., Fastame & Manca, 2019; Mammarella & Pazzaglia, 2010; 
Venneri et al., 2003), small but significant associations have been documented between SVS visuospatial scores and visuospatial 
reasoning and fluency skills, and medium correlations between scores reflecting the evaluations of teachers and objectively assessed 
mental imagery and spatial skills (Cohen, 1988). Thus, in line with the existing literature (e.g., Semrud-Clikeman, 2003; Semrud- 
Clikeman et al., 2010) and our hypothesis, the findings of the present study indicate that pupils with the highest SVS visuospatial scores 
were more capable of processing non-verbal stimuli and using their visuospatial resources more flexibly. Moreover, we documented 
significant small correlations between the participants' SVS visuospatial scores and their performance in the two sub-phases of the 
iTUG test(namely, the intermediate and final 180◦ turns). Specifically, participants with the poorest visuospatial skills according to the 
evaluations of their teachers tended to be slower in performing the iTUG, especially the intermediate 180◦ turn. Turning is a common 
yet integral feature of ambulation, accounting for approximately 20 %–50 % of steps taken during daily activities (Dixon et al., 2013). 
It requires specific biomechanical adaptations that rely on postural stability and coordination (Patla et al., 1999); indeed, existing gait 
impairment can be aggravated during turning, leading to an increased risk of falls. Turning, therefore, can be challenging for pop
ulations with compromised gait and balance abilities (Madrid et al., 2023). While overall functional mobility is closely related to 
visuospatial skills, our findings seem to suggest that particular attention should be paid to assessing coordination skills since they are 
vulnerable to deficits in visuospatial performance.

However, to the best of our knowledge, this study is the first in which a bio-mechanic measure of motor efficiency was associated 
with well-known cognitive (e.g., cognitive perceptual motor [CPM]) tasks in the screening of schoolchildren's non-verbal skills. 
Indeed, the regression analysis revealed that the iTUG task predicted the SVS visuospatial scores. Specifically, 30 % of the variance in 
the SVS-vs condition was predicted by visuospatial reasoning, mental imagery, spatial understanding skills, and the time necessary to 
perform the final 180◦ turn in the iTUG task. This means that the ability to navigate the environment and manipulate visuospatial 
information to solve non-verbal problems and depict scenes where familiar elements are located are the best predictors of the set of 

Table 3 
Hierarchical regression results for the SVS visuospatial measure.

B 95 % CI for B SE B β R
2 ΔR2

Dependent Variable Predictor LL UL

Step 1 0.07
SVS-vs Constant 23.199*** 15.155 31.242 4.053

CPM 0.407** 0.125 0.689 0.142 0.278
Step 2 0.26 0.19***
Constant 29.968*** 22.301 37.636 3.863
CPM 0.284* 0.027 0.541 0.129 0.194
Spatial Understanding − 0.823*** − 1.146 − 0.500 0.163 − 0.447
Step 3 0.27 0.01*
Constant 28.663*** 20.972 36.355 8.535
CPM 0.276* − 1.247 0.023 0.530 0.189
Spatial Understanding − 0.784*** − 0.685 − 1.105 − 0.463 − 0.426
Five-Point 0.169 − 0.129 − 0.008 0.346 0.163
sStep 4 0.30* 0.03*
Constant 32.407*** 23.120 41.693 0.212
CPM 0.310* 0.057 0.563 − 0.411
Spatial Understanding − 0.757*** − 1.076 − 0.437 0.138
Five-Point 0.143 − 0.034 0.319 − 0.026
iTUG Intermediate 180◦ turn time − 0.365 − 2.812 2.083 − 0.199
iTUG Final 180◦ turn time − 3.035* − 5.691 − 0.378

CI: confidence interval; LL: lower limit; UL: upper limit.
CPM: Raven's Coloured Progressive Matrices Test; iTUG: instrumented Timed-Up-and-Go; SVS-vs: Shortened Visuospatial Questionnaire for Teachers 
(visuospatial).

* p < .05.
** p < .01.
*** p < .001.
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visuospatial skills underpinning subjects such as geometry and geography. In addition, the correlational analysis revealed the asso
ciation between mental imagery and the time necessary to perform the final 180◦ turn in the iTUG task. Overall, these outcomes are 
consistent with research showing that the childhood development of higher-order cognitive processing and motor skills (e.g., fine 
motor controland visuomotor coordination) are intertwined because they both involve the neocerebellum and prefrontal cortex (e.g., 
Diamond, 2000).

Altogether, the results of this study corroborate and complement those on visuomotor integration deficits in children with 
nonverbal learning deficits (Semrud-Clikeman et al., 2010). Participants who were less coordinated and slower in performing the iTUG 
task exhibited greater difficulty in solving the visuospatial problems of the CPM task; were less able to use their mental imagery skills to 
manipulate a mental representation of an environment in which certain objects were located; and were described by their teachers as 
less proficient in daily activities requiring visuospatial and motor skills. From a developmental perspective, our results point to the 
powerful influence of motor skills in early childhood on the subsequent development of visuospatial competencies. As Farran et al. 
(2019) observed, before the age of two (i.e., when motor independence is typically achieved), children begin to explore their envi
ronment and begin to acquire visual and spatial knowledge. Their spatial skills continue to improve during late childhood and reach an 
adult-like level at the beginning of adolescence (Newcombe, 2019). Evidence has shown that children who engage in regular physical 
activity at school during adolescence are more proficient in mental rotation tasks (Jansen et al., 2018). Some researchers have 
speculated that the beneficial effects of physical activity on the development of visuospatial skills may arise from the reinforcement or 
modification of neural circuits involved in cognitive flexibility, working memory, and attention (Meijer et al., 2020; Singh et al., 2019).

5. Conclusion

The following conclusions may be drawn from the present study. First, the open-source screening tool developed by Cornoldi et al. 
(2003) is sensitive in detecting children with poorer motor skills, so it could be used to identify those with suspected visuospatial and 
motor deficits. Secondly, visuospatial and motor skills screening could be improved through the administration of objective measures 
and teacher evaluations; this would also help prevent the misdiagnosis of visuospatial developmental disorder (Mammarella & Cor
noldi, 2020), Thirdly, collaboration between teachers, educators, school psychologists, and biomechanical engineers would enable 
them to take more effective steps in assisting primary school children at risk of neurodevelopmental conditions such as NVS - for 
example, by employing the straightforward, fast, and reliable iTUG test.

The present study has several limitations, for instance, the small sample size, the small number of tests, the small number of 
participants exhibiting poor visuospatial skills, and the narrow age range. Future researchers might employ a wider battery of tasks 
assessing other executive functions (e.g., updating), motor skills (e.g., other kinds of tests for gross and fine manual dexterity), and age 
ranges, and carry out longitudinal studies into the effects of visuospatial and motor skills on academic achievement among children 
with NVS.
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