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A B S T R A C T

The influence of visuo-spatial skills on numerical magnitude processing is the subject of a long-standing debate.
As most of the numerical and non-numerical magnitude abilities underpinning mathematical development are
visual by nature, they are often assessed in the visual modality, thereby confusing visuo-spatial and numerical
processing. In order to assess the influence of visuo-spatial processing on numerical magnitude representation,
we examined magnitude processing in patients with 22q11.2 deletion syndrome (22q11DS), a genetic condition
characterized by a cognitive profile with a relative weakness in visuo-spatial abilities but with preserved verbal
abilities. Twenty-seven participants with 22q11DS were compared to two control groups (one matched on verbal
intelligence and the other on visuo-spatial abilities) on several magnitude comparison tasks each with different
visuo-spatial processing requirements. Our results showed that participants with 22q11DS present a consistent
pattern of impairment in magnitude comparison tasks requiring the processing of visuo-spatial dimensions:
comparison of lengths and collections. In contrast, their performance did not differ from the control groups in a
visual task with no spatial processing requirement (i.e. numerical comparison of flashed dot sequences) or in
auditory tasks (i.e., duration comparison and numerical comparison of sound sequences). Finally, a specific
deficit of enumeration processes was observed in the subitizing range. Taken together, these results show that
deficits in magnitude can occur as a consequence of a visuo-spatial deficit. This highlights the influence of the
nature of the tasks selected to assess magnitude representation.

1. Introduction

One of the most influential models in the field of numerical
cognition assumes that there is a specific system for the representation
of number magnitude. As the resulting representation is thought to be
approximate, this system has been called the approximate number
system (ANS). The ANS is believed to be shared by many species and
would allow the discrimination, the comparison, the addition, and the
subtraction of numerosities presented in and across different formats
and modalities (i.e. comparing the number of objects seen or touched,
the number of tones or voices, the number of perceived events; Féron
et al., 2006; Izard et al., 2009; Kobayashi et al., 2005). The resulting
approximate number representation is therefore considered to be
independent of the modality (Barth et al., 2003, 2006; Meck and
Church, 1983). One seminal model has been proposed by Dehaene and
Changeux (1993) to explain how this amodal number magnitude
representation is extracted from visual arrays. Detailing this model is
beyond the scope of this paper but the crucial assumption for the issue
considered here is that each element in the visual display would be

represented with a constant amount of activation in the process,
regardless of its size or its other perceptual properties, resulting in a
cumulated activity which is highly correlated with the numerosity of
the set. Thus, the numerosity representation would not be derived from
perceptual cues such as area, density, etc., but extracted from specific
mechanisms of perceptual normalization that eliminate the perceptual
cues confounded with numerosity.

However, an increasing amount of empirical evidence argues
against the amodality of the number magnitude representation and
indicates that numerical processing is dependent on perceptual and
visuo-spatial processing at different levels. Indeed, a large number of
studies have shown that numerical judgments are highly influenced by
the visual perceptual properties of the stimulus (e.g. density, sum of
perimeter, surface area, length, size…) in children and adults (Dormal
and Pesenti, 2007; Gebuis et al., 2009; Rousselle and Noël, 2008;
Rousselle et al., 2004). Some studies even fail to find any evidence of a
sensitivity to numerical differences when the perceptual variables,
which naturally covary with numerosities, are strictly controlled for
(Clearfield and Mix, 1999, 2001; Feigenson et al., 2002; Mix, 2002;
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Rousselle et al., 2004). Actually, much behavioral and electrophysio-
logical evidence suggests that numerical magnitude processing of large
numerosities relies on the integration of multiple perceptual cues
(Gebuis et al., 2016; Gebuis and Reynvoet, 2012a, 2012b, 2013;
Hurewitz et al., 2006). With regard to small numerosities, visuo-spatial
abilities is also involved in the subitizing process, another core ability for
later achievement in mathematics (Carey, 2004; Feigenson et al., 2004;
Kahneman et al., 1992), which allows adults and children to form an
exact representation of a small number (up to four visual elements) in a
very short time. Basically, subitizing is relying on a process of parallel
visuo-spatial tagging with a limited number of spatial indexes (about
three or four) coding simultaneously for the position of each object
visually presented (Ester et al., 2012; Piazza et al., 2011; Trick and
Pylyshyn, 1994). This process is thus also of particular interest in terms
of the link between numerical cognition and visuo-spatial skills.

To sum up, an increasing number of studies highlight that large
number representation could be the result of the processing and
integration of several other perceptual dimensions such as density,
area, rhythm, duration and so on (see Gebuis et al. (2016) for a recent
review and an alternative theoretical proposition to the ANS view).
Regarding small numerosities, the subitizing process, which leads to the
formation of an exact representation of small numbers, also exploits
visuo-spatial pre-attentional processing. Together, these results stress
the need to consider the influence of perceptual and visuo-spatial
properties on numerical magnitude processing and suggest that visuo-
spatial abilities could influence number magnitude processing on at
least two levels: (1) at a visuo-perceptual level, in visual tasks requiring
participants to process large numerosities disregarding the visuo-
perceptual properties of the array, (2) at a pre-attentional level, in
visual tasks requiring participants to process small visual numerosities
by assigning a limited number of visuo-spatial tags – as is assumed to be
the case in subitizing tasks.

One way to address the link between numerical and visual
perceptual cognition is to focus on individuals with impaired visuo-
spatial skills who are less able to process the visuo-spatial dimensions of
visual stimuli (such as area, density, convex hull and so on). If
perceptual skills influence large number magnitude processing, people
with low visuo-spatial abilities could also demonstrate poor perfor-
mance in visual number magnitude processing which requires integrat-
ing the visuo-spatial dimensions of visual arrays to extract numerosities
(such as area, density, convex hull and so on). They should also
demonstrate lower subitizing ability in processing small numerosities.
On the other hand, these people should perform in the normal range in
number magnitude comparison tasks which have no visuo-spatial
processing requirement - for instance in the auditory modality (i.e.
comparing the numerosities of sequences of sounds).

In this paper, the question of the influence of visuo-spatial proces-
sing on basic numerical cognition was addressed by examining the
impact of visuo-spatial impairments on number magnitude processing
in different modalities with distinct perceptual processing constraints.
To that end, we examined a genetic neurodevelopmental disorder
which impacts visuo-spatial and mathematical learning abilities,
namely, the 22q11.2 deletion syndrome (22q11DS). This genetic
condition results from a microdeletion of a series of genes situated at
the locus q11.2 on the long arm of one of the two copies of chromosome
22, most of them occurring de novo (85%; Swillen et al., 1999). It is one
of the most common microdeletion syndromes with a prevalence from
1:2000 to 1:6000 (Gothelf et al., 2009). The phenotypic manifestations
of this condition are highly variable, including approximately 180
distinct clinical traits. In this population, total IQ is generally in the
borderline range (70–79) with half of the individuals scoring in the
normal range and the other half exhibiting intellectual disability (i.e. IQ
score under 70). Interestingly, it has been repeatedly shown that most
people with 22q11DS showed higher verbal than visuo-spatial abilities
(Bearden et al., 2001; De Smedt et al., 2007a; Swillen et al., 1997;
Woodin et al., 2001). A range of visuo-spatial processing impairments

are frequently reported in this syndrome including a deficit in visuo-
perceptual and visuo-motor integration skills (Moss et al., 1999;
Niklasson and Gillberg, 2010; Van Aken et al., 2009) as well as
difficulties in visuo-constructive activities such as in puzzles or in tasks
requiring the arrangement of blocks or geometric shapes (De Smedt
et al., 2003; Moss et al., 1999; Niklasson and Gillberg, 2010). Moreover,
learning disabilities are regularly observed in 22q11DS, with poorer
arithmetic than reading (where mainly decoding is impaired) and
writing skills (Bearden et al., 2001; De Smedt et al., 2009; Jacobson,
2010).

With regard to their mathematical abilities, all studies highlighted
very poor performance in general standardized achievement for
children with 22q11DS compared to typically developing children
(Moss et al., 1999; Wang et al., 2000; Woodin et al., 2001). More in-
depth studies provide evidence for poorer calculation abilities com-
pared to control participants matched on age and IQ, especially in
calculation tasks requiring the deployment of calculation procedures
such as addition and subtraction with a carry, and multi-digit calcula-
tions (De Smedt et al., 2006, 2007b, 2008, 2009; Simon et al., 2005).
Furthermore, despite demonstrating preserved transcoding abilities (De
Smedt et al., 2006, 2007b, 2009) individuals with this disorder often
displayed difficulties in the counting range in a dot numerical estima-
tion task (3–8 dots, Simon et al., 2005, 2008).

The processing of magnitude has been mainly explored in symbolic
numerical tasks. People with 22q11DS were found to present slower
reaction times, lower accuracy and atypical sensitivity to numerical
difference when comparing the magnitude of symbolic numbers (De
Smedt et al., 2007b, 2009; Simon et al., 2005, 2008). To our knowl-
edge, only one study examined non-symbolic numerical processing and
reported lower numerical acuity in the 22q11DS group while compar-
ing collections of dots (Oliveira et al., 2014). With regard to non-
numerical magnitude, some studies also found that people with
22q11DS had poorer performance when processing spatial and tempor-
al continuous dimensions. Compared to age-matched controls, they
were slower at comparing length (Simon et al., 2005, 2008), demon-
strated less ability to reproduce rhythmic patterns as well as less
sensitivity to temporal interval differences (Debbané et al., 2005;
Gabriel Mounir et al., 2011). These results1 are consistent with the
Theory of Magnitude proposed by Walsh (2003) who assumed the
existence of a common metric system for representing number, space
and time. In line with this theoretical framework, some authors have
speculated about the existence of a basic core deficit of magnitude
processing in people with 22q11DS. For example, Simon (2008)
claimed that a numerical magnitude processing deficit in 22q11DS
would result from a primitive deficit in processing temporal and spatial
magnitude.

Finally, subitizing abilities (i.e. the fast and precise apprehension of
small numerosities up to three or four) yielded inconsistent results
depending on the reference group. The subitizing range has been shown
to be reduced in 22q11DS children compared to a control group
matched on chronological age (but with more than 30 points’ difference
in IQ, Simon et al., 2008) while other studies observed a similar
subitizing range in 22q11DS children compared to control children who
were closer in terms of verbal IQ (De Smedt et al., 2006, 2007a, 2007b).

In sum, very few studies have explored non-symbolic numerical
abilities in 22q11DS and most of them have provided inconclusive or
inconsistent results. Moreover, all of these studies assessed number
magnitude processing in visual tasks which typically require the
processing of visuo-spatial cues. As a consequence, it is not possible
to determine whether their difficulties result from a deficit of the ANS
or from a more general difficulty in the processing visual spatial/

1 Some of these results have to be taken cautiously considering methodological issues
such as small sample size (N=12, Oliveira et al., 2014) and/or large IQ differences with
the control group (Oliveira et al., 2014; Simon, 2005).
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