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Abstract
Difficulties in mathematics have been described in very preterm children, but their origins are not
well understood and may differ from other populations with specific learning disability. Very
preterm children, children with learning disability, and typically developing children were
compared in mathematics skills, using standardized tools, experimental tasks and eye tracker
measures. We assessed symbolic and non-symbolic magnitude comparisons, number knowledge,
calculation, as well as cognitive skills of 103 Italian-speaking 4™ and 5" graders. Compared to
typically developing peers, very preterm children showed delays in number knowledge, slower
reaction times in non-symbolic magnitude comparisons, and an atypical gaze exploration
characterised by more and shorter fixations that lacked a target preference. The profile of
mathematics skills of very preterm children appeared different from that of children with learning
disability. Although both populations showed mainly preserved cognitive skills and slower
reaction times in non-symbolic magnitude comparisons, children with specific learning disability
showed more severe impairments in calculation and were slower in symbolic magnitude
comparisons, compared to very preterm children. Including eye-tracking measures in preterm
follow-up programs and planning tailored interventions are recommended.

Keywords: Numeracy< mathematics; eye tracking; learning <disability
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Preterm birth is defined by the World Health Organization as born alive before 37 weeks of
gestational age. Different subgroups of preterm children are identified in function of their level of
neonatal immaturity, revealed by their gestational age at birth: extremely preterm children, <28
weeks of gestation; very preterm children, from 28 to <32 weeks; moderate to late preterm
children from 32 to <37 weeks (March of Dimes, 2012). As several reviews and meta-analyses
have shown, very preterm birth is associated with increased difficulties in number knowledge and
calculation from kindergarten to primary and secondary school (Aarnoudse-Moens et al., 2009;
Taylor et al., 2009). However, the origins of mathematics difficulties in very preterm children are
not well understood (Simms, Cragg, et al., 2013). By contrast, several signs of progress have
been made in understanding the mechanisms underlying difficulties in specific learning disability
(Geary et al., 2007; Pennington, 2006, also using the eye-tracking methodology, see Mock et al.,
2016 for a review). Specific learning disability, or specific learning disorder as called in the
DSM-5 (American Psychiatric Association, 2013), are defined as neurodevelopmental disorders
that impede learning or efficiently using reading, writing, or mathematics skills, which are not
primarily due to intellectual disability or global developmental delay, nor to neurological, motor
or sensory disorders, or to a lack of opportunity of learning/inadequate instruction.
Developmental dyscalculia, one of this specific learning disability, includes possible deficits in
number sense, memorisation of arithmetic facts, accurate and fluent calculation, and accurate
mathematics reasoning.

As Simms and colleagues (2015) have noted, even if mathematics difficulties have been
described in both populations, the origin of poor numeracy skills in very preterm children in
comparison to children with specific learning disability might be different. To our knowledge,
only the study by Guarini et al. (2019), which adopted a cross-population approach (D’Souza et

al., 2016), has directly compared very preterm children and children with specific learning
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disability. This study suggested that, even if very preterm children showed delays in mathematics
compared to typically developing children, their delays were less spread and severe than those
found in children with specific learning disability, revealing a specific pattern for the preterm
population. However, Guarini et al. (2019) compared these two populations on academic
mathematics skills without investigating the origin of their delays.
Basic Numerical Skills

Researchers describe a need for a focus on basic-level components of numerical skills to
understand delayed mathematics skills for both typically developing children and atypical
populations (Ansari & Karmiloff-Smith, 2002). In particular, several studies have stressed the
importance of number magnitude processing as a foundation for mathematical skills, suggesting
the need of understanding how non-symbolic (e.g., sets of dots) and symbolic (e.g., Arabic digits)
formats play a key role in the ability to learn arithmetic (De Smedt et al., 2013; Lyons et al.,
2018; Halberda et al., 2008; Holloway & Ansari, 2009; Schneider et al., 2017).
Typically Developing Children

In typically developing children, contrasting results have been described concerning the
role of non-symbolic magnitude comparison on mathematics achievement (for a review, see De
Smedt et al., 2013). Indeed, several studies have revealed a strict relationship between non-
symbolic magnitude comparisons and mathematics achievement (Libertus et al., 2011), whereas
other studies have not found this relationship (Holloway & Ansari, 2009). By contrast, the
findings on the role of symbolic magnitude comparison have been consistent, revealing a strict
relationship between symbolic magnitude processing and concurrent and future mathematics
achievement (De Smedt et al, 2013; Goffin & Ansari, 2019; Hawes et al., 2019).

Children with Specific Learning Disability
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Concerning atypical populations, several studies have been carried out with children with
specific learning disability, revealing a trend similar to that described for typically developing
children. Researchers have described weaker performance in non-symbolic magnitude
comparison tasks in children with specific learning disability when compared to typically
developing peers (Landerl et al., 2013; Mussolin et al., 2010; Piazza et al., 2010), even if this
finding has not been confirmed by other studies (De Smedt & Gilmore, 2011; Landerl & Kolle,
2009; Rousselle & Noél, 2007). The results from studies on symbolic magnitude comparison
tasks have been more consistent. In these studies, researchers revealed lower performance in
children with specific learning disability, compared to typically developing peers, and suggested
that impairments in non-symbolic magnitude comparisons might not represent the unique core
deficit of dyscalculia, advocating an important and partially independent role for symbolic
processing (De Smedt et al., 2013; Von Aster & Shalev, 2007). In the end, researchers suggested
a relation between impairments in mathematics and weaknesses in other cognitive domains
(Landerl et al., 2013; Pennington, 2006), revealing the importance of investigating both symbolic
and non-symbolic magnitude comparisons as well as cognitive skills.

Very Preterm Children

Few researchers have investigated basic-level components of numerical skills and their
relationships with mathematics in very preterm children with contrasting results that might be
explained by differences in tasks, age of assessment, and neonatal immaturity. Delays in basic
numerical skills have been described in very preterm children before they start primary school
and in the first year of formal education (Guarini et al., 2014). As suggested, very preterm
children demonstrated lower scores than full-term peers on both non-symbolic and symbolic
magnitude processing tasks. In addition, very preterm children made more errors in symbolic

magnitude comparisons, suggesting difficulties in the acquisition of symbolization, further
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confirmed by difficulties shown in their number knowledge (e.g., counting, reading Arabic
digits). Furthermore, extremely preterm children (<27 weeks of gestation) at 6 years and 6
months demonstrated lower performance in basic approximation and non-symbolic magnitude
comparisons compared to their full-term peers, and these delays persisted even when controlling
for other cognitive skills (e.g., verbal intelligence quotient, working memory, attention and
perceptual reasoning skills; Hellgren et al., 2013; Libertus et al., 2017). Differences between
extremely preterm and full-term children have been mainly explained by reaction times (Libertus
etal., 2017).

Contrasting results have been found at subsequent ages in non-symbolic and symbolic
magnitude processes. On one side, Guarini et al. (2014) found that very preterm children were
slower than full-term peers in symbolic and non-symbolic magnitude comparisons at 8 years of
age, but they did not differ in accuracy. On the other side, Tinelli et al. (2015) determined that
non-symbolic magnitude comparisons at § years remained relatively unimpaired in very preterm
children - a finding confirmed by Simms and colleagues (2015), who also learned of no
differences between very preterm children and full-term peers aged 8-10 years in symbolic and
non-symbolic magnitude comparisons both in accuracy and reaction times. However, when
controlling for cognitive skills, Simms, Gilmore et al. (2013) found delays in number estimation
tests (e.g., estimation number of dots and lengths of lines) in extremely preterm adolescents
(gestational age < 26 weeks), with a robust relationship between number representations and
mathematics.

Eye-tracking Studies

To better understand these conflicting results, the analysis of online processes through an

eye-tracking methodology has proved useful, as it has provided information on temporal and

spatial aspects of online processing when performing a specific task (Rayner et al., 2012).
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This technique has been largely and fruitfully adopted in children with reading impairments (e.g.
dyslexia), showing a higher number of fixations and shorter saccades compared to typically
developing children (Seassau et al., 2014). Recently, some studies applied eye movement
analysis both to typical (Sophian & Crosby, 2008; Watson et al., 2007; see Hartmann, 2015 for a
review) and atypical populations, including children with dyscalculia (Moeller et al., 2009; Van
Viersen et al., 2013; see Mock et al., 2016 for a review). In the case of mathematics impairments,
atypical patterns of eye movements in number line (Van Viersen et al., 2013), as well as counting
and subitizing (Schleifer & Landerl, 2011) tasks have been found, whereas little evidence has
been collected using magnitude comparison tasks, either with non-symbolic or symbolic stimuli.

To the best of our knowledge, no study has investigated gaze behaviour in very preterm
children in magnitude comparison tasks. However, previous studies using eye-tracking measures
have revealed early differences in preterm and full-term populations on attention and executive
functions. At 6 and 12 months, preterm infants (<37 weeks of gestation) showed an atypical
pattern in gaze behaviour, with less time spent looking at dynamic human images and gaze
following, in comparison to full-term peers (Imafuku et al. 2017). This atypical pattern was
confirmed by another study, where very preterm infants spent less time looking at the referential
object than full-term infants at 6 and 10 months (Ryu et al., 2017). At 12 months, authors
confirmed emerging deficits in attention control in very preterm infants, with less time spent
focusing on the target and slower shifting of attention (Downes et al., 2018). At 18 months,
preterm toddlers (32-26 weeks of gestation) demonstrated slower alerting and orienting processes
compared to full-term children (de Jong et al., 2015) and a strong effect of gestational age (de
Jong et al., 2018).

Aims of the Present Study
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The first aim of the present study was to compare very preterm children, children with

specific learning disability (mathematics impairment) and typically developing children on a

wide range of basic and complex mathematics skills, taking into account cognitive skills. Rather

than studying these skills during the acquisition phase of mathematics skills, we focused on the

consolidation phase, at the end of primary school, to understand if delays persisted in

development. We hypothesized the following results.

Magnitude comparisons. Very preterm children and children with specific learning
disability would be slower than typically developing children (Mussolin et al., 2010;
Piazza et al., 2010) in non-symbolic magnitude comparisons. By contrast, we expected
children with specific learning disability to be slower than the other two groups on the
symbolic magnitude comparison task because of their difficulties with the symbolic
component of numeracy (Price & Ansari, 2013). Slower reaction times would persist in
children with specific learning disability when controlling for processing speed, revealing
specific difficulties in their basic numerical skills. In very preterm children, we had no
hypothesis because very few studies have analysed this issue (Hellgren et al., 2013).
Number knowledge and calculation. We expected preterm children to perform higher than
children with specific learning disability but lower than typically developing peers
(Guarini et al., 2019).

Cognitive skills. We expected no differences among groups because no cognitive delays
have been described in these atypical populations (Guarini et al., 2014).

Our second aim was to compare, for the first time, the pattern of eye movements in non-

symbolic magnitude comparisons among the three groups. We expected an atypical pattern of eye

movements for children with specific learning disability compared to typically developing
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children, based on previous findings by Mock et al. (2016) on number processing tasks.
Concerning very preterm children, we had no specific hypothesis because, to our knowledge, no
study has investigated gaze behaviour in this population during a comparison task. However, we
can surmise that different exploration patterns, similar to what has been described in the first
years of life in preterm infants, can be observed in primary school children with different tasks.

The third aim was to investigate the relationship between online processing measures (eye
movements) and behavioural outcomes (reaction times and accuracy) in all groups in non-
symbolic magnitude comparisons. We expected a significant relationship, confirming that eye-
tracking methodology provides information on temporal and spatial aspects of online processing
when performing a behavioural task (Rayner et al, 2012).

Method

Participants

The initial sample included a total of 123 4™ and 5™ graders, comprising three different
groups. The first group included 33 very preterm children; the second group 25 children with a
diagnosis of specific learning disability; and the last group, 65 typically developing children. All
children had an intelligence quotient higher than 80 and were Italian monolinguals.

Very preterm children were born in 2003 and 2004 at the Neonatology Unit of the
Neonatology Unit of the University Hospital of Bologna. They all had, at birth, a gestational age
<32 weeks and no major cerebral damage, no congenital malformations, no indication of visual
or hearing impairment, or intellectual disability. We excluded three very preterm participants
from this group because they had a previous diagnosis of specific learning disability with
mathematics impairments or a deficit in at least 2 out of 4 composite scores of the AC-MT

battery. The final very preterm group (n = 30; 30% females) had a mean gestational age of 28.87
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weeks (SD = 1.87) and a mean age of 10.39 years (SD = 0.66; for description of the very preterm
sample see Table SI, online supporting information).

We recruited children with a previous diagnosis of specific learning disability at the LADA
laboratory, University of Bologna. Of the 25 children recruited, we included 19 (63.2% females)
in the final sample (mean age = 10.22 years, SD = 0.64), because they showed a diagnosis of
specific learning disability with impairment in mathematics, defined by a diagnosis of dyscalculia
or of mixed disability of academic skills with a deficit (z < -1.5) in at least 2 out of 4 composite
scores of the AC-MT battery (Cornoldi et al., 2012).

We recruited 65 typically developing children from several primary schools in the XX
region, and these children had no congenital malformations or visual/hearing impairments.
Children with either a preterm birth (n = 2), or a previous diagnosis of specific learning disability
or attention problems or still involved in clinical assessment for these disabilities (n = 7), or with
a deficit in at least 2 out of 4 composite scores of the AC-MT battery (n = 2), were excluded. The
final typically developing group comprised 54 children (51.9% females; mean age = 10.49 years,
SD = 0.39).

We compared the three groups and noted comparability in terms of age of assessment, F
(2,98) = 1.722, p = .184; no significant difference was found in gender distribution, y’(2) = 5.961,

p =.051. Group social background characteristics were also comparable: area of residence

(Bologna city); educational exposure (only public schools were involved); linguistic and cultural
context (all children were monolingual with both Italian parents).
Materials

Magnitude Comparisons
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We completed magnitude comparisons, including dots in random configuration (non-
symbolic magnitude comparison) and digits (symbolic magnitude comparison; see Guarini et al.,
2014, for a detailed explanation of the task). For each task (non-symbolic versus symbolic
magnitude comparison), we presented 64 pairs of stimuli ranging from 1 to 9 to the child on a
computer screen. The difference between left and right numerosity ranged from 1 to 8 and each
difference was presented 8 times. The larger numerosity appeared 4 times on the right and 4
times on the left in order to control the spatial numerical association of response codes effect as
well as the handedness. We asked children to press the key on a computer keyboard on the side
corresponding to the larger numerosity. We coded accuracy (correct responses) and reaction
times (ms) on correct responses. Reliability coefficients for non-symbolic magnitude
comparisons were KR-20 = .90 for accuracy and a = .93 for RTs; considering symbolic
comparisons, reliability coefficients for accuracy and RTs score were respectively, KR-20 = .75
and a = .96.

Number Knowledge and Calculation

A battery of items to investigate number and calculation abilities was administered to
each child (AC-MT 6-11; Cornoldi et al., 2012). The battery provided four composite scores:
written calculation (accuracy score calculated by adding correct responses), number knowledge
(composite accuracy score calculated by adding correct responses obtained in numerosity
judgment, transcoding and number sorting tasks), accuracy (composite score calculated by adding
number of errors in mental calculation, written calculation, backward counting, number facts, and
dictation of numbers) and speed (composite score calculated by adding seconds spent in mental
calculation, written calculation and backward counting). The test-retest reliability (261 children

re-examined after one month) was » = .65 (average Pearson correlations of all composite scores,
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Cornoldi et al., 2012). The concurrent test reliability was also investigated, correlating composite
scores with the opinion expressed by teachers. The average correlation was » = .51.
Cognitive Skills

Intelligence Quotient. We administered the Italian version of the Kaufman Brief
Intelligence Test, Second Edition (K-BIT-2; Bonifacci & Nori, 2016). The verbal scale contained
verbal knowledge (requiring the child to select the picture considered to illustrate best the
meaning of the word presented orally by the examiner) and riddles (requiring the child to provide
the word that best fits with some adjectives or functions of an object/concept). The non-verbal
subscale was a matrices subtest. Three indexes were provided: verbal, non-verbal, and composite
intelligence quotient. Split-half reliability coefficients in developmental age (4-18 years) were r =
91 for verbal score, » = .87 for non-verbal score, and » = .92 for composite score.

Sustained Attention. We administered the sustained attention task from the Leiter
International Performance Scale-Revised (Leiter-R; Roid & Miller, 2002, Italian version).
Children were asked to cross out as many objects matching the target as possible, without
accidentally crossing out any other objects, given a limited amount of time. The number of
correct hits was scored, according to the manual. Chronbach’s alpha coefficient was .83 for
children 8-10 years; the reliability coefficient for the total sample was o = .87.

Working Memory. We administered the Digit Span test from the Wechsler Intelligence
Scale for Children-IV (WISC-1V; Italian adaptation, Orsini, et al., 2012). Each child was asked to
listen and repeat 3-9 digits forwards and 2-9 digits backwards. The sum of correct sequences of
digits was computed. The test-retest reliability was » = .79 for digits forwards and » = .74 for
digits backwards (Orsini et al., 2012).

Processing Speed. We administered a task to measure simple reaction times (Bonifacci &

Snowling, 2008). Children were required to press the space bar of the keyboard, as fast as they



MAGNITUDE COMPARISONS IN VERY PRETERM CHILDREN 13

could, whenever a ‘blue star’ (measuring 8 x 8 cm) appeared on a white screen. The target
stimulus was presented on the screen for a maximum of one second and disappeared after the
response was made. Following stimuli appeared at one-second intervals after the preceding
stimulus had disappeared. Fifteen practice trials were completed, followed by 40 test trials. The
computer recorded mean reaction times. The reliability coefficient was o = .96
Eye Movements

During non-symbolic magnitude comparisons, we recorded eye movements with a corneal
reflection eye-tracking system, based on a remote pan/tilt infrared camera (Applied Science
Laboratory Model 504). Eye position was sampled and stored at a rate of 120 Hz, with a spatial
resolution of 0.25° visual/angle. One 5x5 cm area of interest was defined to comprise each set of
dots. Therefore, for each experiment’s item including two sets of dots, two areas of interest were
analyzed: one comprising the target set (many dots) and one comprising the distractor (fewer
dots). We considered eye-movement data that fell within a specified interest period extending
from the onset of the stimuli until a response was made. The following variables were then
examined in the analysis for each participant. We calculated the total number of fixations (that
lasted for at least 50 milliseconds, ms) to the target and to the distractor; the mean fixation times
(in ms) to the target and to the distractor; the number of dwells for the targets and for the
distractors; the total duration of dwells on the targets (i.e., summed duration across the targets)
and the distractors (i.e., summed duration across the distractors). A dwell is one or more
consecutive fixation on a single area of interest, therefore a dwell ends when children shifted
their gaze from the target to the distractor or viceversa, or from the target/distractor to outside the
area of interest (e.g., Glaholt & Reingold, 2009).

Procedure
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All children were assessed in a quiet room at the Department of Psychology, University of
Bologna, by trained developmental psychologists. For 15 participants (4 very preterm children, 1
child with specific learning disability, and 10 typically developing children), eye movement data
were not available due to technical problems during task administration. Analysis of eye
movements was undertaken on a sample of 26 very preterm children, 18 children with specific
learning disability, and 44 typically developing children.

The study protocol met the ethical guidelines for the protection of human participants,
including adherence to the legal requirements of the country, and received formal approval by the
local Ethical Committee (Independent Ethics Committee of the University Hospital of Bologna
“S.Orsola-Malpighi”). The parents of the children provided their informed written consent for
their child’s participation in the study, data analysis, and for anonymous data publication.
Statistical Analyses

We analyzed group differences for accuracy and reaction times in the two magnitude
comparison tasks, number knowledge and calculation tasks, intelligence quotient, sustained
attention, working memory, and processing speed, with a series of analyses of variance
(ANOVAs), with the group (very preterm children, children with specific learning disability,
typically developing children) as between-subject factor (partial eta-squared, #°, were reported as
a measure of effect size). We carried out Tukey post-hoc comparisons and we reported Cohen’s d
as a measure of effect size. We run also Analyses of Covariance (ANCOV As) on reaction times
including processing speed as a covariate. To analyze eye movements in the non-symbolic
magnitude comparison task, we performed repeated measures ANOV As, with target (target vs
distractor) as the within-subject factor and group (very preterm children, children with specific
learning disability, typically developing children) as the between-subject factor on the following

dependent variables: number of fixations, mean fixation time, number of dwells, and total
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duration of dwells. We carried out Tukey post-hoc comparisons and reported Cohen’s d. We run
separately for the three groups Pearson correlations between eye movement variables, accuracy
and reaction times in non-symbolic magnitude comparison.

Results
Magnitude Comparisons, Number Knowledge, Calculation and Cognitive Skills
Magnitude Comparisons

We display descriptive analyses of accuracy and reaction times for magnitude comparison
tasks in Table 1. In non-symbolic magnitude comparisons, we found a significant group effect on
reaction times but not on accuracy. Tukey post-hoc showed that very preterm children (p = .038,
d = 0.58) and children with specific learning disability (p = .045, d = 0.81) were significantly
slower than typically developing children in the non-symbolic magnitude comparison task. The
difference in reaction times disappeared when processing speed was considered as a covariate,
F(2,95)=1.674, p=.193, n? = .034; in ANCOVA the effect of the covariate was significant,
F(1,95)=12.600, p =.001, n?=.117.

In symbolic magnitude comparisons, we found a significant group effect on reaction times
but not on accuracy: children with specific learning disability were slower than typically
developing children (p = .001, d = 0.96) and very preterm children (p = .015, d = 0.70), whereas
no difference was found between very preterm and typically developing children. This group
effect remained significant, /" (2,95) = 3.246, p = .043, #? = .064, even in an ANCOVA
considering processing speed as a covariate, which resulted significant, ' (1,95) = 16.532, p <
001, ?=.148.

Number Knowledge and Calculations
We found a significant group effect for all composite scores (see Table 2). For written

calculation, accuracy, and speed, Tukey post-hoc analyses revealed that children with specific
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learning disability performed worse than both very preterm and typically developing children (p
<.001, d =1.52 —2.40), who showed similar scores. For number knowledge, Tukey post-hoc
analysis showed that children with specific learning disability had weaker performance compared
to both very preterm (p <.001, d = 1.07) and typically developing (p <.001, d = 2.19) peers, and
very preterm children scored lower compared to typically developing children (p = .007, d =
0.74).

We carried out a further analysis on single subtests in order to understand which specific
competencies were more affected (Table 2). As showed by Tukey post-hoc, for the subtests
included in the composite score of accuracy (except for written calculation, p =.001-.036, d =
0.60 — 1.82) and speed (p <.001, d =1.25 — 1.87), children with specific learning disability
demonstrated lower performance compared to very preterm and typically developing peers,
whereas very preterm and typically developing children showed similar scores. With regard to
number knowledge, Tukey post-hoc revealed that children with specific learning disability had a
weaker performance in numerosity judgment compared to typically developing peers (p =.002, d
= 1.21), whereas very preterm children had similar scores (being in the middle) to the other
groups. In the transcoding subtest, very preterm children and children with specific learning
disability showed a poorer performance compared to typically developing peers (p = .002, d =
.88; p <.001, d = 1.50). In number sorting, children with specific learning disability had a poorer
performance compared to very preterm children (p <.001, d = 1.23) and typically developing
peers (p <.001, d = 1.38), who showed similar scores.

Cognitive Skills
We present descriptive analyses for the cognitive tasks in Table 3. Intelligence quotient
scores were similar across groups, as well as sustained attention and working memory scores. We

found a significant main group effect for processing speed, with Tukey post-hoc showing that
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children with specific learning disability were slower than very preterm (p = .039, d = 0.62) and
typically developing (p = .001, d = 0.88) peers (Table 3).
Eye Movements

We report descriptive analyses of fixations and dwells for non-symbolic magnitude
comparisons in Table 4, as well as the results of the ANOVAs’ main and interaction effects. The
pattern of results for the number of fixations revealed main effects of group and target since very
preterm children had more fixations, particularly those directed at the target. Furthermore, we
found a significant interaction between the two factors. Indeed, as revealed by Tukey post-hoc
very preterm children made a higher number of fixations on the target compared to children with
specific learning disability (p = .022, d = 0.54) and typically developing children (p =.006, d =
0.65), and had a higher number of fixations on the distractor compared to typically developing
peers (p = .033, d = 0.50). Considering the mean duration of fixations, we described main effects
of group and target with shorter fixations in very preterm children, compared to the other groups,
and on the distractor compared to the target. The interaction between the two factors was
significant, with very preterm children making shorter fixations both on the target and the
distractor, compared to children with specific learning disability (p =.010, d = 0.69 and p = .042,
d = 0.66, respectively) and typically developing children (p <.001, d =1.61 and d = 0.96,
respectively), who showed a comparable pattern of results. The mean duration of fixations
observed in very preterm children was similar for the target and the distractor (p = .126), whereas
both children with specific learning disability (p = .020, d = 0.41) and typically developing peers
(p <.001, d = 0.93) made longer fixations on the target, as revealed by Tukey post-hoc.

Analysis of the number of dwells revealed a significant target effect with more dwells
directed at the target in all groups. In addition, we found a significant Group x Target effect.

Children with specific learning disability had a lower number of dwells on the target compared to
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typically developing children (p = .007, d = 0.80), whereas very preterm children and typically
developing peers showed a similar number of dwells. We found also a significant main target
effect in the total duration of dwells, with longer durations on the target, and a significant
interaction Group x Target. We explained this interaction by a difference in the duration of
dwells on the target and on the distractor, which was larger for typically developing children (p <
.001, d =2.03) compared to very preterm children (p <.001, d = 1.44) and children with specific
learning disability (p <.001, d = 1.37).
Correlations in Non-Symbolic Magnitude Comparisons

We reported in Table 5 Pearson correlations between accuracy and reaction times in non-
symbolic magnitude comparisons and eye movement variables, separately for the very preterm,
specific learning disability and typically development groups. We found a strong relationship
between reaction times and eye movement variables. Both in very preterm children and typically
developing peers, we found strong relationships between reaction times and the number of
fixations (target and distractor), the mean duration of fixation (target), the number of dwells
(distractor) and the total duration of dwells (target and distractor). In the typically developing
group, we found other relationships between reaction times and the mean duration of fixations on
the distractor and the number of dwells on the target. We also noticed a difference between
accuracy and the mean duration of fixations and the number of dwells. By contrast, we found no
relationship in children with specific learning disability between reaction times and eye
movement variables.

Discussion
Very preterm children showed, at the end of primary school, persistent delays in non-

symbolic magnitude comparisons and number knowledge compared to typically developing

children, whereas we found no differences in symbolic magnitude comparisons, calculation and
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cognitive skills. Children with specific learning disability showed slower reaction times in
symbolic magnitude comparisons and delays in calculation, in addition to the delays already
described for the preterm population. Concerning eye movements, we described different gaze
explorations among the three groups during non-symbolic magnitude comparisons. Correlations
revealed a strong association both in very preterm children and in typically developing children
between online process (eye movements) and behavioral measures (reaction times), that was not
present in children with specific learning disability. In the following paragraphs, we describe
similarities and differences between very preterm children and children with specific learning
disability.

The first similarity between very preterm children and children with specific learning
disability concerned the non-symbolic magnitude comparison. Indeed, both very preterm and
children with specific learning disability were slower than typically developing peers in judging
larger numerosity, whereas we found no difference in comparison to typically developing peers
in accuracy. In other words, our study revealed, using for the first time the same task in both
populations, that a deficit in basic numerical skills was persistent at the end of primary school
both in very preterm children and children with specific learning disability. The present study
suggested that, concerning very preterm children, delays in basic numerical skills, already
described before starting primary school and in the first year of formal education (Guarini et al.,
2014; Hellgren et al., 2013; Libertus et al., 2017), persisted up to the end of primary school. On
the other hand, our results were not in line with other studies carried out at ages 8-10 years that
have suggested that non-symbolic magnitude comparison at 8 years is relatively unimpaired in
very preterm children (Simms et al., 2015; Tinelli et al., 2015). These different findings could be
due to the use of different tasks. Indeed, in our study numerosity ranged from 1 to 9, whereas in

the studies referred to above, numerosity was larger (from 5 to 30, Simms et al., 2015; 24 dots as
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the fixed numerosity, Tinelli et al., 2015). Further studies should compare findings obtained by
using different ranges of numerosity.

The second similarity between very preterm children and children with specific learning
disability was that both groups did not differ from typically developing peers on intelligence
quotient scores, as well as on sustained attention and working memory. This first result
corroborated previous studies on very preterm children suggesting that general and severe delays
in cognitive skills did not explain difficulties in number knowledge and basic number skills
(Guarini et al., 2019; Simms et al., 2015). However, we found a slower processing speed in
children with specific learning disability, highlighting a deficit linked to a lack of automaticity of
basic arithmetic processing, as suggested by previous studies (Geary et al., 1991).

The third similarity is that differences in reaction times among very preterm children,
children with specific learning disability and typically developing children disappeared when
processing speed was considered as a covariate. Our results suggested that slower reaction times
in very preterm children and children with specific learning disability were not explained by a
specific delay in basic numerical processes, but by slower general processing speed. Concerning
very preterm children, very few studies have analyzed the possible role of processing speed on
magnitude comparisons and numeracy, revealing contrasting results. On the one hand, the study
by Hellgren et al. (2013) on extremely preterm children (<27 weeks of gestation) revealed
specific delays in basic approximation and non-symbolic magnitude comparisons, controlling for
other cognitive skills (i.e., cognitive function, working memory, information processing speed,
visual attention score). On the other hand, other studies suggested an important role of processing
speed in mediating the effect of preterm birth on lower achievement in mathematics (Rose et al.,
2011). The same hypothesis of an important role of processing speed on numeracy was made for

children with poor mathematical skills (Shalev, 2004). However, as already described for very
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preterm children, results were not homogeneous (Moll et al., 2016; Bonifacci & Snowling, 2008).
These contrasting results highlighted the need to better investigate the role of processing speed
across different tasks in basic numerical skills.

Next to these similarities between very preterm children and children with specific
learning disability compared to typically developing peers, we found some differences. The first
difference concerned the diffusion of mathematics impairment. Indeed, if delays in children with
specific learning disability concerned all the skills investigated, delays in very preterm children
were circumscribed to number knowledge, confirming that delays in very preterm children, even
if persistent, were less widespread and diffuse (Guarini et al., 2019). The transcoding subtest was
the single subtest mainly affected by preterm birth. This subtest involved lexical and syntactic
number knowledge which, when not mastered, induced difficulties in many mathematics tasks
(Moura et al., 2014). This result suggested the importance of providing support to very preterm
children for these skills that were not fully consolidated at the end of primary school.

The second difference between very preterm children and children with specific learning
disability concerned reaction times in symbolic magnitude comparison, since children with
specific learning disability were slower than very preterm and typically developing peers. Slower
reaction times in children with specific learning disability persisted when we included processing
speed as a covariate. These results suggested that by the end of primary school very preterm
children recovered from their difficulties in symbolic magnitude comparison described before
entering primary school (Guarini et al., 2014), as other studies suggested (Clark et al., 2017;
Simms et al., 2015). By contrast, children with specific learning disability showed persisting
delays in symbolic magnitude comparison tasks. This finding accorded with a meta-analysis that
evidenced a significant difference in reaction times (Schwenk et al., 2017) in magnitude

comparison tasks, particularly for the symbolic components, in children with mathematical
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difficulties. Interestingly, in this review, the authors controlled for age, IQ and reading skills but
not for general (non-numerical) processing speed. Therefore, the present study added evidence,
suggesting that longer reaction times in symbolic magnitude comparison tasks persisted after
controlling for processing speed in children with mathematics impairments.

Another relevant difference between very preterm children and children with specific
learning disability, compared to their peers, was the different pattern of eye movements during
non-symbolic magnitude comparisons. Indeed, in our study very preterm children made a higher
number of fixations, even if shorter, compared to the other groups. However, the absence of
difference in the dwell number associated with this overall higher number of fixations suggests
that fixations are continuous (adjacent fixations) in the same area of interest. Furthermore, the
duration of fixations for the target and the distractor were similar in very preterm children,
whereas children with specific learning disability and typically developing children made longer
fixations to the target, as expected. This lower preference for the target in very preterm children
was confirmed by the total durations of dwells, since the difference between the target and the
distractor was lower both in very preterm children and children with specific learning disability
compared to typically developing peers. The present study pointed out for the first time an
atypical pattern of visual exploration in non-symbolic magnitude comparison in very preterm
children characterized by the need for longer explorations within each area before deciding about
the larger numerosity as well as a weaker preference investigation on the target area. These
results added to our understanding of atypical patterns of exploration in very preterm children at
school age. Indeed, the studies using eye tracker in very preterm populations have been carried
out in the first years of life, and they found atypical patterns in gaze behavior (i.e., less time spent
looking at the referential object and the target; Downes et al., 2018; Ryu et al., 2017). Our study

provided support for Clark et al.’s (2017) suggestion that less efficient basic numerical skills
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occurred in this population. The authors pointed out neural differences in magnitude processes
with non-symbolic stimuli in healthy preterm adults (<37 weeks of gestation), with a more
extensive involvement of frontoparietal networks, suggesting that preterm children may continue
to use regions typically active in young children during non-symbolic magnitude comparisons
(Clark et al., 2017). Further studies combining eye-tracker and neuroimaging measures at
different ages could help to explain better the persistent effect of preterm birth on basic numerical
skills.

Furthermore, we found an atypical pattern of gaze exploration in children with specific
learning disability, but different from that described for very preterm children. Indeed, children
with specific learning disability showed a similar number and duration of fixations compared to
typically developing children, but with a lower number of dwells on the target. Different from
very preterm children, the pattern of results showed that children with specific learning disability
explored the target area for less time and with a minor number of subsequent fixations. This
supported the hypothesis of Mock et al. (2016) that atypical patterns of eye movements in non-
symbolic tasks for children with mathematics impairment reflect deficits at the level of automatic
and parallel encoding of small non-symbolic quantities.

Our study described a further difference between very preterm children and children with
specific learning disability, compared to typically developing peers, in the relationship between
eye-tracking measures and reaction times in non-symbolic magnitude comparisons. Indeed, in
very preterm children we found strong relationships between eye-tracking measures and reaction
times, which were similar to those found in typically developing peers, and showed a
correspondence between online processes and behavioral measures. This result supported the
relevance of inserting eye-tracking measures in follow-up programs of very preterm children to

complete behavioural assessments, as already proposed for the first years of life (Downes et al.,
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2018). By contrast, in children with specific learning disability we found no relationship between
reaction times and eye movement variables. Further investigation is needed in this regard, but a
plausible hypothesis is that children with specific learning disability need additional time, after
the visual exploration, to “decide” which numerosity is higher possibly by looking outside the
screen and involving higher-order cognitive processing.
Implications for Practice

Our findings suggested some implications for the preterm population at three different
levels: planning the follow-up; developing effective intervention and promoting activities and
support at schools. Concerning follow-up programs, they should include eye-tracker measures
alongside standardized measurements and experimental tasks. Regarding intervention, further
studies should develop specific tailored programs for this population with particular attention to
the improvement of focused attention and visual exploration. Moreover, we need of intervention
studies investigating the specific effects of mathematics trainings on different atypical
populations. As suggested by Goffin and Ansari (2019) training studies would allow
understanding which key variable can influence behaviour, integrating results of experimental
studies. Finally, our findings provided interesting information for teachers and educators who
work at school with very preterm children, accompanying them in learning. Indeed, mathematics
difficulties were persistent at the end of primary schools, especially in basic-level numerical
skills and number knowledge. School activities promoting these skills should be proposed.
Limitations

Some limitations of the current study need to be considered for generalizing our findings.
First, because we included a wide range of gestational ages in the very preterm group, a larger
sample would prove useful to investigate further the role of neonatal immaturity on magnitude

comparisons and mathematics skills. Secondly, even if the three conditions were comparable for
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social background characteristics and level of school exposition, a specific measure of socio-
economic status (SES) was not collected in the present study. Third, further studies should
investigate other skills that constituted the basic numerical processes (i.e., estimation and
subitizing). These new measures could also be useful for more in-depth investigations of the
relationship between these skills and mathematics development. Finally, in our study we
analyzed gaze behavior only in non-symbolic magnitude comparisons. The analysis of gaze
behavior in different tasks without numerical information would be very useful for understanding
whether this atypical pattern of exploration is present also with other types of stimuli.
Conclusions

Very preterm children showed persistent delays at the end of primary school in basic-level
numerical skills and number knowledge, with an atypical pattern of eye movements. In very
preterm children, compared to typically developing children, we described slower reaction times
in non-symbolic magnitude comparisons, associated with more and shorter fixations without a
preference for the target compared to the distractor, and lower scores in the transcoding subtest.
Further longitudinal studies should confirm the findings of this cross-sectional, in order to
understand if these difficulties, as well as the atypical pattern of eye movements, could be
detected at early ages and persist in adolescence and adulthood.

The profile of very preterm children showed some similarities with the profile of children
with specific learning disability since cognitive skills were mainly preserved and reaction times
in non-symbolic magnitude comparisons were slower in both populations, opening interesting
questions about the specificity of these difficulties in the light of the important role shown by
processing speed. By contrast, we found some differences between the two populations, since
children with specific learning disability showed more diffuse and severe impairments, as

revealed by delayed number knowledge and calculation, slower reaction times in symbolic
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magnitude comparisons, and different gaze patterns in non-symbolic magnitude comparisons that
were not associated with reaction times. We can conclude that, even if some similarities were
found between the two populations, the origin of poor mathematics skills in very preterm
children was different from that of children with specific learning disability, with an important
role played by atypical gaze exploration in non-symbolic magnitude comparisons. However,
because this was the first study on this topic for the preterm population, other empirical evidence
is needed to understand the relationship between atypical gaze exploration, symbolic and non-

symbolic magnitude processes and mathematics disabilities.
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