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Abstract

Verbal and non-verbal skills significantly contribute to individual differences in children’s 

numerical development at the group level. However, less is known about whether the nature of 

the relations between verbal and non-verbal systems and numerical cognition varies depending 

on the unique characteristics children bring into numerical learning. To better delineate these 

associations, we examined the association between verbal and non-verbal skills and symbolic 

numerical development in preterm-born (n = 93, < 37 weeks of gestation, PTB) and term-born 

children (n = 104). We showed that PTB preschoolers, as a group, were at a higher risk of falling 

behind on certain numerical tasks (cardinality), but not others (counting). There was, however, 

significant individual variability within the groups. Verbal and non-verbal skills contributed to 

the variability of children’s numerical performance, but differentially across the full spectrum of 

gestational age. Specifically, verbal skills moderated the association between gestational age and 

symbolic number performance (cardinality). The relation between verbal and cardinality skills 

were stronger at higher gestational ages compared to lower. Additionally, at higher gestational 

ages, children more frequently used retrieval strategy and less often relied solely on finger 

counting for the cardinality task. Shifting the focus from group differences to understanding 

individuals and their unique developmental pathways may enhance our insight into the risk and 

protective factors underlying the variability observed in all children.
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Introduction

Children’s numerical development requires the integration of multiple earlier-developing, 

complex set of skills. Early numerical development in children does not unfold 

independently from the development of other cognitive skills. A rich body of work 

highlights the unique and significant contributions of verbal and non-verbal skills to 

individual differences in numerical cognition (e.g., Ansari & Karmiloff-Smith, 2002; 

Dehaene & Cohen, 1995; Lefevre et al., 2010; Purpura & Reid, 2016; Verdine et al., 2014). 

The existing literature primarily focuses on group-level, but the nature of the associations 

between verbal and non-verbal systems and numerical cognition might vary based on 

multiple moderators, including the unique characteristics that children bring to numerical 

learning. As the developmental cascades approach states (Oakes & Rakison, 2019), there 

may be several obvious and non-obvious pathways behind individual children’s numerical 

development trajectories.

To better delineate these unique patterns, the current study focused on the relation of verbal 

and non-verbal skills to numerical development in preterm-born children (PTB; < 37 weeks 

of gestation). Approximately, 15 million children worldwide are born preterm every year. 

In the United States, one out of every 10 babies are born preterm, and the incidence is 

on the rise (Martin et al., 2019; Martin & Osterman, 2024). PTB children show greater 

variability in their verbal and non-verbal skills compared to term-born (TB; ≥ 37 weeks 

gestational age) children. As a group, PTB children also perform lower than their peers in 

numerical cognition (Simms, Gilmore, et al., 2013). These difficulties predict important life 

outcomes. Math skills, sometimes more than literacy skills, predict school success, health, 

and lifetime earnings (Ritchie & Bates, 2013). For PTB children, the relationship between 

preterm birth and low adult wealth is mediated by numerical skills during middle childhood 

(Basten et al., 2015). Less is known about the origins of the PTB children’s difficulties 

and sources of within-group variability that emerge even before children enter formal 

schooling. The connection between different domains might also be more pronounced in 

children with atypical developmental trajectories compared to typically developing children 

(Karmiloff-Smith, 2009). This paper aimed to a) examine early numerical skills of TB and 

PTB children across the entire range of gestational age, and b) pinpoint whether verbal and 

non-verbal skills play the same or different roles in explaining between- and within-group 

variability in TB and PTB children’s numerical development.

Contribution of verbal and non-verbal skills to numerical development.

Verbal and non-verbal systems significantly contribute to individual differences in numerical 

cognition. For example, according to LeFevre’s Pathways Model (Lefevre et al., 2010), there 

are three specific pathways by which children typically acquire early numeracy knowledge: 

linguistic (Hooper, Roberts, Sideris, Burchinal, & Zeisel, 2010; Juel, 1988), non-verbal/

spatial functioning (McClelland, Acock, & Morrison, 2006), and quantitative (Dehaene 

& Cohen, 1995; Feigenson et al., 2013). This perspective aligns with neurocognitive 

models as well. The Triple Code Model (Dehaene & Cohen, 1995, 1997) states that three 

distinct neural circuits for numerical cognition underlie verbal, non-verbal/visuo-spatial, 

and internal quantity representations of numeric information. Empirical evidence supports 
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these theoretical frameworks, as relations between non-verbal skills and numerical skills 

have been firmly established in preschoolers, school-age children, and adults (Ansari et 

al., 2003; Cheng & Mix, 2014; Gunderson et al., 2012; Hegarty & Kozhevnikov, 1999; 

Laski et al., 2013; Verdine et al., 2014). In the preschool and early elementary school 

years, children's verbal and numeracy skills are also highly correlated (Hooper et al., 

2010; Purpura, Hume, Sims, & Lonigan, 2011; Purpura & Ganley, 2014). Evidence from 

neuroimaging studies similarly shows substantial overlap between the neural basis of verbal 

processing and numerical processing in school-aged children (Baldo & Dronkers, 2007). 

Although a broad set of domain-general factors contributes to numerical development, such 

as working memory or executive function, it is important to highlight that verbal and 

nonverbal skills can predict later math outcomes, even after controlling for such general 

cognitive factors (e.g., Peng et al., 2020).

Previous literature suggests that various numerical skills are differentially predicted by 

different cognitive skills. For example, according to the Pathways Model, verbal skills 

are considered to more strongly predict children’s performance on measures that involve 

knowledge of symbolic number systems (Lefevre et al., 2010). This is primarily because 

the mechanisms that underlie learning the symbolic number system are like mechanisms 

that underlie learning other symbolic systems, such as language. Non-verbal skills contribute 

to both symbolic numerical abilities as well as children’s ability to operate on quantities, 

including non-verbal magnitude comparisons (Newcombe et al., 2019; Verdine et al., 2014). 

Here, we specifically focused on two basic symbolic numerical skills that provide the 

foundation for later mathematics success—rote counting and cardinality principle—which is 

collectively referred to as number word knowledge (Duncan et al., 2007; Geary et al., 2018). 

Focusing on early number word knowledge is crucial, as counting and cardinality predict 

math achievement in later school years (Nguyen et al., 2016). Number word knowledge 

is a subset of early numeracy skills that develop during the preschool years. Early 

numerical knowledge involves various other interconnected symbolic and nonsymbolic 

skills, including knowing number symbols (identification), recognizing quantities without 

counting (subitizing), understanding number patterns, understanding sequence of numbers 

(ordinality), estimation, and comparing and manipulating numerical magnitudes (Jordan & 

Levine, 2009; Merkley & Ansari, 2016).

Early numerical development in term-born children.

Rote counting, which is characterized as the ability to recite number words forward and 

backward, begins to develop around two years of age. Rote counting is a core number skill, 

and it lays the foundation for exact enumeration of quantities larger than five and helps 

develop calculation later in life, which strongly predicts later arithmetic skills (Koponen 

et al., 2013). Although children start reciting the count list around two years of age, 

comprehending the meanings of these words has an extended developmental trajectory 

(e.g., Carey, 2009; Wynn, 1992. Children spend several months learning the meaning of 

the number word “one,” before they learn what “two,” “three,” or “four” means. Children 

eventually grasp the cardinality principle—that the last number reached while counting a 

set represents the set’s cardinal value —almost one to two years after children learn the 

count list (Gallistel & Gelman, 1990). The cardinal meanings of number words are learned 
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sequentially, one at a time (Wynn, 1990; 1992). Stated differently, when children understand 

the cardinal meaning of one number, they only grasp the cardinalities of smaller numbers, 

not those of larger ones until five (Sarnecka & Lee, 2009). Children typically acquire the 

meanings of “five” and higher words simultaneously. Understanding of the cardinal principle 

is tied to grasping the successor function—the concept that if a numeral in the count list 

represents the cardinality N, then the next numeral in the list will represent cardinality 

N + 1 (Merkley & Ansari, 2016). Although the stages children take are overall similar, the 

trajectories they exhibit in understanding the true meaning of number words are highly 

variable. For example, some children already understand the cardinal meaning of number 

words up to “four” and beyond by four years of age, whereas others at the same age have 

not mastered the meaning of the word “one” (Klibanoff et al., 2006). This variability is 

imperative because children’s number knowledge by kindergarten entry predicts their future 

achievement in mathematics (Duncan et al., 2007).

Verbal and non-verbal skills significantly contribute to the basic numerical skills of counting 

and cardinality. For example, preschool children, at the earliest stages of learning the 

cardinal meanings of the count words (i.e., “one,” “two,” “three”), appear to map these 

words onto an object-based representation system that can hold up to three or four items 

in memory (Carey, 2009). Children who develop proficient non-verbal representations of 

numbers earlier may leverage these representations to learn other numerical concepts, 

such as place value (e.g., Mix et al., 2016). Indeed, prior research shows that non-verbal 

reasoning predicts counting skills, which, in turn, is related to later arithmetic skills 

(Krajewski & Schneider, 2009). Counting is primarily a verbal skill. For instance, children 

with specific language impairments show significant deficits in the production of the count 

word sequence and basic calculation (Ansari et al., 2003). Cardinality also has strong ties 

to verbal systems; children’s understanding of cardinal numbers is related to their overall 

vocabulary size and the grammatical number system of their native language (Negen & 

Sarnecka, 2012). The existing literature primarily considers correlations between different 

systems at the group level. As a result, little is known about whether the nature of the 

relation between verbal and non-verbal systems and numerical cognition might vary based 

on, or be moderated by, the unique characteristics that children bring to numerical learning. 

Here, we examined the role of verbal and non-verbal systems in the basic numerical 

development of TB and PTB children and explored whether the relation between these 

systems and numerical performance differs between TB and PTB children.

Early numerical development in preterm-born children.

Children who are born preterm tend to fall behind in neurocognitive development (Guarini 

et al., 2014; Lipkind et al., 2012; Simms, Cragg, et al., 2013), and are at a higher risk 

of encountering mathematical difficulties once they reach school age (Lipkind et al., 

2012; Quigley et al., 2012). Although PTB children generally face academic challenges, 

difficulties in mathematics are particularly pronounced (Simms et al., 2013). However, not 

all PTB children fall behind—some progress to have favorable developmental trajectories 

for numerical cognition. To better understand the developmental origins and nature of 

numerical difficulties, it is important to investigate how skills that predict mathematics 

performance in TB children contribute to the numerical development of PTB children.
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Prior literature explored the contribution of verbal and non-verbal skills to both overall 

mathematical performance as well as more basic numerical skills in PTB children (Adrian 

et al., 2020; Simms, Cragg, et al., 2013; Simms et al., 2015). However, the existing 

work primarily focused on children at, or after, the start of formal schooling, and the 

primary emphasis has been on very PTB children (< 32 weeks of gestation) (Guarini et 

al., 2014; Simms et al., 2015; Simms, Gilmore, et al., 2013). This body of work showed 

that verbal and non-verbal skills significantly contribute to PTB children’s mathematical 

development (Johnson et al., 2011a). In elementary school children, verbal and non-verbal 

skills emerge as more important predictors of between-group variability in PTB and TB 

children, compared to other domain-general factors, such as executive function or attentional 

skills (Simms et al., 2013). Verbal and non-verbal skills also predict greater variance in 

PTB children’s later mathematical outcomes than in TB children’s outcomes in school 

age children (Simms et al., 2012). In younger kindergarten-age children, verbal and non-

verbal abilities similarly significantly predict math skill in very PTB children, again even 

after controlling for other domain-general functions such as executive function (Adrian 

et al., 2020; Hasler & Akshoomoff, 2019). Prior literature more frequently reported the 

contribution of non-verbal skills in these early ages. Specifically, for basic numerical skills 

such as counting, non-verbal skills (e.g., Adrian et al., 2020; Clayton et al. 2022; Simms et 

al., 2015) have been shown to mediate preterm birth-related group differences. A recent but 

smaller literature reported the mediating role of verbal skills as well (Adrian et al., 2020).

These results are informative in highlighting how verbal and non-verbal skills might explain 

within-group differences (i.e., mediate the role of preterm birth on numerical skills). 

However, less is known about whether verbal and non-verbal skills differentially predict 

within-group differences. Stated differently, does preterm birth moderate the associations 

of verbal and non-verbal skills to numerical performance? In line with the developmental 

cascades approach (Oakes & Rakison, 2019), there may be several obvious and non-

obvious pathways behind individual children’s numerical development trajectories. Further, 

associations between different domains might be more noticeable for children who follow 

atypical developmental trajectories than typically developing children (Karmiloff-Smith, 

2009).

Preterm-born children represent an optimal window into the nature and sources of variability 

in the interrelations among verbal, non-verbal, and numerical cognition. Comparing sources 

of within-group variability in TB versus PTB children might give insight into component 

skills that children recruit for learning. If the profiles of associations are similar in the 

two groups, this would suggest a common set of mechanisms underlying learning in PTB 

and TB children. If the associations differ, this would suggest that there might be multiple 

possible routes to learning that vary across PTB and TB children. Following precision 

developmental science approach, the focus on understanding individuals and their unique 

cascading developmental pathways might enhance our understanding of risk and protective 

factors that predict the variability observed in PTB children (Demir-Lira & Göksun, 2024). 

It is also important to reiterate that the existing research on PTB’s numerical development 

primarily focused on children at or after the onset of formal schooling, and those born very 

preterm. The foundation of later differences in numerical performance is established during 

the preschool years. Therefore, identifying the sources of difficulty during the preschool 
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years is crucial for early detection and intervention, which can enhance school success, 

particularly for at-risk children. Extending results to the full spectrum of gestational age will 

provide a more complete picture of the role of preterm birth on numerical development.

Current study.

Our overall goal was to pinpoint the relation between verbal and nonverbal skills to 

children’s early numerical performance during the preschool years, where foundational 

numerical skills are acquired. We examined how verbal and non-verbal skills predicted 

between- and within-group variability in early numerical skills of PTB and TB children. 

In doing so, we aimed to extend the prior literature in two significant ways. First, we 

examined the early numerical skills of children across the entire range of gestational age. 

Prior emphasis has been on very PTB children (≤ 32 weeks of gestation). This focus 

overlooks the majority of PTB children—those born moderate-to-late preterm (33–36 weeks 

of gestation), which constitute the majority (75%) and fastest growing group of all PTB 

children (Loftin et al., 2010). Moderate-to-late PTB children also have a risk of math 

difficulties, and due to their higher numbers, they represent a higher percentage of children 

with academic difficulties than the very PTB children (Chyi et al., 2008). Given the mixed 

approaches in the literature, we ran analyses using gestational age as a continuous variable, 

as well as using three categories of gestational age (very, moderate-to-late, term). Second, 

we focused on the building blocks of numerical cognition—counting and cardinality (Ryoo 

et al., 2015). Existing studies primarily focused on later-developing aspects of mathematical 

performance in elementary school children. However, differences in children’s numerical 

skills are present even before school entrance and differences at school entrance have 

significant long-term implications (Duncan et al., 2007). To fill the knowledge gaps in the 

literature, we asked two central questions:

1) How does gestational age relate to children’s basic numerical and 
arithmetic skills?—Based on prior literature (Chyi et al., 2008; Simms et al., 2015), 

we hypothesized that children with lower gestational ages would exhibit poorer numerical 

performance. Although there is limited data on mathematical development specifically, 

drawing from the literature on general academic performance (Chan et al., 2016), we 

predicted moderate-to-late PTB children to perform lower than their TB peers, yet better 

than their very PTB peers.

2) Do verbal and non-verbal skills play differential roles in predicting 
outcomes as a function of preterm birth?—Little is known about whether verbal 

and non-verbal skills play differential roles in explaining within-group variability across 

different gestational age groups. Given theoretical suggestions that relations between 

different performance domains may vary for typically developing versus atypically 

developing children (Karmiloff-Smith, 2009; Oakes & Rakison, 2019), we expected a 

significant moderation. However, we did not have a specific prediction regarding whether 

gestational age would moderate the impact of verbal or non-verbal skills on children’s 

numerical outcomes.
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Method

Participants

Participants included a total of 197 three- to five-year-old PTB and TB children. This study 

was part of a larger project on cognitive development of PTB and TB children with multiple 

measures (see Nelson et al., 2021 for information on other measures). We considered 

gestational age both continuously and as a categorical variable. For the categorical variable, 

participants were divided into three groups based on gestational age: Very PTB children 

included those born 32 weeks or less of gestation (n=40), moderate-to-late PTB children 

included those born between 33 and 36 weeks of gestation (n=53), and TB children 

included those born 37 weeks of gestation or after (n=104) (Loftin et al., 2010). Participants 

were recruited using the university hospital’s electronic health records, university mass 

emailing, social media, and word of mouth. Children were eligible for this study if they 

were between three-to-five years of age, were native speakers of English, had normal or 

corrected-to-normal vision and hearing, had no history of a genetic syndrome or birth defect, 

and had no limitations (based on parental report) that would prevent them from completing 

paper/pencil tasks. For families who completed the study in an online format, it was also 

preferred that they had an electronic device (computer, laptop, tablet, or smart phone) with 

reliable internet. Parent-child dyads without an electronic device were mailed an Amazon 

Fire tablet that they could use to participate in the online sessions. This study was approved 

by the local Institutional Review Board.

Face-to-face and online parent-child dyads did not significantly differ in child age, child 

gender, ethnicity, race, gestational age, parent education, or household income. Children 

and parents were predominately White and from high-socioeconomic backgrounds, with an 

average household income of $126,494.71, and an average parent education corresponding 

to a college degree. There was considerable variability in education levels, ranging from a 

high school degree to an advanced degree, and in income, which ranged from $14,000 to 

$700,000. The sample also included participants from both urban and rural areas. Table 1 

presents demographic information for the three gestational age groups. The three groups 

did not differ from each other on family income, F(2,186)=0.127, p=0.880. As expected, 

the three groups did differ in gestational age, F(2,194)=614, p<0.001. There was also 

a significant effect of group on child age at test, F(2,191)=5.19, p=0.012, and parent 

education, F(2,194)=6.21, p=0.002. Consistent with prior literature, very PTB children had 

overall lower parental education than TB children (p=0.002), but the two PTB groups did not 

differ from each other. Child age at test and parent education were included as covariates in 

the analyses below.

Procedure

For the in-person portion of this study, parent-child dyads attended a 3-hour laboratory visit. 

During this visit, experimenters administered the tasks to the children while the parents 

completed questionnaires about their child on a computer in another room. Tasks were 

administered in blocks, and children took breaks in between each block to address possible 

fatigue. For the online portion of the study, parent-child dyads completed four-45-minute 

sessions via Zoom during which the child completed the same tasks, and the parent was 
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asked to complete the questionnaires on their own time between the four sessions. Using 

feedback from a focus group with local parents who expressed concern regarding possible 

screen fatigue, we structured the online portion of the study across four, shorter online 

sessions rather than one 3-hour session. The order of the tasks was the same in both the 

face-to-face and online sessions, and the tasks were administered by the same research 

assistants. 75 completed the study face-to-face in a lab-based format and 122 completed 

the study in an online format via Zoom video conferencing (due to COVID-19-related 

restrictions in human research) (please see Nelson et al., 2021 for more information on the 

different data collection formats). Children’s performance on some of the measures varied 

as a function of format, although the differences did not reach the conventional threshold 

for significance (Counting, F(1,191)=2.85, p=0.093, η2p=0.015, WOC ≥ 5, F(1,191)=3.47, 

p=0.064, η2p=0.018, WPPSI-IV Matrix Reasoning F(1,191)=3.70, p=0.056, η2p=0.19). 

Based on these differences and because format served as an indicator for any possible cohort 

effects due to COVID-19 pandemic in children’s development, format was included as a 

covariate in analyses.

Numerical Measures

Counting.—Children were asked to start at 1 and count to 20, and the highest consecutive 

number they correctly counted was noted. This measure can be conceptualized as a measure 

of children’s knowledge of count sequence.

What’s on this card (WOC).—Several measures have been used to assess children’s 

cardinality principle, including the Point-to-X task (Wynn, 1992), What’s on this Card 

(WOC) task (Gelman, 1993), and Give-A Number Task (Wynn, 1990, 1992). As part of 

this study, we used the WOC task. Importantly, children’s performance on the WOC and 

Give-A Number task are highly consistent (LeCorre et al., 2006; Le Corre & Carey, 2007). 

Following the prior literature (Levine et al., 2010), in the WOC task, children were first 

shown a card with a single object on it and asked “What’s on this card?”. After the child 

named the object, the experimenter responded by saying “That’s right, there’s one [object]”. 

This was to ensure that the children provided a cardinality response. During the rest of 

the task, children were shown a series of cards consisting of 1 to 9 objects, and prompted, 

“What’s on this card?” asking to provide a response. Experimenters scored the total amount 

of cards the participant responded correctly to, out of a total of seventeen. Given that set size 

is a critical variable in the development of cardinal knowledge because small and large sets 

are thought to be represented by different underlying systems (e.g., Carey, 2009), trials were 

divided into two groups: easy trials (WOC ≤ 4) included 4 or fewer objects versus difficult 

trials (WOC ≥ 5) included 5 or more objects. The proportion of easy and difficult trials were 

used as the final score and the possible range was 0% to 100%. The internal consistency 

of the test was assessed using Cronbach's alpha, which yielded a value of 0.816, indicating 

good reliability.

WOC Strategy Coding.—To gain a better understanding of the systems children rely 

on, we coded the different strategies children used for each of the items on the WOC 

task based on video recordings of the session. Children’s strategies were divided into 4 

categories. Retrieval strategy consisted of answers where children simply verbally stated 
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the number of items on the card. Counting strategy consisted of answers where children 

counted the objects on the card and then provided an answer. Counting with fingers strategy 
referred to cases where children verbally counted the objects while also using their fingers 

to count. Using fingers only strategy referred to cases where children only used fingers 

to point to objects, without counting them out loud and providing an answer. For each 

item, the strategy children used was marked. However, video recordings were not set up 

with this question in mind and the video data enabling us to clearly code finger use 

was available only for a subset of the sample; we were able to code the strategies of 

143 children from the full sample (79 TB, 37 moderate-to-late PTB, 27 very PTB). To 

ensure that the sample for the strategy coding was representative of the larger sample in 

the study, we confirmed that missing data of strategy coding was not significantly related 

to gestational age, t(195)=0.980, p=0.328, child age t(195)=0.105, p=0.916, or parental 

education, t(195)=1.575, p=0.117.

Verbal and Non-verbal Measures

Wechsler Preschool & Primary Scale of Intelligence-IV (WPPSI-IV) Information.
—Children were administered the Information subtest, part of the WPPSI-IV Verbal 

Comprehension Index, which measures children’s acquired verbal knowledge and is one 

component of verbal IQ. The Information subtest asks children about several facts (e.g., 

“what is a [blank] used for?”) (Wechsler, 2012). Raw scores were used as final scores for 

analysis, with a possible range of 0 to 31. For Information subtest specifically, the internal 

consistency is .89 and test-retest stability is .83.

Wechsler Preschool & Primary Scale of Intelligence-IV (WPPSI-IV) Matrix 
Reasoning.—Children were administered the Matrix Reasoning subtest, part of the 

WPPSI-IV Fluid Reasoning Index, which measures children’s nonverbal visual processing 

and spatial perception skills. The Matrix Reasoning subtest asks children to select a missing 

portion from a matrix (Wechsler, 2012). Raw scores were used as final scores for analysis, 

with a possible range of 0 to 32. WPPSI-IV demonstrates excellent psychometric properties, 

including good internal consistency (.75 to ≥.90), test-retest reliability (.75 to .87), interrater 

reliability (.96 to .99), and content validity (Syeda & Climie, 2014). For Matrix Reasoning 

subtest specifically, the internal consistency is .90 and test-retest stability is .82.

Results

Gestational age-related group differences on verbal, non-verbal, and numerical skills.

To address our questions, we first examined the role of gestational age on children’s 

verbal, non-verbal skills, and numerical outcomes. We ran general linear models utilizing 

gestational age as a continuous variable, and we confirmed these analyses using gestational 

age as a categorical variable. In all models, we included parental education, child age, 

and format as covariates. Table 2 represents the descriptive statistics for all measures as a 

function of gestational age group.

We first examined the role of gestational age on children’s verbal skills. Controlling for 

parent education, child age, and format, we found a main effect of gestational age on 
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WPPSI-IV Information scores, B = 0.191, SE = 0.051, t(191) = 3.782, p < .001, 95% CI 

[0.091, 0.291], with a standardized coefficient of β = 0.256. In this model, parent education 

also emerged as a significant predictor, B = 0.460, β = 0.154, SE = 0.195, t(191) = 2.353, 

p = 0.020, 95% CI [0.074, 0.845], as well as child age, B = 1.862, β = 0.283, SE = 0.441, 

t(191) = 4.224, p < .001, 95% CI [0.993, 2.732]. Format did not predict performance on 

WPPSI-IV Information (p = 0.572). These results were confirmed with analyses considering 

gestational age as a categorical variable (very PTB, moderate-to-late PTB, TB children), p 
< 0.001. Bonferroni corrected post-hoc analyses showed that TB children performed better 

than their very PTB (B = −2.287, β = −0.662, SE = 0.610, t(190) = −3.750, p < .001, 

95% CI [−3.490, −1.084]) and moderate-to-late PTB peers (B = −1.139, β = −0.329, SE 
= 0.543, t(190) = −2.098, p = 0.037, 95% CI [−2.208, −0.068]). Very and moderate-to-late 

PTB children did not differ from each other on performance (p = 0.078).

There was no main effect of gestational age on WPPSI Matrix Reasoning scores, B = 

0.121, SE = 0.081, t(191) = 1.490, p = 0.138, 95% CI [−0.039, 0.281], with a standardized 

coefficient of β = 0.098. In this model, only child age emerged as a significant predictor, B 
= 5.189, SE = 0.708, t(191) = 7.331, p < .001, 95% CI [3.793, 6.585], with a standardized 

coefficient of β = 0.478, whereas no other variables emerged as significant predictors (all 

p’s>.30). Results were confirmed considering gestational age as a categorical variable, p = 

0.684.

We next examined the role of gestational age on the numerical measures, starting with 

counting. Children overall performed well on the counting task (M = 17.4). There was no 

main effect of gestational age on counting, B = 0.007, β = 0.008, SE = 0.069, t(176) = 0.106, 

p = 0.915, 95% CI [−0.1298, 0.145]. In this model parental education, B = 0.66238, β = 

0.163, SE = 0.2901, t(176) = 2.284, p = 0.024, 95% CI [0.090, 1.235], and child age, B = 

2.797, β = 0.337, SE = 0.605, t(176) = 4.623, p < .001, 95% CI [1.603, 3.991], emerged 

as significant positive predictors, whereas format did not (p = 0.629). The results, when 

considering gestational age as a categorical variable (very PTB, moderate-to-late PTB, TB 

children), did not show a significant effect either, p = 0.447.

We then examined differences in WOC ≤ 4. Overall, children performed well on this task 

with 98% average accuracy across the groups. There was no main effect of gestational 

age on WOC ≤ 4, B = 0.001, β = 0.004, SE = 0.001, t(177) = 0.01, p = 0.996, 95% CI 

[−0.003, 0.003]. Child age emerged as a significant predictor, B = 0.026, β = 0.173, SE = 

0.012, t(177) = 2.25, p = 0.026, 95% CI [0.003, 0.049]. Parental education and format were 

not significant predictors (p’s>0.10). The results were confirmed with analyses considering 

gestational age as a categorical variable (very PTB, moderate-to-late PTB, TB children), p = 

0.898.

Next, we examined differences in WOC ≥ 5. There was a main effect of gestational age on 

WOC ≥ 5, B = 0.010, β = 0.180, SE = 0.004, t(177) = 2.54, p = 0.012, 95% CI [0.002, 

0.018]. Format, B = 0.091, β = 0.351, SE = 0.0364, t(177) = 2.50, p = 0.013, 95% CI 

[0.019, 0.163], and child age, B = 0.191, β = 0.388, SE = 0.034, t(177) = 5.53, p < .001, 

95% CI [0.123, 0.260] also emerged as significant predictors. Parental education was not 

a significant predictor (p = 0.831). The results were confirmed with analyses considering 
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gestational age as a categorical variable (very PTB, moderate-to-late PTB, TB children), p 
= 0.006. Post-hoc analyses showed that TB children performed better than the very PTB 

group (B = −0.154, β = −0.592, SE = 0.0482, t(176) = −3.19, p = 0.002, 95% CI [−0.24889, 

−0.0587]). Moderate-to-late PTB children performed worse than TB children (p = 0.095) 

and better than very PTB children (p = 0.108), but these differences did not reach statistical 

significance.

Interim summary.—Gestational age emerged as a significant predictor of children’s 

verbal performance (WPPSI-IV Information) and difficult cardinality items (WOC ≥ 5), but 

not their non-verbal performance (WPPSI-IV Matrix Reasoning), counting, or performance 

on easy cardinality items (WOC ≤ 4). Given the unique associations between gestational age 

and children’s performance on difficult cardinality, we next asked whether the role of verbal 

and non-verbal skills in explaining the variability in children’s scores on this task varied as a 

function of gestational age.

Gestational age moderating the relation of verbal and non-verbal skills to numerical 
(cardinality) performance.

We asked whether gestational age moderated the association of verbal and non-verbal 

skills to child WOC ≥ 5 outcomes. We ran one moderation model in R version 4.2.2 

(RStudio Team, 2022) via the sem function in the lavaan package (Yves, 2012). Format, 

child age, and parent education were entered as covariates. We created two interaction 

terms, where verbal and non-verbal skills were paired with gestational age (e.g., WPPSI-

IV Information x gestational age). All variables were mean-centered. In this model, the 

interaction component between WPPSI-IV Information scores and gestational age was 

significant in predicting children’s WOC ≥ 5 performance, whereas the interaction with 

WPPSI-IV Matrix Reasoning was not significant (Table 3).

This interaction finding was confirmed with the Johnson-Neyman technique (Johnson & 

Neyman, 1936) and simple slopes analysis. In these analyses, we used gestational age 

as a continuous variable to determine the interval of gestational age where WPPSI-IV 

Information emerged as a significant predictor of WOC ≥ 5 performance. WPPSI-IV 

Information was related to WOC ≥ 5 when gestational age was above 35.22 weeks (p<.05, 

corrected for multiple comparisons). This partially corresponds to the cut-off between 

moderate-to-late PTB and TB when using the categories for gestational age. As depicted 

in Figure 2, the difference in the slopes for children with higher versus lower gestational 

age shows that gestational age moderated the relation between WPPSI-IV Information 

scores and children’s performance on WOC ≥ 5. The positive relation between verbal skill 

and children’s WOC ≥ 5 score was stronger for children with higher gestational ages. In 

Figure 2, relations are examined at three different levels of gestational age for visualization 

purposes only (1 standard deviation above the mean, mean, and 1 standard deviation below 

the mean). In other words, the higher the gestational age, the stronger the positive relation 

between verbal skills and children’s WOC ≥ 5. Importantly, when a corresponding Johnson-

Neyman analysis was conducted for WPPSI-IV Matrix Reasoning, a gestational age above 

21 weeks was found to be related to WOC ≥ 5 (p<.05, corrected for multiple comparisons), 
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suggesting that non-verbal skills are associated with WOC ≥ 5 across the gestational age 

spectrum.

Strategy analyses: Relation of strategy to preterm birth

Last, we asked whether the strategy children used varied as a function of gestational age. To 

address this question, we first examined the role of gestational age on children’s strategies 

during the WOC task (retrieval, counting, counting and finger use, and finger use only). 

Specifically, the percent of items children used a given strategy was calculated. Overall, the 

most frequent strategy was retrieval (M = 0.612) followed by counting with fingers (M = 

0.280), counting (M = 0.062) and counting with fingers only (M = 0.042).

We ran a sequence of general linear models with gestational age as a continuous variable. In 

all models, we included parental education, child age, and format as covariates. Gestational 

age did not predict the frequency of counting strategy or counting with fingers strategy (p’s 

> 0.30). However, gestational age was a significant predictor of retrieval and finger counting 

only. For retrieval, there was a main effect of gestational age, B = 0.008, β = 0.165, SE = 

0.004, t(139) = 1.955, p = 0.053, 95% CI [−0.0001, 0.016]. The higher the gestational age, 

the higher the proportion of items children retrieved on the WOC task. In this model, age, 

B = 0.109, β = 0.251, SE = 0.036, t(139) = 3.046, p = 0.003, 95% CI [0.038, 0.180, and 

format, B = −0.086, β = −0.383, SE = 0.038, t(139) = −2.259, p = 0.025, 95% CI [−0.161, 

−0.011], also emerged as significant predictors. Older children and children who completed 

the study in the online format were more likely to retrieve.

Gestational age was also a negative predictor of finger counting only strategy, B = −0.004, 

β = −0.178, SE = 0.002, t(139) = −2.115, p = 0.036, 95% CI [−0.008, −0.001]. The lower 

the gestational age, the higher was the proportion of items on which children used finger 

counting only on the cardinality task. In this model, child age also emerged as a significant 

predictor, B = 0.078, β = 0.411, SE = 0.016, t(139) = 4.974, p < 0.001, 95% CI [0.047, 

0.109]. Older children were more likely to use finger counting only than younger children.

Overall Summary.

Gestational age-related discrepancies were most pronounced on the verbal measure (WPPSI-

IV Information) and the difficulty measure of cardinality (WOC ≥ 5 task). Verbal skills 

moderated the role of gestational age, with a stronger prediction of WOC ≥ 5 performance at 

higher gestational ages compared to lower ones. Finally, at higher gestational ages, retrieval 

strategies became more frequent, while the finger counting strategy was used less often.

Discussion

Our goal in this paper was to pinpoint the possible differential roles of verbal and non-verbal 

skills in the numerical performance of PTB versus TB children. We aimed to add to the 

existing literature by focusing on (1) the full spectrum of gestational age, (2) basic numerical 

skills during preschool years, and (3) examining the contribution of verbal and non-verbal 

skills to both between and within group variability.
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Numerical skills vary with gestational age.

First, gestational age was related to some basic numerical skills, but not others. PTB 

children performed lower than their TB peers on more challenging cardinality items, but 

not on easier cardinality items or on counting. The prior emphasis has been on very PTB 

children, and our results confirm prior findings in the literature on the possible numerical 

difficulties in very PTB children (Adrian et al., 2020). We added to these findings by 

showing that differences are present even at the beginning of formal schooling, especially 

on more challenging numerical tasks, but not simpler tasks such as counting or small set 

cardinality. Notably, although the emphasis has been on very PTB children, we identified 

delays across the full spectrum of gestational age. On this spectrum, moderate-to-late PTB 

children form the largest and fastest growing group among all PTB children (Loftin et al., 

2010). In our categorical analyses, moderate-to-late PTB children fell right in the middle 

of very PTB and TB children. Their performance was not significantly worse that of TB 

children, but they were also not significantly better than very PTB children. Overall, our 

results suggest that numerical difficulties are not limited to very PTB children, and it is 

important to identify early delays in children across the full spectrum of gestational age. 

This is consistent with other studies focusing on school performance (Chyi et al., 2008)

Why might children show specific difficulties on more difficult cardinality trials? Set size 

is considered to significantly influence the development of cardinality knowledge because 

small versus large sets are represented by two different systems (exact-number versus 

large-approximate number systems) (e.g., Carey, 2009). Children’s understanding of small 

sets or small number words can be built upon pre-existing nonverbal representations that 

are present even during infancy. Wynn (1990, 1992) argued that performance on items 

smaller than 4 might not reflect a true understanding of cardinality, but instead might be 

related to perceptual subitizing systems. However, set sizes of 4 or greater have a more 

extended developmental trajectory. Thus, differences between PTB and TB children might 

have been most apparent on more challenging numerical tasks that truly tap into cardinality 

understanding. Further, in the current study, we focused on the period before school 

entrance. The variability in children’s performance on these tasks was restricted, most 

children performed at ceiling on the counting and simple cardinality tasks. It is possible that 

group differences would have been more apparent in earlier years when children are first 

acquiring smaller numbers—especially with respect to the counting task. This is a possible 

limitation of the current study and highlights the need for more sensitive counting measures 

in future work.

Gestational age moderates the relation between verbal and numerical skills.

Second, we examined whether gestational age moderated the association of verbal skills 

to basic numerical skills, specifically cardinality. We first showed that both verbal and non-

verbal skills predict children’s numerical performance, consistent with the prior literature on 

the relations of verbal and non-verbal skills to verbal number skills in TB children (Johnson 

et al., 2011b; Simms, Cragg, et al., 2013; Simms et al., 2015; Simms, Gilmore, et al., 

2013). Several researchers similarly suggest that various verbal skills, such as vocabulary 

skills and syntactic-semantic bootstrapping, could support number word learning (Negen 

& Sarnecka, 2012). Our results are also consistent with the literature suggesting that the 
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difficulties PTB children have might be due to domain-general factors, as opposed to 

difficulties in specific numerical representations (Simms, Cragg, et al., 2013a). For example, 

difficulties in PTB children experience are not fully explained by general neurocognitive 

delays, such as IQ (Simms et al., 2015; Taylor et al., 2009) and in adults (Aarnoudse-Moens 

et al., 2009; Twilhaar et al., 2018). Further, although both school-aged PTB children and 

children with dyscalculia experience mathematical difficulties, PTB children’s difficulties 

differ from those of children with dyscalculia who show imprecise numerical representations 

(Simms et al., 2015). Brain structures associated with mathematical performance do overlap 

in PTB children and children with dyscalculia, particularly in parietal regions, but there 

are also differences where prematurity-related associations are observed in frontal, parietal 

and temporal regions (Starke et al., 2013). Taken together, we extend prior findings in 

the literature by showing that the role of verbal and non-verbal skills is present in early 

preschool years for basic numerical tasks as well as for the full spectrum of gestational age.

We also showed that the role of verbal and non-verbal skills varies as a function of 

gestational age in explaining the within group variability in numerical performance. While 

both verbal and non-verbal skills were predictive of performance on difficult cardinality 

items, gestational age moderated the relation of verbal skills to numerical performance. That 

is, verbal skills predicted performance on difficult cardinality items to a greater extent at 

higher gestational ages compared to lower gestational ages—verbal skills played a more 

important role in predicting the variability in numerical skills of children with higher 

gestational ages. Why did we observe that verbal skills play a greater role for TB children 

in predicting cardinality performance, whereas we did not observe group differences for the 

role of non-verbal skills in predicting numerical skills across gestational age? PTB children 

in this sample performed lower than their peers in terms of their verbal performance, but not 

non-verbal performance. A growing body of literature highlights early emerging, specific, 

and persistent verbal difficulties in PTB children (Barre et al., 2011; Putnick et al., 2017). 

On the other hand, evidence on the effect of preterm birth on non-verbal skills is mixed; 

some report differences among PTB children, especially very PTB children (Simms et al., 

2015; Taylor et al., 2009), whereas others do not (Clingan-Siverly et al., 2021). Yet, others 

observe differences on certain non-verbal tasks but not others (Adrian et al., 2020). Taken 

together, we argue that PTB children might rely on their relatively weaker verbal abilities 

to a lower extent in approaching basic numerical tasks than their TB peers—especially 

for symbolic numerical tasks. In contrast, TB children who have stronger verbal skills 

compared to PTB children might rely on their verbal skills to a greater extent than their 

PTB peers. This argument was supported by the differences we observed in the strategies 

children used. Retrieval strategies that heavily rely on verbal systems were more frequent at 

higher gestational ages, whereas using fingers only, which can be considered as a non-verbal 

strategy was more frequent at lower gestational ages. Overall, differential reliance on verbal 

versus non-verbal skills could be considered as adaptations children bring into numerical 

learning contexts as a function of their broader characteristics.

Differential routes to cardinality have been observed in another atypical population. For 

example, Ansari et al. (2003) examined number development in children with Williams 

syndrome, who present a profile opposite to the one observed for PTB children in the 

current paper. Williams Syndrome (WS) is characterized by relative strength in verbal skills 
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coupled with significant difficulties in numerical cognition. Interestingly, in this group of 

children, variance in cardinality understanding was associated with verbal skill, whereas in 

normal comparison non-verbal skills predicted the variance. The result for the typically 

developing group is seemingly inconsistent with the other we present here. However, 

neurotypical controls in this study were 3.5 years old, and non-verbal skills might play a 

greater role during these initial stages of learning (Brannon & Van de Walle, 2000; Uttel & 

Cohen, 2012). What is consistent for both groups of children with atypical developmental 

trajectories is that both groups leveraged their relatively stronger skill, greater reliance on 

stronger verbal for WS and lower reliance on weaker verbal for PTB children and perhaps 

greater use of non-verbal strategies, when acquiring numbers. Taken together, a focus 

on atypical populations reveals that there might be multiple possible routes to numerical 

development that vary depending on children’s characteristics.

Although the differential patterns could be considered as adaptations, PTB children did 

perform lower than their peers in their difficult cardinality items. Thus, the differential 

reliance on verbal versus non-verbal systems for basic numerical tasks was associated 

with different behavioral performance. Some argue that non-verbal skills might be more 

important when individuals first acquire a skill and they become less integral once 

individuals master this new content (Uttal & Cohen, 2012). According to this developmental 

cycling approach, non-verbal skills might be more predictive of numerical skills when skills 

are newly introduced or still challenging (Mix et al., 2016). Thus, we might have observed 

non-verbal skills explaining preterm birth-related discrepancies in numerical development 

because PTB children are overall delayed in their numerical performance. This is broadly 

consistent with the symbolic estrangement hypothesis as well (Lyons et al., 2012a). 

According to symbolic estrangement, initially symbolic numbers, that are human inventions, 

might be more tightly linked to their associated nonsymbolic representations, which are 

processed even in nonverbal infants (Hyde et al., 2010; Xu et al., 2007). For example, 

children who are less proficient in numerical processing might be more reliant on this 

mapping between two formats. Over time, with increased proficiency and increased practice 

with symbolic numbers at home or in various educational settings, symbolic numbers might 

become estranged from nonsymbolic representations where children might become less 

reliant on the mapping between two representation formats (Lyons et al., 2012b). Here, we 

only focused on symbolic number processing, but the fact that symbolic number processing 

was more strongly tied to verbal performance in TB children compared to PTB children 

is overall consistent with this view. Thus, differential reliance on verbal versus non-verbal 

systems might be due to performance differences as well. Taken together, when considered 

at a single point in time, PTB children and their TB peers might perform differently at a 

given task, it is important to examine longitudinal patterns. Longitudinal studies examining 

changing relations of verbal and non-verbal skills to numerical development are needed 

to examine whether the differential roles of verbal and non-verbal skills in PTB children 

indicate adaptations or delays.

We also argue that our pattern of results is consistent with the Pathways Model (Lefevre et 

al., 2010) where verbal skills are considered to strongly predict children’s performance 

on measures that involve knowledge of symbolic number systems. Our results could 

be explained using a verbal cascades model (Demir-Lira, in preparation). According to 
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this model, the development of early verbal skills might have downstream, cascading 

effects on children’s symbolic numerical development, especially in children with different 

environmental and biological risk factors. Over time, as children become more familiar with 

symbolic numbers, for children with stronger verbal skills, symbolic number might become 

more tightly linked to verbal representations. It is possible that children who have stronger 

verbal skills have an easier time switching to representing symbolic numbers devoid of 

their nonverbal representations. Consistent with this view, for example, preschoolers from 

disadvantaged socioeconomic status (SES) backgrounds perform at a level that is similar 

to their peers when experimenters provide non-verbal support to solve simple arithmetic 

problems but lag behind when presented with verbal information only (Jordan et al., 1994). 

This could partially be due to the stronger verbal skills that are especially associated with 

SES, with differences emerging as early as the second year of life, at least in the US (Fernald 

et al., 2013; Noble et al., 2015). Although this is a hypothesis that remains to be tested, 

our results are consistent with this interpretation. Overall, our findings suggest that the 

far-reaching relations between preterm birth and numerical outcomes, or any other cognitive 

outcome, might be due to other intermediary processes that affect the unfolding of numerical 

cognition.

Gestational age-related differences might be rooted in children’s experiences in preschool 

or in the home. The home numeracy environment is a modifiable contributor to children's 

numerical development, but its role for PTB children remains unexplored (Mutaf-Yıldız 

et al., 2020). Early variability in children’s numerical skills prior to formal schooling 

suggests possible influences from the home numeracy environment or from the preschool 

environment. In PTB children, prior research shows that parental socioeconomic status 

(SES) strongly predicts academic outcomes, even more so than biological factors such as 

obstetrical risk, and moderates the relation between prematurity and academic outcomes 

(Beauregard et al., 2018). In our study as well, parental education, a widely used correlate 

of SES, predicted variability in verbal skills for all children. A recent systematic review 

suggested that preterm-born children’s verbal skills are indeed tied to a wide range of 

qualitative and quantitative features of parental stimulation at home (Nelson & Demir-Lira, 

2023). Some argue that environment might play an even stronger role for PTB children 

(Belsky et al., 2007; Gueron-sela et al., 2015). To our knowledge, nothing is known 

about the role of specific home numeracy environment, numerical activities, talk about 

numbers, or preschool experiences for PTB children. It is possible that term children had 

richer experiences around numbers or more broadly richer input, specifically number talk, 

compared to PTB children, which in turn has cascading effects on their numerical skill. 

Future work should explore the relations of these experiences to children’s early academic 

development across the full spectrum of gestational age. In the current project, we did 

not assess children’s pre-reading skills which would have enabled us to test comorbidity 

between reading and numerical difficulties (Fletcher, 2005). Future studies should explore 

whether delays in numerical skills are specific or similar patterns are also observed for 

pre-reading skills. Given that we found that PTB children performed lower in their verbal 

skills and given the strong relations of verbal skills to pre-reading, one could expect delays 

in pre-reading as well.
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Limitations.

Our study had certain limitations. While our sample was variable in education, income, 

and rurality, overall, the majority sample belonged to a higher SES group. Preterm birth is 

more prevalent among families from lower SES backgrounds; for instance, rates of preterm 

birth are linked to familial income levels (Blumenshine et al., 2011; Kramer et al., 2000; 

Parker et al., 1994). This highlights the importance of examining this topic in a more 

socioeconomically diverse sample. Second, we used single measures of verbal and non-

verbal processing. Given the purposes of our study, we chose a spatial task measuring spatial 

visualization that has been shown to be among the most strongly related to mathematical 

skills (Mix et al., 2016). Spatial reasoning visualization is especially important for younger 

children, whereas other types of non-verbal skills, such as perspective-taking emerge as 

a strong predictor in later years of schooling (Hawes et al., 2019; Mix et al., 2016). We 

administered the WPPSI-IV Matrix Reasoning as our nonverbal measure. This subtest is 

broadly construed more specifically as a nonverbal reasoning measure, but it also involves 

spatial reasoning. Nonverbal reasoning, as measured by matrix reasoning and other measures 

of spatial skill substantially overlap (Colom et al., 2002; Lohman, 2000). When nonverbal 

reasoning, spatial and verbal skills are included in the same model, nonverbal skills predict 

later outcomes to predict children's later mathematics outcomes over and above others 

(Green et al., 2017). Our verbal measure was the WPPSI-IV Information subtest, which is a 

composite measure. It is broadly construed as one component of verbal IQ, one that is likely 

particularly influenced by environmental exposure. Composite measures of verbal skill are 

indeed particularly strong predictors of children’s numerical skills (compared to specific 

skills, such as phonological processing), after controlling for other domain general factors, 

such as working memory or executive function (Peng et al., 2020). Although our results 

provide evidence for the differential contribution of verbal skills to numerical cognition, 

future work should examine multiple measures of verbal and non-verbal skills. Future work 

should separate nonverbal reasoning form more canonical measures of spatial ability as 

well as unpack verbal ability to its components (i.e. verbal reasoning, vocabulary, relational 

language), to see if differential relations are also observed for a broader set of measures.

Though our data suggests differential relations, we cannot establish causality from verbal 

and non-verbal tasks to numerical processing. The cross-sectional data we provide here 

should form the basis of future research such as longitudinal designs or intervention studies 

to test the causal role of verbal and non-verbal skills. Finally, our inclusion/exclusion criteria 

precluded children who had certain risk factors; thus, we included a relatively homogenous 

PTB sample. Medical risk factors, such as hospital length or neonatal morbidities, are 

predictive of child outcomes (Johnson et al., 2011a; Twilhaar et al., 2018), and thus our 

results should be replicated with a sample with more variable medical risk profiles. Further, 

studying these aspects of children’s lives in a higher SES and less medically homogenous 

sample may have allowed us to examine these complex relations with less influence from 

some notable confounds (e.g., nutritional differences, sleep, extreme motor difficulties).

Taken together, to our knowledge, this was the first study to examine the sources of 

individual variability in children’s numerical profiles across the full spectrum of gestational 

age before entrance to formal schooling. We showed that PTB preschoolers are at a 
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risk of falling behind on certain numerical tasks, but not others. We also highlighted 

the differential contributions of verbal and non-verbal skills to children’s numerical 

performance in PTB versus TB children. Moving beyond group differences, the focus 

on understanding individuals and their unique cascading developmental pathways might 

enhance our understanding of risk and protective factors that predict the variability observed 

in PTB children.

Acknowledgments:

We would like to thank DEN Lab research assistants for their help in data collection and Alin Çetindağ for 
their help in coding. The authors would like to thank the families who participated in our study and research 
assistants who helped with data collection. This research was supported by NICHD R03HD102449 and the 
Centers for Disease Control and Prevention of the U.S. Department of Health and Human Services (HHS) as 
part of a Cooperative Agreement Number (U48 DP006389). Tilbe Göksun is supported by a James S. McDonnell 
Foundation Human Cognition Scholar Award (Grant no: https://doi.org/10.37717/220020510).

References

Aarnoudse-Moens CSH, Weisglas-Kuperus N, Van Goudoever JB, & Oosterlaan J (2009). Meta-
analysis of neurobehavioral outcomes in very preterm and/or very low birth weight children. 
Pediatrics, 124(2), 717–728. [PubMed: 19651588] 

Adrian JA, Bakeman R, Akshoomoff N, & Haist F (2020a). Cognitive functions mediate the effect 
of preterm birth on mathematics skills in young children. Child Neuropsychology, 26(6), 834–856. 
10.1080/09297049.2020.1761313 [PubMed: 32396760] 

Ansari D, Donlan C, Thomas MSC, Ewing SA, Peen T, & Karmiloff-Smith A (2003). What makes 
counting count? Verbal and visuo-spatial contributions to typical and atypical number development. 
Journal of Experimental Child Psychology, 85(1), 50–62. 10.1016/S0022-0965(03)00026-2 
[PubMed: 12742762] 

Ansari D, & Karmiloff-Smith A (2002). Atypical trajectories of number development: 
a neuroconstructivist perspective. Trends in Cognitive Sciences, 6(12), 511–516. http://
www.ncbi.nlm.nih.gov/pubmed/12475711 [PubMed: 12475711] 

Baldo JV, & Dronkers NF (2007). Neural correlates of arithmetic and language comprehension: a 
common substrate?. Neuropsychologia, 45(2), 229–235. 10.1016/j.neuropsychologia.2006.07.014 
[PubMed: 16997333] 

Barre N, Morgan A, Doyle LW, & Anderson PJ (2011). Language abilities in children who were 
very preterm and/or very low birth weight: A meta-analysis. Journal of Pediatrics, 158(5). 10.1016/
j.jpeds.2010.10.032

Basten M, Jaekel J, Johnson S, Gilmore C, & Wolke D (2015). Preterm Birth and Adult Wealth: 
Mathematics Skills Count. Psychological Science, 26(10), 1608–1619. 10.1177/0956797615596230 
[PubMed: 26324513] 

Beauregard JL, Drews-Botsch C, Sales JM, Flanders WD, & Kramer MR (2018). Does socioeconomic 
status modify the association between preterm birth and children’s early cognitive ability and 
kindergarten academic achievement in the United States? American Journal of Epidemiology, 
187(8), 1704–1713. 10.1093/aje/kwy068 [PubMed: 29757345] 

Belsky J, Bakermans-Kranenburg MJ, & van IJzendoorn M (2007). For Better and For Worse 
Differential Susceptibility to Environmental Influences. Current Directions in Psychological 
Science, 16(6), 300–304.

Blumenshine PM, Egerter SA, Libet ML, & Braveman PA (2011). Father’s education: An independent 
marker of risk for preterm birth. Maternal and Child Health Journal, 15(1), 60–67. 10.1007/
s10995-009-0559-x [PubMed: 20082129] 

Brannon EM, & Van de Walle GA (2001). The development of ordinal numerical competence in young 
children. Cognitive Psychology, 43(1), 53–81 [PubMed: 11487294] 

Carey S. (2009). Where Our Number Concepts Come From. The Journal of Philosophy, 106(4), 220–
254. 10.5840/jphil2009106418 [PubMed: 23136450] 

Farmer et al. Page 18

J Exp Child Psychol. Author manuscript; available in PMC 2026 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/12475711
http://www.ncbi.nlm.nih.gov/pubmed/12475711


Cheng YL, & Mix KS (2014). Spatial Training Improves Children’s Mathematics Ability. Journal of 
Cognition and Development, 15(1), 2–11. 10.1080/15248372.2012.725186

Chan E, Leong P, Malouf R, & Quigley MA (2016). Long-term cognitive and school outcomes of 
late-preterm and early-term births: a systematic review. Child: Care, Health and Development, 
42(3), 297–312. [PubMed: 26860873] 

Chyi LJ, Lee HC, Hintz SR, Gould JB, & Sutcliffe TL (2008). School Outcomes of Late Preterm 
Infants: Special Needs and Challenges for Infants Born at 32 to 36 Weeks Gestation. Journal of 
Pediatrics, 153(1), 25–31. 10.1016/j.jpeds.2008.01.027 [PubMed: 18571530] 

Clayton S, Simms V, Cragg L, Gilmore C, Marlow N, Spong R, & Johnson S (2022). Etiology of 
persistent mathematics difficulties from childhood to adolescence following very preterm birth. 
Child Neuropsychology, 28(1), 82–98. [PubMed: 34472423] 

Clingan-Siverly S, Nelson PM, Göksun T, & Demir-Lira E (2021). Spatial Thinking in Term 
and Preterm-Born Preschoolers: Relations to Parent-Child Speech and Gesture. Frontiers in 
Psychology, 12, 1–15. 10.3389/fpsyg.2021.651678

Colom R, Contreras MJ, Botella J, & Santacreu J (2002). Vehicles of spatial ability. Personality and 
Individual Differences, 32(5), 903–912. 10.1016/S0191-8869(01)00095-2

Dehaene S, & Cohen L (1995). Towards an Anatomical and Functional Model of Number Processing. 
Mathematical Cognition, 1, 83–120.

Dehaene S, & Cohen L (1997). Cerebral Pathways for Calculation: Double Dissociation between Rote 
Verbal and Quantiative Knowledge of Arithmetic. Cortex, 33, 219–250. [PubMed: 9220256] 

Demir-Lira OE (in preparation). Verbal cascades: The role of verbal skills in children’s numerical 
development.

Duncan GJ, Dowsett CJ, Claessens A, Magnuson K, Huston AC, Klebanov P, Pagani LS, Feinstein 
L, Engel M, Brooks-Gunn J, Sexton H, Duckworth K, & Japel C (2007). School readiness and 
later achievement. Developmental Psychology, 43(6), 1428–1446. 10.1037/0012-1649.43.6.1428 
[PubMed: 18020822] 

Feigenson L, Libertus ME, & Halberda J (2013). Links Between the Intuitive Sense of Number and 
Formal Mathematics Ability. Child Development Perspectives, 23(1), 1–7. 10.1038/jid.2014.371

Fernald A, Marchman VA, & Weisleder A (2013). SES differences in language processing skill and 
vocabulary are evident at 18 months. Developmental Science, 16(2), 234–248. 10.1111/desc.12019 
[PubMed: 23432833] 

Fletcher JM (2005). Predicting Math Outcomes: Reading Predictors and Comorbidity. Journal of 
Learning Disabilities, 38(4), 308–312. 10.1177/00222194050380040501 [PubMed: 16122061] 

Gallistel CR, & Gelman R (1990). The what and how of counting. Cognition, 34(2), 197–199. 
10.1016/0010-0277(90)90043-j [PubMed: 2311356] 

Geary DC, vanMarle K, Chu FW, Rouder J, Hoard MK, & Nugent L (2018). Early Conceptual 
Understanding of Cardinality Predicts Superior School-Entry Number-System Knowledge. 
Psychological Science, 29(2), 191–205. 10.1177/0956797617729817 [PubMed: 29185879] 

Gelman R. (1993). A Rational-Constructivist Account of Early Learning About Numbers and Objects. 
Psychology of Learning and Motivation, 30, 61–96.

Green CT, Bunge SA, Chiongbian VB, Barrow M, & Ferrer E (2017). Fluid reasoning predicts 
future mathematical performance among children and adolescents. Journal of experimental child 
psychology, 157, 125–143. [PubMed: 28152390] 

Guarini A, Sansavini A, Fabbri M, Alessandroni R, Faldella G, & Karmiloff-Smith A (2014). Basic 
numerical processes in very preterm children: A critical transition from preschool to school 
age. Early Human Development, 90(3), 103–111. 10.1016/j.earlhumdev.2013.11.003 [PubMed: 
24331582] 

Gueron-sela N, Atzaba-poria N, Meiri G, & Marks K (2015). The Caregiving Environment and 
Developmental Outcomes of Preterm Infants : Diathesis Stress or Differential Susceptibility 
Effects ? 86(4), 1014–1030. 10.1111/cdev.12359 [PubMed: 25875941] 

Gunderson EA, Ramirez G, Beilock SL, & Levine SC (2012). The relation between spatial skill and 
early number knowledge: The role of the linear number line. Developmental Psychology, 48(5), 
1229–1241. 10.1037/a0027433 [PubMed: 22390659] 

Farmer et al. Page 19

J Exp Child Psychol. Author manuscript; available in PMC 2026 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hasler HM, & Akshoomoff N (2017). Mathematics ability and related skills in preschoolers born very 
preterm. Child Neuropsychology, 25(2), 162–178. 10.1080/09297049.2017.1412413 [PubMed: 
29233080] 

Hawes Z, Moss J, Caswell B, Seo J, & Ansari D (2019). Relations between numerical, spatial, and 
executive function skills and mathematics achievement: A latent-variable approach. Cognitive 
Psychology, 109, 68–90. 10.1016/j.cogpsych.2018.12.002 [PubMed: 30616227] 

Hegarty M, & Kozhevnikov M (1999). Types of Visual-Spatial Representations and Mathematical 
Problem Solving. In Journal of Educational Psychology (Vol. 91, Issue 4).

Hooper SR, Roberts J, Sideris J, Burchinal M, & Zeisel S (2010). Longitudinal predictors of reading 
and math trajectories through middle school for African American versus Caucasian students 
across two samples. Developmental psychology, 46(5), 1018–1029. 10.1037/a0018877 [PubMed: 
20822220] 

Hyde DC, Boas D. a, Blair C, & Carey S (2010). Near-infrared spectroscopy shows right 
parietal specialization for number in pre-verbal infants. NeuroImage, 53(2), 647–652. 10.1016/
j.neuroimage.2010.06.030 [PubMed: 20561591] 

Johnson S, Wolke D, Hennessy E, & Marlow N (2011a). Educational outcomes in extremely 
preterm children: Neuropsychological correlates and predictors of attainment. Developmental 
Neuropsychology, 36(1), 74–95. 10.1080/87565641.2011.540541 [PubMed: 21253992] 

Johnson S, Wolke D, Hennessy E, & Marlow N (2011b). Educational outcomes in extremely 
preterm children: Neuropsychological correlates and predictors of attainment. Developmental 
Neuropsychology, 36(1), 74–95. 10.1080/87565641.2011.540541 [PubMed: 21253992] 

Jordan NC, Huttenlocher J, & Levine SC (1994). Assessing early arithmetic abilities: Effects of verbal 
and nonverbal response types on the calculation performance of middle- and low-income children. 
Learning and Individual Differences, 6(4), 413–432. 10.1016/1041-6080(94)90003-5

Jordan NC, & Levine SC (2009). Socioeconomic variation, number competence, and mathematics 
learning difficulties in young children. Developmental Disabilities Research Reviews, 15(1), 60–
68. 10.1002/ddrr.46 [PubMed: 19213011] 

Juel C. (1988). Learning to read and write: A longitudinal study of 54 children from first through 
fourth grades. Journal of Educational Psychology, 80(4), 437–447. 10.1037/0022-0663.80.4.437

Karmiloff-Smith A. (2009). Nativism versus neuroconstructivism: rethinking the study of 
developmental disorders. Developmental Psychology, 45(1), 56–63. 10.1037/a0014506 [PubMed: 
19209990] 

Klibanoff RS, Levine SC, Huttenlocher J, Vasilyeva M, & Hedges LV (2006). Preschool children’s 
mathematical knowledge: The effect of teacher ‘math talk’. Developmental Psychology, 42(1), 
59–69. 10.1037/0012-1649.42.1.59 [PubMed: 16420118] 

Koponen T, Salmi P, Eklund K, & Aro T (2013). Counting and RAN: Predictors of arithmetic 
calculation and reading fluency. Journal of Educational Psychology, 105(1), 162–175. 10.1037/
a0029285

Krajewski K, & Schneider W (2009). Exploring the impact of phonological awareness, visual-spatial 
working memory, and preschool quantity-number competencies on mathematics achievement 
in elementary school: findings from a 3-year longitudinal study. Journal of experimental child 
psychology, 103(4), 516–531. 10.1016/j.jecp.2009.03.009 [PubMed: 19427646] 

Laski EV, Casey BM, Yu Q, Dulaney A, Heyman M, & Dearing E (2013). Spatial skills as a predictor 
of first grade girls’ use of higher level arithmetic strategies. Learning and Individual Differences, 
23, 123–130. 10.1016/j.lindif.2012.08.001

Le Corre M, & Carey S (2007). One, two, three, four, nothing more: an investigation of the 
conceptual sources of the verbal counting principles. Cognition, 105(2), 395–438. 10.1016/
j.cognition.2006.10.005 [PubMed: 17208214] 

Le Corre M, Van de Walle G, Brannon EM, & Carey S (2006). Re-visiting the competence/
performance debate in the acquisition of the counting principles. Cognitive psychology, 52(2), 
130–169. 10.1016/j.cogpsych.2005.07.002 [PubMed: 16364281] 

Lefevre JA, Fast L, Skwarchuk SL, Smith-Chant BL, Bisanz J, Kamawar D, & Penner-Wilger M 
(2010a). Pathways to Mathematics: Longitudinal Predictors of Performance. Child Development, 
81(6), 1753–1767. 10.1111/j.1467-8624.2010.01508.x [PubMed: 21077862] 

Farmer et al. Page 20

J Exp Child Psychol. Author manuscript; available in PMC 2026 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lefevre JA, Fast L, Skwarchuk SL, Smith-Chant BL, Bisanz J, Kamawar D, & Penner-Wilger M 
(2010b). Pathways to Mathematics: Longitudinal Predictors of Performance. Child Development, 
81(6), 1753–1767. 10.1111/j.1467-8624.2010.01508.x [PubMed: 21077862] 

Levine SC, Suriyakham LW, Rowe ML, Huttenlocher J, & Gunderson E. a. (2010). What counts 
in the development of young children’s number knowledge? Developmental Psychology, 46(5), 
1309–1319. 10.1037/a0019671 [PubMed: 20822240] 

Lipkind HS, Slopen ME, Pfeiffer MR, & McVeigh KH (2012). School-age outcomes of late preterm 
infants in New York City. American Journal of Obstetrics and Gynecology, 206(3), 222.e1–222.e6. 
10.1016/j.ajog.2012.01.007

Loftin RW, Habli M, Snyder CC, Cormier CM, Lewis DF, & DeFranco EA (2010). Late Preterm 
Birth. Reviews in Obstetrics and Gynecology, 3(1), 10. 10.1097/aog.0b013e31816499f4 [PubMed: 
20508778] 

Lohman DF (2000). Complex information processing and intelligence. In Sternberg RJ 
(Ed.), Handbook of intelligence (pp. 285–340). Cambridge University Press. 10.1017/
CBO9780511807947.015

Lyons IM, Ansari D, & Beilock SL (2012a). Symbolic estrangement: Evidence against a strong 
association between numerical symbols and the quantities they represent. Journal of Experimental 
Psychology: General, 141(4), 635–641. 10.1037/a0027248 [PubMed: 22329752] 

Lyons IM, Ansari D, & Beilock SL (2012b). Symbolic estrangement: Evidence against a strong 
association between numerical symbols and the quantities they represent. Journal of Experimental 
Psychology: General, 141(4), 635–641. 10.1037/a0027248 [PubMed: 22329752] 

Martin Joyce A. et al. (2021). Births: Final Data for 2019. 70(2).

Martin JA, Osterman MJK. (2024) Shifts in the Distribution of Births by Gestational Age: United 
States, 2014-2022. National Vital Statistics Reports : From the Centers for Disease Control 
and Prevention, National Center for Health Statistics, National Vital Statistics System. 2024 
Jan;73(1):1–11.

McClelland MM, Acock AC, & Morrison FJ (2006). The impact of kindergarten learning-related skills 
on academic trajectories at the end of elementary school. Early Childhood Research Quarterly, 21, 
471–490.

Merkley R, & Ansari D (2016). Why numerical symbols count in the development of mathematical 
skills: Evidence from brain and behavior. Current Opinion in Behavioral Sciences, 10, 14–20.

Mix KS, Levine SC, Cheng YL, Young C, Hambrick DZ, Ping R, & Konstantopoulos S (2016). 
Separate but correlated: The latent structure of space and mathematics across development. 
Journal of Experimental Psychology: General, 145(9), 1206–1227. 10.1037/xge0000182 [PubMed: 
27560854] 

Mutaf-Yildiz B, Sasanguie D, De Smedt B, & Reynvoet B (2020). Probing the Relationship 
Between Home Numeracy and Children’s Mathematical Skills: A Systematic Review. Frontiers 
in Psychology, 11. 10.3389/fpsyg.2020.02074

Negen J, & Samecka BW (2012). Number-Concept Acquisition and General Vocabulary Development. 
Child Development, 83(6), 2019–2027. 10.1111/J.1467-8624.2012.01815.X [PubMed: 22803603] 

Nelson PM, & Demir-Lira E (2023). Parental cognitive stimulation in preterm-born children’s 
neurocognitive functioning during the preschool years: a systematic review. Pediatric Research, 
1–13. 10.1038/s41390-023-02642-x

Newcombe NS, Booth JL, & Gunderson EA (2019). Spatial skills, reasoning, and mathematics. In The 
Cambridge Handbook of Cognition and Education (pp. 100–123).

Noble KG, Engelhardt LE, Brito NH, Mack LJ, Nail EJ, Angal J, Barr R, Fifer WP, & Elliott AJ 
(2015). Socioeconomic disparities in neurocognitive development in the first two years of life. 
Developmental Psychobiology, 57(5), 535–551. 10.1002/dev.21303 [PubMed: 25828052] 

Nguyen T, Watts TW, Duncan GJ, Clements DH, Sarama JS, Wolfe C, & Spitler ME (2016). Which 
Preschool Mathematics Competencies Are Most Predictive of Fifth Grade Achievement?. Early 
childhood research quarterly, 36, 550–560. 10.1016/j.ecresq.2016.02.003 [PubMed: 27057084] 

Oakes Lisa M., and Rakison David H.. (2019). Developmental Cascades: Building the Infant Mind. 
10.1093/oso/9780195391893.001.0001

Farmer et al. Page 21

J Exp Child Psychol. Author manuscript; available in PMC 2026 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Parker JD, Schoendorf KC, & Kiely JL (1994). Associations between Measures of Socioeconomic 
Status and Low Birth Weight, Small for Gestational Age, and Premature Delivery in the United 
States. Annals of Epidemiology, 4.

Peng P, Lin X, Ünal ZE, Lee K, Namkung J, Chow J, & Sales A (2020a). Examining the mutual 
relations between language and mathematics: A meta-analysis. Psychological Bulletin, 146(7), 
595–634. 10.1037/bul0000231 [PubMed: 32297751] 

Peng P, Lin X, Ünal ZE, Lee K, Namkung J, Chow J, & Sales A (2020b). Examining the mutual 
relations between language and mathematics: A meta-analysis. Psychological Bulletin, 146(7), 
595–634. 10.1037/bul0000231 [PubMed: 32297751] 

Purpura DJ, & Ganley CM (2014). Working memory and language: skill-specific or domain-general 
relations to mathematics?. Journal of Experimental Child Psychology, 122, 104–121. 10.1016/
j.jecp.2013.12.009 [PubMed: 24549230] 

Purpura DJ, Hume LE, Sims DM, & Lonigan CJ (2011). Early literacy and early numeracy: the 
value of including early literacy skills in the prediction of numeracy development. Journal 
of Experimental Child Psychology, 110(4), 647–658. 10.1016/j.jecp.2011.07.004 [PubMed: 
21831396] 

Purpura DJ, & Reid EE (2016). Mathematics and language: Individual and group differences in 
mathematical language skills in young children. Early Childhood Research Quarterly, 36, 259–
268. 10.1016/j.ecresq.2015.12.020

Putnick DL, Bornstein MH, Eryigit-Madzwamuse S, & Wolke D (2017). Long-Term Stability of 
Language Performance in Very Preterm, Moderate-Late Preterm, and Term Children. Journal of 
Pediatrics, 181, 74–79.e3. 10.1016/j.jpeds.2016.09.006 [PubMed: 27745750] 

Quigley MA, Poulsen G, Boyle E, Wolke D, Field D, Alfirevic Z, & Kurinczuk JJ (2012). Early 
term and late preterm birth are associated with poorer school performance at age 5 years: A 
cohort study. Archives of Disease in Childhood: Fetal and Neonatal Edition, 97(3). 10.1136/
archdischild-2011-300888

Ritchie SJ, & Bates TC (2013). Enduring Links From Childhood Mathematics and Reading 
Achievement to Adult Socioeconomic Status. Psychological Science, 24(7), 1301–1308. 
10.1177/0956797612466268 [PubMed: 23640065] 

Ryoo JH, Molfese VJ, Brown ET, Karp KS, Welch GW, & Bovaird JA (2015). Examining factor 
structures on the Test of Early Mathematics Ability—3: A longitudinal approach. Learning and 
Individual Differences, 41, 21–29.

Sarnecka BW, & Carey S (2008). How counting represents number: What children must learn 
and when they learn it. Cognition, 108(3), 662–674. 10.1016/j.cognition.2008.05.007 [PubMed: 
18572155] 

Sarnecka BW, & Lee MD (2009). Levels of number knowledge during early childhood. Journal 
of Experimental Child Psychology, 103(3), 325–337. 10.1016/j.jecp.2009.02.007 [PubMed: 
19345956] 

Simms V, Cragg L, Gilmore C, Marlow N, & Johnson S (2013). Mathematics difficulties in children 
born very preterm: Current research and future directions. Archives of Disease in Childhood: Fetal 
and Neonatal Edition, 98(5). 10.1136/archdischild-2013-303777

Simms V, Gilmore C, Cragg L, Clayton S, Marlow N, & Johnson S (2015). Nature and origins 
of mathematics difficulties in very preterm children: A different etiology than developmental 
dyscalculia. Pediatric Research, 77(2), 389–395. 10.1038/pr.2014.184 [PubMed: 25406898] 

Simms V, Gilmore C, Cragg L, Marlow N, Wolke D, & Johnson S (2013). Mathematics difficulties 
in extremely preterm children: Evidence of a specific deficit in basic mathematics processing. 
Pediatric Research, 73(2), 236–244. 10.1038/pr.2012.157 [PubMed: 23165451] 

Starke M, Kiechl-Kohlendorfer U, Kucian K, Peglow UP, Kremser C, Schocke M, & Kaufmann 
L (2013). Brain structure, number magnitude processing, and math proficiency in 6-to 7-year-
old children born prematurely: a voxel-based morphometry study. Neuroreport, 24(8), 419–424. 
[PubMed: 23587788] 

Syeda MM, & Climie EA (2014). Test Review: Wechsler Preschool and Primary Scale 
of Intelligence–Fourth Edition. Journal of Psychoeducational Assessment, 32(3), 265–272. 
10.1177/0734282913508620

Farmer et al. Page 22

J Exp Child Psychol. Author manuscript; available in PMC 2026 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Taylor NM, Jakobson LS, Maurer D, & Lewis TL (2009). Differential vulnerability of global 
motion, global form, and biological motion processing in full-term and preterm children. 
Neuropsychologia, 47(13), 2766–2778. 10.1016/j.neuropsychologia.2009.06.001 [PubMed: 
19520094] 

Twilhaar ES, Wade RM, De Kieviet JF, Van Goudoever JB, Van Elburg RM, & Oosterlaan J (2018). 
Cognitive outcomes of children born extremely or very preterm since the 1990s and associated 
risk factors: A meta-analysis and meta-regression. JAMA Pediatrics, 172(4), 361–367. 10.1001/
jamapediatrics.2017.5323 [PubMed: 29459939] 

Uttal DH, & Cohen CA (2012). Spatial Thinking and STEM Education. When, Why, and How? In 
Psychology of Learning and Motivation - Advances in Research and Theory (Vol. 57, pp. 147–
181). 10.1016/B978-0-12-394293-7.00004-2

Verdine BN, Golinkoff RM, Hirsh-pasek K, Newcombe NS, Filipowicz AT, Chang A, & Emerson RW 
(2014). Deconstructing Building Blocks : Preschoolers ’ Spatial Assembly Performance Relates to 
Early Mathematical Skills. Child Development, 85(3), 1062–1076. 10.1111/cdev.12165 [PubMed: 
24112041] 

Wechsler D. (2012). Wechsler preschool and primary scale of intelligence—fourth edition. The 
Psychological Corporation San Antonio, TX.

Wynn K. (1990). Children's understanding of counting. Cognition, 36(2), 155–193. 
10.1016/0010-0277(90)90003-3 [PubMed: 2225756] 

Wynn K. (1992). Children's acquisition of the number words and the counting system. Cognitive 
Psychology, 24(2), 220–251. 10.1016/0010-0285(92)90008-P

Xu F, psychology, R. A.-B. J. of developmental, & 2007, undefined. (2007). Number discrimination in 
10-month-old infants. Wiley Online Library, 25(1), 103–108. 10.1348/026151005X90704

Farmer et al. Page 23

J Exp Child Psychol. Author manuscript; available in PMC 2026 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Gestational age is positively correlated with better verbal skill, but not 

nonverbal skill.

• Gestational age is positively correlated with performance on difficulty 

cardinality items.

• Verbal skills differentially relate to numerical skills across gestational age.

• Relations between verbal and numerical skills are stronger at higher 

gestational ages.

• Children with higher gestational age use retrieval strategy more frequently 

than peers with lower gestational age.
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Figure 2. 
Interaction effects between WPPSI Information and Matrix Reasoning scores and gestational 

age on the WOC ≥ 5. a. For visualization purposes only, the lines represent the simulated 

slopes for the relationship between WPPSI subtests and WOC ≥ 5 under different conditions 

of gestational age (solid for 1 standard deviation above the mean, dashed for the mean, and 

dotted for 1 standard deviation below the mean).
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Table 1.

Demographic Information for all Participants (N=197)

Variable
M (SD) or n (%)

Very PTB Moderate-to-Late PTB Term

Child Age (years) 4.79 (0.56) 4.82 (0.49) 5.05 (0.52)

Child Gender 

  Female 21 (52.5%) 25 (47.2%) 50 (48.1%)

Child Not Hispanic or Latino 38 (95%) 52 (98.1%) 97 (96%)

Child White 37 (92.5%) 50 (94.3%) 97 (95.1%)

Gestational Age 28.3 (3.03) 34.8 (1.06) 39.4 (1.24)

Household Income (USD) $132,125 ($120,559) $121,882 ($91,672) $126,756 ($84,629)

Parent Education 

  High school 4 (10%) 1 (1.9%) 4 (3.8%)

  Some college credit 8 (20.0%) 6 (11.3%) 6 (5.8%)

  Associate's Degree 4 (10%) 9 (17.0%) 7 (6.7%)

  Bachelor's Degree 13 (32.5%) 19 (35.8%) 35 (33.7%)

  Professional Degree 11 (27.5%) 18 (34.0%) 52 (50%)
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Table 2.

Descriptive Statistics for Verbal, Non-verbal and Numerical measures.

Variable

M (SD) 
Range

Very PTB Moderate-to-Late PTB TB

Verbal 

 WPPSI Information*

Raw 17.8 (4.48) 19.1 (3.40) 20.8 (2.59)

5-25 9-26 14-26

Scaled 9.42 (3.50) 10.4 (3.07) 11.8 (2.93)

1-18 2-17 4-22

Non-verbal

 WPPSI Matrix Reasoning

Raw 10.1 (4.98) 10.6 (5.56) 12.2 (5.94)

1-21 0-20 0-22

Scaled 9.58 (3.25) 9.67 (3.74) 110.4 (4.03)

3-16 1-16 0-17

Numerical 

 Counting 16.2 (5.14) 16.8 (4.89) 18 (3.66)

0 - 20 4 – 20 1 - 20

 WOC ≤ 4 0.98 (0.07) 0.98 (0.04) 0.98 (0.09)

0.75 – 1 0.88 - 1 0.25 - 1

 WOC ≥ 5* 0.67 (0.23) 0.78 (0.24) 0.81 (0.23)

0 - 1 0 - 1 0 - 1

Note. Measures where group differences were observed are marked with an asterisk.
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Table 3.

Moderation Analyses for Predictors of WOC ≥ 5.

Predictor Estimate Std. Error z p-value 95% CI Lower 95% CI Upper

Child age 0.082 0.038 2.177 0.030* 0.008 0.155

Parent education −0.002 0.015 −0.139 0.889 −0.032 0.028

Format 0.101 0.034 2.954 0.003* 0.034 0.168

Gestational age 0.027 0.018 1.506 0.132 −0.008 0.062

WPPSI-IV Information 0.057 0.02 2.83 0.005* 0.018 0.097

WPPSI-IV Matrix Reasoning 0.08 0.019 4.118 <0.001* 0.042 0.118

0.039 0.017 2.34 0.019* 0.006 0.071

WPPSI-IV Information

X Gestational Age

WPPSI-IV Matrix Reasoning X Gestational Age −0.027 0.02 −1.359 0.174 −0.066 0.012

Residual variance 0.045 0.005 9.566 0.000 0.036 0.054
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