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Etiology of persistent mathematics difficulties from childhood 
to adolescence following very preterm birth
Sarah Claytona, Victoria Simmsb, Lucy Cragg c, Camilla Gilmored, Neil Marlowe, 
Rebecca Sponga and Samantha Johnson a

aDepartment of Health Sciences, University of Leicester, George Davies Centre, University Road, Leicester, 
UK; bSchool of Psychology, Ulster University, Coleraine, UK; cSchool of Psychology, University of Nottingham, 
University Park, Nottingham, UK; dCentre for Mathematical Cognition, Loughborough University, 
Loughborough, UK; eResearch Department of Academic Neonatology, Institute for Women’s Health, 
University College London, London, UK

ABSTRACT
Children born very preterm (VP; <32 weeks’ gestation) have poorer 
mathematics achievement than term-born peers. This study aimed to 
determine whether VP children’s mathematics difficulties persist from 
primary to secondary school and to explore the nature of mathematics 
difficulties in adolescence. For this study, 127 VP and 95 term-born 
adolescents were assessed at age 11–15 years. Mathematics achieve-
ment was assessed using the Wechsler Individual Achievement Test-II. 
Specific mathematics skills and general cognitive skills were assessed 
using standardized and experimental tests. VP adolescents had poorer 
mathematics achievement than term-born adolescents (−10.95 points; 
95% CI −16.18, −5.73) and poorer number fact knowledge, under-
standing of arithmetic concepts, written arithmetic, counting, reading 
and writing large numbers, and algebra. Between-group differences in 
mathematics skills were no longer significant when working memory 
and visuospatial skills were controlled for (p’s >0.05), with the excep-
tion of writing large numbers and conceptual understanding of arith-
metic. In a previous study, 83 of the VP adolescents and 49 of the term- 
born adolescents were assessed at age 8–10 years using measures of 
the same skills. Amongst these, the between-group difference in 
mathematics achievement remained stable over time. This study 
extends findings of a persistent deficit in mathematics achievement 
among VP children over the primary and secondary school years, and 
provides evidence of a deficit in factual, procedural and conceptual 
mathematics skills and in higher order mathematical operations 
among VP adolescents. We provide further evidence that VP children’s 
mathematics difficulties are driven by deficits in domain-general rather 
than domain-specific cognitive skills.
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Children born very preterm (VP, <32 weeks’ gestation) are at high risk for cognitive and 
behavioral difficulties (Allotey et al., 2018; Twilhaar, Wade et al., 2018) resulting in an 
increased prevalence of special educational needs and poor academic achievement at 
school (MacKay et al., 2010; Twilhaar et al., 2018). As the risk for poorer employment 
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prospects and wealth among VP adults (Bilgin et al., 2018) is mediated by academic 
achievement in childhood (Basten et al., 2015), it is imperative that research focuses on 
understanding educational difficulties to develop appropriate interventions.

Of all the subjects studied at school, VP children have greatest difficulties in mathe-
matics (Allotey et al., 2018; Johnson et al., 2011; McBryde et al., 2020). Whilst a handful 
of studies have suggested that these difficulties stem from imprecise numerical repre-
sentations (Guarini et al., 2014; Hellgren et al., 2013; Libertus et al., 2017), the majority 
have indicated that preterm children’s mathematics difficulties are related to deficits in 
general cognitive skills, such as working memory, visuospatial skills, processing speed 
and inhibitory control (Aarnoudse-Moens et al., 2013; Akshoomoff et al., 2017; Twilhaar 
et al., 2020). We previously carried out a comprehensive evaluation of VP children’s 
mathematics and general cognitive skills at 8–10 years of age in the Premature Infants’ 
Skills in Mathematics (PRISM) Study. In addition to a substantial deficit in mathematical 
achievement, VP children had deficits in specific mathematics skills, namely the use of 
less sophisticated strategies to solve arithmetic problems and poorer counting. Notably, 
these were accounted for by their deficits in working memory and visuospatial skills 
(Simms et al., 2015). Similar results have been found for preschool children, in which the 
relationship between VP birth and mathematical achievement has been shown to be 
mediated by visual-perceptual skills (Van Veen et al., 2019), visuomotor integration, 
inhibitory control, verbal ability and phonological awareness (Adrian et al., 2020; Hasler 
& Akshoomoff, 2019).

Whether these difficulties persist into adolescence and whether the same general 
cognitive skills underlie later difficulties is unknown. With increasing age, mathematical 
topic content becomes more complex, building on arithmetic and expanding into topics 
such as algebra and geometry, which place greater demands on children’s cognitive 
systems. As such, the mathematics deficits of VP children may be exacerbated in 
adolescence. Given that these advanced mathematical topics are “gatekeeper” topics for 
future engagement with and success in STEM (science, technology, engineering, mathe-
matics) subjects in particular, as well as education more broadly (Panel, 2008), under-
standing preterm adolescents’ difficulties with mathematics is important to improve their 
future educational attainment and employment opportunities.

Surprisingly, although VP children have persistent deficits in academic achievement 
over the primary school years (Odd et al., 2019; Twilhaar, de Kieviet et al., 2019), few 
studies have assessed academic achievement throughout secondary schooling. Early 
studies reported persistent or increasing deficits throughout development among VP 
or extremely low birthweight (<1000 g) adolescents (Botting et al., 1998; Clark et al., 
2013; Litt et al., 2012; Saigal et al., 2000; Twilhaar et al., 2020), however most were of 
cohorts born in the 1980s (Botting et al., 1998; Clark et al., 2013; Saigal et al., 2000), 
before the dawn of modern neonatal care and associated increased survival of VP infants. 
The widespread use of surfactant therapy, improved developmental care and nutrition, 
and improvements in neuroprotective strategies since the 1980s may alter neurodevelop-
mental and cognitive outcomes. Moreover, these previous studies all used a single 
composite test to assess achievement in mathematics and so it is not possible to identify 
which specific components of mathematics contributed to VP adolescents’ difficulties. 
There remains a lack of information about whether VP children born in the 21st century 
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display increasing deficits in mathematics in adolescence and whether the same cognitive 
deficits account for their poor mathematical achievement across development.

To address these questions, we re-assessed the PRISM cohort in adolescence and 
compared their performance with a term-born comparison group to establish if: (1) the 
substantial deficits observed in VP children’s mathematical achievement at 8–10 years of 
age increased in adolescence; (2) the difficulties observed in VP children’s specific 
mathematics skills extended to other more advanced skills, such as geometry and algebra; 
(3) working memory and visuospatial skills continued to explain any deficit in mathe-
matics observed in adolescents born VP.

Materials and methods

Participants

Recruitment of the PRISM cohort has been previously described (for a flowchart see 
Trickett et al., 2020). All children born <32+0 weeks’ gestation from 01/09/2001 to 31/08/ 
2003 and admitted for care in two UK neonatal centers were invited to participate at age 
8–10 years. Of 266 eligible children, 115 who attended mainstream schools were 
recruited and assessed. These children were representative of the eligible population in 
sex, birthweight, gestational age and in socio-economic deprivation (measured by the 
National Statistics’ Index of Multiple Deprivation (IMD), a composite measure of relative 
deprivation for small geographical areas across England) (Simms et al., 2015). A com-
parison group of 77 term-born (≥37 weeks’ gestation) children was also recruited from 
age- and sex-matched classmates of the VP children (Simms et al., 2015).

For the present study, children in the PRISM cohort were invited to take part in an 
assessment in secondary school, of which the parents of 87 (76%) VP and 51 (67%) term- 
born participants provided consent. If an original term-born child did not take part in the 
assessment in adolescence or had moved to a different school to their matched VP child, a 
new term-born particpant was invited. In total, 31 new term-born adolescents matched 
for age and sex to a VP participant were recruited, resulting in a total of 82 adolescents in 
the comparison group. Two VP adolescents who now attended special school were 
excluded (as the study required participants to follow the national curriculum), one VP 
participant and one term-born participant withdrew from the study, and assessments 
could not be scheduled for one VP participant and three term-born participants. 
Therefore a total of 83 VP adolescents and 78 term-born adolescents were assessed.

To increase the sample size for cross-sectional analyses, VP adolescents born 
<32 weeks’ gestation from 01/09/2001 to 31/08/2003 who were discharged alive from 
neonatal care in a third center (Nottingham, UK) were identified. Of 165 children 
identified, 8 had moved away from the local area and 22 could not be traced to determine 
their vital status and contact details. Therefore 135 children were invited to participate, of 
which 48 (36%) were recruited. Exclusion criteria were attendance at special school and 
severe neurosensory impairment that precluded participation in study assessments. 
Based on these criteria, two VP adolescents attending special school were excluded; no 
VP children were excluded due to severe neurosensory impairment. As assessments 
could not be scheduled for two VP adolescents, a total of 44 VP adolescents were 
assessed. Characteristics of these VP adolescents were compared to the remaining eligible 
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population (N = 121). There were no significant differences in gestational age, birth-
weight, deprivation (Smith et al., 2015) or sex, thus this sample was representative of the 
total population in this center. An additional 18 term-born classmates matched for age 
and sex to a VP participant were also recruited. As one classmate had not been educated 
in the UK, a total of 17 term-born adolescents were assessed.

Overall, 127 VP participants and 95 term-born participants were assessed at secondary 
school. Of these, 83 VP participants and 49 term-born participants were assessed at both 
primary and secondary school.

Procedure

Ethics approval was obtained from the Derbyshire NHS Research Ethics Committee (Ref 
15/EM/0284). Parental consent and participant assent was obtained. Children were 
assessed in school (68%) or at home (32%) by one of two psychologists who were blind 
to study group membership. Inter-rater reliability was very high, with an average inter- 
class correlation of r = 0.997 over seventeen tasks.

Measures

Mathematics achievement
Mathematics achievement was assessed at both 8–10 and 11–15 years using the Wechsler 
Individual Achievement Test-II from which a mathematics composite score was derived. 
This provides an age-standardized composite score (mean 100; SD 15) which assesses 
children’s ability to perform numerical operations and their mathematical reasoning.

General cognitive skills
A range of general cognitive skills were assessed at both 8–10 and 11–15 years. (1) Non- 
verbal IQ was assessed using the Raven’s Colored Progressive Matrices (R-CPM) at 
8–10 years and the Raven’s Standard Progressive Matrices (R-SPM) at 11–15 years 
(mean 100, SD 15). (2) Working memory was assessed at both 8–10 and 11–15 years 
using a backwards digit recall task, a backwards word recall task and the “Mr X” 
visuospatial working memory task from the Automated Working Memory Assessment 
(Alloway, 2007). An average of the raw score on all three tests was used to compute a 
composite working memory score. (3) Processing speed was assessed at both 8–10 and 
11–15 years using a composite of raw scores (reaction time) on the Rapid Automatized 
Naming Test (Wolf & Denckla). (4) At both 8–10 and 11–15 years, visuospatial proces-
sing, specifically the ability to judge line orientation, was assessed using the NEPSY-II 
(Korkman et al., 2007) Arrows subtest (mean 10, SD 3) in which children were shown an 
array of arrows arranged around a target and asked to indicate the arrow(s) that point to 
the center of the target. (5) Inhibition was assessed at both 8–10 and 11–15 years using 
the NEPSY-II Inhibition subtest (mean 10, SD 3) in which children were shown a series 
of black and white shapes or arrows and named either the shape or direction or an 
alternate response, depending on the color of the shape or arrow.
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Specific mathematics skills
A range of skills that have been identified as separable components of mathematics were 
assessed at 11–15 years using experimental measures based on existing tasks used in the 
mathematical cognition literature.

(1) The precision of numerical representations was assessed via three computerized 
tasks in which participants were shown two quantities on a computer screen and 
were asked to select the more numerous. (1a) In a non-symbolic magnitude 
comparison task, participants compared two dot arrays. Quantities ranged from 
5 to 30 and the ratio between the quantities varied (0.5, 0.6, 0.7, 0.8). The task 
consisted of 80 trials and performance was assessed using percentage accuracy. 
(1b) In a symbolic magnitude comparison task, participants compared two Arabic 
numerals. Quantities ranged from 5 to 30 and the ratio between the quantities 
varied (0.5, 0.6, 0.7, 0.8). The task consisted of 80 trials and performance was 
assessed using median RT for correct responses. (1 c) In a cross-notation task 
matching across notations, participants were asked to select which of two dot 
arrays matched a given Arabic numeral (40 trials) and which of two Arabic 
numerals matched a given dot array (40 trials). Quantities ranged from 5 to 28 
and the ratio between the response options varied from 0.5 to 0.7. Percentage 
accuracy was recorded.

(2) Numerical estimation was assessed using a number line task in which participants 
were asked to mark the position of 22 different numbers on a series of blank 
number lines, with the left end labeled 0 and the right labeled 1000. Performance 
was assessed as the mean percentage absolute accuracy (100 – average distance 
between the actual and estimated positions of the numbers relative to the scale of 
the line).

(3) To assess basic number skills, participants completed three tasks. (3a) In a verbal 
counting task, participants were asked to count aloud four ascending (e.g., 
2995–3004) and four descending number sequences (e.g., 325–317); total percen-
tage accuracy was calculated. (3b) In a number reading task, participants were 
asked to read aloud a series of multidigit numbers presented on a computer screen 
(16 trials); numbers ranged from 853 to 2,543,703. (3 c) In a number writing task, 
participants listened to a series of spoken multidigit numbers and were asked to 
write these in digit form (16 trials); numbers ranged from 701 to 3,043,096. 
Percentage accuracy was recorded.

(4) Four tasks were used to assess arithmetic skills. (4a) Number fact knowledge was 
assessed by reading 16 simple arithmetic problems to participants and asking them to 
respond with the correct answer as quickly as possible. Correct answers produced 
within 3 seconds were considered to be known facts and the percentage of known 
facts was calculated. (4b) Mental arithmetic was assessed by presenting 12 single and 
double digit arithmetic problems and asking participants to solve these using any 
mental strategy they wished. Median response time for correctly solved problems was 
recorded. (4c) Written arithmetic was assessed by presenting 16 multidigit arithmetic 
problems (four each of addition, subtraction, multiplication and division) and asking 
participants to solve these on paper without a time limit. Percentage accuracy was 
recorded. (4d) Understanding of arithmetic concepts was assessed by presenting 26 
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pairs of large-number arithmetic problems on the computer. The correct answer to 
the first problem was presented and participants were asked to determine whether or 
not the first problem could be used to derive the answer to the second. On 18 trials the 
pairs of problems were related (by principles of subtraction-complement, inversion 
and associativity), and on 8 trials the problems were unrelated. Percentage accuracy in 
identifying whether or not problems were related was recorded.

(5) Algebra was assessed using 15 items from the Concepts in Secondary Mathematics 
and Science algebra test (completed on paper) (Hodgen et al., 2010). Percentage 
accuracy was recorded. The items required participants to compare the magnitude 
of algebraic expressions, perform simple arithmetic with algebraic expressions, 
and reason about algebraic expressions.

(6) Geometry was assessed using the first 15 items from the Van Hiele-Revised geometry 
test (completed on paper) (Usiskin, 1982). Percentage accuracy was recorded. The 
items required participants to identify regular and irregular shapes and to answer 
multiple-choice questions about the properties of individual and intersecting shapes.

Socio-economic status

An Index of Multiple Deprivation (IMD) score and rank was derived for each participant 
from their postcode of residence using National Statistics’ English Indices of Deprivation 
(Smith et al., 2015) as a measure of socio-economic status (SES). Using national data, 
participants’ IMD rank was classified into one of three groups representing low, middle 
and high areas of deprivation.

Statistical analysis

Group differences between VP and term-born participants on all measures were assessed 
using independent samples t-tests. Effect sizes were assessed using Cohen’s d obtained 
using an online calculator (Lenhard & Lenhard, 2016). Bonferroni correction was applied 
to correct for multiple comparisons at domain level (i.e., general cognitive skills p < 0.01; 
specific mathematics skills p < 0.004). Multivariate analyses of covariance were con-
ducted to assess differences between groups (VP vs. term-born) in mathematical achieve-
ment and specific mathematics skills controlling for working memory and visuospatial 
skills; effect sizes were reported as partial eta squared. Separate mixed ANOVAs were 
used to assess between-group (VP vs. comparison groups) and within-group (age at test: 
primary vs. secondary) main effects and interactions for mathematics achievement and 
general cognitive skills; effect sizes were reported as partial eta squared.

Results

Participant characteristics

Participant caracteristics are shown in Table 1. There were no significant differences in 
age, sex or SES between VP and term-born adolescents.

Analysis of dropouts (Table S1; Appendix) showed no significant difference between 
VP participants who were and were not re-assessed in adolescence in gestational age, 
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birthweight, IQ or sex. However, fewer VP participants who were re-assessed in adoles-
cence lived in areas of high deprivation than those who were not re-assessed (37% vs. 
62%). Among term-born participants, there was no significant difference in children re- 
assessed and not re-assessed in IMD and sex. However, term-born children who were re- 
assessed had higher IQ than those who were not.

Mathematics achievement

VP adolescents had poorer achievement in mathematics, measured using the WIAT-II 
Mathematics Composite score, than term-born adolescents (difference in means −10.95; 
95% CI −16.18, −5.73; Cohen’s d 0.56). This remained significant after correction for 
multiple comparisons (Table 2).

Due to the Flynn effect, in which there is an upward drift in standardized test scores 
over time, it is recommended to use contemporaneous controls rather than normative 
test data for classifying impairment. Therefore, using the comparison group mean (SD) 
as the reference, low achievement in mathematics was classified using WIAT-II 
Mathematics Composite scores <73 (i.e., scores < −2 SD of the comparison group). 
Overall, 16 (13%) VP adolescents had low achievement compared with 3 (3%) term-born 
adolescents (Odds Ratio 4.42; 95% CI 1.23, 15.64).

General cognitive skills

As shown in Table 2, VP adolescents had poorer working memory (difference in mean 
raw composite score: −1.76; 95% CI −2.87, −0.65; d 0.44) and visuospatial skills (differ-
ence in mean scaled score: −1.16; 95% CI −2.00, −0.32; d 0.37) than term-born adoles-
cents, both of which remained significant after correction for multiple comparisons. 
There were no significant between-group differences in IQ, processing speed or 
inhibition.

Table 1. Participant characteristics.
Term-born adolescents 

N = 95
Very preterm adolescents 

N = 127 p

Gestational age, weeks Mean (SD) - 28.74 (1.91) -
<28 weeks N (%) - 31 (24%) -
28–31 weeks N (%) - 96 (76%) -
Birthweight, grams Mean (SD) - 1219 (330) -
<1000 g N (%) - 39 (31%) -
1000–1499 N (%) - 57 (45%) -
≥1500 g N (%) - 31 (24%) -
Male sex N (%) 48 (51%) 71 (56%) 0.427
IMD scorea Mean (SD) 17.66 (16.09) 19.81 (15.87) 0.323
Low deprivation N (%) 49 (52%) 57 (45%) 0.326
Mid deprivation N (%) 26 (27%) 32 (25%) -
High deprivation N (%) 20 (21%) 38 (30%) -
Age at assessment Mean (SD) 13.70 (0.74) 13.87 (0.68) 0.076
School year at assessment - - 0.525
Year 7 N (%) 6 (6%) 4 (3%) -
Year 8 N (%) 34 (36%) 41 (32%) -
Year 9 N (%) 43 (45%) 60 (48%) -
Year 10 N (%) 12 (13%) 22 (17%) -

aIMD: Index of Multiple Deprivation (Smith et al., 2015)
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Specific mathematics skills

As shown in Table 2, there was no significant difference in the precision of numerical 
representations between VP and term-born adolescents, measured using either the non- 
symbolic magnitude comparison task, symbolic comparison task or cross-notation 
matching task. However, VP adolescents had significantly poorer performance than 
term-born adolescents on tests of reading and writing large numbers, counting, number 
fact knowledge, written arithmetic, understanding of arithmetic concepts and algebra, all 
with small to medium effect sizes (Cohen’s d 0.42 to 0.54). These remained significant 
after correction for multiple comparisons. VP adolescents also had poorer performance 
on tests of number line estimation and mental arithmetic, however these differences were 
not significant after correction for multiple comparisons. There was no significant 
between-group difference in geometry.

Controlling for working memory and visuospatial skills

As shown in Table 3, between-group differences in specific mathematical skills were no 
longer significant when working memory and visuospatial skills were controlled for, with the 
exception of writing large numbers and conceptual understanding of arithmetic. The 
between-group difference in mathematics achievement (WIAT-II Mathematics Compsite 
score) also remained significant after controlling for working memory and visuospatial skills.

Change over time in mathematics achievement and general cognitive skills

Overall, 83 VP adolescents and 49 term-born adolescents were assessed at both ages. 
Descriptive statistics for their performance on tests of mathematical achievement and general 
cognitive skills are shown in Table 4 and tests of differences between groups and age at 
assessment, and their interaction, are shown in Table 5 and Figure 1. Significant main effects 
indicated that VP participants performed worse than term-born participants in mathematical 
achievement (p < 0.001) and that mean WIAT-II scores increased over time in both groups 
(p = 0.011). However, as the group x time interaction was not significant (p = 0.896), the 
between-group difference in mathematical achievement remained stable over time. A similar 
pattern of results was found for the general cognitive skills assessed in this study, in which 
there was a significant main effect of group, with term-born participants outperforming VP 

Table 3. Multivariate analyses of covariance results for group differences in mathematics 
achievement and specific mathematics skills between 122 very preterm adolescents and 92 
term-born adolescents controlling for working memory and visuospatial skills.

Measure df F p Partial η2

Mathematics achievement 1, 210 5.70 0.018 0.026
Number line estimation 1, 210 0.86 0.354 0.004
Reading large numbers 1, 210 1.82 0.178 0.009
Writing large numbers 1, 210 5.67 0.018 0.026
Counting skills 1, 210 2.56 0.111 0.012
Number fact knowledge 1, 210 1.32 0.253 0.006
Mental arithmetic 1, 210 3.18 0.076 0.015
Written arithmetic 1, 210 3.25 0.073 0.015
Understanding of arithmetic concepts 1, 210 5.39 0.021 0.025
Algebra 1, 210 3.78 0.053 0.018
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participants on all measures, and a significant main effect of age for non-verbal IQ, working 
memory and processing speed; non-verbal IQ decreased over time and performance on 
working memory and processing speed tests improved over time in both groups. However, 
there was no significant group x time interaction for non-verbal IQ, working memory, 
visuospatial skills and inhibition. The exception was processing speed for which VP indivi-
duals performed worse than term-born individuals in primary (F(1,127) = 7.84, p = 0.006) 
but not secondary school (F(1,127) = 2.74, p = 0.100).

Figure 1. Non-verbal IQ and mathematics achievement at primary (age 8–10 years) and secondary 
school (age 11–15 years) in very preterm (n = 83) and term-born adolescents (n = 49). Error bars 
represent standard error. IQ at primary school was assessed using Raven’s Colored Progressive 
Matrices, and at secondary school using Raven’s Standard Progressive Matrices. Mathematics achieve-
ment was assessed using the Wechsler Individual Achievement Test 2nd Edition at both time points.
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Discussion

To our knowledge, this is the first study to comprehensively assess VP adolescents’ 
mathematics skills. We found that VP adolescents had poorer performance than their 
term-born classmates on tests of six domain-specific skills, namely, knowledge of basic 
number facts, conceptual understanding of arithmetic, written arithmetic, counting, and 
reading and writing large numbers. We also found that whilst VP adolescents had similar 
performance in geometry, they were poorer at algebra than their term-born peers. Thus 
VP adolescents displayed deficits in multiple separable components of mathematics 
including a range of factual, procedural and conceptual skills and higher order mathe-
matical operations.

In our previous study we showed that VP children had deficits in working memory 
and visuospatial skills and that these accounted for their deficits in domain-specific 
mathematics skills, namely counting and the use of mature strategies to solve arithmetic 
problems at age 8–10 years (Simms et al., 2015). Similarly, the between-group differences 
observed in VP adolescents’ specific mathematics skills and algebra were negated after 
controlling for working memory and visuospatial skills, with the exception of writing 
large numbers and conceptual understanding of arithmetic. This is consistent with our 
previous findings and with those of others who have demonstrated that general cognitive 
skills mediate the relationship between VP birth and achievement in mathematics 
(Aarnoudse-Moens et al., 2013; Adrian et al., 2020; Akshoomoff et al., 2017; Hasler & 
Akshoomoff, 2019; Twilhaar et al., 2020; Van Veen et al., 2019). VP adolescents’ poorer 
performance in writing but not reading numbers may have persisted after adjustment for 
working memory and visuospatial skills due to the well-documented deficits in fine 
motor skills in VP populations (Allotey et al., 2018). The between-group difference in 
conceptual understanding may also have persisted as this relies less on executive func-
tions (e.g., working memory) than factual and procedural skills (Cragg et al., 2017). 
Notably, VP adolescents did not have poorer performance on tests of numerical repre-
sentations. This replicates and extends our findings at age 8–10 years (Simms et al., 2015) 
and provides further evidence that VP children’s mathematics difficulties are driven by 
deficits in domain-general rather than domain-specific cognitive skills.

We also found that the substantial deficit in VP children’s mathematics achievement 
in primary school (d 0.62) (Simms et al., 2015) persisted with a similar magnitude in 
secondary school (d 0.56). This was contrary to our expectation that the deficit might 
have increased over time due to an increasingly complex mathematics curriculum that 
exerts greater cognitive demands in secondary school. This study extends findings of a 
persistent deficit in mathematics achievement among VP children over the primary 
school years (Twilhaar, de Kieviet et al., 2019) and in global academic achievement 
throughout compulsory schooling amongst all children born preterm (Odd et al., 
2019). Moreover, it is consistent with earlier longitudinal studies of VP/ELBW cohorts 
born in the 1980s (Botting et al., 1998; Clark et al., 2013; Saigal et al., 2000).

Our exploration of the change in general cognitive skills from primary to secondary 
school also showed that the deficit in VP children’s non-verbal IQ, working memory and 
visuospatial skills observed at age 8–10 was still evident at age 11–15 years. Given the 
association of working memory and visuospatial skills with VP adolescents’ mathematics 
skills, the continued deficit in these skills is likely to go some way in explaining the 
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persistent deficit in mathematics achievement. Our findings are commensurate with 
other studies in which stable deficits in IQ have been observed from childhood to 
adulthood in individuals born very and extremely preterm (Breeman et al., 2015; 
Linsell et al., 2018; Mangin et al., 2017). In contrast, we found that VP adolescents’ 
deficit in processing speed decreased over time, however this did not appear to impact on 
their mathematics achievement. This finding may be explained by improved shape/letter/ 
color knowledge or automaticity of naming in adolescence but requires further investi-
gation in longitudinal studies to determine the developmental trajectory of different 
components of processing speed in the VP population.

As mathematics difficulties cast a long shadow over an individual’s lifelong health, 
economic potential and employment prospects (Crawford & Cribb, 2013), interventions 
are needed to improve achievement in VP populations. Attention has been paid to the 
potential for working memory or executive function training programmes to improve 
performance at school. However, as yet there is no robust evidence of their beneficial 
effect on achievement (Anderson et al., 2018; Melby-Lervag et al., 2016). There is also 
growing interest in spatial training for improving performance in mathematics which has 
shown promising results (Gilligan et al., 2020), but has not yet been trialed in preterm 
populations. Alternative approaches to intervention may lie in improving education 
professionals’ knowledge of the impact of prematurity and their skills in adapting the 
learning environment to accommodate VP children’s general cognitive difficulties 
(Johnson et al., 2019), but this requires further evaluation to determine its efficacy in 
improving children’s educational outcomes.

The strengths of this study lie in the recruitment of a cohort that was representative of 
the VP population in baseline clinical characteristics, a term-born comparison group 
matched on key characteristics affecting outcomes, the detailed assessment of a range of 
specific mathematics skills using both standardized and experimental measures alongside 
general cognitive skills and achievement at school, and the longitudinal nature of the 
study comprising assessments at both primary and secondary school age.

The study is not without limitations. Where possible, identical measures were used at 
both time points. If this was not possible, tests of the same skills were adapted to be 
developmentally appropriate to facilitate the comparison of outcomes over time. 
However, the age at which the two assessments were conducted necessitated the use of 
different versions of the IQ test. As such, IQ scores were observed to decline over time, 
perhaps due to the change in the measure, whilst achievement test scores using the same 
measure, in particular those using raw scores, generally increased over time. In order to 
minimize problems associated with the use of different measures, the same comparison 
group was used at both ages to allow us to interpret any changes over time in the VP 
group. The study was also affected by attrition as only 76% of the parents of VP children 
and 67% of parents of term-born children assessed at age 8–10 years provided consent for 
their child to be re-assessed in adolescence. To explore the potential effect of attrition, our 
dropout analysis revealed that VP adolescents assessed at both time points had similar 
characteristics to those that were lost to follow up but were less likely to live in areas of 
high deprivation. Similarly, term-born participants assessed in adolescence had higher 
IQ than those who were not re-assessed. Given the association of socio-economic factors 
with neurodevelopmental outcomes, this may have resulted in overestimation of cogni-
tive abilities and mathematical achievement relative to the total population in both 
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groups. It is also important to note that, as VP adolescents in special schools were 
excluded, we may have underestimated the total impact of VP birth on cognitive and 
academic outcomes. Moreover, for participants recruited in adolescence, we did not have 
data on their neonatal course to be able to compare risk factors for poor neurodevelop-
mental outcomes between VP children who were and were not recruited to the study for 
this sub-sample.

In summary, VP adolescents had substantially poorer achievement in mathematics 
than their term-born peers and poorer performance on tests of number fact knowledge, 
counting, reading and writing numbers, written arithmetic, understanding of arithmetic 
concepts, and algebra. Their lower achievement in mathematics persisted from primary 
to secondary school, as did their underlying general cognitive deficits, which largely 
accounted for their poorer performance in mathematics. Educational support is needed 
from the earliest opportunity to facilitate improved outcomes for VP children.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was funded by an Action Medical Research project grant to SJ, CG, LC, VS and NM 
(Ref: GN2311). The funder had no role in the study design, the collection, analysis, and inter-
pretation of data, the writing of the report and the decision to submit the manuscript for 
publication.

ORCID

Lucy Cragg http://orcid.org/0000-0001-7523-0204
Samantha Johnson http://orcid.org/0000-0001-8963-7881

References

Aarnoudse-Moens, C. S., Weisglas-Kuperus, N., Duivenvoorden, H. J., van Goudoever, J. B., & 
Oosterlaan, J. (2013). Executive function and IQ predict mathematical and attention problems 
in very preterm children. PLoS One, 8(2), e55994. https://doi.org/10.1371/journal.pone.0055994 

Adrian, J. A., Bakeman, R., Akshoomoff, N., & Haist, F. (2020, August). Cognitive functions 
mediate the effect of preterm birth on mathematics skills in young children. Child 
Neuropsychology, 26(6), 834–856. https://doi.org/10.1080/09297049.2020.1761313 

Akshoomoff, N., Joseph, R. M., Taylor, H. G., Allred, E. N., Heeren, T., O’Shea, T. M., & Kuban, K. 
C. K. (2017). Academic achievement deficits and their neuropsychological correlates in children 
born extremely preterm. Journal of Developmental and Behavioral Pediatrics : JDBP, 38(8), 627– 
637. https://doi.org/10.1097/DBP.0000000000000479 

Allotey, J., Zamora, J., Cheong-See, F., Kalidindi, M., Arroyo-Manzano, D., Asztalos, E., Van Der 
Post, J., Mol, B. W., Moore, D., Birtles, D., Khan, K. S., & Thangaratinam, S. (2018). Cognitive, 
motor, behavioural and academic performances of children born preterm: A meta-analysis and 
systematic review involving 64 061 children. BJOG: An International Journal of Obstetrics & 
Gynaecology, 125(1), 16–25. https://doi.org/10.1111/1471-0528.14832 

Alloway, T. P. (2007). Automated Working Memory Assessment. Harcourt Assessment.

CHILD NEUROPSYCHOLOGY 15

https://doi.org/10.1371/journal.pone.0055994
https://doi.org/10.1080/09297049.2020.1761313
https://doi.org/10.1097/DBP.0000000000000479
https://doi.org/10.1111/1471-0528.14832


Anderson, P. J., Lee, K. J., Roberts, G., Spencer-Smith, M. M., Thompson, D. K., Seal, M. L., 
Nosarti, C., Grehan, A., Josev, E. K., Gathercole, S., Doyle, L. W., & Pascoe, L. (2018, 
November). Long-term academic functioning following cogmed working memory training 
for children born extremely preterm: A randomized controlled trial. The Journal of Pediatrics, 
202, 92–97e4. https://doi.org/10.1016/j.jpeds.2018.07.003 

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. https://doi.org/10.1177/ 
0956797615596230 

Bilgin, A., Mendonca, M., & Wolke, D. (2018). Preterm birth/low birth weight and markers reflective of 
wealth in adulthood: A meta-analysis. Pediatrics, 142(1), 1. https://doi.org/10.1542/peds.2017-3625 

Botting, N., Powls, A., Cooke, R. W. I., & Marlow, N. (1998). Cognitive and educational outcome 
of very-low-birthweight children in early adolescence. Developmental Medicine and Child 
Neurology, 40(10), 652–660. https://doi.org/10.1111/j.1469-8749.1998.tb12324.x 

Breeman, L. D., Jaekel, J., Baumann, N., Bartmann, P., & Wolke, D. (2015). Preterm cognitive 
function into adulthood. Pediatrics, 136(3), 415–423. https://doi.org/10.1542/peds.2015-0608 

Clark, C. A., Fang, H., Espy, K. A., Filipek, P. A., Juranek, J., Bangert, B., Hack, M., & Taylor, H. G. (2013). 
Relation of neural structure to persistently low academic achievement: A longitudinal study of children 
with differing birth weights. Neuropsychology, 27(3), 364–377. https://doi.org/10.1037/a0032273 

Cragg, L., Keeble, S., Richardson, S., Roome, H. E., & Gilmore, C. (2017, May). Direct and indirect 
influences of executive functions on mathematics achievement. Cognition, 162, 12–26. https:// 
doi.org/10.1016/j.cognition.2017.01.014 

Crawford, C., & Cribb, J. (2013). Reading and maths skills at age 10 and earnings in later life: A 
brief analysis using the British cohort study. https://ifs.org.uk/publications/6624 

Gilligan, K. A., Thomas, M. S. C., & Farran, E. K. (2020, July). First demonstration of effective spatial 
training for near transfer to spatial performance and far transfer to a range of mathematics skills at 8 
years. Developmental Science, 23(4), e12909. https://doi.org/10.1111/desc.12909 

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. https://doi.org/10.1016/j.earlhumdev.2013.11.003 

Hasler, H. M., & Akshoomoff, N. (2019). Mathematics ability and related skills in preschoolers 
born very preterm. Child Neuropsychology : A Journal on Normal and Abnormal Development in 
Childhood and Adolescence, 25(2), 162–178. https://doi.org/10.1080/09297049.2017.1412413 

Hellgren, K., Halberda, J., Forsman, L., Ådén, U., & Libertus, M. (2013). Compromised approx-
imate number system acuity in extremely preterm school-aged children. Developmental 
Medicine & Child Neurology, 55(12), 1109–1114. https://doi.org/10.1111/dmcn.12206 

Hodgen, J., Brown, M., & Kuchemann, D. (2010). English school students’ understanding of 
algebra, in the 1970s and now. Der Mathematikunterricht.

Johnson, S., Bamber, D., Bountziouka, V., Clayton, S., Cragg, L., Gilmore, C., Griffiths, R., Marlow, 
N., Simms, V., & Wharrad, H. J. (2019). Improving developmental and educational support for 
children born preterm: Evaluation of an e-learning resource for education professionals. BMJ 
Open, 9(6), e029720. https://doi.org/10.1136/bmjopen-2019-029720 

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

Korkman, M., Kirk, U., & Kemp, S. (2007). NEPSY (Second ed.). Harcourt Assessment, Inc.
Lenhard, W., & Lenhard, A. (2016). Calculation of effect sizes. Psychometrica. https://www. 

psychometrica.de/effect_size.html .
Libertus, M. E., Forsman, L., Aden, U., & Hellgren, K. (2017, July 11). Deficits in approximate 

number system acuity and mathematical abilities in 6.5-year-old children born extremely 
preterm. Frontiers in Psychology, 8, 1175. https://doi.org/10.3389/fpsyg.2017.01175 

Linsell, L., Johnson, S., Wolke, D., O’Reilly, H., Morris, J. K., Kurinczuk, J. J., & Marlow, N. (2018). 
Cognitive trajectories from infancy to early adulthood following birth before 26 weeks of 
gestation: A prospective, population-based cohort study. Archives of Disease in Childhood, 
103(4), 363–370. https://doi.org/10.1136/archdischild-2017-313414 

16 S. CLAYTON ET AL.

https://doi.org/10.1016/j.jpeds.2018.07.003
https://doi.org/10.1177/0956797615596230
https://doi.org/10.1177/0956797615596230
https://doi.org/10.1542/peds.2017-3625
https://doi.org/10.1111/j.1469-8749.1998.tb12324.x
https://doi.org/10.1542/peds.2015-0608
https://doi.org/10.1037/a0032273
https://doi.org/10.1016/j.cognition.2017.01.014
https://doi.org/10.1016/j.cognition.2017.01.014
https://ifs.org.uk/publications/6624
https://doi.org/10.1111/desc.12909
https://doi.org/10.1016/j.earlhumdev.2013.11.003
https://doi.org/10.1080/09297049.2017.1412413
https://doi.org/10.1111/dmcn.12206
https://doi.org/10.1136/bmjopen-2019-029720
https://doi.org/10.1080/87565641.2011.540541
https://www.psychometrica.de/effect_size.html
https://www.psychometrica.de/effect_size.html
https://doi.org/10.3389/fpsyg.2017.01175
https://doi.org/10.1136/archdischild-2017-313414


Litt, J. S., Gerry Taylor, H., Margevicius, S., Schluchter, M., Andreias, L., & Hack, M. (2012). 
Academic achievement of adolescents born with extremely low birth weight. Acta Paediatrica, 
101(12), 1240–1245. https://doi.org/10.1111/j.1651-2227.2012.02790.x 

MacKay, D. F., Smith, G. C., Dobbie, R., & Pell, J. P. (2010). Gestational age at delivery and special 
educational need: Retrospective cohort study of 407,503 schoolchildren. PLoS Medicine, 7(6), 
e1000289. https://doi.org/10.1371/journal.pmed.1000289 

Mangin, K. S., Horwood, L. J., & Woodward, L. J. (2017). Cognitive development trajectories of 
very preterm and typically developing children. Child Development, 88(1), 282–298. https://doi. 
org/10.1111/cdev.12585 

McBryde, M., Fitzallen, G. C., Liley, H. G., Taylor, H. G., & Bora, S. (2020). Academic outcomes of 
school-aged children born preterm: A systematic review and meta-analysis. JAMA Network 
Open, 3(4), e202027. https://doi.org/10.1001/jamanetworkopen.2020.2027 

Melby-Lervag, M., Redick, T. S., & Hulme, C. (2016). Working memory training does not improve 
performance on measures of intelligence or other measures of “far transfer”: Evidence from a 
meta-analytic review. Perspectives on Psychological Science : A Journal of the Association for 
Psychological Science, 11(4), 512–534. https://doi.org/10.1177/1745691616635612 

Odd, D., Evans, D., & Emond, A. M. (2019). Prediction of school outcome after preterm birth: A 
cohort study. Archives of Disease in Childhood, 104(4), 348–353. https://doi.org/10.1136/archdis 
child-2018-315441 

Panel, N. M. A. (2008). Foundations for success: The final report of the National Mathematics 
Advisory Panel. https://files.eric.ed.gov/fulltext/ED500486.pdf 

Saigal, S., Hoult, L., Streiner, D. L., Stoskopf, B. L., & Rosenbaum, P. L. (2000). School difficulties at 
adolescence in a regional cohort of children who were extremely low birth weight. Pediatrics, 
105(2), 325–331. https://doi.org/10.1542/peds.105.2.325 

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 develop-
mental dyscalculia. Pediatric Research, 77(2), 389–395. https://doi.org/10.1038/pr.2014.184 

Smith, T., Noble, M., Noble, S., Wright, G., McLennan, D., & Plunkett, E. (2015). The English Indices 
of Deprivation 2015. Research report. Department for Communities and Local Government.

Trickett, J., Gilmore, C., Cragg, L., et al. (2020). No excess of mathematics anxiety in adolescents 
born very preterm. Journal of Developmental and Behavioral Pediatrics : JDBP, 42(3), 220–226. 
https://doi.org/10.1097/DBP.0000000000000884 

Twilhaar, E. S., de Kieviet, J. F., Aarnoudse-Moens, C. S. H., van Elburg, R. M., & Oosterlaan, J. 
(2018, July). Academic performance of children born preterm: A meta-analysis and meta- 
regression. Archives of Disease in Childhood. Fetal and Neonatal Edition, 103(4), F322–F330. 
https://doi.org/10.1136/archdischild-2017-312916 

Twilhaar, E. S., de Kieviet, J. F., van Elburg, R. M., & Oosterlaan, J. (2019, July). Academic trajectories of 
very preterm born children at school age. Archives of Disease in Childhood. Fetal and Neonatal Edition, 
104(4), F419–F423. https://doi.org/10.1136/archdischild-2018-315028 

Twilhaar, E. S., De Kieviet, J. F., Van Elburg, R. M., & Oosterlaan, J. (2020). Neurocognitive 
processes underlying academic difficulties in very preterm born adolescents. Child 
Neuropsychology : A Journal on Normal and Abnormal Development in Childhood and 
Adolescence, 26(2), 274–287. https://doi.org/10.1080/09297049.2019.1639652 

Twilhaar, E. S., Wade, R. M., de Kieviet, J. F., van Goudoever, J. B., van Elburg, R. M., & 
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. https://doi.org/10.1001/jamapediatrics.2017.5323 

Usiskin, Z. (1982). Van hiele levels and achievement in secondary school geometry. Final report of the 
cognitive development and achievement in secondary school geometry project. University of Chicago.

van Veen, S., van Wassenaer-Leemhuis, A. G., van Kaam, A. H., Oosterlaan, J., & Aarnoudse- 
Moens, C. S. H. (2019, February). Visual perceptive skills account for very preterm children’s 
mathematical difficulties in preschool. Early Human Development, 129, 11–15. https://doi.org/ 
10.1016/j.earlhumdev.2018.12.018 

Wolf, M., & Denckla, M. B. Rapid automatized naming/rapid alternating stimulus test: Ann Arbor.

CHILD NEUROPSYCHOLOGY 17

https://doi.org/10.1111/j.1651-2227.2012.02790.x
https://doi.org/10.1371/journal.pmed.1000289
https://doi.org/10.1111/cdev.12585
https://doi.org/10.1111/cdev.12585
https://doi.org/10.1001/jamanetworkopen.2020.2027
https://doi.org/10.1177/1745691616635612
https://doi.org/10.1136/archdischild-2018-315441
https://doi.org/10.1136/archdischild-2018-315441
https://files.eric.ed.gov/fulltext/ED500486.pdf
https://doi.org/10.1542/peds.105.2.325
https://doi.org/10.1038/pr.2014.184
https://doi.org/10.1097/DBP.0000000000000884
https://doi.org/10.1136/archdischild-2017-312916
https://doi.org/10.1136/archdischild-2018-315028
https://doi.org/10.1080/09297049.2019.1639652
https://doi.org/10.1001/jamapediatrics.2017.5323
https://doi.org/10.1016/j.earlhumdev.2018.12.018
https://doi.org/10.1016/j.earlhumdev.2018.12.018

	Abstract
	Materials and methods
	Participants
	Procedure
	Measures
	Mathematics achievement
	General cognitive skills
	Specific mathematics skills

	Socio-economic status
	Statistical analysis

	Results
	Participant characteristics
	Mathematics achievement
	General cognitive skills
	Specific mathematics skills
	Controlling for working memory and visuospatial skills
	Change over time in mathematics achievement and general cognitive skills

	Discussion
	Disclosure statement
	Funding
	ORCID
	References



