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The biological, social, and individual-level foundations of
mathematics development are typically studied in isolation.
However, isolated study of these areas can only offer limited
understanding. In order to facilitate a holistic, integrative view of
the field, here, we review recent studies in several of the above
domains, focusing on how individual-level cognitive, emotional,
motivational, and self-concept-related variables interact within-
and cross-domain.
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A biopsychological-social view of math
development

We summarize our view in Figure 1. In this succinct
overview, we cannot cover all potentially important
variables in detail. Our focus is on organizing particularly
important variables integrated by a large-scale view
while pointing to recent developments regarding some
major questions. Notably, temporal change is inherent to
developmental views. In addition, the demands of age-
appropriate mathematics are also continuously in-
creasing, and the focus of instruction is changing. So,
crucial factors and their connections can substantially
evolve during development. While we acknowledge that
considering different levels of analysis is challenging, we
believe that the integrative approach outlined here could

greatly enhance research efforts toward a comprehensive
understanding of math development.

Biological factors

Several studies explored the role of genetic and en-
vironmental etiology of mathematical abilities, difficul-
ties, and mathematics anxiety (MA). Cognitive abilities
have been studied most systematically from a multi-
variate genetic perspective. This research has con-
sistently showed that the phenotypic correlations among
cognitive abilities are mediated by genetic factors called
generalist genes [78]. Twin studies comparing pheno-
typic (observed) similarity between monozygotic and
dizygotic twins [54,83] found moderate heritability es-
timates (from .30 to .45) across different mathematics
domains [53,112]. A study has analyzed data from more
than 1400 twin pairs and found that the heritability of
general, spatial, and math anxiety ranged from 30% to
41%. Another study assessed more than 5000 twin pairs
of 12-year-old twins and showed that genetic factors
consistently accounted for more than half of the phe-
notypic correlations among intelligence, reading mathe-
matics, and language [26]. Potential biological sex
differences are of continued interest, especially in rela-
tion to potential differences in spatial skills [38,39].

Many studies aim to discover brain correlates of educa-
tional phenomena and they often offer (implicit) causal
explanations. An important caveat to remember is that
finding some brain marker of achievement does not
imply that the brain marker is the cause of achievement.
The brain marker may just as well be the consequence
of some environmental influence (e.g. lack of appro-
priate teaching) that led to the measured achievement.
Put otherwise, it is obvious that environmental inputs
must cause an impact on brain function. Had they not
influenced brain function, they could not influence be-
havior. Clearly, if no other supporting evidence is
available than it, it is incorrect to unequivocally interpret
brain-based variables as causal factors behind behavior.

Cognitive abilities

Mathematics is a complex subject, comprising multiple
areas of expertise. Both math-specific knowledge and
domain-general cognitive skills are possible sources of
individual differences in math achievement. Regarding
math-specific knowledge, a key question is whether
measures of mental representations (latent concepts) would
correlate with math performance. Notably, simply
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Figure 1
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An integrative view of math development. Genetic (blue background) and social (green) factors interact with individual-level variables (white). Many, not
necessarily strictly hierarchically organized (causal) connections are possible between these factors. The presence of factors and their connections
can change through developmental time. Brain structure and function are influenced by genetic control but experience (e.g. teaching) also shapes
brain structure and function (hence the mixed, blue/white background). The list of factors and abilities here is not exhaustive.

finding correlations between tasks and math achieve-
ment may not tell us much about the underlying re-
presentations. For example, symbolic number
comparison accuracy often correlates with early school
math achievement or predicts it [17,44]. However, such
comparison ability is an expected outcome of primary
school learning. Hence, measuring comparison accuracy
directly tests a school-relevant skill [104] rather than
being a test of a latent construct associated with school-
relevant skills [69]. In contrast, a putative measure of
underlying representations, the numerical distance ef-
fect has negligible correlations with math achievement
[17]. Overall, training studies have rarely demonstrated
far-transfer effects [85,86]. Nevertheless, a recent study
reported that spatial training may enhance math [51].

Regarding domain-general cognitive skills, interest is
revived in the classically often-assumed connection be-
tween space and number [65]. Visuospatial working
memory (WM) may provide a mental workspace for
some aspects of mathematical thinking [17,68]. It is a
question whether spatial thinking can be distinguished
from general intelligence [43] and if so, whether it
consists of multiple subdomains (e.g. spatial visualiza-
tion, form perception, and an ability to manipulate spa-
tial scales [65]), or whether visuospatial WM can be
considered a unique factor at all [65]. Further questions

concern whether verbal and visuospatial WM [1,111,59],
intelligence, and spatial skills [90] relate to different
kinds of math measures, distinguish children with dif-
ferent math achievement profiles [87,90], and whether
there are significant gender differences (note that con-
sistently with the relevant literature, here ‘gender’ refers
to biological sex) in spatial skills [38,39,68]. Similar
questions can be raised about executive functions, par-
ticularly inhibition and task-switching skills [107,22,13].

Building links between space and (negative) numbers
seems a gradual learning process [19,66]. A strong (au-
tomatic) account of number-space integration is unlikely
to be true: a 1300-participant multilab replication study
failed to replicate the claim that the mere presentation of
numbers elicits spatial associations and found practically
zero effect sizes across a range of analyses considering
various potential moderating variables [20].

Recent data suggest that a popular concept, the
Approximate Number System (ANS), has negligible
(r=0.1) relation to primary school mathematics out-
comes [17,41], ANS training does not lead to the im-
provement of symbolic math skills [98,104], and
symbolic math skills may sharpen the ANS rather than
the other way round [56]. Subitizing (quick enumera-
tion) is also unrelated to math abilities [3]. These
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findings question the construct validity of putative core
math domain-specific concepts. The failure to find
strong ANS versus math achievement correlations [17]
and the failure to replicate ANS training effects [98]
question the construct validity of the core element of the
so-called triple-code model of math competence, at least
for developmental populations. Further findings could
also be flagged for replication, and especially neuroi-
maging studies should aim to substantially increase their
sample size to produce more precise results [102].

A key practical question is whether specific cognitive
predictors of mathematical achievement and develop-
ment can be identified and implicated in the etiology of
specific mathematics learning difficulties (MLD), and
whether training predictors could boost mathematics
achievement in MLLD and other children. Notably, re-
search on gifted or talented mathematics development is
still rudimentary [64,67].

Recent studies suggest that children with MLLD show
spatial and visual WM deficits rather than ANS deficits
[77,100]. Taking a multidimensional, distributional ap-
proach to studying MLLD [99] led to the conclusion that
it is unlikely that MLLD is based on some cognitive core
deficit [63]. Heterogeneous MLD profiles may be due to
varied weaknesses in strongly overlapping WM/execu-
tive function constructs [99] related to individual dif-
ferences rather than core deficits. Diagnostic precision of
MLD needs to improve: thresholds vary between 1%
and 15% [30] and even WM measures have poor diag-
nostic power on their own [63]. Cognitive diagnostic
measures may be more efficient if multiple measure-
ment dimensions are considered simultaneously.

Negative and positive emotions

MA is anxiety about learning and doing mathematics.
MA likely affects student well-being and mental health,
the liking of mathematics, and whether students orient
themselves toward mathematics-related career choices,
typically science, technology, engineering, and mathe-
matics (STEM) careers [4]. At sample level, MA is one
of the most robust negative correlates of math achieve-
ment from early primary school [7,18], with a highly
replicable effect size (7= -0.3). MA strongly (7= 0.6-0.7)
correlates with test anxiety but is separable from it [18].
Also, MA may be ‘the typical’ anxiety students may
think of when their test anxiety is measured.

Importantly, most students with high MA are medium-
to-high achievers ad MLD and MA strongly dissociate
[31]. The MA-achievement correlation also exists at the
country level [70]. However, Shanghai and other Asian
locations are notable exceptions with very high MA re-
lative to their achievement level ([70], p102). Females
have notably higher MA than males in most countries

[70] even when there is no gender gap in performance
[29,31,47]. Hence, while MA and achievement can mu-
tually affect each other [6,14,36], low achievement is not
a necessary cause or consequence of MA (see later).

While MA seems less separable from general anxiety in
primary school, it develops an increasingly specific re-
lation with academic achievement by secondary school
[15,18,47]. Perhaps, genetically grounded [61] high
general anxiety levels may represent one particular risk
factor in developing high MA [15].

Most recent studies focused on negative emotions in the
context of mathematics learning, especially MA.
However, education researchers have emphasized the
significance of positive affective factors and emotions in
influencing variations in students’ levels of motivation
and academic achievement [10,60,91]: emotions and
performance in mathematics can be interconnected
through virtuous cycles, involving positive emotions, and
vicious cycles, involving negative emotions, over
time [75].

By considering not only negative emotions, but also
specific emotions such as enjoyment, or motivational
constructs such as situational and individual interest, we
can generate more comprehensive insights into the af-
fect of both students and teachers [89].

Self-determination theory addresses emotional experi-
ences resulting from need satisfaction [84]. The theory
assumes that people strive to experience themselves as
competent, to act autonomously, and to relate to other
persons socially. The attainment of these needs is ac-
companied by positive emotional experiences. Flow
theory specifically focuses on optimal subjective ex-
perience [23]. Both the above theories are relevant,
especially for the high math achievement range.

Cognitive and emotional factors independently affect
achievement and math career choices [31]. The complex
causal connections between factors may be difficult to
disentangle and may show substantial individual varia-
bility [103]. Recent findings suggest that spatial ability,
in-class attention, and MA would be particularly im-
portant predictors of adolescents’ math achievement [40)]
and that stronger visuospatial skills may be able to
compensate for worse attentive behavior in boys [39].
High MA scems to link with online (visual) memory
capacity [5,24,47,76,117].

The interconnected nature of cognitive variables and
emotions calls for intervention methods tailored to in-
dividual children’s needs [103]. Low-performing stu-
dents may benefit from math training boosting
confidence [73], some boys may benefit from attention
training [39], and better-performing students with high

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2024, 55:101332



4 STEM foundations

MA may benefit from learning to separate MA from
math performance, from boosting their ego-resiliency
[32], reducing or regulating worries [72] and physiolo-
gical components of MA [12], or seeing math tasks as a
challenge instead of a threat to avoid [49]. Girls may
particularly benefit from understanding gendered social
attitudes toward math and STEM fields [103].

Individual resources: motivation, values,
costs, and self-concept

Individual resources are attributes that help individuals
to foster competence and sustain successful develop-
ment in different functional domains (e.g. individual,
school, and family) [27]. Individual factors such as self-
concept, self-efficacy, self-esteem, and motivation may
play important roles in math achievement and could act
as protective factors against failure. For example, inter-
view data suggest that low and high MA individuals’
school experiences are similar but subjective inter-
pretations of experiences differ [16]. Some important
factors shaping experiences are mathematical self-effi-
cacy [70,116], self-concept [50], and the subjective value
of mathematics [55]. All of these factors are influenced
by family and school-related variables during many
years. For example, girls show lower mathematical self-
efficacy then boys for the same level of math perfor-
mance [116] and self-efficacy perceptions may drive the
gender gap in pay [94].

Regarding motivation, facilitating and debilitating ef-
fects of MA on math performance vary not only across
different levels of MA, but also as a function of how
motivated children are to perform well [112]. A study of
more than 900 children identified eight distinct profiles
characterized by various combinations of dimensions of
MA and math-motivation [113]. These findings do not
agree with the idea that high MA students have low
motivation. Specifically, highly motivated students were
still likely to experience test MA, but they were less
likely to experience learning MA. Girls were more likely
to be characterized by a combination of lower math-
motivation and higher MA compared with boys, re-
vealing the complexity in the math-specific emotion-
motivation relation beyond a single negative correlation.
Other studies highlighted the importance of self-concept
and resilience in relation to different levels of anxiety
risk profiles [62] and found that both WM and self-
concept mediated the relation between MA and math
achievement in primary school children [52].

Expectancy-value theory [34] assumes that educational
choices, and ultimately achievement, are influenced by
two sets of beliefs: expectations of success and sub-
jective task value. Expectancies for success are stronger
predictors of actual academic achievement [34], whereas
value beliefs are stronger predictors of engagement and

academic career choices [115]. The complementary
control-value theory further emphasizes the importance
of control over mathematics activities [74]. The sub-
jective value attached to mathematics and expectations
about success, failure, and control can clearly drive stu-
dent behavior [58,79,80]. However, it is also important to
consider that academic and nonacademic self-esteem
can be dissociated from each other [28]. Academically
weak students may devalue school-related activities to
protect their overall self-worth [2,79]. Socially dis-
advantaged students may also devalue school-related
activities as these may be associated with high effort,
emotional, opportunity, or monetary costs (e.g. the pro-
spective price of college education in the USA, or the
number of years spent studying rather than earning
money) [35,46]. Such devaluation may especially affect
mathematics that is often perceived as a difficult subject.
In contrast, some students may be motivated by the
high-utility value of math (helps to get a good job) and
by the high social approval (e.g. from parents) associated
with math. Hence, studies should increasingly in-
vestigate how perceived positive values and costs of
school subjects, motivations, and aspirations in-
teract [35].

Social factors: parents, teachers, school,

and society

Mathematical learning difficulties, while known to
have a genetic or hereditary component, typically
manifest as a complex interplay of environmental and
neurodevelopmental factors within instructional and
sociocultural context [81]. The potential transfer of
math-related attitudes and especially MA, from par-
ents to their children, has received a lot of recent at-
tention with positive [8,57] and negative [21] results in
preschool children. Further, an important general
variable affecting both school and parental environ-
ment, self-perceptions, and career aspirations is so-
cioeconomic status (SES), a strong correlate of math
literacy [48]. The amount of parental number talk
positively correlated with SES and negatively with
parental MA [9]. In school age children, MA was re-
lated to mothers’ but not fathers’ MA in grade 6, but
this relationship was marginal once both parents’
educational level was considered [110]. Others re-
ported that fathers’ and mothers’ MA had differential
importance in grades 1 and 3 [97].

The home math environment, encompassing all math-
related interactions between parents and children at
home, such as informal board game playing, parents’
expressions of their math-related attitudes, beliefs, and
expectations, has garnered significant attention in recent
years. However, the results of a recent meta-analysis [25]
detected a small and positive correlation (r=.13) with
mathematics achievement. Hence, the impact of the
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home math environment over children’s math achieve-
ment is consistent but minimal.

Regarding teachers’ influence, classical findings in-
dicated high MA in trainee US math teachers [45].
Perceived inadequate teacher subject knowledge may
be a significant factor behind high teacher MA [37].
Most primary and secondary school teachers are female
[71] and their MA affects students’” MA and math per-
formance [88]. Confusion about varied teaching methods
can also lead to MA [16]. Teachers’ perceived job sa-
tisfaction significantly influences their behavior in the
classroom [109,114]. In particular, job dissatisfaction is
related with a negative development in student
achievement. Teacher—student relations affect achieve-
ment [92] and student engagement [108]. Some Asian
students are exposed to extremely high-stakes exams,
competition, school and parental pressure, and high
workload keeping their anxiety high even if they are
very high performers according to international stan-
dards [70]. Students in such high-stakes environments
may especially benefit from consistent emotional teacher
support [106].

Most cultures have gender stereotypes suggesting that
males excel more in mathematics than females and such
stereotypes are shared by parents and teachers alike.
Such stereotypes can significantly impact the perfor-
mance and self-esteem of girls and women [93]. While
recent data suggest that 15-year-old girls are now at
about the same level as boys in their math achievement
[71], girls’ subjective math self-concept and self-efficacy
perceptions likely still lag behind boys’ [70]. The term
‘gender-equality paradox’ refers to the fact that gender
discrepancy in STEM fields is larger in more than less
gender-equal countries [95]. Mothers in more gender-
equal countries also rate their sons’ mathematical ex-
pertise higher than that of their daughters with the ex-
ception of Scandinavian countries [96]. An analysis of 13
million Italian children’s data found higher male ad-
vantage in mathematics performance in richer and more
gender-equal Northern Italian than in Southern Italian
regions, with the performance gap increasing through
school [42].

The gender-equality paradox may appear because it may
be easier or more acceptable for girls to follow their
‘intrinsic interests’ in more advanced countries [96] and
consider non-math-related career options: higher pay
associated with STEM careers may be less relevant for
girls in rich countries as living standards are already
sufficiently high, or they may earn as well in some non-
STEM fields than in STEM fields [96]. Such ‘intrinsic
interests’ may of course depend on further factors [82],
such as on stereotypes and cultural attitudes about
gendered STEM and non-stem career choices [11].
Consequently, educational freedom of choice in richer

and often more gender-equal countries may in fact am-
plify the gender gap in STEM career choices, driven by
perceived appropriateness and aptitude of girls for
STEM fields. In such environments, the earlier pupils
can opt out from optional math education, the more
chance for gendered career choices to distract them from
STEM careers. A similar mechanism may affect dis-
advantaged students who may perceive learning math as
a high-cost venture with uncertain payout [46]. In-
dividual lifelong career choices are unlikely to be based
only on perceived academic strengths and utility [33,95].
Rather, emotional and cultural factors about the ‘ap-
propriateness’ of some career paths also strongly affect
choices. In fact, self-confidence in STEM abilities may
also drive gender differences in pay within STEM
fields [94].

Conclusions

Clearly, a very large number of biological, societal
(educational), and individual factors interact in math
development. These domains cannot be understood in
isolation and their components’ identity and their rela-
tions likely change through developmental time: a very
extensive, changing causal network underlies math de-
velopment. Data interpretation requires caution: most
variables of interest are likely to be at least mildly cor-
related. Hence, testing a few constructs with high sta-
tistical power likely results in detecting significant
correlations [101,105]. However, weak correlations be-
tween constructs have close-to-zero predictive power.
Therefore, weak fragmented findings should not be
overinterpreted. Researchers of mathematical develop-
ment should be aware of the complexity underlying
math development. The challenge is to discover the
main organizing principles behind many interconnected
developmental factors.

Editorial disclosure statement

Given his role as Guest Editor, Denes Szucs had no
involvement in the peer review of the article and has no
access to information regarding its peer-review. Full re-
sponsibility for the editorial process of this article was
delegated to Valeska Valentina Grau Crdenas.

Declaration of Competing Interest
There is no conflict of interest.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
oo Of outstanding interest

1. Allen K, Giofre D: A distinction between working memory
components as unique predictors of mathematical
components in 7-8 year old children. Educ Psychol 2021,
41:678-694, https://doi.org/10.1080/01443410.2020.1857702

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2024, 55:101332


https://doi.org/10.1080/01443410.2020.1857702

10.

11.

12.

13.

14.

15.

16.

17.

STEM foundations

Alves-Martins M, Peixoto F, Gouveia-Pereira M, Amaral V, Pedro I:
Self-esteem and academic achievement among adolescents.
Educ Psychol 2002, 22:51-62, https://doi.org/10.1080/
01443410120101242

Anobile G, Arrighi R, Burr DC: Simultaneous and sequential
subitizing are separate systems, and neither predicts math
abilities. J Exp Child Psychol 2019, 178:86-103, https://doi.org/
10.1016/j.jecp.2018.09.017

Ashcraft MH: Math anxiety: personal, educational, and
cognitive consequences. Curr Dir Psychol Sci 2002, 11:181-185,
https://doi.org/10.1111/1467-8721.00196 URL https://doi.org/10.
1111/1467-8721.00196.

Ashcraft MH, Kirk EP: The relationships among working
memory, math anxiety, and performance. J Exp Psychol: Gen
2001, 130:224-237, https://doi.org/10.1037/0096-3445.130.2.224
URL https://doi.org/10.1037/0096-3445.130.2.224.

Ashcraft MH, Moore AM: Mathematics anxiety and the affective
drop in performance. J Psychoeduc Assess 2009, 27:197-205,

https://doi.org/10.1177/0734282908330580 URL https://doi.org/

10.1177/0734282908330580.

Barroso C, Ganley CM, McGraw AL, Geer EA, Hart SA, Daucourt
MC: A meta-analysis of the relation between math anxiety and
math achievement. Psychol Bull 2021, 147:134-168, https://doi.
org/10.1037/bul0000307

Becker M, Litkowski EC, Duncan RJ, Schmitt SA, Elicker J,
Purpura DJ: Parents’ math anxiety and mathematics
performance of pre-kindergarten children. J Exp Child Psychol
2022, 214:105302, https://doi.org/10.1016/j.jecp.2021.105302

Berkowitz T, Gibson DJ, Levine SC: Parent math anxiety
predicts early number talk. J Cogn Dev 2021, 22:523-536,
https://doi.org/10.1080/15248372.2021.1926252

Bernardo ABI, Ganotice FA, King RB: Motivation gap and
achievement gap between public and private high schools in
the philippines. Asia-Pac Educ Res 2014, 24:657-667, https://
doi.org/10.1007/s40299-014-0213-2

Breda T, Jouini E, Napp C, Thebault G: Gender stereotypes can
explain the gender-equality paradox. Proc Natl Acad Sci 2020,
117:31063-31069, https://doi.org/10.1073/pnas.2008704117

Brunye TT, Mahoney CR, Giles GE, Rapp DN, Taylor HA, Kanarek
RB: Learning to relax: evaluating four brief interventions for
overcoming the negative emotions accompanying math
anxiety. Learn Individ Differ 2013, 27:1-7, https://doi.org/10.
1016/j.1indif.2013.06.008

Bull R, Scerif G: Executive functioning as a predictor of
children’s mathematics ability: inhibition, switching, and
working memory. Dev Neuropsychol 2001, 19:273-293, https://
doi.org/10.1207/s15326942dn19033

Carey E, Hill F, Devine A, Szu'cs D: The chicken or the egg? The
direction of the relationship between mathematics anxiety
and mathematics performance. Front Psychol 2016, 6, https://
doi.org/10.3389/fpsyg.2015.01987

Carey E, Devine A, Hill F, Szu'cs D: Differentiating anxiety forms
and their role in academic performance from primary to
secondary school. PLoS One 2017, 12:e0174418, https://doi.
org/10.1371/journal.pone.0174418

Carey E, Devine A, Hill F, Dowker A, McLellan R, Szucs D:
Understanding Mathematics Anxiety: Investigating the
Experiences of UK Primary and Secondary School Students.
Apollo — University of Cambridge Repository; 2019, https://doi.
org/10.17863/CAM.37744 URL: https://www.repository.cam.ac.
uk/handle/1810/290514.

Caviola S, Colling LJ, Mammarella IC, Szu'cs D: Predictors of
mathematics in primary school: magnitude comparison,
verbal and spatial working memory measures. Dev Sci 2020,
23:1-19, https://doi.org/10.1111/desc.12957

Caviola S, Toffalini E, Giofr'e D, Ruiz JM, Szucs D, Mammarella IC:
Math performance and academic anxiety forms, from
sociodemographic to cognitive aspects: a meta-analysis on
906311 participants. Educ Psychol Rev 2022, 34:363-399,
https://doi.org/10.1007/s10648-021-09618-5.

This paper provides a recent meta-analysis of various factors relevant to
math anxiety using data from close-to-a-million participants.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cipora K, Haman M, Domahs F, Nuerk H-C: Editorial: on the
development of space-number relations: linguistic and
cognitive determinants, influences, and associations. Front
Psychol 2020, 11, https://doi.org/10.3389/fpsyg.2020.00182

Colling LJ, Szucs D, De Marco D, Cipora K, Ulrich R, Nuerk H-C,
Soltanlou M, Bryce D, Chen S-C, Schroeder PA, Henare DT,
Chrystall CK, Corballis PM, Ansari D, Goffin C, Sokolowski HM,
Hancock PJB, Millen AE, Langton SRH, Holmes KJ, Saviano MS,
Tummino TA, Lindemann O, Zwaan RA, Lukavsky J, Beckova A,
Vranka MA, Cutini S, Mammarella IC, Mulatti C, Bell R, Buchner A,
Mieth L, Roer JP, Klein E, Huber S, Moeller K, Ocampo B,
Lupianez J, Ortiz-Tudela J, de la Fuente J, Santiago J, Ouellet M,
Hubbard EM, Toomarian EY, Job R, Treccani B, McShane BB:
Registered replication report on fischer, castel, dodd, and
pratt (2003). Adv Methods Pract Psychol Sci 2020, 3:143-162,
https://doi.org/10.1177/2515245920903079

Cosso J, Ellis A, O Rear CD, Zippert EL, Schmitt SA, Purpura DJ:
Conceptualizing the factor structure of parents’ math anxiety
and associations with children’s mathematics skills. Ann N 'Y
Acad Sci (1) 2022, 1511:119-132, https://doi.org/10.1111/nyas.
14736

Coulanges L, Abreu-Mendoza RA, Varma S, Uncapher MR,
Gazzaley A, Anguera J, Rosenberg-Lee M: Linking inhibitory
control to math achievement via comparison of conflicting
decimal numbers. Cognition 2021, 214:104767, https://doi.org/
10.1016/j.cognition.2021.104767

Csikszentmihalyi M: Flow. Harper Perennial Modern Classics.
[nachdr.] edn, Harper [and] Row; 2009:281-303 ISBN
9780061339202. Includes bibliographical references.

Daker RJ, Delage V, Maloney EA, Lyons IM: Testing the
specificity of links between anxiety and performance within
mathematics and spatial reasoning. Ann N Y Acad Sci (1) 2022,
1512:174-191, https://doi.org/10.1111/nyas. 14761

Daucourt MC, Napoli AR, Quinn JM, Wood SG, Hart SA: The
home math environment and math achievement: a meta-
analysis. Psychol Bull 2021, 147:565-596, https://doi.org/10.
1037/bul0000330

Davis OSP, Haworth CMA, Plomin R: Learning abilities and
disabilities: generalist genes in early adolescence. Cogn
Neuropsychiatry 2009, 14:312-331, https://doi.org/10.1080/
13546800902797106

Dekovic M: Risk and protective factors in the development of
problem behavior during adolescence. J Youth Adolesc 1999,
28:667-685, https://doi.org/10.1023/a:1021635516758

Demo DH, Parker KD: Academic achievement and self-esteem
among black and white college students. J Soc Psychol 1987,
127:345-355, https://doi.org/10.1080/00224545.1987.9713714

Devine A, Fawcett K, Szu’cs D, Dowker A: Gender differences in
mathematics anxiety and the relation to mathematics
performance while controlling for test anxiety. Behav Brain
Funct 2012, 8:33, https://doi.org/10.1186/1744-9081-8-33

Devine A, Solt'esz F, Nobes A, Goswami U, Szu’cs D: Gender
differences in developmental dyscalculia depend on
diagnostic criteria. Learn Instr 2013, 27:31-39, https://doi.org/
10.1016/j.learninstruc.2013.02.004

Devine A, Hill F, Carey E, Szu'cs D: Cognitive and emotional
math problems largely dissociate: prevalence of
developmental dyscalculia and mathematics anxiety. J Educ
Psychol 2018, 110:431-444, https://doi.org/10.1037/edu0000222
URL https://doi.org/10.1037 %2Fedu0000222.

Donolato E, Toffalini E, Giofre D, Caviola S, Mammarella IC: Going
beyond mathematics anxiety in primary and middle school
students: the role of ego-resiliency in mathematics. Mind
Brain Educ 2020, 14:255-266, https://doi.org/10.1111/mbe.12251

Eccles J: Gendered educational and occupational choices:
applying the Eccles et al. model of achievement-related
choices. Int J Behav Dev 2011, 35:195-201, https://doi.org/10.
1177/0165025411398185

Current Opinion in Behavioral Sciences 2024, 55:101332

www.sciencedirect.com


https://doi.org/10.1080/01443410120101242
https://doi.org/10.1080/01443410120101242
https://doi.org/10.1016/j.jecp.2018.09.017
https://doi.org/10.1016/j.jecp.2018.09.017
https://doi.org/10.1111/1467-8721.00196
https://doi.org/10.1037/0096-3445.130.2.224
https://doi.org/10.1177/0734282908330580
https://doi.org/10.1037/bul0000307
https://doi.org/10.1037/bul0000307
https://doi.org/10.1016/j.jecp.2021.105302
https://doi.org/10.1080/15248372.2021.1926252
https://doi.org/10.1007/s40299-014-0213-2
https://doi.org/10.1007/s40299-014-0213-2
https://doi.org/10.1073/pnas.2008704117
https://doi.org/10.1016/j.lindif.2013.06.008
https://doi.org/10.1016/j.lindif.2013.06.008
https://doi.org/10.1207/s15326942dn19033
https://doi.org/10.1207/s15326942dn19033
https://doi.org/10.3389/fpsyg.2015.01987
https://doi.org/10.3389/fpsyg.2015.01987
https://doi.org/10.1371/journal.pone.0174418
https://doi.org/10.1371/journal.pone.0174418
https://doi.org/10.17863/CAM.37744
https://doi.org/10.17863/CAM.37744
https://doi.org/10.1111/desc.12957
https://doi.org/10.1007/s10648-021-09618-5
https://doi.org/10.3389/fpsyg.2020.00182
https://doi.org/10.1177/2515245920903079
https://doi.org/10.1111/nyas.14736
https://doi.org/10.1111/nyas.14736
https://doi.org/10.1016/j.cognition.2021.104767
https://doi.org/10.1016/j.cognition.2021.104767
http://refhub.elsevier.com/S2352-1546(23)00086-4/sbref23
http://refhub.elsevier.com/S2352-1546(23)00086-4/sbref23
http://refhub.elsevier.com/S2352-1546(23)00086-4/sbref23
https://doi.org/10.1111/nyas.14761
https://doi.org/10.1037/bul0000330
https://doi.org/10.1037/bul0000330
https://doi.org/10.1080/13546800902797106
https://doi.org/10.1080/13546800902797106
https://doi.org/10.1023/a:1021635516758
https://doi.org/10.1080/00224545.1987.9713714
https://doi.org/10.1186/1744-9081-8-33
https://doi.org/10.1016/j.learninstruc.2013.02.004
https://doi.org/10.1016/j.learninstruc.2013.02.004
https://doi.org/10.1037/edu0000222
https://doi.org/10.1111/mbe.12251
https://doi.org/10.1177/0165025411398185
https://doi.org/10.1177/0165025411398185

34.

35.

36.

37.

38.

39.

A bio-psycho-social view of math development Szucs and Mammarella 7

Eccles JS, Wigfield A: Motivational beliefs, values, and goals.
Annu Rev Psychol 2002, 63:109-132, https://doi.org/10.1146/
annurev.psych.53.100901.135153

Eccles JS, Wigdfield A: From expectancy-value theory to
situated expectancy-value theory: a developmental, social
coghnitive, and sociocultural perspective on motivation.
Contemp Educ Psychol 2020, 61:101859, https://doi.org/10.
1016/j.cedpsych.2020.101859

Eysenck MW: Attentional control theory of anxiety: recent
developments. Handbook of Individual Differences in Cognition.
Springer; 2010:195-204, https://doi.org/10.1007/978-1-4419-
1210-712

Finlayson M: Addressing math anxiety in the classroom.
Improv Sch 2014, 17:99-115, https://doi.org/10.1177/
1365480214521457

Geary DC, Scofield JE, Hoard MK, Nugent L: Boys’ advantage
on the fractions number line is mediated by visuospatial
attention: evidence for a parietal-spatial contribution to
number line learning. Dev Sci 2020, 24, https://doi.org/10.1111/
desc.13063

Geary DC, Hoard MK, Nugent L: Boys’ visuospatial abilities
compensate for their relatively poor in-class attentive
behavior in learning mathematics. J Exp Child Psychol 2021,
211:105222, https://doi.org/10.1016/j.jecp.2021.105222

Geary DC, Hoard MK, Nugent L, Scofield JE: In-class attention,
spatial ability, and mathematics anxiety predict across-grade
gains in adolescents’ mathematics achievement. J Educ

Psychol 2021, 113:754-769, https://doi.org/10.1037/edu0000487.

This unique paper investigated a range of cognitive and emotional
predictors of math achievement.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gimbert F, Camos V, Gentaz E, Mazens K: What predicts
mathematics achievement? Developmental change in 5- and
7-year-old children. J Exp Child Psychol 2019, 178:104-120,
https://doi.org/10.1016/j.jecp.2018.09.013

Giofre D, Cornoldi C, Martini A, Toffalini E: A population level
analysis of the gender gap in mathematics: results on over 13
million children using the INVALSI dataset. Intelligence 2020,
81:101467, https://doi.org/10.1016/j.intell.2020.101467

Giofr'e D, Borella E, Mammarella IC: The relationship between
intelligence, working memory, academic self-esteem, and
academic achievement. J Cogn Psychol 2017, 29:731-747,
https://doi.org/10.1080/20445911.2017.1310110

Hawes Z, Nosworthy N, Archibald L, Ansari D: Kindergarten
children’s symbolic number comparison skills relates to 1st
grade mathematics achievement: evidence from a two-
minute paper-and-pencil test. Learn Instr 2019, 59:21-33,
https://doi.org/10.1016/j.learninstruc.2018.09.004

Hembree R: The nature, effects, and relief of mathematics
anxiety. J Res Math Educ 1990, 21:33, https://doi.org/10.2307/
749455

Hentges RF, Galla BM, Wang M-T: Economic disadvantage and
math achievement: the significance of perceived cost from an
evolutionary perspective. Br J Educ Psychol 2018, 89:343-358,
https://doi.org/10.1111/bjep.12242

Hill F, Mammarella IC, Devine A, Caviola S, Passolunghi MC,
Szucs D: Maths anxiety in primary and secondary school
students: gender differences, developmental changes and
anxiety specificity. Learn Individ Differ 2016, 48:45-53, https://
doi.org/10.1016/}.lindif.2016.02.006

Hiller SE, Kitsantas A, Cheema JE, Poulou M: Mathematics
anxiety and self-efficacy as predictors of mathematics
literacy. Int J Math Educ Sci Technol (8) 2022, 53:2133-2151,
https://doi.org/10.1080/0020739x.2020.1868589

Jamieson JP, Peters BJ, Greenwood EJ, Altose AJ: Reappraising
stress arousal improves performance and reduces evaluation
anxiety in classroom exam situations. Soc Psychol Personal Sci
2016, 7:579-587, https://doi.org/10.1177/1948550616644656

Jansen M, Ludtke O, Robitzsch A: Disentangling different
sources of stability and change in students’ academic self-
concepts: an integrative data analysis using the STARTS

model. J Educ Psychol 2020, 112:1614-1631, https://doi.org/10.
1037/edu0000448

Judd N, Klingberg T: Training spatial cognition enhances
mathematical learning in a randomized study of 17,000
children. Nat Hum Behav 2021, 5:1548-1554, https://doi.org/10.
1038/s41562-021-01118-4.

A training study demonstrating rare far-transfer effects.

52.

53.

54.

55.

Justicia-Galiano MJ, Martin-Puga ME, Linares R, Pelegrina S:
Math anxiety and math performance in children: the
mediating roles of working memory and math self-concept. Br
J Educ Psychol 2017, 87:573-589, https://doi.org/10.1111/bjep.
12165

Kovas Y, Petrill SA, Plomin R: The origins of diverse domains of
mathematics: generalist genes but specialist environments. J
Educ Psychol 2007, 99:128-139, https://doi.org/10.1037/0022-
0663.99.1.128

Kovas Y, Voronin I, Kaydalov A, Malykh SB, Dale PS, Plomin R:
Literacy and numeracy are more heritable than intelligence in
primary school. Psychol Sci 2013, 24:2048-2056, https://doi.org/
10.1177/0956797613486982

Kyttala M, Bjorn PM: Prior mathematics achievement,
cognitive appraisals and anxiety as predictors of finnish
students’ later mathematics performance and career
orientation. Educ Psychol 2010, 30:431-448, https://doi.org/10.
1080/01443411003724491 URL https://doi.org/10.1080/
01443411003724491.

Lau NTT, Merkley R, Tremblay P, Zhang S, De-Jesus S:
Supplemental material for kindergarteners’ symbolic number
abilities predict nonsymbolic number abilities and math
achievement in grade 1. Dev Psychol (4) 2021, 57:471-488,
https://doi.org/10.1037/dev0001158.supp.

This study demonstrated that symbolic math skills predict nonsymbolic
ones, rather than vice versa as often claimed.

57.

58.

59.

60.

Lau NTT, Hawes Z, Tremblay P, Ansari D: Disentangling the
individual and contextual effects of math anxiety: a global
perspective. Proc Nat/ Acad Sci 2022, 119:e2115855119, https://
doi.org/10.1073/pnas.2115855119

Lazarides R, Raufelder D: Control-value theory in the context of
teaching: does teaching quality moderate relations between
academic self-concept and achievement emotions? Br J Educ
Psychol 2020, 91:127-147, https://doi.org/10.1111/bjep.12352

Liang Z, Dong P, Zhou Y, Feng S, Zhang Q: Whether verbal and
visuospatial working memory play different roles in pupil’s
mathematical abilities. Br J Educ Psychol 2022, 92:409-424,
https://doi.org/10.1111/bjep.12454

Linnenbrink-Garcia L, Pekrun R: Students’ emotions and
academic engagement: introduction to the special issue.
Contemp Educ Psychol 2011, 36:1-3, https://doi.org/10.1016/j.
cedpsych.2010.11.004

Malanchini M, Rimfeld K, Wang Z, Petrill SA, Tucker-Drob EM,
Plomin R, Kovas Y: Genetic factors underlie the association
between anxiety, attitudes and performance in mathematics.
Transl Psychiatry 2020, 10, https://doi.org/10.1038/s41398-020-
0711-3.

This paper investigated the genetic basis of math anxiety, math atti-
tudes, and achievement.

62.

63.

Mammarella IC, Donolato E, Caviola S, Giofr'e D: Anxiety profiles
and protective factors: a latent profile analysis in children.
Personal Individ Differ 2018, 124:201-208, https://doi.org/10.
1016/j.paid.2017.12.017

Mammarella IC, Toffalini E, Caviola S, Colling L, Szu'cs D: No
evidence for a core deficit in developmental dyscalculia or
mathematical learning disabilities. J Child Psychol Psychiatry
2021, 62:704-714, https://doi.org/10.1111/jcpp.13397.

This study applied a novel method to demonstrate that it is unlikely that
some qualitatively special core deficit would underlie math learning
disabilities.

64.

Meier MA, Burgstaller JA, Benedek M, Vogel SE, Grabner RH:
Mathematical creativity in adults: its measurement and its
relation to intelligence, mathematical competence and

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2024, 55:101332


https://doi.org/10.1146/annurev.psych.53.100901.135153
https://doi.org/10.1146/annurev.psych.53.100901.135153
https://doi.org/10.1016/j.cedpsych.2020.101859
https://doi.org/10.1016/j.cedpsych.2020.101859
https://doi.org/10.1007/978-1-4419-1210-712
https://doi.org/10.1007/978-1-4419-1210-712
https://doi.org/10.1177/1365480214521457
https://doi.org/10.1177/1365480214521457
https://doi.org/10.1111/desc.13063
https://doi.org/10.1111/desc.13063
https://doi.org/10.1016/j.jecp.2021.105222
https://doi.org/10.1037/edu0000487
https://doi.org/10.1016/j.jecp.2018.09.013
https://doi.org/10.1016/j.intell.2020.101467
https://doi.org/10.1080/20445911.2017.1310110
https://doi.org/10.1016/j.learninstruc.2018.09.004
https://doi.org/10.2307/749455
https://doi.org/10.2307/749455
https://doi.org/10.1111/bjep.12242
https://doi.org/10.1016/j.lindif.2016.02.006
https://doi.org/10.1016/j.lindif.2016.02.006
https://doi.org/10.1080/0020739x.2020.1868589
https://doi.org/10.1177/1948550616644656
https://doi.org/10.1037/edu0000448
https://doi.org/10.1037/edu0000448
https://doi.org/10.1038/s41562-021-01118-4
https://doi.org/10.1038/s41562-021-01118-4
https://doi.org/10.1111/bjep.12165
https://doi.org/10.1111/bjep.12165
https://doi.org/10.1037/0022-0663.99.1.128
https://doi.org/10.1037/0022-0663.99.1.128
https://doi.org/10.1177/0956797613486982
https://doi.org/10.1177/0956797613486982
https://doi.org/10.1080/01443411003724491
https://doi.org/10.1080/01443411003724491
https://doi.org/10.1037/dev0001158.supp
https://doi.org/10.1073/pnas.2115855119
https://doi.org/10.1073/pnas.2115855119
https://doi.org/10.1111/bjep.12352
https://doi.org/10.1111/bjep.12454
https://doi.org/10.1016/j.cedpsych.2010.11.004
https://doi.org/10.1016/j.cedpsych.2010.11.004
https://doi.org/10.1038/s41398-020-0711-3
https://doi.org/10.1038/s41398-020-0711-3
https://doi.org/10.1016/j.paid.2017.12.017
https://doi.org/10.1016/j.paid.2017.12.017
https://doi.org/10.1111/jcpp.13397

8 STEM foundations

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

general creativity. J Intell 2021, 9:10, https://doi.org/10.3390/
jintelligence9010010

Mix KS, Levine SC, Cheng Y-L, Young C, Hambrick DZ, Ping R,
Konstantopoulos S: Separate but correlated: the latent
structure of space and mathematics across development. J
Exp Psychol: Gen 2016, 145:1206-1227, https://doi.org/10.1037/
xge0000182

Mock J, Huber S, Cress U, Nuerk H-C, Moeller K: Negative
numbers are not yet automatically associated with space in
6th graders. J Cogn Dev 2019, 20:611-633, https://doi.org/10.
1080/15248372.2019.1639714

Myers T, Carey E, Szucs D: Cognitive and neural correlates of
mathematical giftedness in adults and children: a review.
Front Psychol 2017, 8, https://doi.org/10.3389/fpsyg.2017.01646

Nath S, Szucs D: Construction play and cognitive skills
associated with the development of mathematical abilities in
7-year-old children. Learn Instr 2014, 32:73-80, https://doi.org/
10.1016/j.learninstruc.2014.01.006

Noack H, Lovden M, Schmiedek F: On the validity and
generality of transfer effects in cognitive training research.
Psychol Res 2014, 78:773-789, https://doi.org/10.1007/s00426-
014-0564-6

OECD: PISA 2012 Results: Ready to Learn: Students’
Engagement, Drive and Self-Beliefs (Volume Ill). OECD
Publishing; 2013, https://doi.org/10.1787/9789264201170-en

OECD: Education at a Glance 2018. OECD; 2018, https://doi.
org/10.1787/eag-2018-en

Park D, Ramirez G, Beilock SL: The role of expressive writing in
math anxiety. J Exp Psychol: Appl 2014, 20:103-111, https://doi.
org/10.1037/xap0000013

Passolunghi MC, De Vita C, Pellizzoni S: Math anxiety and math
achievement: the effects of emotional and math strategy
training. Dev Sci 2020, 23, https://doi.org/10.1111/desc.12964

Pekrun R, Elliot AJ, Maier MA: Achievement goals and discrete
achievement emotions: a theoretical model and prospective
test. J Educ Psychol 2006, 98:583-597, https://doi.org/10.1037/
0022-0663.98.3.583

Pekrun R, Lichtenfeld S, Marsh HW, Murayama K, Goetz T:
Achievement emotions and academic performance:
longitudinal models of reciprocal effects. Child Dev 2017,
88:1653-1670, https://doi.org/10.1111/cdev.12704

Pellizzoni S, Cargnelutti E, Cuder A, Passolunghi MC: The
interplay between math anxiety and working memory on math
performance: a longitudinal study. Ann N Y Acad Sci (1) 2022,
1510:132-144, https://doi.org/10.1111/nyas. 14722

Peters L, Op de Beeck H, De Smedt B: Cognitive correlates of
dyslexia, dyscalculia and comorbid dyslexia/dyscalculia:
effects of numerical magnitude processing and phonological
processing. Res Dev Disabil 2020, 107:103806, https://doi.org/
10.1016/j.ridd.2020.103806

Plomin R, Kovas Y: Generalist genes and learning disabilities.
Psychol Bull 2005, 131:592-617, https://doi.org/10.1037/0033-
2909.131.4.592

Putwain DW, Wood P: Anxiety in the mathematics classroom:
reciprocal relations with control and value, and relations with
subsequent achievement. ZDM - Math Educ 2022, 55:285-298,
https://doi.org/10.1007/s11858-022-01390-2

Putwain DW, Schmitz EA, Wood P, Pekrun R: The role of
achievement emotions in primary school mathematics:
control-value antecedents and achievement outcomes. Br J
Educ Psychol 2021, 91:347-367, https://doi.org/10.1111/bjep.
12367

Reusser K, Stebler R: Every word problem has a solution — the
social rationality of mathematical modeling in schools. Learn
Instr 1997, 7:309-327, https://doi.org/10.1016/s0959-4752(97)
00014-5

Richardson SS, Reiches MW, Bruch J, Boulicault M, Noll NE,
Shattuck-Heidorn H: Is there a gender-equality paradox in

83.

84.

85.

86.

science, technology, engineering, and math (STEM)?
Commentary on the study by stoet and geary (2018). Psychol
Sci 2020, 31:338-341, https://doi.org/10.1177/
0956797619872762

Rimfeld K, Ayorech Z, Dale PS, Kovas Y, Plomin R: Genetics
affects choice of academic subjects as well as achievement.
Sci Rep 2016, 6, https://doi.org/10.1038/srep26373

Ryan RM, Deci EL: Self-determination theory and the
facilitation of intrinsic motivation, social development, and
well-being. Am Psychol 2000, 55:68-78, https://doi.org/10.1037/
0003-066x.55.1.68

Sala G, Gobet F: Cognitive training does not enhance general
cognition. Trends Cogn Sci 2019, 23:9-20, https://doi.org/10.
1016/j.tics.2018.10.004

Sala G, Gobet F: Working memory training in typically
developing children: a multilevel meta-analysis. Psychon Bull
Rev 2020, 27:423-434, https://doi.org/10.3758/s13423-019-
01681-y.

A very important meta-analysis concluding that there is no evidence for
far-transfer effects of WM training.

87.

88.

Scalise NR, Daubert EN, Ramani GB: When one size does not fit
all: a latent profile analysis of low-income preschoolers’ math
skills. J Exp Child Psychol 2021, 209:105156, https://doi.org/10.
1016/j.jecp.2021.105156

Schaeffer MW, Rozek CS, Maloney EA, Berkowitz T, Levine SC,
Beilock SL: Elementary school teachers’ math anxiety and
students’ math learning: a large-scale replication. Dev Sci
2021, 24, https://doi.org/10.1111/desc.13080.

A very important paper replicating that teacher’s math anxiety strongly
impacts their pupils’ math anxiety.

89.

90.

91.

92.

93.

94.

95.

96.

Schukajlow S, Rakoczy K, Pekrun R: Emotions and motivation
in mathematics education: theoretical considerations and
empirical contributions. ZDM 2017, 49:307-322, https://doi.org/
10.1007/s11858-017-0864-6

Scofield JE, Hoard MK, Nugent L, LaMendola JV, Geary DC:
Mathematics clusters reveal strengths and weaknesses in
adolescents’ mathematical competencies, spatial abilities,
and mathematics attitudes. J Cogn Dev 2021, 22:695-720,
https://doi.org/10.1080/15248372.2021.1939351

Seligman MEP, Ernst RM, Gillham J, Reivich K, Linkins M:
Positive education: positive psychology and classroom
interventions. Oxf Rev Educ 2009, 35:293-311, https://doi.org/
10.1080/03054980902934563

Semeraro C, Giofre D, Coppola G, Lucangeli D, Cassibba R: The
role of cognitive and non-cognitive factors in mathematics
achievement: the importance of the quality of the student-
teacher relationship in middle school. PLoS One 2020,
15:€0231381, https://doi.org/10.1371/journal.pone.0231381

Spencer SJ, Steele CM, Quinn DM: Stereotype threat and
women’s math performance. J Exp Soc Psychol 1999, 35:4-28,
https://doi.org/10.1006/jesp.1998.1373

Sterling AD, Thompson ME, Wang S, Kusimo A, Gilmartin S,
Sheppard S: The confidence gap predicts the gender pay gap
among STEM graduates. Proc Natl Acad Sci 2020,
117:30303-30308, https://doi.org/10.1073/pnas.2010269117

Stoet G, Geary DC: The gender-equality paradox in science,
technology, engineering, and mathematics education. Psychol
Sci 2018, 29:581-593, https://doi.org/10.1177/
0956797617741719

Stoet G, Bailey DH, Moore AM, Geary DC: Countries with higher
levels of gender equality show larger national sex differences
in mathematics anxiety and relatively lower parental
mathematics valuation for girls. PLoS One 2016, 11:e0153857,
https://doi.org/10.1371/journal.pone.0153857

Szczygiewl M: When does math anxiety in parents and
teachers predict math anxiety and math achievement in
elementary school children? The role of gender and grade
year. Soc Psychol Educ 2020, 23:1023-1054, https://doi.org/10.
1007/s11218-020-09570-2

Current Opinion in Behavioral Sciences 2024, 55:101332

www.sciencedirect.com


https://doi.org/10.3390/jintelligence9010010
https://doi.org/10.3390/jintelligence9010010
https://doi.org/10.1037/xge0000182
https://doi.org/10.1037/xge0000182
https://doi.org/10.1080/15248372.2019.1639714
https://doi.org/10.1080/15248372.2019.1639714
https://doi.org/10.3389/fpsyg.2017.01646
https://doi.org/10.1016/j.learninstruc.2014.01.006
https://doi.org/10.1016/j.learninstruc.2014.01.006
https://doi.org/10.1007/s00426-014-0564-6
https://doi.org/10.1007/s00426-014-0564-6
https://doi.org/10.1787/9789264201170-en
https://doi.org/10.1787/eag-2018-en
https://doi.org/10.1787/eag-2018-en
https://doi.org/10.1037/xap0000013
https://doi.org/10.1037/xap0000013
https://doi.org/10.1111/desc.12964
https://doi.org/10.1037/0022-0663.98.3.583
https://doi.org/10.1037/0022-0663.98.3.583
https://doi.org/10.1111/cdev.12704
https://doi.org/10.1111/nyas.14722
https://doi.org/10.1016/j.ridd.2020.103806
https://doi.org/10.1016/j.ridd.2020.103806
https://doi.org/10.1037/0033-2909.131.4.592
https://doi.org/10.1037/0033-2909.131.4.592
https://doi.org/10.1007/s11858-022-01390-2
https://doi.org/10.1111/bjep.12367
https://doi.org/10.1111/bjep.12367
https://doi.org/10.1016/s0959-4752(97)00014-5
https://doi.org/10.1016/s0959-4752(97)00014-5
https://doi.org/10.1177/0956797619872762
https://doi.org/10.1177/0956797619872762
https://doi.org/10.1038/srep26373
https://doi.org/10.1037/0003-066x.55.1.68
https://doi.org/10.1037/0003-066x.55.1.68
https://doi.org/10.1016/j.tics.2018.10.004
https://doi.org/10.1016/j.tics.2018.10.004
https://doi.org/10.3758/s13423-019-01681-y
https://doi.org/10.3758/s13423-019-01681-y
https://doi.org/10.1016/j.jecp.2021.105156
https://doi.org/10.1016/j.jecp.2021.105156
https://doi.org/10.1111/desc.13080
https://doi.org/10.1007/s11858-017-0864-6
https://doi.org/10.1007/s11858-017-0864-6
https://doi.org/10.1080/15248372.2021.1939351
https://doi.org/10.1080/03054980902934563
https://doi.org/10.1080/03054980902934563
https://doi.org/10.1371/journal.pone.0231381
https://doi.org/10.1006/jesp.1998.1373
https://doi.org/10.1073/pnas.2010269117
https://doi.org/10.1177/0956797617741719
https://doi.org/10.1177/0956797617741719
https://doi.org/10.1371/journal.pone.0153857
https://doi.org/10.1007/s11218-020-09570-2
https://doi.org/10.1007/s11218-020-09570-2

98.

A bio-psycho-social view of math development Szucs and Mammarella 9

Szkudlarek E, Park J, Brannon EM: Failure to replicate the
benefit of approximate arithmetic training for symbolic
arithmetic fluency in adults. Cognition 2021, 207:104521,
https://doi.org/10.1016/j.cognition.2020.104521.

This relatively large-scale paper failed to replicate the benefits of ANS
training.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Szucs D: Subtypes and comorbidity in mathematical learning
disabilities. Progress in Brain Research. Elsevier; 2016:277-304,
https://doi.org/10.1016/bs.pbr.2016.04.027

Szu’cs D, Devine A, Soltesz F, Nobes A, Gabriel F:
Developmental dyscalculia is related to visuo-spatial memory
and inhibition impairment. Cortex 2013, 49:2674-2688.

Szucs D, Loannidis JPA: Empirical assessment of published
effect sizes and power in the recent cognitive neuroscience
and psychology literature. PLoS Biol 2017, 15:e2000797,
https://doi.org/10.1371/journal.pbio.2000797

Szucs D, loannidis JPA: Sample size evolution in neuroimaging
research: an evaluation of highly-cited studies (1990-2012)
and of latest practices (2017-2018) in high-impact journals.
Neurolmage 2020, 221:117164, https://doi.org/10.1016/].
neuroimage.2020.117164

Szucs D, Mammarella I: Mathematics anxiety. Educational Prac-
tices Series. UNESCO IBE; 2020. http://www.ibe.unesco.org/en/
news/math-anxiety-educational-practices-series-31.

Szucs D, Myers T: A critical analysis of design, facts, bias and
inference in the approximate number system training
literature: a systematic review. Trends Neurosci Educ 2017,
6:187-203, https://doi.org/10.1016/j.tine.2016.11.002

Szucs D, Devine A, Soltesz F, Nobes A, Gabriel F: Cognitive
components of a mathematical processing network in 9-year-
old children. Dev Sci 2014, 17:506-524, https://doi.org/10.1111/
desc.12144

Tao Y, Meng Y, Gao Z, Yang X: Perceived teacher support,
student engagement, and academic achievement: a meta-
analysis. Educ Psychol 2022, 42:401-420, https://doi.org/10.

1080/01443410.2022.2033168

ten Braak D, Lenes R, Purpura DJ, Schmitt SA, Stroksen |: Why
do early mathematics skills predict later mathematics and
reading achievement? the role of executive function. J Exp
Child Psychol 2022, 214:1053, https://doi.org/10.1016/j.jecp.
2021.105306

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Thornberg R, Forsberg C, Chiriac EH, Bjereld Y:
Teacher-student relationship quality and student
engagement: a sequential explanatory mixed-methods study.
Res Pap Educ 2020, 37:840-859, https://doi.org/10.1080/
02671522.2020.1864772

Toh K-A, Ho B-T, Riley JP, Hoh Y-K: Meeting the highly qualified
teachers challenge. Educ Res Policy Pract 2006, 5:187-194,
https://doi.org/10.1007/s10671-006-9008-4

Vanbinst K, Bellon E, Dowker A: Mathematics anxiety: an
intergenerational approach. Front Psychol 2020, 11, https://doi.
org/10.3389/fpsyg.2020.01648

De Vita C, Costa HM, Tomasetto C, Passolunghi MC: The
contributions of working memory domains and processes to
early mathematical knowledge between preschool and first
grade. Psychol Res 2022, 86:497-511, https://doi.org/10.1007/
s00426-021-01496-4

Wang Z, Lukowski SL, Hart SA, Lyons IM, Thompson LA, Kovas
Y, M. Mazzocco MM, Plomin R, Petrill SA: Is math anxiety
always bad for math learning? The role of math motivation.
Psychol Sci 2015, 26:1863-1876, https://doi.org/10.1177/
0956797615602471

Wang Z, Shakeshaft N, Schofield K, Malanchini M: Anxiety is not
enough to drive me away: a latent profile analysis on math
anxiety and math motivation. PLoS One 2018, 13:e0192072,
https://doi.org/10.1371/journal.pone.0192072

Watt HMG, Richardson PW: Motivations, perceptions, and
aspirations concerning teaching as a career for different
types of beginning teachers. Learn Instr 2008, 18:408-428,
https://doi.org/10.1016/j.learninstruc.2008.06.002

Wigfield A, Eccles JS: Expectancy value theory of achievement
motivation. Contemp Educ Psychol 2000, 25:68-81, https://doi.
org/10.1006/ceps.1999.1015

Zander L, Hohne E, Harms S, Pfost M, Hornsey MJ: When grades
are high but self-efficacy is low: unpacking the confidence
gap between girls and boys in mathematics. Front Psychol
2020, 11, https://doi.org/10.3389/fpsyg.2020.552355

Zivkovic M, Pellizzoni S, Mammarella IC, Passolunghi MC: The
relationship betweens math anxiety and arithmetic reasoning:
the mediating role of working memory and self-competence.
Curr Psychol 2023, 42:14506-14516, https://doi.org/10.1007/
$12144-022-02765-0

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2024, 55:101332


https://doi.org/10.1016/j.cognition.2020.104521
https://doi.org/10.1016/bs.pbr.2016.04.027
http://refhub.elsevier.com/S2352-1546(23)00086-4/sbref100
http://refhub.elsevier.com/S2352-1546(23)00086-4/sbref100
http://refhub.elsevier.com/S2352-1546(23)00086-4/sbref100
https://doi.org/10.1371/journal.pbio.2000797
https://doi.org/10.1016/j.neuroimage.2020.117164
https://doi.org/10.1016/j.neuroimage.2020.117164
http://www.ibe.unesco.org/en/news/math-anxiety-educational-practices-series-31
http://www.ibe.unesco.org/en/news/math-anxiety-educational-practices-series-31
https://doi.org/10.1016/j.tine.2016.11.002
https://doi.org/10.1111/desc.12144
https://doi.org/10.1111/desc.12144
https://doi.org/10.1080/01443410.2022.2033168
https://doi.org/10.1080/01443410.2022.2033168
https://doi.org/10.1016/j.jecp.2021.105306
https://doi.org/10.1016/j.jecp.2021.105306
https://doi.org/10.1080/02671522.2020.1864772
https://doi.org/10.1080/02671522.2020.1864772
https://doi.org/10.1007/s10671-006-9008-4
https://doi.org/10.3389/fpsyg.2020.01648
https://doi.org/10.3389/fpsyg.2020.01648
https://doi.org/10.1007/s00426-021-01496-4
https://doi.org/10.1007/s00426-021-01496-4
https://doi.org/10.1177/0956797615602471
https://doi.org/10.1177/0956797615602471
https://doi.org/10.1371/journal.pone.0192072
https://doi.org/10.1016/j.learninstruc.2008.06.002
https://doi.org/10.1006/ceps.1999.1015
https://doi.org/10.1006/ceps.1999.1015
https://doi.org/10.3389/fpsyg.2020.552355
https://doi.org/10.1007/s12144-022-02765-0
https://doi.org/10.1007/s12144-022-02765-0

	A biopsychological–social view of mathematical development
	A biopsychological–social view of math development
	Biological factors
	Cognitive abilities
	Negative and positive emotions
	Individual resources: motivation, values, costs, and self-concept
	Social factors: parents, teachers, school, and society
	Conclusions
	Editorial disclosure statement
	Declaration of Competing Interest
	References and recommended reading




