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Abstract

The ability to perceive approximate numerosity is present in many animal species, and
emerges early in human infants. Later in life, it is moderately heritable and associated
with mathematical abilities, but the etiology of the Approximate Number System (ANS)
and its degree of independence from other cognitive abilities in infancy is unknown.
Here, we assessed the phenotypic specificity as well as the influence of genetic and
environmental factors on the ANS in a sample of 5-month-old twins (N = 514). We
found a small-to-moderate but statistically significant effect of genetic factors on ANS
acuity (heritability = 0.18, 95% Cl: 0.02, 0.33), but only when differences in numerosity
were relatively large (1:4 ratio). Non-verbal ability assessed with the Mullen Scales of
Early Learning (MSEL) was found to be heritable (0.47; 95% Cl: 0.34,0.57) and the phe-
notypic association between ANS acuity and non-verbal ability performance was close
to zero. Similarly, we found no association between ANS acuity and general attention
during the task. An unexpected weak but statistically significant negative association
between ANS acuity and scores on the receptive language scale of the MSEL was found.
These results suggest that early ANS function may be largely independent from other
aspects of non-verbal development. Further, variability in ANS in infancy seems to, to

some extent, reflect genotypic differences in the population.
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Highlights

* Assessing 514 infant twins with eye tracking, we found that infants’ sense of
approximate numerosity is heritable and not positively associated with concurrent
attentional, cognitive or motor abilities.

» These results have implications for our understanding of development of mathemat-

ical ability and the link between cognitive abilities early in postnatal life.
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1 | INTRODUCTION

The Approximate Number System (ANS) is believed to be dedicated to
the perception of approximate numerosity, without relying on language
or symbols (Feigenson et al., 2004). The ability to differentiate between
approximate numerosity increases during the first year of life in human
infants (Xu et al., 2005) and stable individual differences emerge (Lib-
ertus & Brannon, 2010). The ANS has also been found in non-human
animals (Boysen & Hallberg, 2000; Kilian et al., 2003), suggesting an
evolutionary importance of the ANS (Halberda et al., 2008). In older
children and adults, ANS acuity is typically measured by comparing
simultaneously presented stimuli, such as quickly flashing dots, ask-
ing the participants which group of stimuli contained more objects (i.e.,
dotsinthis example; Odic & Starr et al., 2018). In this case, the ANS acu-
ity of a specific individual is usually defined as the smallest ratio that
the individual can reliably discriminate (Odic & Starr, 2018). In infants,
ANS is usually measured by habituation paradigms, or by preferential
looking to one of two simultaneously presented streams of dots (one
having the same number of dots and one changing in numerosity). In
this study, we used the preferential looking paradigm, where the ANS
score reflects the preference for looking at the numerically changing
stream. The ANS score has been called both ANS accuracy and ANS
acuity in the previous infancy literature (with small variations in mea-
surement and definition); we will use the term ANS acuity throughout
this paper.

Several studies have found an association between ANS acuity and
concurrent mathematical ability in both childhood (Schneider et al.,
2017) and adulthood (Chen & Li, 2014). However, the nature of the
association between the ANS and formal math ability is currently
debated. One study found that ANS acuity in adolescence correlated
with earlier mathematical skills even when controlling for a wide range
of cognitive abilities (Halberda et al., 2008), suggesting that the ANS
is an independent cognitive skill associated with mathematical ability.
Although it has been argued that inhibitory control drives the associa-
tion between ANS acuity and mathematical achievement in childhood
(Fuhs & McNeil et al., 2013; Gilmore et al., 2013), several studies have
found a significant association even when controlling for inhibitory
control in various setups (Keller & Libertus, 2015 ; Lindskog et al.,
2021; Malone et al., 2019). A longitudinal study found that ANS acuity
in adolescence was predicted by reading and spatial ability in child-
hood (Tosto et al., 2017), supporting the view that the ANS is not a
numerical-specific process. Few studies have investigated the associ-
ation between the ANS and other cognitive measures in infancy, but
Libertus & Brannon (2010) found that ANS acuity at 6 months did not
predict visual short-term memory at 9 months.

A modest genetic influence on individual differences in ANS acuity
has been found in late childhood (Lukowski et al., 2017) and adoles-
cence (Tosto et al., 2014). With regards to specificity, Lukowski et al.
(2017) found that ANS acuity has a genetic overlap with mathematical
ability and general cognitive skills. The overlap with general cognitive
skills accounted for the majority of the genetic influence on mathe-
matical ability. This result is in line with genetic studies of cognition

in older children and adults showing that even seemingly dissimilar
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traits typically show a large degree of genetic overlap. For example,
genetic factors associated with mathematical ability largely overlap
with those involved in reading (Plomin & Kovas, 2005), presumably
reflecting so-called generalist genes, which exercise broad effects on
many different cognitive functions (Kovas & Plomin et al., 2006). How-
ever, whether this general pattern also applies to early infancy is not
established. Qualitatively different cognitive skills may become cor-
related over development, despite reflecting separate processes (with
potential separate etiological influences) ininfancy (van der Maas et al.,
2006).

The primary aim of this study was to establish the genetic and
environmental contribution to ANS acuity in early infancy and to inves-
tigate the degree of independence from other early-emerging abilities.
We used the paired visual preference paradigm, previously employed
when studying the ANS in infants (Libertus & Brannon, 2010; Libertus
et al., 2014; Schroder et al., 2020; Starr & Brannon, 2015). Given the
findings in previous studies (Lukowski et al., 2017; Tosto et al., 2014)
we expected to find amodest genetic contribution to ANS acuity. More-
over, we examined the association between ANS acuity and non-verbal
ability, consisting of fine motor, gross motor, and visual reception tasks.
These abilities were chosen based on the developmental stage of the
participating infants. At five months of age, there is a limited number
of cognitive abilities that are measurable, and these are among the first
abilities that emerge. We expected the association between ANS acuity
and non-verbal ability to be positive, given that different cognitive abil-
ities generally are associated. As a control for general attention during
the experiment, we also examined the association between ANS acuity
and looking time at screen.

2 | METHODS AND MATERIALS

2.1 | Participants

The initial sample consisted of 622 same-sex twins (311 pairs). Same-
sex twin families in the greater Stockholm area were identified via
the Swedish Population Registry (Folkbokforingsregistret, hosted by
the Swedish Tax Agency). In total, 1068 families with same-sex twins
were invited to join the study via letters, of which 311 families (29%)
participated in the study. The pre-specified target sample size was
620 individuals (310 pairs) based on the size of previous twin stud-
ies of toddlers (e.g., Ronald et al., 2010). The experiment was a part
of the Babytwins Study Sweden (BATSS; Falck-Ytter et al., 2021), and
data collection was performed at the Centre of Neurodevelopmen-
tal Disorders at Karolinska Institutet. Informed consent was obtained
from the parents of all the twins who participated. The study was
approved by the regional ethics board in Stockholm and was conducted
in accordance with the Declaration of Helsinki.

The infants were tested at the age of 5 months (for descriptive
statistics, see Table 1). During the visit, the twins performed different
tasks at the same time, in separate rooms. Among the recruited and
tested infants, three twins were excluded from analysis due to seizures

(n = 2 infants) and spina bifida (n = 1 infant). In addition, for this analysis
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TABLE 1 Descriptive statistics

N Mean (SD)

MZ DZ MZ males MZ females DZ males DZ females Skewness  Kurtosis
N females (%) 128 (45.7%) 117 (50.0%) - - - - - -
Age (in days)2 - - 167.0(8.1) 168.0 (9.0) 167.6(9.5) 168.1(8.6) 0.56 041
Parental education® 280 234 3.26(0.77) 3.33(0.71) -0.71 —-0.75
Family income¢ 273 223 6.38(2.30) 6.83(2.38) -0.22 -0.85
1:4 ratio conditiond 280 234 65.26(13.0) 64.95(11.7) 64.43(11.4) 65.81(12.0) -0.20 -0.17
MSELe (non-verbal) 311 249 137.93(13.83) 138.74(15.90) 140.07 (15.68)  142.48(17.30) 0.32 0.09
Gross motor - - 47.43(6.73) 47.30(7.53) 47.85(7.83) 48.31(7.63) -0.18 0.72
Fine motor - - 44.15(7.29) 45.14(7.12) 45.32(7.49) 46.57 (8.04) 0.35 0.21
Visual reception - - 46.45 (6.50) 46.62 (6.80) 47.02 (6.24) 47.60(6.70) 0.50 1.45

aFour twin pairs differed in age due to being born on different days (three pairs) or being tested on different days (one pair), in these cases the mean age was

used.

PEducation level on a scale from 1 to 4, where 1 = Primary, 2 = Secondary, 3 = Undergraduate (<3 years) and 4 = Postgraduate level (> 3 years).
€Family income per month. Scale 1—10 where 1 = < 20K, 2 = 20—30K, 3 = 30—40K, 4 = 40—-50K, 5 = 50—60K, 6 = 60—70K, 7 = 70—80K, 8 = 80—90K,

9 =90-100K and 10 = > 100K (SEK).

dRatio of looking at the numerically changing side, averaged for all trials in the 1:4 ratio condition.
¢MSEL = Mullen Scales of Early Learning. The subscales are reported as T-scores, and the non-verbal scale is reported as the sum of the T-scores from the

three subscales.

we excluded infants due to twin-to-twin transfusion syndrome (n = 12
twin pairs) and birthweight below 1.5 kg (n = 1 infant). Some infants
did not provide any data due to technical reasons (n = 2 twin pairs +
1 infant), lack of time (n = 3 twin pairs + 1 infant), infant being too
tired or fussy (n = 4 infants), or lack of room (n = 1 twin pair). More-
over, infants were excluded if they did not have at least four valid trials
(see Measures section for details). Due to invalid trials, 62 infants were
excluded. The final sample consisted of 514 infants. There were no
statistically significant differences between the excluded and included
infants regarding age, sex, family income, or parental education. Sample

demographics are fully reported elsewhere (Falck-Ytter et al., 2021).

2.2 | Stimuli and measures
Gaze data was recorded using the Tobii T120 Eye-tracker with a sam-
pling rate of 60 Hz, using a standard Tobii monitor at native resolution
(1024 x 768). The infant was seated in a baby chair or in the parent’s
lap, at a distance of approximately 60 cm from the screen. A five-point
calibration image was used to determine the positions of the eyes,
and the experimental task did not begin until a successful calibration
was achieved. Another five-point video for offline calibration valida-
tion purposes was shown once in the beginning of the eye-tracking
session. These data were evaluated via ocular inspection, and a sim-
ple linear transformation of data was performed when necessary (using
custom MATLAB scripts). To confirm that participants with low qual-
ity calibration data could be incorporated in the analysis, we plotted
an aggregated heatmap of data from all trials and participants in that
group (Figure S1).

For the main eye-tracking analysis, each infant viewed eight stim-
ulus videos (each lasted for 16 s) in a unique pseudo-random order,

interspersed with other videos (consisting of social stimuli, such as
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FIGURE 1 Experimental stimuli from the 1:4 ratio condition. Each
image consisted of two sets of dots that was presented for 500 ms,
followed by a blank screen for 300 ms. Every other image showed
identical sets of dots on the right and left side the screen while
remaining images differed in numerosity on the two sides

static and dynamic faces) not related to the current research ques-
tion (Falck-Ytter et al., 2021). Incorporating unrelated social videos in
non-social stimuli is a typical strategy to increase infants’ attention to
the screen in eye tracking experiments. The ANS videos consisted of a
series of images, each of which showed two sets of dots, appearing on
the left and right sides of the screen (Figure 1). Each image was unique

in terms of a specific spatial constellation of dots.
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On one side of the screen, the collection of dots was numerically
constant, while on the other side the collection of dots alternated in
numerosity. The side with alternating numerosity switched between 10
and 20 dots (1:2 ratio condition) or six and 24 dots (1:4 ratio condition).
The side with constant set sizes showed 10 dots and 6 dots, respec-
tively, for these conditions. Libertus & Brannon (2010), which the task
was adopted from, had both the smaller and larger set size as constant.
In two experiments, they showed no effect of this manipulation (see
Libertus & Brannon, 2010 Experiment 1 [p. 903] and Experiment 2 [p.
904]). Hence, we reasoned that this particular manipulation was not
critical and opted for only the smaller set size as constant. Each condi-
tion consisted of four stimulus videos, which were counterbalanced in
terms of left versus right location of the side with alternating set size.
In half of the images where the two sets of dots differed in numeros-
ity, the two sets of dots were matched on the total surface area. In the
other half, the two sets of dots were matched on individual dot size.
This was done in an effort to minimize the possibility to discriminate
between the two images based on non-numerical cues (see Halberda
et al., 2008 and Libertus & Brannon, 2010 for a similar approach). In
50% of the videos, the two sets of dots were controlled for convex
hull (the smallest convex polygon that contains a set of dots). The main
dependent variable in this study was the mean looking time at the
numerically changing side (in relation to the whole screen), expressed
as a percentage.

A trial was classified as invalid if the infant looked less than 20%
of the time at the screen (~3.2 s), in order to allow the infants to
observe the numerically changing dots. Infants were included in fur-
ther analyses only if they had at least four valid trials (of which two
from each condition, counterbalanced in terms of left vs right location
of the numerically changing side). For the included infants, the number
of invalid trials in the 1:4 ratio condition did not show a statistically sig-
nificant association with age (p = 0.812), sex (p = 0.167), family income
(p =0.444), or parental education (p = 0.991).

The Mullen Scales of Early Learning (MSEL; Mullen et al., 1995) was
also administered at the 5-month-visit. For almost all infants, the MSEL
task was administered before the ANS task (although there were a
few exceptions due to practical circumstances). MSEL is a standardized
assessment commonly used in many areas of psychology as a measure
of cognitive development. The MSEL consists of five subscales (gross
motor, fine motor, visual reception, receptive language, and expressive
language). Our pre-registered analysis plan specified the Early Learn-
ing Composite Score as the variable of interest, but this score did not
meet three of the assumptions of twin modeling (the assumptions of
equal variances within twins, equal means across zygosity, and equal
variances across zygosity). We, therefore, combined the T-scores of the
non-verbal scales (gross motor, fine motor, and visual reception) as a
measure of non-verbal ability. For example, gross motor tasks include
rolling over and sitting in a supported position, fine motor tasks include
reaching for blocks and using pincher grasp, and visual reception tasks
include tracking a moving bulls eye and looking for an object that
drops on the floor. This combined variable fulfilled the assumptions of
twin modelling, and the correlations among these three scales were
all statistically significant (r = 0.214-0.361; p < 0.01). This measure of
non-verbal ability was therefore used in all subsequent analyses.

VIKTORSSON ET AL.

2.3 | Statistical analyses

An analysis plan was pre-registered in OSF (https://osf.io/4h3gp/) after
data collection and pre-processing but prior to statistical analysis. We
used a univariate twin model to estimate the genetic and environ-
mental contributions to the ANS score and non-verbal ability. The
sources of variation in a trait can be divided into genetic influences
(A; heritability), shared environment (C; environmental influences that
make children growing up in the same family similar), and unique envi-
ronment (E; environmental influences that make children growing up
in the same family different; this also includes measurement error).
Since monozygotic (MZ) twins share 100% of their segregating alleles,
while dizygotic (DZ) twins on average share 50% of their segregat-
ing alleles, a higher similarity among MZ twins suggests a genetic
contribution to a trait. Prior to running univariate twin models, we
inspected the patterns of similarity across twins via intra-class cor-
relations (ICCs). The 1:2 ratio condition showed a general but weak
experimental effect (preference for the numerically changing side; see
Table S1). The mean percentage of looking time at the numerically
changing side (mean = 55.8%) was statistically different from 50%
(t = 10.98, p < 0.001). However, unexpectedly we found that the MZ
ICC was negative (—0.24; 95% Cl: —0.41, —0.06; DZ ICC = 0.16; 95%
Cl: —0.05, 0.35), which is not predicted under any theoretical model.
This unexpected finding precluded twin modeling based on this vari-
able. It should be noted that while statistically different from 50%
in our study with large sample size, it is very difficult for infants at
this age to discriminate between numerosity at a 1:2 ratio (Libertus
& Brannon, 2010; Xu et al., 2005). Presumably then, the weak experi-
mental effect reflects chance factors in combination with near-random
performance in this difficult condition. Against this background, and
representing a change from our pre-registered plan, subsequent analy-
ses used the 1:4 ratio condition only, which had a stronger experimental
effect (Figure 2), and in which the ICCs were positive for both MZ and
DZ.

Univariate models used the ANS 1:4 ratio condition score and the
non-verbal MSEL score, with sex and age incorporated as covariates.
The ANS variable was standardized before analysis. Data analysis was
performed in R 3.6.3 (R Core Team, 2017), and model fitting was
performed through maximum likelihood optimization with OpenMx,
version 2.17.2 (Neale et al., 2016).

We also tested associations between ANS score and polygenic
scores for ASD, ADHD, 1Q and educational attainment. Details regard-
ing these additional analyses are found in Supplementary Information
S1.

3 | RESULTS

3.1 | Phenotypic specificity analyses

On average, the infants looked more at the numerically changing side
than at the numerically constant side (see Table 1). There was no sta-
tistically significant association between mean looking time at screen
and ANS (1:4 condition) score (r = 0.06, p = 0.209), suggesting that
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FIGURE 2 Distribution of the scores for MZ and DZ twins for the 1:2 ratio condition and the 1:4 ratio condition. The 50% level is marked with
ared line, representing chance level, that is, no preference for the numerically changing side

TABLE 2 Cross-twin within-trait correlations

ANS MSEL

(1:4 ratio condition) (non-verbal)
Mz 0.19[0.01; 0.36] 0.42[0.27;0.54]
Dz 0.09[-0.09;0.27] 0.31[0.14;0.46]

Note: 95% confidence interval shown in brackets.

the ANS score does not merely reflect general attentional mechanisms.
Given that we used shorter videos than earlier studies, we also exam-
ined the ANS score separately for the first and the second half of the
trials. Notably, the mean ratio of looking at the numerically changing
side was very similar in the first (0.63) and in the second (0.66) half of
the 1:4 ratio trials, meaning that the ANS effect was present already in
the first 8 s of the videos.

Secondly, we tested the association with non-verbal ability assessed
with the MSEL. The phenotypic correlation between ANS score and
the non-verbal MSEL score was close to zero (r = —0.03, p = 0.535).
Since motor ability makes up the majority of our composite score, we
tested the associations between ANS score and the separate scales
included in the non-verbal MSEL score. We found no statistically signif-
icant association between ANS score and visual reception (r = —0.03,
p = 0.452), gross motor ability (r = —0.06, p = 0.160), or fine motor
ability (r = 0.03, p = 0.517). For completeness, we also explored the
associations with the receptive and expressive language scales. There
was no association with expressive language (r = —0.075, p = 0.092),
but we found a statistically significant association between ANS
score and receptive language (r = —0.12, p = 0.009; Supplementary
Information S2).

3.2 | Twin analyses

The twin correlations for MZ and DZ twins for the ANS score and the
non-verbal MSEL score suggested genetic influences on these mea-
sures (the MZ correlation being approximately twice as high as the
DZ correlation; see Table 2). We, therefore, continued to fitting ACE
models to the ANS and the non-verbal MSEL data.

First, fully saturated models were fitted to test the assumptions of
equality of means and variances across zygosity and twin order (see
Table S2). According to the saturated models, all assumptions were met
for both variables. Next, ACE models were fitted for both variables,
along with AE, CE, and E models for comparison (see Table 3).

For the ANS, the best fitting model was the AE model (based on the
likelihood-ratio test and the AIC value), where the shared environment
parameter was dropped. The AE model’s estimates suggested signif-
icant modest heritability of the ANS (A = 0.18; 95% Cl: 0.02, 0.33),
with the majority of variance explained by unique environment, includ-
ing measurement error (E = 0.82; 95% Cl: 0.67, 0.98). The AE model
was also the best fitting model for the non-verbal MSEL score, sug-
gesting a moderate heritability (A = 0.47; 95% Cl: 0.34, 0.57), with a
moderate contribution of unique environment (E = 0.53; 95% Cl: 0.43,
0.66). The non-verbal MSEL score used in the current study included
gross motor ability, which is not typically included in cognitive mea-
sures for older children. However, performing the twin analysis without
the gross motor score, and including only fine motor ability and visual
reception, resulted in highly similar estimates (statistics not reported).

No statistically significant association was found between ANS
score and polygenic scores for IQ (8= 0.15; p = 0.786) and educational
attainment (8 = —0.00; p = 0.998). Similarly, no statistically significant
association was found between ANS score and polygenic scores for
ASD (3=0.52; p=0.427) and ADHD (8= 0.20; p=0.756).

4 | DISCUSSION

To our knowledge, this is the first twin study of individual differences in
the ability to perceive approximate numerosity in infancy. The results
indicate that variability in ANS acuity at 5 months of age to some
extent reflect genetic factors. Further, the lack of positive association
between ANS acuity and general cognitive ability indicates that these
might be separate processes very early in life, despite showing a
genetic overlap in adolescence (Lukowski et al., 2017). Indeed, when
testing the different subscales of the MSEL separately, a negative
association was observed. This pattern of results is in line with the idea

that separate cognitive processes (with separate etiological influences)
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ANS (1:4 condition)

# Comparison
Model -2LL parameters df AIC model Ax2 Adf p A C E
Fully sat. 1445.72 12 502 441.72 - - - - - -
ACE 1450.54 6 508 434.54 Fully sat. 4.83 6 0.57 0.18 0.01 0.82
AE 1450.54 5 509 432.54 ACE 0.00 1 0.98 0.18 - 0.82
CE 1450.98 5 509 432.98 ACE 0.44 1 0.51 - 0.14 0.86
E 1455.53 4 510 435.53 ACE 4.98 2 0.08 - - 1.00
MSEL (non-verbal)

# Comparison
Model -2LL parameters df AIC model Ax2 Adf p A C E
Fully sat. 4634.74 12 551 3532.74 - - - - - - -
ACE 4645.31 6 557 3531.31 Fully sat. 10.56 6 0.103 0.34 0.11 0.55
AE 4645.81 5 558 3529.81  ACE 0.50 1 0.479 0.47 - 0.53
CE 4648.30 5 558 353230 ACE 3.00 1 0.083 - 0.36 0.64
E 4687.20 4 559 3569.20 ACE 41.89 2 <0.001 - - 1.00

-2LL, fit statistic, the lower the better fitting is the model; df, degrees of freedom; AIC, an alternative fit index, lower value denotes better model fit; A)(z,
difference in —2LL statistic between two models, distributed x?; A df, difference in degrees of freedom between two models.

in infancy can become correlated over time (van der Maas et al., 2006),
demonstrating the importance of genetically informed studies in early
development.

The observed univariate heritability of the ANS is consistent with
earlier twin studies in older samples (Lukowski et al., 2017; Tosto et al.,
2014), which found a low-to-moderate contribution by genetic factors
to individual differences in ANS acuity in late childhood and adoles-
cence. In the current study, non-shared environment accounted for the
majority of variance in ANS acuity, while shared environment did not
seem to have any influence. The large non-shared environment compo-
nent can in part reflect error measurement, but the clear experimental
effect together with the observed heritability indicates that the task
captures reliable group level differences and individual variation.

As noted, we found a weak but statistically significant association
between ANS acuity and the receptive language scale of the MSEL. To
our knowledge, negative correlations between abilities is rather rare
in the literature, and we do not know of any theoretical explanation of
this result. It is important to note that the language scale at this early
age includes basic skills such as responding to social cues with positive
affect, turning his/her head towards sounds, responds to simple gestu-
ral prompts etc. Although it is difficult presently to explain this result, it
is notable that it clearly speaks against the view that better ANS acuity
reflects more advanced language development. Although several stud-
ies indicate that infants can perceive relative numerosity (Libertus &
Brannon, 2010; Wynn et al., 2002; Xu et al., 2005), few have examined
the possible association between ANS acuity and other cognitive abil-
ities at this age. Notably, we found no association between ANS acuity
and the separate scales included in the non-verbal MSEL score (gross
motor, fine motor, and visual reception). In contrast, Lukowski and col-

leagues (2017) found significant positive correlations between their

ANS measure and general cognitive ability in two samples (8-16 years
of age), but their measure of general cognitive ability primarily included
tests of reading capacity, and their participants were older children and
adolescents. Due to the young age of our sample, we believe that motor
ability and visual reception were appropriate measures of general cog-
nitive ability. In addition, we found no association between ANS acuity
and mean looking time at the screen, suggesting that the ANS does
not merely reflect a general attentional processes. A priority for future
studies should be to measure the ANS and general cognitive ability at
multiple time points, in order to distinguish the specificity of the ANS
at different ages and thus its value for early mathematical ability.

We also found a moderate genetic influence on non-verbal ability
in early infancy. Non-shared environment had a moderate contribu-
tion, while shared environment did not influence this ability. To the best
of our knowledge, this is the first twin study of non-verbal ability in
early infancy, although some studies have explored the genetic influ-
ence on this ability in older samples. For example, Price et al. (2000)
measured non-verbal ability at 2 years and found that it was mod-
estly influenced by genetic factors and that shared environment had
a moderate-to-high influence. The difference in heritability estimates
between their study and our current study might reflect the use of dif-
ferent age groups and different measures, and further research on the

heritability of this measure at different time points is needed.

4.1 | Limitations
Due to unexpected twin correlations in the 1:2 ratio condition, we were
unable to use this condition in subsequent analyses, creating a devi-

ation from our pre-registered analysis plan. Presumably, this resulted
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from chance factors and the difficulty for infants at this age to discrim-
inate between numerosity at a 1:2 ratio (Libertus & Brannon, 2010; Xu
etal,, 2005).

Currently, there are no large genom-wide association studies
(GWASs) on mathematical ability. Therefore, we were not able to test
the association between ANS score and polygenic scores for mathe-
matical ability. While this study includes a large number of infant twins,
we acknowledge that our sample is rather homogenous with regards
to living area and SES. In order to discern the generalizability of our
findings, the current study needs to be replicated in other samples.

5 | CONCLUSION

This study demonstrates a small-to-moderate genetic influence on
ANS acuity in early infancy. It also indicates a lack of association
between the ANS and concurrent cognitive skills such as non-verbal
ability and general attention, suggesting that infants’ sense of approx-
imate numerosity is a heritable skill that is largely independent from

other aspects of development.
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