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Previous studies have observed inconsistent relations between the acuity of the
Approximate Number System (ANS) and mathematical achievement. In this paper, we
hypothesize that the relation between ANS acuity and mathematical achievement is
influenced by fluency; that is, the mathematical achievement test covering a greater
expanse of mathematical fluency may better reflect the relation between ANS acuity and
mathematics skills. We explored three types of mathematical achievement tests utilized
in this study: Subtraction, graded, and semester-final examination. The subtraction test
was designed to measure the mathematical fluency. The graded test was more fluency-
based than the semester-final examination, but both involved the same mathematical
knowledge from the class curriculum. A total of 219 fifth graders from primary schools
were asked to perform all three tests, then given a numerosity comparison task, a
visual form perception task (figure matching), and a series of other tasks to assess
general cognitive processes (mental rotation, non-verbal matrix reasoning, and choice
reaction time). The findings were consistent with our expectations. The relation between
ANS acuity and mathematical achievement was particularly clearly reflected in the
participants’ performance on the visual form perception task, which supports the
domain-general explanations for the underlying mechanisms of the relation between
ANS acuity and math achievement.

Keywords: visual form perception, approximate number system, mathematical achievement, mathematical
fluency, subtraction

INTRODUCTION

The Approximate Number System (ANS) is responsible for estimating numbers of objects
(Feigenson et al., 2004). The ability to navigate the ANS, or “ANS acuity”, has been demonstrated
in animals (Dehaene et al., 1998; Brannon, 2006) and emerges early in human development (Xu
and Spelke, 2000; Xu, 2003). ANS acuity is considered to evolve due to its adaptive value; naturally,
it assists in hunting, gathering, territorial marking, and other survival activities (Pica et al., 2004;
Halberda et al., 2008). For modern humans, ANS acuity is crucial for success in education and
employment.

Several studies have shown that ANS acuity is related to mathematical achievement. ANS acuity
in childhood, for example, is correlated with mathematical performance (Halberda et al., 2008;
Mundy and Gilmore, 2009; Inglis et al., 2011; Libertus et al., 2011; Halberda et al., 2012; Bonny
and Lourenco, 2013; Fuhs and McNeil, 2013; Chen and Li, 2014; Fazio et al., 2014). For example,
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Fuhs and McNeil (2013) found that ANS acuity accounts
for significant variance in mathematical achievement after
controlling for receptive vocabulary in preschoolers ranging in
age from 44 to 71 months. ANS acuity measured in preschool or
kindergarten can predict later mathematics performance, as well
(De Smedt et al., 2009; Mazzocco et al., 2011; Libertus et al., 2013).
Libertus et al. (2013) found that a child’s early ANS acuity predicts
his or her math ability 6 months later, even when controlling
for individual differences in age, expressive vocabulary, and
math ability at the initial testing. In addition, positive relation
between ANS acuity and mathematical achievement has been
reported in adults. College students’ ANS acuity is related to their
quantitative SAT (Scholastic Aptitude Test) scores (Lyons and
Beilock, 2011; DeWind and Brannon, 2012; Libertus et al., 2012).

Other researchers failed to identify the relation between ANS
acuity and mathematical performance throughout childhood and
adulthood, however, (Inglis et al., 2011; Castronovo and Gobel,
2012; Price et al., 2012; Sasanguie et al., 2012; Vanbinst et al., 2012;
Zhou and Cheng, 2015; Zhou et al., 2015). For example, Vanbinst
et al. (2012) found that children’s ANS acuity is not associated
with their performance on a curriculum-based, standardized
mathematical achievement test, including multi-digit calculation,
word problem solving, and geometry. Inglis et al. (2011) used
the Woodcock Johnson III Tests of Achievement to test the
mathematical achievement of adults and found no significant
relationship between ANS acuity and any measure of math
skills.

Previous studies have shown that the ANS acuity is typically
associated with subtraction but not with mathematical problem-
solving (e.g., Nunes et al., 2012; Wei et al, 2012b; Zhang
et al, 2016). For example, Zhang et al. (2016) found that
ANS acuity can predict the variance in subtraction but
not the variance in mathematical reasoning measured with
a number series completion task. The task of subtraction
was usually used in the previous studies to measure the
mathematical fluency (e.g., Geary et al, 2000; Inglis et al,
2011; Lyons and Beilock, 2011; Wei et al, 2012b; Zhou and
Cheng, 2015; Zhou et al, 2015). The inconsistent findings
regarding the relation between ANS acuity and mathematical
achievement in previous studies are likely due to the differing
extent of mathematical fluency measured via mathematical
achievement tests. Math fluency typically reflects how fast
and accurate students retrieve math facts and perform routine
procedures; the student is dependent on step-by-step strategies
in solving individual math problems, however. A mathematical
achievement test covering mathematical fluency might show
a closer relation between ANS acuity and mathematical
achievement where problem-solving tests would show no such
relation.

The aim of the current study was to investigate whether the
relation between ANS acuity and mathematical achievement is
influenced by fluency. Three types of mathematical achievement
tests were applied: Subtraction, graded mathematical
achievement test (from first to 12th grades), and a semester-final
examination. Subtraction test are typically applied to measure
mathematical fluency (Geary et al., 2000; Inglis et al., 2011; Wei
et al., 2012b; Zhou and Cheng, 2015; Zhou et al., 2015), thus, it

was expected that there would be association between ANS acuity
and subtraction performance. The semester-final examination
is typically designed by the local educational administrative
department and administered to assess the students level
of acquired mathematical knowledge over the course of the
previous semester. The graded mathematical achievement test
and semester-final examination involve the same mathematical
knowledge from the course curriculum; the difference between
the two is that the questions for the graded test involve semester-
final examinations from the first to 12th grade level. Participants
performed the test beginning with questions from the lowest
(first) grade, and move on to higher grade questions as they
provide correct answers; if they fail to answer higher grade
questions, they are presented with lower grade questions again.
For the semester-final examination, students used their newly
acquired math knowledge to answer questions relevant to their
most recent coursework; for the graded test, students used
their comprehensive (and more fluency-based) math knowledge
accumulated over several years of study. Thus, ANS acuity
is expected to have little association with the mathematical
achievement measured by the semester-final examination,
but substantial association with that measured by the graded
test.

The underlying mechanisms for the relation between ANS
acuity and mathematical performance could be domain-specific
or domain-general. Domain-specific explanations indicate
that number sense or quantity processing in the ANS is
attributed to the close relationship between the ANS and
mathematical performance (Halberda et al., 2008). Domain-
general explanations assert that the relation between ANS
acuity with mathematical achievement is influenced by general
cognitive factors. Recently, a visual form perception hypothesis
has been proposed to explain the relation between ANS
acuity and mathematical achievement (Zhou and Cheng,
2015; Zhou et al,, 2015). A geometric figure-matching task
was used to fully measure visual form perception, which
involves the abilities to attend to and to identify distinguishing
features and details of a figure (Zhou and Cheng, 2015; Zhou
et al,, 2015). In the task, each figure is a combination of
two simple geometric figures (e.g., triangle, square, circle)
that can be treated as a form or shape consisting of abstract
lines. The participants judges whether a figure on the left
side of the screen is the same as any of the figures on the
right side, which are presented for 400 milliseconds (Zhou
and Cheng, 2015; Zhou et al., 2015). Zhou et al. (2015) found
no close relation between ANS and mathematical fluency
when controlling for the figure matching score as well as
the scores on other general cognitive measures (Raven’s
Progressive Matrices, mental rotation, choice reaction, visual
tracing, and digit span) in third- to fifth-graders (Zhou
et al, 2015). Zhou and Cheng (2015) explored differences
in geometric figure discrimination ability between children
with dyscalculia and typically developed children; said
differences were found to be representative of varying ANS
acuity among the children. These results suggest that figure
discrimination ability may account for the relation between
ANS acuity and mathematical fluency; that is, the positive
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relation between ANS acuity and mathematical fluency is
characterized by visual form perception. Participants who
quickly and adeptly answer figure-matching questions can
directly retrieve the forms involved in math fluency tasks
from their stored memory (Zhou and Cheng, 2015; Zhou
et al., 2015). In this study, we aimed to support the domain-
specific explanation by testing whether visual form perception
accounts for the relation between ANS acuity and mathematical
achievement.

MATERIALS AND METHODS

Participants

A total of 219 participants (128 male, 91 female, mean age = 11.5,
SD = 0.6) were recruited from the fifth grade of primary schools
in the Xinjiang autonomous region, P.R. China. The children
were of various ethnicities including Han (108), Uyghur (77),

Hui (28), and Kazak (6). All participants were taught math in
Mandarin. They had normal or corrected-to-normal vision. Their
parents provided written consent for their participation.

Tests

A total of eight tests were administered. All except the semester-
final examination test were computerized with the Online
Psychological Experiment System (OPES)' (Wei et al., 2012b;
Zhou et al., 2015). The illustration of trials for the different tests is
shown in Figure 1. All except the choice reaction time task were
time-limited.

Graded Mathematical Achievement

This test was designed as a standardized achievement test on
which the child was asked to solve as many items as possible
within 18 min. The questions used in the test were edited
according to semester-final examinations, including number
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FIGURE 1 | Schematic representation of tests used in the current study (except semester-final examination test).
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knowledge, operations, simple arithmetic, word problems,
measurement, and geometry.

The questions for each grade were randomly chosen and
grouped into five sets, each including three questions.

Participants were first given a set of questions from the first
grade level. If the child correctly solved at least two questions
from the set of three, the difficulty level was increased by one
grade. If they gave incorrect answers for two questions in one set,
the difficulty level stayed at the same grade. If they gave incorrect
answers for all three questions in one set or failed to solve all five
sets of questions, the difficulty level dropped to a lower grade
(provided a lower grade was available). The test would stopped
when the time was up or if all five sets of questions in the first
grade were answered. Thus, different participants can receive
questions according to theirs math skill, which were mainly below
theirs grade level (93.4%). The final score was calculated as the
sum of weighted scores in each grade, which was the number of
correctly answered questions times the grade level (1-12). There
were a total of 1,722 problems in the test database.

Semester-Final Examination

The current study used participants’ mathematics scores from
their final term examinations as-provided by the participating
primary schools.

The achievement test was developed by the Instruction
Research Unit affiliated with the local Department of Education.
It was administered to all students in the district at the end of each
semester and covered the math knowledge acquired throughout
the whole semester. The test involved number knowledge,
operations, simple arithmetic, word problems, measurement, and
geometry. Students had 90 min to complete this test.

Subtraction

There were 92 trials in total for this task, which included simple
subtraction problems such as “6-2” and “16-8”; the minuends
were 18 or smaller and the answers were all single-digit numbers.
Each problem had two possible answers: One correct and one
incorrect. The incorrect possible answer was within the range of
the correct answer plus or minus 3. The problem and two possible
answers were simultaneously presented on the screen, with the
problem at the top and the answers at the bottom. Subjects were
asked to press the “Q” key if the left-side answer was correct or
the “P” key otherwise. The problem and possible answers did
not disappear until the participant responded. Participants were
encouraged to respond as quickly as possible without sacrificing
accuracy. The test was limited to 2 min.

Numerosity Comparison

This test investigated the participant’s ability to navigate the ANS.
For each trial, two dot arrays were presented simultaneously
on the screen and the participant was required to judge which
dot array contained more dots while ignoring all other visual
properties of the arrays. If participants judged that the left dot
array contained more dots, they were cued to press “Q” on the
keyboard (or to press “P” otherwise). The number of dots in each
array ranged from 5 to 32 to exclude numbers in the subitizing
range (1-4 dots).

The dots in an array were randomly distributed within a circle
and their sizes varied. The ratios between numbers of dots in
each array ranged from 1:12 to 2:0. Gebuis and Reynvoet (2011)
proposed that in numerosity comparison, five visual properties
need to be controlled: Total surface area, envelope area or convex
hull, item size, density (envelope area divided by total surface),
and circumference. A previous study showed that performance
on numerosity comparison tasks remains ratio-dependent after
ruling out the variance of the five key visual properties by partial
correlation analysis (Zhou et al., 2015).

There were 120 trials in the test. The trials were divided into
six difficulty levels according to the ratio of number of dots in the
two arrays (more:fewer) from largest to smallest. The participants
started the test at the simplest level. If their percentage of correct
answers was larger than or equal to 75%, they advanced to
the more difficult level; otherwise they continued at an easier
level (or stayed at the same level if they were already at the
easiest level). Participants were required to finish 40 trials.
A recent study suggested that common measures of the Weber
fraction (w) are reliable only when using a substantial number
of trials; the researchers found that more than 600 trials were
needed to reach an acceptable reliability of 0.8, even under
ideal conditions (Lindskog et al., 2013). The purported indirect
measure of ANS acuity in terms of the Numeric Distance Effect
(NDE) was not reliable and showed no sign of predictive validity
(Lindskog et al., 2013), so our final scores were calculated
as the sum of weighted scores in each level, which was the
number of correctly answered questions times the difficulty level
(1-6).

Figure Matching

This task assessed the participant’s visual form perception
capability. It was adapted from Ekstrom et al. (1976) identical
picture test in the Manual of Factor-Referenced Cognitive Tests.
For each trial, one image was presented on the left side of the
screen while three images were presented on the right. Each
picture was a combination of two simple line figures randomly
selected from 150 simple line figures. The pictures were first
presented for a varied interval from 300 ms to 1600 ms, followed
by a 1000-ms blank screen. The participants were required
to press “Q” if they judged that any of the pictures on the
right side matched the picture on the left and “P” if they did
not.

The test difficulty was defined according to the presentation
time. The longer the stimulus was presented, the easier the trial
was. There were 14 levels, varying from 300 ms to 1600 ms,
with a 100-ms difference between levels. The test started at the
simplest level (1600 ms). If participants’ correct percentage was
larger than or equal to 75%, they advanced to the more difficult
level; otherwise, they returned to the easier level (or stayed at the
same level if they were already at the easiest level).

Participants were required to finish 40 trials. The final score
was calculated as the sum of weighted scores in each level,
which was the number of correctly answered questions times the
difficulty level between 1 and 14, where the 1600-ms presentation
corresponded to a score of 1 and the 300-ms presentation
corresponded to a score of 14.
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Mental Rotation

This test assessed spatial processing ability and was adapted
from Shepard and Metzler’s (1971) mental rotation task. In each
trial, a three-dimensional figure was presented on the top of the
screen and another two three-dimensional figures were presented
beneath it. Participants were asked to judge which figure from the
bottom pair was the same as the top figure after it was rotated. The
rotation angles varied from 15° to 345°. Participants pressed “Q”
if their choice was the bottom left figure and “P” otherwise. This
test included 180 trials and lasted 3 min.

Non-verbal Matrix Reasoning

The test assessed general intelligence and was designed similar
to Raven’s Progressive Matrices (Raven, 2000). Participants were
asked to complete a picture presented on a computer screen by
clicking on the missing corner portion of the image from five
candidate portions. The test had 36 trials and stopped when five
total trials were incorrect.

Choice Reaction Time

This test assessed processing speed and its split-half reliability
was found to be 0.84 (Wei et al., 2012b). For all 30 trials, a
fixation “+” was first presented on the middle of the screen
with a white dot either on the left or right of the fixation cross.
Participants pressed “Q” if the white dot appeared on the left
side or “P” if it appeared on the right. The inter-stimulus interval
was randomly determined between 1500 and 3000 ms. Each
participant’s reaction time and accuracy were recorded.

The measure indexes for all eight tests are displayed in
Table 1. For the tests of subtraction and mental rotation,
the adjusted numbers of correct trials were used as scores.
The adjusted number of correct trials was calculated as the
difference between the numbers of correct and incorrect
responses, which was used to control for guessing (Salthouse,
1994; Salthouse and Meinz, 1995; Hedden and Yoon, 2006;
Cirino, 2011). This procedure followed the Guilford correction
formula S = R—W/(n—1), where S is the adjusted number of
items that participants can perform without the aid of chance,
R is the number of correct responses, W is the number of
incorrect responses, and n is the number of alternative responses
for each item (Guilford and Guilford, 1936). This procedure

has been used in several recent studies on mathematical
cognition (Cirino, 2011; Wei et al., 2012a,b) and general
cognition (Salthouse, 1994; Putz et al., 2004; Hedden and Yoon,
2006).

For the graded, numerosity comparison, and figure matching
tests, the mean score on all responded trials was used as the final
score. The trials for the three tests were weighted according to
their difficulty or grade. The scores were equal to the sum of
the number of correct trials across the different difficulty levels
multiplied by the corresponding difficulty level. The non-verbal
matrix reasoning task was stopped after five incorrect trials, and
the number of correct trials was used as the score. For the choice
reaction time task, the median reaction time and accuracy were
used as the final scores.

Procedure

The full battery of tests (except for the curriculum-based,
semester end exam) was administered in 60 min. Tests were
administered to participants in each class (20-30 participants
per class) under the experimentor’s supervision. The testing
was conducted in a quiet computer room. For each test, a
practice session (four to six trials) accompanied by instruction
was conducted just prior to the formal testing session. The tests
were administered in the same order for all participants. For the
self-adapted math achievement test, participants were asked to
click a mouse to choose the correct answer. For all other tests,
participants indicated their responses by pressing one of two keys
(“P” or “Q”) on the computer keyboard with the index finger of
each hand.

Students’ responses and reaction times were automatically
recorded and transmitted over the Internet to a server located in
a laboratory at Beijing Normal University. All data were collected
between April 5 and June 1, 2015.

Data Analyses

Inter-correlation analyses were first conducted on all measures,
then a series of hierarchy regression analyses were performed to
test the influence of ANS and figure-matching acumen on math
achievement and subtraction capability after controlling for age,
gender, and other general cognitive processes.

TABLE 1 | Means and standard deviations of test scores on index of 8 tests and tests’ reliability coefficients.

Test Index Mean (SD) Split-half reliability
(1) Graded mathematical achievement Score 11.4 (5.8) 0.83

(2) Semester-final examination Score (0-100) 88.8 (7.6) -

(8) Subtraction Adj. No. of correct trials 34.2 (10.8) 0.90

(4) Numerosity comparison Score 90.4 (50.7) 0.99

(5) Figure matching Score 214.2 (149.2) 0.99

(6) Mental rotation Adjust no. of correct trials 12.3(11.2) 0.91

(7) Non-verbal matrix reasoning Adjust no. of correct trials 9(2.9 0.86

(8) Choice reaction time (ACC) Accuracy (%) 91.9(12.8) 0.86

Choice reaction time (RT) Reaction time (millisecond) 438.6 (171.9) 0.93

Adj.: adjusted. No.: number. Adj. No. of correct trials = total correct trials minus total incorrect trials. This adjustment was made to control for the effect of guessing in

multiple choice tests. ACC: accuracy rate; RT: reaction time.
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RESULTS

The means and standard deviations of all test scores are shown
in Table 1. All the tests had acceptable split-half reliabilities
(0.83-0.99), which were computed from the data of the current
study.

Inter-Correlations between All Measures

Pearson’s correlation coefficients between all measures are
displayed in Table 2. The graded mathematical achievement
score was significantly correlated with subtraction, numerosity
comparison, figure matching, mental rotation, and non-verbal
matrix reasoning scores. The semester-final examination score

TABLE 2 | Intercorrelations among all measures.

Test 1 2 3 4 5 6 7 8
(1) Graded mathematical achievement -
(2) Curriculum-based math 0.14* -
(3) Subtraction 0.44%** 0.30*** -
(4) Numerosity comparison 0.23*** 0.13* 0.22%** -
(5) Figure matching 0.35%** 0.10 0.35%** 0.42%** -
(6) Mental rotation 0.20%** 0.03 0.27*** 0.20** 0.20** -
(7) Non-verbal matrix reasoning 0.38*** 0.13 Q.41+ 0.20** 0.35%** 0.27%** -
(8) Choice reaction time (ACC) 0.05 0.05 0.13 0.01 0.20** 0.03 0.14* -
Choice reaction time (RT) -0.02 —-0.04 —0.21** 0.03 —0.14* -0.02 -0.10 —0.40™**
*p < 0.05,*p < 0.01,***p < 0.001. ACC: accuracy rate; RT: reaction time.
TABLE 3 | Results from hierarchical multiple regression analysis for the relations of numerosity comparison and math achievement.
Predictors Step 1 Step 2 Step 3
B B B
Graded mathematical achievement
Age —0.05 —0.06 —0.07
Gender 0.06 0.08 0.05
Choice reaction time (ACC) - -0.02 —-0.04
Choice reaction time (RT) - 0.01 —0.00
Mental rotation - 0.12 0.09
Non-verbal matrix reasoning — 0.36*** 0.347**
Numerosity comparison - - 0.15*
R? =0.01 AR? =0.16%* AR? = 0.02*
Semester-final examination
Age —0.01 —0.01 -0.02
Gender 0.23** 0.247** 0.22**
Choice reaction time (ACC) - -0.02 —0.03
Choice reaction time(RT) - —0.06 —0.07
Mental rotation - 0.03 0.02
Non-verbal matrix reasoning - 0.12 0.1
Numerosity comparison — — 0.08
R? = 0.05** AR? = 0.02* AR? =0.01
Subtraction
Age 0.01 0.01 —0.00
Gender —0.02 0.02 —0.00
Choice reaction time (ACC) - 0.00 —0.04
Choice reaction time (RT) - —0.18** —0.18**
Mental rotation - 0.18** 0.15*
Non-verbal matrix reasoning - 0.34%** 0.327**
Numerosity comparison - - 0.13*
R? =0.001 AR? = 0.22%** AR? = 0.02*

*p < 0.05,%*p < 0.01,**p < 0.001. ACC: accuracy rate; RT: reaction time.
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TABLE 4 | Results from hierarchical multiple regression analysis for the relations of figure matching and math achievement.

Predictors Step 1 Step 2 Step 3 Step 4
B B B B
Graded mathematical achievement
Age —0.05 —0.06 -0.04 —0.05
Gender 0.06 0.08 0.09 0.08
Choice reaction time (ACC) - -0.02 -0.05 —0.06
Choice reaction time (RT) - 0.01 0.04 0.01
Mental rotation - 0.12 0.09 0.08
Non-verbal matrix reasoning - 0.36™** 0.28*** 0.28***
Figure matching - - 0.25%** 0.22%*
Numerosity comparison - 0.06
R? =0.01 AR? = 0.16% AR? = 0.05%** AR? =0.00
Semester-final examination
Age —0.01 —.01 —.00 —0.01
Gender 0.23** 0.24%** 0.24%** 0.23**
Choice reaction time (ACC) - -0.02 —0.03 —0.03
Choice reaction time (RT) - —0.06 —0.06 —0.06
Mental rotation - 0.03 0.02 0.01
Non-verbal matrix reasoning - 0.12 0.10 0.09
Figure matching - - 0.08 0.05
Numerosity comparison - 0.06
R? = 0.05"* AR? = 0.02* AR? =0.01 AR? =0.00
Subtraction
Age 0.01 0.01 0.02 0.02
Gender —0.02 0.02 0.04 0.03
Choice reaction time (ACC) - 0.00 -0.03 -0.03
Choice reaction time (RT) - —-0.18** —-0.17* —-0.16**
Mental rotation - 0.18** 0.15* 0.15*
Non-verbal matrix reasoning - 0.34%** 0.28*** 0.27%**
Figure matching - - 0.21** 0.19**
Numerosity comparison - 0.06
R? =0.00 AR? = 0.20%* AR? = 0.04** AR? =0.00

*p < 0.05,%*p < 0.01,***p < 0.001. ACC: accuracy rate; RT: reaction time.

was significantly correlated with subtraction and numerosity
comparison scores.

Hierarchical Regression Analyses

We conducted hierarchical regression analyses further
investigate the role of ANS and figure matching acuity in
mathematical achievement and fluency. The results are displayed
in Tables 3 and 4. According to Table 3, when controlling
for the three general cognitive processes (choice reaction
time, mental rotation, non-verbal matrix reasoning) as well
as gender and age, numerosity scores still accounted for
1.9% of the variance in graded mathematical achievement
(F = 5.05, p = 0.026). When controlling for the three general
cognitive processes as well as gender and age, the relation
between numerosity scores, and semester-final examination
was no longer significant (F = 1.28, p = 0.259). When
controlling for the three general cognitive processes as
well as gender and age, numerosity scores still accounted
for 1.5% of the variance in subtraction scores (F = 4.12,
p=0.044).

According to Table 4, when controlling for the three general
cognitive processes as well as gender and age, visual form
perception still accounted for 5.2% of the variance in graded
mathematical achievement scores (F = 13.98, p < 0.001).
When controlling for the three general cognitive processes
as well as gender and age, the relation between visual form
perception and semester-final examination was no longer
significant (F = 1.13, p = 0.289). When controlling for
the three general cognitive processes as well as gender and
age, visual form perception still accounted for 3.8% of the
variance in math fluency (F = 10.77, p = 0.001). For
the three dependent measures, the numerosity comparison
scores, as the fourth step, did not explain any further
variance.

DISCUSSION

In this study, we found that the relation between ANS acuity
and mathematical achievement is indeed influenced by fluency.
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Three types of mathematical achievement tests were used to
gather relevant data: Subtraction, graded test (first to 12th grades)
and semester-final examination. We first replicated the previous
finding on the relation between ANS acuity and math fluency
(Halberda et al., 2008; Zhou and Cheng, 2015; Zhou et al,
2015; Zhang et al.,, 2016). We found that graded mathematical
achievement, but not semester-final examination score, is still
significantly correlated with numerosity comparison score when
controlling for age, gender, and general cognitive processes
(choice reaction time, mental rotation, non-verbal matrix
reasoning). Furthermore, the variance in graded mathematical
achievement contributed by numerosity comparison can be
interpreted via the visual form perception scores. These results
conform to our expectations prior to conducting this study.

Previous studies have shown a dissociation between
subtraction and mathematical problem-solving (Geary et al,
2000; Inglis et al., 2011; Lyons and Beilock, 2011; Wei et al,
2012b; Zhou and Cheng, 2015; Zhou et al, 2015). In this
study, we found that the mathematical fluency may be the
cause of said dissociation; that is, ANS acuity is only correlated
with the mathematical performance involving mathematical
fluency as opposed to solving problems. The participants
performance on math fluency tests is likely dependent on
his or her automatic retrieval of math facts and procedures,
(assuming that he or she is proficient in them), such as addition,
subtraction, and multiplication (Zhou and Cheng, 2015; Zhou
et al., 2015). Conversely, the participant is dependent on step-
by-step strategies to solve math problems such as number series
completion tasks (Woodcock et al., 2001; Inglis et al., 2011; Wei
etal., 2012b; Zhang et al., 2016).

Previous studies have showed inconsistence in the relation
between ANS acuity and mathematical achievement using the
same mathematical tests for participants of various ages. For
example, some studies failed to find significant correlations
between ANS acuity and arithmetic performance for children
using the Woodcock-Johnson IIT Test of Achievement (Inglis
et al, 2011; Price et al, 2012). Other studies also using
the Woodcock-Johnson III Test of Achievement showed
that calculation score is significantly correlated with ANS
acuity in adults (Lourenco et al., 2012; Agrillo et al., 2013).
This disparity can be attributed to the fact that adult
participants express a greater extent of mathematical fluency
than child participants in the same subtraction test; adults
have more practice with retrieving the information necessary
for subtraction (i.e., have honed their mathematical fluency),
while children tend to use slower reasoning strategies with

REFERENCES

Agrillo, C., Piffer, L., and Adriano, A. (2013). Individual differences in non-
symbolic numerical abilities predict mathematical achievements but contradict
ATOM. Behav. Brain Funct. 9:26. doi: 10.1186/1744-9081-9-26

Bonny, J]. W., and Lourenco, S. F. (2013). The approximate number system and its
relation to early math achievement: evidence from the preschool years. J. Exp.
Child Psychol. 114, 375-388. doi: 10.1016/j.jecp.2012.09.015

Brannon, E. M. (2006). The representation of numerical magnitude. Curr. Opin.
Neurobiol. 16, 222-229. doi: 10.1016/j.conb.2006.03.002

their relatively newly acquired math skills to solve the same
problems.

Studies have shown that the relation between ANS acuity
and subtraction can be accounted for by domain-general visual
form perception performance (Zhou and Cheng, 2015; Zhou
etal., 2015). The results presented here support the assertion that
ANS acuity and mathematical achievement cover a wide range
of math knowledge, rather than being limited to subtraction,
which can also be accounted for by general visual form perception
performance. The visual form processing of mathematical
symbols may play a substantial role in mathematical achievement
test performance.

This study was not without limitations. First, a relatively small
range of participants were assessed. The participants were fifth
graders from local primary schools, so our results may not be
generalizable to children in other age groups. Future research
should include participants from different grades in primary
schools and middle schools. Second, although the questions
on the graded mathematical achievement test were from the
semester-final examination, they differed in several dimensions
such as the number of questions and the range of mathematical
knowledge involved. Future studies should directly manipulate
mathematical fluency while controlling for the related factors in
the mathematical achievement tests.

Taken together, our findings suggest that the relation between
ANS acuity and mathematical achievement is influenced by
fluency. In other words, ANS acuity and visual form perception
are correlated with mathematical achievement in regards to math
fluency. The underlying mechanism for the relation between ANS
acuity and mathematical achievement may be characterized by
general visual form perception.

AUTHOR CONTRIBUTIONS

XZ developed the study concept and completed the study design.
LW and YS collected data. LW performed the data analysis
and interpretation under the supervision of XZ. LW drafted the
manuscript, XZ and YS provided critical revisions. All authors
approved the final version of the manuscript for submission.

ACKNOWLEDGMENTS

This research was supported by a grant from Ministry of
Education of the PRC (no. mjzxyb1412).

Castronovo, J., and Gobel, S. M. (2012). Impact of high mathematics education on
the number sense. PLoS ONE 7:16. doi: 10.1371/journal.pone.0033832

Chen, Q. X.,and Li, J. G. (2014). Association between individual differences in non-
symbolic number acuity and math performance: a meta-analysis. Acta Psychol.
148, 163-172. doi: 10.1016/j.actpsy.2014.01.016

Cirino, P. T. (2011). The interrelationships of mathematical precursors
in kindergarten. J. Exp. Child Psychol. 108, 713-733. doi:
10.1016/j.jecp.2010.11.004

De Smedt, B., Verschaffel, L., and Ghesquiere, P. (2009). The predictive
value of numerical magnitude comparison for individual differences

Frontiers in Psychology | www.frontiersin.org

December 2016 | Volume 7 | Article 1966


https://doi.org/10.1186/1744-9081-9-26
https://doi.org/10.1016/j.jecp.2012.09.015
https://doi.org/10.1016/j.conb.2006.03.002
https://doi.org/10.1371/journal.pone.0033832
https://doi.org/10.1016/j.actpsy.2014.01.016
https://doi.org/10.1016/j.jecp.2010.11.004
https://doi.org/10.1016/j.jecp.2010.11.004
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Wang et al.

Mathematical Achievement

in mathematics achievement. J. Exp. Child Psychol. 103, 469-479. doi:
10.1016/j.jecp.2009.01.010

Dehaene, S., Dehaene-Lambertz, G., and Cohen, L. (1998). Abstract
representations of numbers in the animal and human brain. Trends Neurosci.
21, 355-361. doi: 10.1016/s0166-2236(98)01263-6

DeWind, N. K., and Brannon, E. M. (2012). Malleability of the approximate
number system: effects of feedback and training. Front. Hum. Neurosci. 6:10.
doi: 10.3389/fnhum.2012.00068

Ekstrom, R. B., French, J. W., Harman, H. H., and Dermen, D. (1976). Manual
for Kit of Factor-Referenced Cognitive Tests. Princeton, NJ: Educational testing
service.

Fazio, L. K., Bailey, D. H., Thompson, C. A., and Siegler, R. S. (2014). Relations
of different types of numerical magnitude representations to each other
and to mathematics achievement. J. Exp. Child Psychol. 123, 53-72. doi:
10.1016/j.jecp.2014.01.013

Feigenson, L., Dehaene, S., and Spelke, E. (2004). Core systems of number. Trends
Cogn. Sci. 8, 307-314. doi: 10.1016/j.tics.2004.05.002

Fuhs, M. W., and McNeil, N. M. (2013). ANS acuity and mathematics ability
in preschoolers from low-income homes: contributions of inhibitory control.
Dev. Sci. 16, 136-148. doi: 10.1111/desc.12013

Geary, D. C., Hamson, C. O., and Hoard, M. K. (2000). Numerical and arithmetical
cognition: a longitudinal study of process and concept deficits in children with
learning disability. J. Exp. Child Psychol. 77, 236-263. doi: 10.1006/jecp.2000.
2561

Gebuis, T., and Reynvoet, B. (2011). Generating nonsymbolic number stimuli.
Behav. Res. Methods 43, 981-986. doi: 10.3758/s13428-011-0097-5

Guilford, J. P., and Guilford, R. B. (1936). Personality factors S, E, and M, and their
measurement. J. Psychol. 2, 109-127. doi: 10.1080/00223980.1936.9917446

Halberda, J., Ly, R., Wilmer, J. B., Naiman, D. Q., and Germine, L. (2012).
Number sense across the lifespan as revealed by a massive Internet-based
sample. Proc. Natl. Acad. Sci. U.S.A. 109, 11116-11120. doi: 10.1073/pnas.1200
196109

Halberda, J., Mazzocco, M. M. M., and Feigenson, L. (2008). Individual differences
in non-verbal number acuity correlate with maths achievement. Nature 455,
665-668. doi: 10.1038/nature07246

Hedden, T., and Yoon, C. (2006). Individual differences
processing predict susceptibility to interference in verbal working memory.
Neuropsychology 20, 511-528. doi: 10.1037/0894-4105.20.5.511

Inglis, M., Attridge, N., Batchelor, S., and Gilmore, C. (2011). Non-verbal number
acuity correlates with symbolic mathematics achievement: but only in children.
Psychon. Bull. Rev. 18, 1222-1229. doi: 10.3758/s13423-011-0154-1

Libertus, M. E., Feigenson, L., and Halberda, J. (2011). Preschool acuity of the
approximate number system correlates with school math ability. Dev. Sci. 14,
1292-1300. doi: 10.1111/j.1467-7687.2011.01080.x

Libertus, M. E., Feigenson, L., and Halberda, J. (2013). Is approximate number
precision a stable predictor of math ability? Learn. Individ. Dif. 25, 126-133.
doi: 10.1016/j.1indif.2013.02.001

Libertus, M. E., Odic, D., and Halberda, J. (2012). Intuitive sense of number
correlates with math scores on college-entrance examination. Acta Psychol. 141,
373-379. doi: 10.1016/j.actpsy.2012.09.009

Lindskog, M., Winman, A., Juslin, P., and Poom, L. (2013). Measuring acuity of the
approximate number system reliably and validly: the evaluation of an adaptive
test procedure. Front. Psychol. 4:510. doi: 10.3389/fpsyg.2013.00510

Lourenco, S. F.,, Bonny, J. W., Fernandez, E. P., and Rao, S. (2012). Nonsymbolic
number and cumulative area representations contribute shared and unique
variance to symbolic math competence. Proc. Natl. Acad. Sci. US.A. 109,
18737-18742. doi: 10.1073/pnas.1207212109

Lyons, I. M., and Beilock, S. L. (2011). Numerical ordering ability mediates the
relation between number-sense and arithmetic competence. Cognition 121,
256-261. doi: 10.1016/j.cognition.2011.07.009

Mazzocco, M. M. M., Feigenson, L., and Halberda, J. (2011). Impaired acuity
of the approximate number system underlies mathematical learning disability
(Dyscalculia). Child Dev. 82, 1224-1237. doi: 10.1111/j.1467-8624.2011.
01608.x

Mundy, E., and Gilmore, C. K. (2009). Children’s mapping between symbolic and
nonsymbolic representations of number. J. Exp. Child Psychol. 103, 490-502.
doi: 10.1016/j.jecp.2009.02.003

in executive

Nunes, T., Bryant, P., Barros, R., and Sylva, K. (2012). The relative importance of
two different mathematical abilities to mathematical achievement. Br. J. Educ.
Psychol. 82, 136-156. doi: 10.1111/§.2044-8279.2011.02033.x

Pica, P., Lemer, C., Izard, W., and Dehaene, S. (2004). Exact and approximate
arithmetic in an Amazonian indigene group. Science 306, 499-503. doi: 10.1126/
science.1102085

Price, G. R., Palmer, D., Battista, C., and Ansari, D. (2012). Nonsymbolic
numerical magnitude comparison: reliability and validity of different task
variants and outcome measures, and their relationship to arithmetic
achievement in adults. Acta Psychol. 140, 50-57. doi: 10.1016/j.actpsy.2012.
02.008

Putz, D. A, Gaulin, S. J. C, Sporter, R. ], and McBurney, D. H. (2004). Sex
hormones and finger length — What does 2D : 4D indicate? Evol. Hum. Behav.
25, 182-199. doi: 10.1016/j.evolhumbehav.2004.03.005

Raven, J. (2000). The Raven’s progressive matrices: change and stability
over culture and time. Cogn. Psychol. 41, 1-48. doi: 10.1006/cogp.1999.
0735

Salthouse, T. A. (1994). The nature of the influence of speed on adult age differences
in cognition. Dev. Psychol. 30, 240-259. doi: 10.1037/0012-1649.30.2.240

Salthouse, T. A., and Meinz, E. J. (1995). Aging, inhibition, working memory,
and speed. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 50, 297-306. doi: 10.1093/
geronb/50B.6.P297

Sasanguie, D., De Smedt, B., Defever, E., and Reynvoet, B. (2012). Association
between basic numerical abilities and mathematics achievement. Br. J. Dev.
Psychol. 30, 344-357. doi: 10.1111/j.2044-835X.2011.02048.x

Shepard, R. N., and Metzler, J. (1971). Mental rotation of three-
dimensional objects. Science 171, 701-703. doi: 10.1126/science.171.
3972.701

Vanbinst, K., Ghesquiere, P., and De Smedt, B. (2012). Numerical magnitude
representations and individual differences in children’s arithmetic strategy use.
Mind Brain Educ. 6, 129-136. doi: 10.1111/j.1751-228X.2012.01148.x

Wei, W., Lu, H., Zhao, H., Chen, C., Dong, Q., and Zhou, X. (2012a). Gender
differences in children’s arithmetic performance are accounted for by gender
differences in language abilities. Psychol. Sci. 23, 320-330. doi: 10.1177/
0956797611427168

Wei, W., Yuan, H., Chen, C,, and Zhou, X. (2012b). Cognitive correlates of
performance in advanced mathematics. Br. J. Educ. Psychol. 82, 157-181. doi:
10.1111/j.2044-8279.2011.02049.x

Woodcock, R. W., McGrew, K. S., and Mather, N. (2001). Woodcock Johnson Tests
of Achievement (W] III). Ttasca, IL: Riverside Publishing.

Xu, F. (2003). Numerosity discrimination in infants: evidence for two systems of
representations. Cognition 89, B15-B25. doi: 10.1016/s0010-0277(03)00050-7

Xu, F., and Spelke, E. S. (2000). Large number discrimination in 6-
month-old infants. Cognition 74, B1-B1l. doi: 10.1016/s0010-0277(99)
00066-9

Zhang, Y., Chen, C,, Liu, H., Cui, J., and Zhou, X. (2016). Both non-symbolic and
symbolic quantity processing are important for arithmetical computation but
not for mathematical reasoning. J. Cogn. Psychol. 28, 807-824. doi: 10.1080/
20445911.2016.1205074

Zhou, X., and Cheng, D. (2015). “When and why numerosity processing is
associated with developmental dyscalculia,” in The Routledge International
Handbook of Dyscalculia and Mathematical Learning Difficulties, ed. S. Chinn
(New York, NY: Routledge), 78-89.

Zhou, X., Wei, W., Zhang, Y., Cui, J., and Chen, C. (2015). Visual perception
can account for the close relation between numerosity processing and
computational fluency. Front. Psychol. 6:1564. doi: 10.3389/fpsyg.2015.01564

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Wang, Sun and Zhou. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

December 2016 | Volume 7 | Article 1966


https://doi.org/10.1016/j.jecp.2009.01.010
https://doi.org/10.1016/j.jecp.2009.01.010
https://doi.org/10.1016/s0166-2236(98)01263-6
https://doi.org/10.3389/fnhum.2012.00068
https://doi.org/10.1016/j.jecp.2014.01.013
https://doi.org/10.1016/j.jecp.2014.01.013
https://doi.org/10.1016/j.tics.2004.05.002
https://doi.org/10.1111/desc.12013
https://doi.org/10.1006/jecp.2000.2561
https://doi.org/10.1006/jecp.2000.2561
https://doi.org/10.3758/s13428-011-0097-5
https://doi.org/10.1080/00223980.1936.9917446
https://doi.org/10.1073/pnas.1200196109
https://doi.org/10.1073/pnas.1200196109
https://doi.org/10.1038/nature07246
https://doi.org/10.1037/0894-4105.20.5.511
https://doi.org/10.3758/s13423-011-0154-1
https://doi.org/10.1111/j.1467-7687.2011.01080.x
https://doi.org/10.1016/j.lindif.2013.02.001
https://doi.org/10.1016/j.actpsy.2012.09.009
https://doi.org/10.3389/fpsyg.2013.00510
https://doi.org/10.1073/pnas.1207212109
https://doi.org/10.1016/j.cognition.2011.07.009
https://doi.org/10.1111/j.1467-8624.2011.01608.x
https://doi.org/10.1111/j.1467-8624.2011.01608.x
https://doi.org/10.1016/j.jecp.2009.02.003
https://doi.org/10.1111/j.2044-8279.2011.02033.x
https://doi.org/10.1126/science.1102085
https://doi.org/10.1126/science.1102085
https://doi.org/10.1016/j.actpsy.2012.02.008
https://doi.org/10.1016/j.actpsy.2012.02.008
https://doi.org/10.1016/j.evolhumbehav.2004.03.005
https://doi.org/10.1006/cogp.1999.0735
https://doi.org/10.1006/cogp.1999.0735
https://doi.org/10.1037/0012-1649.30.2.240
https://doi.org/10.1093/geronb/50B.6.P297
https://doi.org/10.1093/geronb/50B.6.P297
https://doi.org/10.1111/j.2044-835X.2011.02048.x
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1111/j.1751-228X.2012.01148.x
https://doi.org/10.1177/0956797611427168
https://doi.org/10.1177/0956797611427168
https://doi.org/10.1111/j.2044-8279.2011.02049.x
https://doi.org/10.1111/j.2044-8279.2011.02049.x
https://doi.org/10.1016/s0010-0277(03)00050-7
https://doi.org/10.1016/s0010-0277(99)00066-9
https://doi.org/10.1016/s0010-0277(99)00066-9
https://doi.org/10.1080/20445911.2016.1205074
https://doi.org/10.1080/20445911.2016.1205074
https://doi.org/10.3389/fpsyg.2015.01564
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

	Relation between Approximate Number System Acuity and Mathematical Achievement: The Influence of Fluency
	Introduction
	Materials and Methods
	Participants
	Tests
	Graded Mathematical Achievement
	Semester-Final Examination
	Subtraction
	Numerosity Comparison
	Figure Matching
	Mental Rotation
	Non-verbal Matrix Reasoning
	Choice Reaction Time

	Procedure
	Data Analyses

	Results
	Inter-Correlations between All Measures
	Hierarchical Regression Analyses

	Discussion
	Author Contributions
	Acknowledgments
	References


