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Article

In the modern numerate society, having adequate numeracy 
skills not only enables people to gain more education and 
better career prospects but also protects them from having 
poor physical and mental health (e.g., at a lower risk of hav-
ing depression; Parsons & Bynner, 2005). However, a small 
portion of the population experiences some specific, persis-
tent difficulties in learning mathematics. This population is 
known as having developmental dyscalculia (DD), and they 
account for around 6% to 7% of the school-age population 
in Western societies (Butterworth, 2005; Shalev, 2007).

Increasing numbers of studies have been done to find out 
the core underlying cognitive deficits among dyscalculics 
(e.g., Geary, Hoard, Byrd-Craven, & Nugent, 2007; Landerl, 
2013; Mazzocco, Feigenson, & Halberda, 2011; Rousselle & 
Noël, 2007). Two major hypotheses have been put forward, 
and they are the number sense deficit hypothesis (Wilson & 
Dehaene, 2007) and the access deficit hypothesis (Rousselle 
& Noël, 2007). While the former hypothesis proposes that 
dyscalculia originates from a deficit in processing nonsym-
bolic numerosity, the latter hypothesis suggests that the core 
deficit lies in the inefficient access of  magnitude representa-
tion from the number symbols. Details of the two hypotheses 
are discussed in the following.

Innate Number Sense and the Number Sense 
Deficit Hypothesis

The Approximate Number System (ANS) has been pro-
posed to be one of the innate systems that allows humans to 
represent numerosity (Feigenson, Dehaene, & Spelke, 
2004). This system allows humans to represent numerosity 
in an approximate manner. People cannot distinguish 
between two numerosities unless the ratio between them is 
large enough. The ANS has been suggested to be encoding 
numerosities as analog magnitudes along a mental number 
line, which is compressed on a logarithmic scale (Dehaene, 
Piazza, Pinel, & Cohen, 2003; Piazza, Izard, Pinel, Le 
Bihan, & Dehaene, 2004). It is therefore more difficult to 
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discriminate between large numerosity pairs than small 
ones, given that they are of the same absolute difference. 
The finest ratio of two numerosities that can be reliably dis-
tinguished is called the number acuity, captured by the 
Weber Fraction (w). Using the nonsymbolic comparison 
task, in which participants are given two arrays of dots and 
objects and are asked to pick the more numerous array, pre-
vious findings suggest that our number acuity improves 
with age (Halberda, Ly, Wilmer, Naiman, & Germine, 2012; 
Piazza et al., 2010)

This innately equipped ANS was suggested to be the basis 
of our symbolic math skills (Dehaene, 2001). The first behav-
ioral evidence of this came from Halberda, Mazzocco, and 
Feigenson (2008), in which they found that the number acu-
ity of 14-year-old adolescents retrospectively correlated with 
their previous mathematics achievement. Although the rela-
tion between ANS and mathematics is not without contro-
versy (De Smedt, Noël, Gilmore, & Ansari, 2013), a recent 
meta-analysis, which included 36 samples, revealed a moder-
ate but significant correlation between ANS and mathematics 
performance (Chen & Li, 2014). The authors also suggested 
that the small sample size in some of the studies might have 
accounted for the null findings in those studies. Furthermore, 
recent studies found that the number acuity of 4-year-old 
children was predictive of their mathematics abilities after 
half a year, even after controlling for their previous mathe-
matics abilities (Libertus, Feigenson, & Halberda, 2013), and 
numerical preference (a measure of infants’ number acuity) 
at 6 months predicted math ability at 3.5 years old after con-
trolling for general intelligence (Starr, Libertus, & Brannon, 
2013). Both findings suggest that the ANS may serve as the 
foundation of our symbolic math skills.

With all the above evidence demonstrating a significant 
relation between number sense and our symbolic mathe-
matics skills, it was suggested that the deficit in this number 
sense may be a major underlying cause of dyscalculia 
(Wilson & Dehaene, 2007; also see Butterworth, 2005, for 
a similar hypothesis on exact numerosity processing). 
Children who have a more fuzzy number sense, which pre-
vents them from clearly distinguishing numerosities, may 
turn out to have difficulties in learning symbolic mathemat-
ics. Several pieces of evidence support the hypothesis by 
showing that dyscalculics tend to have lower acuity in 
numerosity representation (i.e., a higher average w score; 
Mazzocco et al., 2011; Piazza et al., 2010). However, other 
studies did not observe such a relation (i.e., De Smedt & 
Gilmore, 2011; Iuculano, Tang, Hall, & Butterworth, 2008; 
Landerl & Kölle, 2009; Rousselle & Noël, 2007).

The Access Deficit Hypothesis

Although the ANS may serve as the foundation of our sym-
bolic math skills, it does not seem to be the only required 
condition. Numbers have to be mapped onto the underlying 

representation of magnitude in order to acquire their meaning 
(Dehaene, 2005). Even with an intact ANS, people may still 
fail in learning mathematics if there are problems in mapping 
the number symbols onto the underlying magnitude repre-
sentation. Some researchers proposed that a major domain-
specific deficit of dyscalculia originated from an inability to 
relate number symbols to the underlying magnitude repre-
sentation instead of an inability to represent numerosity per 
se (Rousselle & Noël, 2007). In other words, the dyscalculics 
have intact number sense, but they have difficulties in pro-
cessing symbolic numbers due to the ineffective linkage 
between the number symbols and the underlying numerosity 
representation. If this is the case, dyscalculics should be out-
performed by their normally achieving (NA) peers in sym-
bolic numerical tasks but not in nonsymbolic ones.

The access deficit hypothesis has received support from 
various studies. In the initial study in which the hypothesis 
was proposed, second graders with mathematics difficulties 
were compared with a group of chronological age controls 
on both symbolic and nonsymbolic comparison tasks. 
While there was a clear difference in their performance in 
the symbolic task, with the control group significantly out-
performing the mathematics difficulty group, the perfor-
mance of the two groups were highly similar in the 
nonsymbolic task (Rousselle & Noël, 2007), suggesting 
that their difficulties were limited to symbolic numerical 
processing. De Smedt and Gilmore (2011) further examined 
whether the access deficit also applied to a younger age 
group (i.e., first graders). By using multiple measures (sym-
bolic and nonsymbolic comparison, symbolic and nonsym-
bolic addition), they have shown that children with 
mathematics learning disabilities showed worse perfor-
mance in symbolic, but not nonsymbolic, numerical mea-
sures. The findings have provided further support to the 
access deficit hypothesis.

Controversies of the Two Hypotheses

Existing findings regarding the above two hypotheses seem 
to be inconclusive. Two reasons may have contributed to this 
controversy. First, the items used in the nonsymbolic com-
parison task differed across studies. For example, while the 
nonsymbolic comparison tasks in some studies involved rela-
tively large ratios (e.g., ratios range from 1.5 to 2 in Rousselle 
& Noël, 2007), others involved some smaller ratios (e.g., 
ratios range from 1.06 to 1.33 in Piazza et al., 2010). Given a 
w fraction of about 0.25 to 0.34 between 5 to 10 years old 
(Piazza et al., 2010), the nonsymbolic comparison task should 
involve a considerable number of items within the range of 
1.25 to 1.34 (roughly equivalent to a ratio of 4:5 to 3:4) in 
order to detect individual differences. We addressed this issue 
in our current study by using a wider range of ratios in the 
nonsymbolic comparison task in order to provide a more sen-
sitive measure of children’s number acuity.
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Second, the use of different criteria in defining dyscalculia 
among different studies may also lead to different results. 
Most of the studies on dyscalculia used standardized mathe-
matics achievement tests for identifying children with dyscal-
culia, but the cutoff values used in different studies varied a 
lot, ranging from 5th percentile to 45th percentile (see 
Murphy, Mazzocco, Hanich, & Early, 2007, for a summary). 
The use of different criteria makes it difficult for researchers 
to ensure that they are studying the same target population. In 
fact, the use of different criteria was found to affect the cogni-
tive profiles of the identified samples (Murphy et al., 2007). 
The same logic applies to the studies that compared the num-
ber sense deficit hypothesis and the access deficit hypothesis. 
While a cutoff point of 15th percentile was used in the studies 
by Rousselle and Noël (2007) and De Smedt and Gilmore 
(2011), which was already more stringent than many other 
studies on dyscalculia (e.g., Geary, Hamson, & Hoard, 2000; 
Hanich, Jordan, Kaplan, & Dick, 2001), still more stringent 
criteria were used in some studies (e.g., 10th percentile for 
Mazzocco et al., 2011; performance below 2 SD in one of the 
two quotients in Piazza et al., 2010). In fact, the use of more 
stringent criteria resulted in prevalence rates that are much 
closer to the proposed prevalence rate of 6% to 7% 
(Butterworth, 2005; Shalev, 2007). While the former two 
studies failed to find any significant differences between 
dyscalculics and NA children in their performance in non-
symbolic comparison tasks, significant differences were 
observed in the latter two studies. The above comparison 
seems to suggest that deficit in nonsymbolic numerosity pro-
cessing are confined to the population with more severe dif-
ficulties in mathematics. The current study examined this 
possibility by comparing the nonsymbolic numerosity pro-
cessing among children with dyscalculia (bottom 10th per-
centile in the standardized achievement test) with their 
low-achieving (LA; between 11th and 25th percentile in the 
standardized achievement test) and NA peers.

Even though the research findings seem to support the 
access deficit hypothesis, we are far from conclusive on 
whether dyscalculics have deficits in accessing numerosity 
representation from number symbols. This is primarily 
because a symbolic comparison, in which participants 
decide which of the two presented Arabic numerals is 
larger in magnitude, is typically used for measuring the 
access of the underlying magnitude representation from the 
number symbols. While the task itself does not involve any 
nonsymbolic magnitude, it seems to be measuring sym-
bolic number processing instead of the access of magni-
tude representation from number symbols. While it has 
been traditionally assumed that numbers were mapped 
onto the magnitude representation to acquire their mean-
ings (e.g., Dehaene, 2005), other mechanisms remain pos-
sible. For example, it was proposed that the system of 
natural numbers was developed first and was associated 
with the innate number sense only at a later time point 

(Carey, 2004; Noël & Rousselle, 2011). In other words, the 
substandard performance in the symbolic comparison task 
among dyscalculics does not necessarily mean that they 
have deficits in accessing magnitude representation from 
the number symbols. To more clearly assess the validity of 
the access deficit hypothesis, the measures should tap more 
directly onto the number-magnitude mapping process (i.e., 
they should involve both symbolic numbers and nonsym-
bolic magnitudes).

Two daily-life numerical skills, namely object counting 
and estimation, have been proposed to reflect how well the 
number symbols are mapped onto our underlying represen-
tation of numerical magnitude (Wong, Ho, & Tang, 2015). 
Object counting is undoubtedly the first systematic proce-
dure that associates number symbols with our underlying 
representation of magnitude. It allows us to acquire the 
meaning of these number symbols, which are the founda-
tion of all other kinds of mathematical skills. It also pro-
vides a way for us to do the most fundamental form of 
arithmetic. Because of this, it is not surprising that chil-
dren’s counting skills are predictive of their later mathemat-
ics achievement (e.g., Reigosa-Crespo et al., 2012). It is 
also reasonable to suggest that those who fail to count 
would encounter difficulties in learning mathematics. In 
fact, some research findings suggest that dyscalculics 
counted slower than their same-age peers (Landerl, Bevan, 
& Butterworth, 2004) and that children who were identified 
as slow counters showed worse performance in arithmetic, 
compared with medium and fast counters (Reeve, Reynolds, 
Humberstone, & Butterworth, 2012).

Estimation, or pure numerical estimation, refers to a pro-
cess that has a goal of approximating some quantitative 
value and with numbers as inputs, outputs, or both (Booth 
& Siegler, 2006). Real-world knowledge is not relevant 
during pure numerical estimation. Examples of estimation 
include estimating the number of people in a shop as well as 
estimating the position of 37 in a 0 to 100 number line. As 
the process of estimation involves translating a magnitude 
to a number, or vice versa, it has been proposed to reflect 
the mapping between number symbols and the underlying 
magnitude representation (Wong et al., 2015). The strong 
relation between children’s performance in a number line 
task and arithmetic achievement further confirms this pos-
sibility (Fuchs et al., 2010; Siegler & Booth, 2004). On top 
of that, children with dyscalculia were also found to make 
significantly more errors in the number line estimation task 
(Geary, Hoard, Nugent, & Byrd-Craven, 2008).

The Relation Between Number Sense and 
Number-Magnitude Mapping

On top of the issues concerning the two hypotheses alone, 
it is also questioned how the two processes described by 
the two hypotheses are related. More specifically, what is 
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the relation between our number sense and access of mag-
nitude representation from number symbols? The frame-
work proposed by Wong et al. (2015) may provide some 
insights on this issue. In that study, it was found that the 
effect of number sense on children’s mathematics achieve-
ment was fully mediated by number-magnitude mapping 
(measured by object counting and estimation). This finding 
suggests that if children are weak in their number sense, 
they may also encounter problems in accessing magnitude 
representation from the number symbols, and which may 
therefore lead to difficulties in learning mathematics. For 
example, a child having difficulty in distinguishing numer-
osities of four and five may not be able to precisely map the 
Arabic numeral “4” onto its underlying representation. In 
other words, the number sense deficit may lead to access 
deficit. However, it is also possible that some children may 
have impaired access alone, without any difficulties in the 
number sense.

The Current Study

The primary aim of the present study was to examine the 
relevance of the number sense deficit hypothesis and the 
access deficit hypothesis in explaining the difficulties expe-
rienced by children with dyscalculia. A dyscalculic group 
was compared with a LA group and a NA control group on 
various tasks accessing their number sense and access of 
magnitude representation from number symbols (counting, 
estimation, symbolic comparison). A deficit in number 
sense, along with a deficit in accessing magnitude represen-
tation from number symbols, was expected in the dyscalcu-
lic group. A longitudinal design was employed so that early 
cognitive predictors of dyscalculia could be identified.

Method

Participants

A total of 211 (110 boys and 101 girls) Chinese children 
were originally recruited from 17 kindergartens in Hong 
Kong for the present study. These children were tested four 
times in 3 years (end of kindergarten, middle of first grade, 
end of first grade, and end of second grade). The final sam-
ple in Wave 4 consisted of 141 second-grade children (73 
boys and 69 girls, mean age = 8.08 years, SD = 0.33 years). 
Participants with IQs less than 80 or attention-deficit/hyper-
activity disorder were excluded from the sample. Among 
the 141 children remaining in the final sample, we identi-
fied a group of LA children and another group of children 
with DD. While the DD group scored below the 10th per-
centile in a standardized achievement test on mathematics, 
the Learning and Achievement Measurement Kit 2.0 
(LAMK 2.0; Hong Kong Education Bureau, 2008), the LA 
group scored between the 11th and 25th percentile on the 

same achievement test. Using the above criterion, 13 chil-
dren (9.2%) were identified as having DD, while 20 chil-
dren (14.2%) were identified as LA. The rest of the sample 
(n = 108, 76.6%) was considered NA.

Measures

All the number-related cognitive measures were computer-
ized measures, and the achievement and control (IQ and 
verbal memory) measures were conducted in paper-and-
pencil or verbal format.

Number-related cognitive measures
Number sense (ANS).  The number sense of the partici-

pants was assessed using the nonsymbolic comparison task 
adopted from Piazza et al.’s (2004) study. The participants 
were presented with two arrays of dots with varying dot 
sizes (ranging from a diameter of 6 pixels to a diameter of 
58 pixels), and they had to decide which array contained 
more dots without counting (on average, participants took 
less than 2 s for each trial, suggesting that they did not 
engage in counting while performing the task). One of the 
arrays always contained 16 dots, while the other array con-
sisted of 10 to 22 dots. The ratios between the numerosity of 
the dots ranged from 1.06 to 1.60. While the ratios greater 
than 1.2 were considered large ratios (i.e., 1.23, 1.25, 1.33, 
1.38, and 1.6), those less than 1.2 were considered small 
ratios (i.e., 1.06, 1.07, 1.13, 1.14, and 1.19). In half of the 
trials, the average dot size was directly proportional to the 
numerosity (congruent trials); while in the other half of the 
trials, the relation between average dot size and numeros-
ity was an inverse one (incongruent trials). To familiarize 
the participants with the task, five practice trials were given 
before 50 experimental trials. Both raw scores and w were 
used in the analyses. 

Object counting.  A dot-number matching task similar to 
the one in Dyscalculia Screener (Butterworth, 2003) was 
administered in the current study to measure the partici-
pants’ object counting skills. The participants saw an array 
of dots on one side of the screen, and they were asked to 
count the number of dots to decide whether the numeros-
ity of the array matched the Arabic numeral on the other 
side of the screen. A time limit of 8 s was imposed on the 
task, and the number involved in the tasks ranged from 1 
to 9. Participants were given 4 practice trials before they 
attempted the 36 experimental trials. The counting perfor-
mance of the participants was reflected by both accuracy 
and reaction time.

Estimation.  The participants’ estimation skills were 
assessed using the number line estimation task adopted 
from Siegler and Booth’s (2004) study. In this task, partici-
pants were shown a number line of 0 on the left end and 100 
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on the right end. They also saw an Arabic numeral above 
the number line, and they had to move the cursor to the 
position where the Arabic numeral should be located. A 
time limit of 30 s was set in each item. There were 3 prac-
tice trials followed by 24 experimental trials. Both linearity 
(R2

lin, assessing the fit of the participants’ responses against 
the best-fit linear function) and percentage absolute error 
(PAE) were used in the analyses.

Symbolic comparison.  A symbolic comparison task was 
used to measure participants’ symbolic number process-
ing skills. Participants were shown two single-digit Ara-
bic numerals, and they were asked to judge which Arabic 
numeral represented had a larger numerical value and to 
respond by key pressing. There were 4 practice trials, fol-
lowed by 36 experimental trials. Both accuracy and average 
reaction time were used as the indices of participants’ sym-
bolic number-processing skills.

Mathematics achievement.  The LAMK 2.0 (Hong Kong 
Education Bureau, 2008) on mathematics was used to assess 
participants’ achievement in mathematics. The LAMK 2.0 
is a standardized assessment tool developed by the local 
education bureau, with the aim of identifying children who 
need remediation in their learning. The version for second 
graders was conducted in the last wave of testing. This 
version consists of 33 items in total, mostly tapping chil-
dren’s arithmetic skills, but also includes items on shape 
and space, measures, and statistics. Participants were given 
45 min for this task. Based on the local norm calibrated by 
the Rasch model, the raw scores of the participants were 
converted into grade-level scores (ranged from 11 to 1,000, 
with a score of 300 or greater suggesting a grade-appro-
priate performance), which were taken as the indicator of 
participants’ mathematics achievement.

Control measures
Nonverbal intelligence.  The short form of Raven’s Stan-

dard Progressive Matrices (Raven, 1956) was used to 
assess participants’ nonverbal intelligence. Each item con-
sisted of a visual pattern with a missing piece, and the par-
ticipants had to identify the correct piece, out of six options, 
that completed the pattern. Each correctly answered item 
yielded one mark. The short form consisted of set A to set 
C, with a total of 36 items. Raw scores were converted into 
scaled scores based on local norms.

Verbal memory.  The syllable recall task was used to 
assess participants’ verbal memory capacity. The partici-
pants were verbally presented a series of Chinese syllables, 
one per second, and they were to repeat the syllables in 
the correct order after listening. There was a practice item, 
followed by 15 experimental items in five difficulty lev-
els. There were three syllables in the first level, and each 

ascending level has one more syllable compared to the 
previous level. Each correctly recalled syllable and correct 
order yielded one mark.

Procedures 

Invitation letters were first sent to 96 kindergartens in Hong 
Kong to invite their participation. Seventeen kindergartens 
agreed to participate, and 211 parental consents were 
received. Testing was conducted in the kindergartens in the 
first wave of assessment, while the follow-up assessments 
were conducted at the participants’ homes. While the cogni-
tive tasks (i.e., dot-number matching, number line, sym-
bolic and nonsymbolic comparison) were administered in 
the first three waves of assessment, the control measures 
were conducted in only one of the waves (verbal memory in 
Time 1 and nonverbal intelligence in Time 2), and the 
achievement measure was conducted only in Time 4. Each 
assessment session lasted for around 1.5 hours (including 
other tasks that were not reported in the present study). All 
assessments were conducted by trained psychology under-
graduates or the first author. Participants were given small 
souvenirs in return for their effort in the assessments.

Results

Before conducting the analysis, all the outliers, that is, data 
points that were 3 SDs beyond the group means, were 
deleted (a total of 26 data points were deleted, 22 from the 
NA group and 4 from the LA group, none from the DD 
group). First, we compared the three groups in terms of 
their age, mathematics achievement, nonverbal intelligence, 
and verbal memory using ANOVA, with group identity 
being the independent variable. Significant comparisons 
were followed up by post hoc analyses with Bonferroni 
adjustment. For the comparisons in which unequal vari-
ances were found, the Welch F were used, and the Games-
Howell test were used for the post hoc analyses.

The results of the ANOVA suggested that the three 
groups were of similar age across all the assessment time 
points, F(2, 138) < .6, ps > .5. As expected, the groups sig-
nificantly differed in terms of their mathematics achieve-
ment, Welch F(2, 31.691) = 230.959, p < .001, ŋp

2 = .547. 
The post hoc analysis suggested that the NA group per-
formed significantly better than the LA group (p < .001), 
which also significantly outperformed the DD group (p < 
.001). The groups also significantly differed in terms of 
their nonverbal intelligence, Welch F(2, 28.534) = 24.079, 
p < .001, ŋp

2 = .200, and verbal memory, F(2, 24.413) = 
8.229, p = .002, ŋp

2 = .116. For nonverbal intelligence, the 
NA group significantly outperformed the LA and the DD 
group (ps < .001), while the latter two groups did not differ 
significantly (p = .583). For verbal memory, the NA group 
significantly outperformed the LA group (p = .004) and 
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marginally significantly outperformed the DD group  
(p = .054). The latter two groups did not differ in their ver-
bal memory (p = .710; see Table 1 for details).

The groups’ performances on various number sense and 
number-magnitude mapping tasks were analyzed using 3 
(Group) × 3 (Time) repeated-measures ANCOVA (except 
for the analyses on nonsymbolic comparison accuracy, in 
which a factor of ratio was further introduced), with non-
verbal intelligence and verbal memory being the covariates. 
The Greenhouse-Geisser correction was used in the analy-
ses, which yielded significant sphericity (i.e., all except 
nonsymbolic comparison accuracy and w and dot-number 
matching accuracy). On the other hand, for the comparisons 
with unequal variances (i.e., ratio of largest group variance 
to smallest group variance >2), the critical alpha level 
would be adjusted to a value of .01 (Tabachnick & Fidell, 
2006). This applied to the analyses on nonsymbolic com-
parison w, number line, and symbolic comparison accuracy. 
Significant differences were further examined by post hoc 
analyses with Bonferroni adjustment. The group perfor-
mances in these tasks are shown in Figures 1A to 1H.

Nonsymbolic Comparison

We analyzed the data of the nonsymbolic comparison task 
in terms of both accuracy and w. The w of the participants 
were calculated using the psychophysical modeling tech-
nique commonly used in the literature (Halberda et al., 
2008; Piazza et al., 2010; Starr et al., 2013): 

error rate = 
1

2 2

1 2

1
2

2
2

erfc
n

( )
n

w n n

−

+
, where n1 and n2 are the 

numerosities of the larger and smaller set, respectively, w is 
the Weber fraction, and erfc is the complementary error 
function.

For accuracy, the 3 (Group) × 3 (Time) × 2 (Ratio) 
repeated-measures ANCOVA suggested a significant effect 
of ratio, F(1, 136) = 17.083, p < .001, ŋp

2 = .112. The per-
formance in large ratio items was significantly better than in 
small ratio items (estimated marginal means for large ratio 

items = 20.927, for small ratio items = 16.234). On the other 
hand, there was a significant main effect of group, F(2, 136) 
= 4.362, p = .015, ŋp

2 = .060. The post hoc analysis sug-
gested that the NA group performed significantly better 
than the DD group (p = .012), while no other significant 
group differences were observed (ps > .07). The insignifi-
cant Group × Ratio interaction (p = .153) suggested that the 
effect of ratio (an indicator of the distance effect) was the 
same across different groups, which therefore indicated the 
absence of group difference in distance effect. No other 
effects were significant (ps > .2).

It has been suggested that the relation between nonsym-
bolic comparison task and mathematics achievement was 
mainly due to the demand of inhibition required in the 
incongruent trials in the nonsymbolic comparison task 
(Gilmore et al., 2013). If this hypothesis is true, the perfor-
mance in the congruent trials should be consistently better 
than the incongruent trials, and the group differences in 
nonsymbolic comparison task should be limited to the 
incongruent trials. However, neither the main effect of con-
gruency, F(1, 272) = .099, p > .7, nor the Congruency × 
Group interaction, F(2, 272) = 2.67, p > .07, reached sig-
nificance level. This alternative hypothesis was therefore 
not supported.

For the analysis on w, the 3 (Group) × 3 (Time) repeated-
measures ANCOVA revealed an insignificant effect of time 
(p = .158). However, there was a main effect of group, F(2, 
131) = 13.230, p < .001, ŋp

2 = .168. The post hoc analyses 
suggested that both the NA group and the LA group signifi-
cantly outperformed the DD group (ps < .001), while the 
former two groups did not differ significantly (p = 1). No 
other significant main effects or interaction effects were 
observed (ps > .2).

Dot-Number Matching
The repeated-measures analysis on dot-number matching 
accuracy suggested neither significant main effect of time  
(p = .790) nor significant interaction effects with time  
(ps > .5). There was a significant main effect of group, 

Table 1.  Means, Standard Deviations, and the Results of ANOVA for Mathematics Achievement and Control Measures.

Variable

Group mean ANOVA

DD (n = 13) LA (n = 20) NA (n = 108)

Math main

Post hocWelch F Partial ŋ2

LAMK 2.0 279.154 (38.817) 374.500 (31.296) 692.361 (157.835) F(2, 32.691) = 230.959*** .547 NA>LA>DD
Nonverbal 

intelligence
100.231 (8.408) 103.250 (8.577) 115.009 (11.821) F(2, 28.534) = 24.079*** .200 NA>LA=DD

Verbal memory 71.077 (25.607) 77.300 (14.477) 90.028 (18.071) F(2, 24.413) = 8.229** .116 NA>LA; NA>DD+

Note. DD = developmental dyscalculia; LA = low-achieving; NA = normally achieving; LAMK 2.0 = Learning and Achievement Measurement Kit 2.0.
+p < .07. **p < .01. ***p < .001.
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Figure 1.  Performances of Different Groups in Number-Specific Cognitive Tasks (A: Nonsymbolic Comparison Accuracy; B: 
Nonsymbolic Comparison w; C: Dot-Number Matching Accuracy; D: Dot-Number Matching Reaction Time; E: Number Line Linearity; 
F: Number Line Percentage Absolute Error; G: Symbolic Comparison Accuracy; H: Symbolic Comparison Reaction Time) Across Time.
Note. Error bars indicate standard errors.
+p < .07.
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F(2, 134) = 4.601, p = .012, ŋp
2 = .064. The NA group counted 

significantly more accurately than the DD group (p = .036) 
and marginally more accurately then the LA group (p = 
.069). The latter two groups did not differ in their counting 
accuracy (p = 1). A similar analysis on the reaction time of 
the dot-number matching task, however, showed neither 
significant main effect of time (p = .184), significant main 
effect of group (p = .272), nor significant interaction effects 
(ps > .4)

Number Line

The repeated-measures ANCOVA on number line linearity 
suggested a significant main effect of time, F(1.608, 
207.383) = 3.906, p = .030, ŋp

2 = .029. The main effect of 
group was also significant, F(2, 129) = 30.525, p < .001, 
ŋp

2 = .321. The post hoc analyses suggested that the linear-
ity was highest in the NA group, which was followed by 
the LA group (p = .001) and then by the DD group (p < 
.001). There was also a significant Time × Group interac-
tion, F(3.215, 207.383) = 5.417, p = .001, ŋp

2 = .077, sug-
gesting greater improvements among the LA group and 
the DD group. No other interaction effects reached signifi-
cant level (ps > .1). The analyses on PAE yielded similar 
results. There was a significant main effect of group, F(2, 
133) = 13.518, p < .001, ŋp

2 = .169. The DD group was 
significantly outperformed by both the NA group and the 
LA group (ps < .02), while the contrast between the NA 
group and LA group was marginally significant (p = .056), 
with the NA group being more accurate. The Time × Group 
interaction effect was also significant, F(3.179, 247.305) 
= 4.974, p = .001, ŋp

2 = .070, which was driven by the 
greater improvement among the LA group and the DD 
group, compared with the NA group. Neither the main 
effect of time nor its other interactions reached signifi-
cance level (ps > .2)

Symbolic Comparison

The repeated measures ANCOVA on the accuracy of sym-
bolic comparison task suggested neither the main effect of 
time (p = .184) nor its interaction effects (ps > .4) were sig-
nificant. The main effect of group failed to reach signifi-
cance level (p = .059) after the adjustment of alpha based 
due to unequal variance, which could be explained by the 
ceiling effect observed (overall accuracy >90%). The analy-
sis on reaction time of this task yielded a clearer pattern. On 
top of a significant main effect of time, F(1.893, 249.941) = 
8.912, p < .001, ŋp

2 = .063, a significant main effect of 
group was also observed, F(2, 132) = 7.149, p = .001, ŋp

2 = 
.098. The NA group significantly outperformed both the LA 
group (p = .028) and the DD group (p = .003), while the 
difference between the latter two groups were not signifi-
cant (p = .908).

To further test whether the deficits in number-magnitude 
mapping among the DD group was mainly caused by their 
deficits in the number sense, the group differences between 
the NA group and the DD group on the number-magnitude 
mapping variables were further examined using repeated 
measures ANCOVA, with the average w of the participants 
across the three time points being controlled. Before w was 
introduced as a covariate, five out of six of the analyses 
reached significance level, including dot-number matching 
accuracy, F(1, 115) = 8.123, p = .005, ŋp

2 = .067; number 
line linearity, F(1, 110) = 68.585, p < .001, ŋp

2 = 384; 
number line PAE, F(1, 114) = 27.828, p < .001, ŋp

2 = .196; 
symbolic comparison accuracy, F(1, 114) = 5.568, p = .020, 
ŋp

2 = .047; and symbolic comparison reaction time, F(1, 
114) = 10.755, p = .001, ŋp

2 = .086. When w was introduced 
as a covariate in the analyses, its effects were significant in 
all the analyses (ps < .05). Two out of five significant group 
differences (dot-number matching accuracy, symbolic com-
parison accuracy) were eliminated, and one of them became 
marginally significant (symbolic comparison reaction time, 
p = .063). Only the group differences in the number line 
linearity, F(1, 105) = 44.055, p < .001, ŋp

2 = .296, and num-
ber line PAE, F(1, 109) = 12.885, p < .001, ŋp

2 = .106, 
remained significant after w was introduced as a covariate 
(see Table 2 for a summary). The number sense deficits in 
the DD group seemed to be responsible for at least part of 
the deficits in number-magnitude mapping in this group.

Discussion

The current study aimed at examining the relevance of the 
number sense deficit hypothesis and the access deficit 
hypothesis in explaining the profile of dyscalculia. Three 
groups of participants (i.e., DD, LA, and NA) were assessed 
three times on their number sense and their number-magni-
tude mapping skills (measured by counting, number line 
estimation, and symbolic comparison). While the DD group 
showed difficulties in both number sense and number-mag-
nitude mapping, the LA group showed difficulties only in 
number-magnitude mapping. Furthermore, the DD group’s 
deficits in number-magnitude mapping were at least par-
tially explained by the number sense deficit. These findings 
provide support to the number sense deficit hypothesis.

The Core Deficits of Dyscalculia

In the current literature on dyscalculia, researchers have 
been debating whether the core deficit among dyscalculics 
lies in their number sense or the access of magnitude repre-
sentation from the number symbols. While the number 
sense deficit hypothesis proposes that the core deficit of 
dyscalculia lies in the number sense and affects all aspects 
of numerical processing (Wilson & Dehaene, 2007), the 
access deficit hypothesis suggests that the core deficit of 



Wong et al.	 57

dyscalculia lies mainly in the access of meaning from num-
ber symbols, leaving the nonsymbolic numerosity process-
ing among dyscalculics intact (Rousselle & Noël, 2007). In 
the current study, an attempt was made to identify children 
with DD from a community sample using a more stringent 
criterion (i.e., bottom 10th percentile in a standardized 
achievement test). The members of this DD group were out-
performed by their NA peers in both indices assessing num-
ber sense (nonsymbolic comparison accuracy and w), hence 
suggesting a number sense deficit among children with 
dyscalculia. The above findings converge with those from 
other studies (e.g., Mazzocco et al., 2011; Piazza et al., 
2010) and provide further support to the number sense defi-
cit hypothesis. Furthermore, the present study is the first to 
report a deficit in the number sense in a much younger DD 
group (6–7 years old; although the classification was made 
in Time 4 when the participants were 8 years old, the clas-
sification were expected to be largely similar if it were done 
in other time points given the high stability of children’s 
mathematics achievement, e.g., Aunola, Leskinen, 
Lerkkanen, & Nurmi, 2004; Martin et al., 2013; Morgan & 
Farkas, 2009), which further suggests that the deficits in 
number sense among dyscalculics might emerge at an early 
age. This provides even stronger evidence for the number 
sense deficit hypothesis. If number sense deficit is the core 
underlying deficit among dyscalculics, this deficit should 
be evident early in life.

On top of showing deficit in their number sense, the DD 
group identified in the present study also showed substan-
dard performance in object counting, estimation, and sym-
bolic comparison tasks. All tasks involve the association 
between number symbols and the underlying magnitude 
representation, which provide a reflection of the number-
magnitude mapping process. The substandard performance 
of the DD group in these tasks therefore suggests that they 

also suffer from a deficit in their number-magnitude map-
ping skills. The coexistence of both the number sense defi-
cit and the access deficit among the DD group echoes with 
the model proposed by the Wong et al. (2015), which sug-
gested a causal role of number sense on number-magnitude 
mapping. Having an imprecise representation of numeros-
ity may hinder one from associating the number symbols 
onto the underlying magnitude representation. In other 
words, a number sense deficit may lead to an access deficit. 
The findings that the deficits in number-magnitude map-
ping among the DD group were at least partially explained 
by their deficits in the number sense provide support to this 
argument. Future intervention studies can be done to further 
examine the above proposed mechanism.

It should be noted that, even after controlling for the 
deficit in the number sense of those with DD, their perfor-
mance on the number line task was still significantly back-
ward when compared with their NA peers. This means that 
their substandard performance in the number line task was 
not completely explained by their number sense deficit. 
Other domain-general deficits of dyscalculia, such as defi-
cits in spatial processing (Passolunghi & Mammarella, 
2011), may explain the substandard performance in the 
number line task among this group. This possibility could 
be further examined in future studies.

Difficulties Experienced by the LA Children

In addition to the cognitive profiles of the DDs, the cogni-
tive profiles of the LAs are also worth attention. This group 
of children performed worse than their NA peers in all the 
number-magnitude mapping tasks, while their performance 
was comparable to their NA peers in the number sense task. 
This pattern of results matches well with the access deficit 
hypothesis. The profiles of the DD group and the LA group 

Table 2.  Deficits Experienced by the LA Group and the DD Group.

Task LA
DD (without 

controlling for w)
DD (controlling 

for w)

Nonsymbolic comparison (acc.) X —
Nonsymbolic comparison (w) X —
Nonsymbolic comparison (distance) —
Dot-number matching (acc.) X+ X  
Dot-number matching (RT)  
Number line (linearity) X X X
Number line (PAE) X+ X X
Symbolic comparison (acc.) Xa  
Symbolic comparison (RT) X X X+

Note. LA = low-achieving; DD = developmental dyscalculia; acc. = accuracy; w = Weber Fraction; RT = reaction time; PAE = percentage absolute error. 
Dashes indicate not applicable.
aThe contrast between NA and DD was marginally significant when all the three groups were considered, while it was significant when only NA and 
DD were considered.
+p < .07.
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together seem to suggest that while children with most 
severe difficulties in learning mathematics suffer from more 
deep-rooted deficits (i.e., inability in representing numeros-
ity), children with milder forms of the difficulties suffer 
from deficits that are more peripheral (i.e., associating num-
bers to the underlying magnitude representation). In a 
review, Ansari (2008) suggested that the process of map-
ping the number symbols onto the magnitude representation 
resembled the mapping between grapheme and phoneme 
during reading, and both might reflect a domain-general 
symbols-referent mapping mechanism. It is possible that 
the LAs are impaired in this domain-general mapping 
mechanism, which prevents them from accurately associat-
ing the number symbols to their corresponding referent and 
hence results in a difficulty in mathematics learning. If this 
hypothesis is true, we should also expect a deficit in reading 
among this group of LA children. Given the high comorbid-
ity between reading and mathematics difficulties (Landerl 
& Moll, 2010), the above hypothesis may have some 
ground. Further studies could be done to verify this.

Addressing the Controversies in the Current 
Literature

Findings from the present study also provide some insights 
to the inconsistent findings in the field of dyscalculia 
research. First, different studies tended to use different cri-
teria for identifying dyscalculics (see Butterworth, 2005; 
Murphy et al., 2007, for summaries). While previous stud-
ies converged to suggest a prevalence rate of around 6% to 
7% (Butterworth, 2005; Shalev, 2007), the use of relatively 
loose criteria in identifying “dyscalculic” children might 
have resulted in many false positive cases, which might 
have diluted the group differences in number sense and 
resulted in insignificant findings. In fact, for those studies 
that found significant group differences in number sense, 
most of them used relatively stringent criteria (e.g., 
Mazzocco et al., 2011; Piazza et al., 2010, and the present 
study).

Second, the items used in the nonsymbolic comparison 
task might also contribute to the inconsistent findings in the 
field. While some studies involved numerosity pairs with 
larger ratios in the nonsymbolic comparison task (e.g., 
Iuculano et al., 2008; Rousselle & Noël, 2007), others 
involved numerosity pairs with smaller ratios (e.g., 
Mazzocco et al., 2011; Piazza et al., 2010). Group differ-
ences were found only when the nonsymbolic comparison 
task was sensitive enough (i.e., consisting a considerable 
portion of items on small ratio numerosity pairs; Mazzocco 
et al., 2011; Piazza et al., 2010; the present study). In future 
studies, the nonsymbolic comparison task should be more 
tailor-made for the particular age group involved in order to 
increase the sensitivity of measurement.

Third, the use of indices for the nonsymbolic compari-
son task might also affect the results. While most studies 
used accuracy, reaction time (e.g., De Smedt & Gilmore, 
2011; Rousselle & Noël, 2007), and distance effect (e.g., 
Mussolin, Mejias, & Noël, 2010) in measuring nonsym-
bolic numerosity processing, other studies used w to repre-
sent one’s number acuity (e.g., Mazzocco et al., 2011; 
Piazza et al., 2010). The present study examined the group 
differences in accuracy, w, and distance effect and found 
that while there were no group differences found in the dis-
tance effect, there were significant group differences with 
medium to large effect sizes when accuracy and w were 
used. This may suggest that accuracy and w are more sensi-
tive indices of one’s number sense than the distance effect.

Educational Implications

Besides verifying the number sense deficit hypothesis, the 
present study also yielded some important practical impli-
cations. First, the present study compared the performances 
of the three groups of children retrospectively since they 
were in kindergarten. This allows educators to have a better 
understanding of the profiles of children with low achieve-
ment in mathematics even before they went to school. In 
fact, by comparing the group performance in Time 1 using 
ANCOVA (with nonverbal intelligence and verbal memory 
controlled), it was found that the DD group showed some 
signs of difficulties compared with the control group even 
before they received formal education on mathematics 
(nonsymbolic comparison w: p = .041; number line linear-
ity and PAE: ps < .001; symbolic comparison accuracy: p = 
.066). The findings inform us about the early predictors of 
dyscalculia, hence making early identification possible. On 
the other hand, the present findings also shed light on the 
direction of intervention for the dyscalculics. Given that 
dyscalculics show deficits in their counting skills, their esti-
mation skills, and their nonsymbolic and symbolic numeri-
cal processing, intervention should focus on these domains. 
Some preliminary success has been observed in terms of 
interventions for mathematical skills. For example, when 
training adults on nonsymbolic arithmetic tasks, improve-
ment in their efficiency in solving symbolic arithmetic was 
observed (Park & Brannon, 2013). The practice of compar-
ing numerical magnitudes through computer-assisted inter-
ventions such as the Number Race (Wilson et al., 2006) and 
the Graphogame-Math have also been found effective in 
improving preschoolers’ number comparison skills 
(Räsänen, Salminen, Wilson, Aunio, & Dehaene, 2009). On 
the other hand, by regularly playing an interesting number 
line game, children, regardless of whether they had dyscal-
culia, improved in their arithmetic skills (Kucian et al., 
2011). Furthermore, simply playing linear board games has 
been found to be helpful to children’s math skills (Siegler & 
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Ramani, 2009). All these interventions have provided new 
hope to educators in helping children with dyscalculia.

Limitations

The major limitation of the present study was the relatively 
small sample size of the DD group. This small sample size 
may limit the generalizability of our findings. However, the 
patterns revealed by the group comparisons were clear, and 
the effect sizes were relatively large (all significant com-
parisons yielded medium or above effect sizes). Furthermore, 
the findings from the current study converge well with those 
obtained in other studies (e.g., Mazzocco et al., 2011; Piazza 
et al., 2010). All these elements suggest that the results 
obtained in the current study are reliable. By increasing the 
initial sample size, future studies may yield a larger DD 
sample for further comparisons.

Conclusions

The current study compared the dyscalculics with their LA 
and NA peers in terms of their number sense and number-
magnitude mapping. While the dyscalculics showed defi-
cits in both number sense and number-magnitude mapping, 
the LA children showed deficits only in number-magni-
tude mapping. Furthermore, the number-magnitude map-
ping deficits among the dyscalculics were at least partially 
explained by their number sense deficit. The findings sup-
port the number sense deficit hypothesis. The findings 
also provide implications for early identification of dyscal-
culia as well as the design of interventions for these 
children.
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