Neuroscience and Biobehavioral Reviews 78 (2017) 145–160

Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews
journal homepage: www.elsevier.com/locate/neubiorev

Review article

The search for the number form area: A functional neuroimaging metaanalysis
Darren J. Yeoa,b, Eric D. Wilkeya, Gavin R. Pricea,
a
b

MARK

⁎

Department of Psychology & Human Development, Peabody College, Vanderbilt University, 230 Appleton Place, Nashville, TN, 37203, United States of America
Division of Psychology, School of Humanities and Social Sciences, Nanyang Technological University, 14 Nanyang Avenue, 637332, Singapore

A R T I C L E I N F O

A B S T R A C T

Keywords:
Meta-analysis
Activation likelihood estimation
Symbolic number
Number form
Parietal cortex
Frontal cortex
Inferior temporal gyrus

Recent studies report a putative “number form area” (NFA) in the inferior temporal gyrus (ITG) suggested to be
specialized for Arabic numeral processing. However, a number of earlier studies report no such NFA. The reasons
for such discrepancies across studies are unclear. To examine evidence for a convergent NFA across studies, we
conducted two activation likelihood estimation meta-analyses on 31 and a subset of 20 neuroimaging studies
that have contrasted digits with other meaningful symbols. Results suggest the potential existence of an NFA in
the right ITG, in addition to a ‘symbolic number processing network’ comprising bilateral parietal regions, and
right-lateralized superior and inferior frontal regions. Critically, convergent localization for the NFA was only
evident when contrasts were appropriately controlled for task demands, and does not appear to depend on
employing methods designed to overcome fMRI signal dropout in the ITG. Importantly, only ﬁve studies had foci
within the identiﬁed ITG NFA cluster boundary, indicating that more empirical evidence is necessary to
determine the true functional specialization and regional speciﬁcity of the putative NFA.

1. Introduction
Numbers are one of the most ubiquitous written symbol systems in
the modern world. Relative to the 200,000 years of existence of modern
humans, the oldest written numeration systems are only approximately
5500 years old (Chrisomalis, 2010). The modern-day digits ‘0’ to ‘9’ of
the Hindu-Arabic numeral system are an even more recent invention
that were introduced to the Western world as late as the 12th century,
and adopted worldwide only several centuries later (Chrisomalis, 2010;
Smith and Karpinski, 1911). Despite their relative youth, numbers and
the ﬁelds of study they enable have allowed the development of
astonishing advances in human civilization, from medicine to computing to space travel. The last twenty years have seen a tremendous
growth in research on numerical cognition, aimed at understanding
how the human brain processes numbers in diﬀerent formats (i.e.,
nonsymbolic and symbolic), the quantities they represent, and the
mathematical science they support. At the same time, a signiﬁcant body
of research suggests that eﬃcient Arabic numeral processing is an
important predictor of children’s mathematical skills (Bugden and
Ansari, 2011; Defever et al., 2011; Holloway and Ansari, 2009;
Lonnemann et al., 2011; Mundy and Gilmore, 2009). However, despite
their evident importance, little is known about how the human brain
comes to instantiate Arabic numerals as symbols of numerical informa-
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tion. While a number of neuroimaging studies have employed Arabic
numerals as stimuli, there is little to no consensus regarding the
existence of a neural network speciﬁc to the processing of symbolic
numbers. A deeper understanding of the ‘symbolic number processing
network’ in typically developing adults is a crucial ﬁrst step towards
understanding its typical and atypical development, and the role it
plays in the development of symbolic mathematical skills. The present
meta-analysis therefore investigates whether across studies and task
contexts, there exist common neurocognitive mechanisms that are
specialized for Arabic numeral processing, and if so, where those
mechanisms are located.
Guiding a substantial amount of research in numerical cognition
over the past two decades is the Triple-Code Model (Dehaene, 1992;
Dehaene and Cohen, 1995). The neuropsychology-based model posits
that numbers are processed in three distinct representations. First, a
visual “Arabic number form” code that represents numbers visuospatially as an ordered string of Arabic digits (e.g., ‘27’ as ‘2’ ‘7’ instead
of ‘7’ ‘2’), and is assumed to be subserved by specialized visual object
recognition regions in the bilateral ventral occipitotemporal cortex
(vOTC; see Fig. 1). Second, a “verbal word frame” code that represents
numbers as syntactically structured sequences of words (e.g., ‘twentyseven’ or ‘2 tens 7 ones’), as well as a verbally learned count sequence
and arithmetic facts. The verbal code is assumed to be subserved by the
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Fig. 1. Anatomy of the lateral temporal and ventral occipitotemporal cortices in the right hemisphere, and illustrations of the putative number form area, as well as mirrored locations of
the left-hemispheric visual word form and letter form areas. STG: Superior temporal gyrus. MTG: Middle temporal gyrus. ITG: Inferior temporal gyrus. STS: Superior temporal sulcus.
MTS: Middle temporal sulcus. OTS: Occipitotemporal sulcus. CoS: Collateral sulcus. toi: Temporo-occipital incisure. FG: Fusiform gyrus. PHG: Parahippocampal gyrus. LG: Lingual gyrus.
LOG: Lateral occipital gyrus. ECoG: Electrocorticography. fMRI: Functional magnetic resonance imaging. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

time for speciﬁc brain regions to become specialized for visual symbol
recognition through the process of natural selection. Nonetheless, the
discovery of a putative “visual word form area” (VWFA; see Fig. 1) in
the left mid-fusiform gyrus (FG), which has a preferential response to
visually presented words versus pseudowords (Cohen et al., 2000,
2002; McCandliss et al., 2003; for a review, see Dehaene and Cohen,
2011) − as well as a less-discussed, and more posteriorly localized
“letter form area” (Thesen et al., 2012) – suggests that ontogenetic
experience is suﬃcient to drive speciﬁc brain regions to become
progressively specialized for processing visual symbols (Dehaene and
Cohen, 2007; Kanwisher, 2010). Apart from the broader question of
modularity in the brain (Karmiloﬀ-Smith, 2015), the existence of the
VWFA has been controversial (see Cohen and Dehaene, 2004; Dehaene
and Cohen, 2011; Price and Devlin, 2003, 2011; for the discussion).
Moreover, there is increasing evidence that orthographic processing
subserved by the VWFA is dependent on higher-level language representations based in left-hemispheric perisylvian language regions
(Bouhali et al., 2014; Saygin et al., 2016). This suggests that the VWFA
may not be as functionally independent as other category-speciﬁc vOTC
regions such as the “fusiform face area”. As Arabic numerals are also a
recent invention relative to the evolution of the human brain, the
possibility of an NFA, and its role as an independent functional module
ought to be questioned (for a recent discussion see Merkley et al.,
2016).
If an NFA does exist, to what extent is the NFA spatially distinct
from the VWFA? Neuropsychological evidence thus far has been mixed
in its support for distinct visual symbol processing regions. Starrfelt and
Behrmann (2011) reviewed neuropsychological studies conducted on
pure alexia (i.e., an impaired ability to read but not write) since 1892,
and found no consistent evidence for a strong dissociation between
number- and letter-reading impairment due to temporal lobe (mainly
left) lesions. However, they noted that it could be due to a lack of
detailed reporting of assessment methods and ﬁndings in many studies,

left-hemispheric perisylvian language regions extending to the temporoparietal junction, comprising the angular and supramarginal gyri
(Dehaene, 1992; Dehaene and Cohen, 1995; Dehaene et al., 2003).
Third, an “analogue magnitude” code that allows us to represent,
estimate, compare, and manipulate nonsymbolic numerical magnitudes, is assumed to be subserved by the bilateral intraparietal sulci
(Dehaene, 1992; Dehaene and Cohen, 1995; Dehaene et al., 2003).
A considerable proportion of numerical cognition research has
focused on the magnitude and verbal codes, ﬁnding consistent empirical support for neural circuits underlying those two representational
codes (for reviews and meta-analyses, see Ansari, 2008; Arsalidou and
Taylor, 2011; Cohen Kadosh et al., 2008; Dehaene et al., 2003; Houdé
et al., 2010; Kaufmann et al., 2011; Moeller et al., 2015; Sokolowski
et al., 2017; Zamarian et al., 2009). In contrast, there has been a paucity
of research investigating the visual “Arabic number form” code. Hence,
little is currently known about the neural mechanisms that enable the
processing of Arabic numerals as visual objects and symbols of
numerical magnitude that we use eﬀortlessly to compare and order
quantities, and perform arithmetic with.
The proposition of an “Arabic number form” code suggests the
existence of a putative ‘number form area’ (NFA) in a region of the
vOTC that is specialized for the processing of Arabic numerals (i.e., it is
engaged by Arabic numerals more than other learned written symbols
and novel written characters). Such localization for an NFA would be
logical, given that there are regions in the human vOTC thought to have
evolved for the processing of highly frequent visual stimuli, such as
faces and body parts (Kanwisher, 2010). Indeed, there is a large body of
evidence for category speciﬁcity in the vOTC for visual categories such
as faces (Kanwisher et al., 1997) and body parts (Downing et al., 2001),
and such functionally specialized regions have also been observed in
non-human primates (Tsao et al., 2003; Yovel and Freiwald, 2013). In
contrast, relative to the pace of neural evolution in hominids, the
‘recent’ cultural invention of writing and reading provides insuﬃcient
146
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and that by and large, patients with impaired letter or word identiﬁcation almost always show impaired digit identiﬁcation, albeit often less
severely. Starrfelt and Behrmann (2011) then hypothesized that
numbers are inherently easier to identify than letters even in typically
developing individuals, which might underlie the diﬀerential numeral
and letter processing performance observed in the patients with alexia.
In a follow-up empirical investigation, they found that that was indeed
the case. Nonetheless, their ﬁndings do not preclude the possibility of
spatially distinct NFA and VWFA that are close in proximity within a
lesion site, or the possibility that there is more than one site of each
form area. Neither do their ﬁndings preclude the possibility that each
symbol form area functions interactively with other cortical regions
within a processing circuit that takes into account both bottom-up
visual and top-down semantic inputs (Plaut and Behrmann, 2011; Price
and Devlin, 2011). For instance, stimulation-induced impairments to
regions other than the vOTC, such as left supramarginal gyrus and left
inferior frontal gyrus, may also selectively impair processing of Arabic
numerals, but not words (Roux et al., 2008). In other words, the vOTC
may be critical for visual symbol processing, but it is not the only
cortical region involved. Given the apparent existence of a VWFA, and
neuropsychological ﬁndings revealing a trend of dissociation in processing Arabic numerals and letters/words (Starrfelt and Behrmann,
2011), it is therefore reasonable to hypothesize that an NFA may exist,
and if it does exist, that it would be located in the vOTC.
fMRI has been an eﬀective and widely-used method for revealing
regions in the vOTC that are thought to be functionally specialized in
the identiﬁcation of faces, body parts, places, and words (Kanwisher,
2010) due to its combination of non-invasive, whole-brain spatial
coverage, and spatial resolution. Given that the VWFA can easily be
localized using fMRI, and that numerical symbols are at least as
ubiquitous as letters, it is reasonable to assume that the NFA can also
be detected using the same method. However, while some studies
report evidence for an NFA, many fMRI studies have failed to ﬁnd such
a functionally specialized region for Arabic digits in the vOTC (see
Table 1), despite many of them having suﬃcient sensitivity to localize
other visually-selective object processing regions, such as the VWFA,
within the same sample. Thus, the question of whether a specialized
NFA exists in the vOTC remains open.
The role of the vOTC in Arabic numeral processing may also be
revealed by methods other than fMRI. In an intracranial electrostimulation study with 53 brain-lesion or epileptic patients, Roux et al. (2008)
demonstrated that stimulation of a region in the left posterior inferior
temporal gyrus (ITG) impaired Arabic numeral recognition, but not
naming and reading of number words and sentences. More recently,
using intracranial electrophysiological recordings in seven epileptic
patients, Shum et al. (2013) identiﬁed a spatially consistent region in
the right – and, to a lesser extent, left – posterior ITG (see Fig. 1), that
demonstrated a preferential response to Arabic numerals compared
with control stimuli that are morphologically, semantically, and
phonologically similar. In a follow-up fMRI experiment with healthy
subjects, the authors found that the NFA falls close to, or within a
region that is highly prone to fMRI signal dropout, due to air-tissue
boundary artifacts from the auditory canal and venous sinus. This led
Shum et al. (2013) to suggest that previous fMRI studies had failed to
observe an NFA in the vOTC because of a methodological limitation
speciﬁc to fMRI, namely, signal dropout. The signal-dropout hypothesis
was further supported by subsequent fMRI studies that found a
numeral-selective region in the ITG after attempting to overcome low
signal-to-noise ratio in the region with advanced imaging and data
preprocessing techniques (Abboud et al., 2015; Amalric and Dehaene,
2016; Grotheer et al., 2016b; see Fig. 1 for other localizations of the
NFA). However, several prior fMRI studies have found preferential
activation for Arabic numerals in the vOTC, or even speciﬁcally within
the ITG, without the use of advanced imaging and data preprocessing
methods (see Table 1). Therefore, while signal dropout may account for
some prior null ﬁndings, it does not necessarily account for all null

Table 1
fMRI and PET studies that contrasted Arabic numerals with other meaningful written
symbols.
Excluded from current
meta-analyses

Included in current meta-analyses

No numeral-speciﬁc
activation found
anywhere in the brain

Numeral-speciﬁc
activation within the
vOTC

1. Anderson
et
al.
(2015)
2. Baker et al. (2007)
3. Cantlon et al. (2011)
4. Cohen Kadosh et al.
(2007a)
5. Fulbright et al. (2003)
6. James et al. (2005)
7. Koul et al. (2014)
8. Polk
and
Farah
(1998)
9. Polk et al. (2002)
10. Reinke et al., 2008
11. van der Ven et al.
(2016)

1. Amalric and Dehaene
(2016) – Bilateral ITG
2. Basso et al. (2003) –
Bilateral FG
3. Coderre et al. (2009) –
Left FG
4. Cui et al. (2013) –
Right ITG
5. Cummine et al. (2015)
– Right ITG
6. Fernandes
et
al.
(2005) – Left FG
7. Fias et al. (2007) –
Left FG
8. Grotheer
et
al.
(2016a,b) – Bilateral
ITG and bilateral FG
9. Gullick and Temple
(2011) – Right ITG
10. Knops et al. (2006)a –
Right FG
11. Pinel et al. (2001) –
Right FG
12. Pinel et al. (1999) –
Right ITG

Numeral-speciﬁc
activation only outside
the vOTC
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Andres et al. (2012)
Andres et al. (2011)
Attout et al. (2014)
Cappelletti et al.
(2010)
Carreiras
et
al.
(2015)
Chochon et al. (1999)
Cummine
et
al.
(2014)
Holloway
et
al.
(2015)
Libertus et al. (2009)
Park et al. (2012)
Peters et al. (2015)
Pinel et al. (2004)
Price and Ansari
(2011)
Stanescu-Cosson
et al. (2000)
Wu et al. (2009)
Yin et al. (2015)
Zago et al. (2008)
Zarnhofer
et
al.
(2012)
Zhang et al. (2012)

Note. fMRI: functional magnetic resonance imaging. PET: positron emission tomography.
vOTC: ventral occipitotemporal cortex. FG: fusiform gyrus. ITG: inferior temporal gyrus.
a
Excluded from the meta-analyses as stereotaxic coordinates were not provided for the
contrast of interest.

ﬁndings related to the NFA. The inconsistent evidence for an NFA
across prior studies thus requires further investigation and explanation.
Previous coordinate-based meta-analyses of neuroimaging studies of
numerical processing have revealed convergence of functional activation in the vOTC (Arsalidou and Taylor, 2011; Kaufmann et al., 2011;
Sokolowski et al., 2017). However, several of those meta-analyses
grouped both symbolic and nonsymbolic numerical stimuli under an
umbrella term “numbers”, rendering it impossible to claim that vOTC
convergence was speciﬁc in any way to numerical symbols. Furthermore, the convergence reported in those analyses was more medial than
the NFA location reported by Shum et al. (2013), centering on the FG as
opposed to the ITG. Sokolowski et al. (2017) were the ﬁrst to examine
symbolic and nonsymbolic number processing independently in a metaanalysis. Speciﬁcally, their goal was to reveal concordant activation
related to explicit and automatic magnitude processing that is either
format-dependent or format-independent. That study did not ﬁnd
evidence for an NFA in the ITG when contrasts using Arabic numerals
only were analyzed. However, this may be due to the fact that the
authors considered a range of contrasts with varying degrees of control
stimuli and also with varying task demands relative to the tasks
involving Arabic numerals, such as “numbers > body parts/shapes/
letters/scrambled numbers”, “symbolic number comparison > nonsymbolic number comparison”, “symbolic magnitude comparison >
letter/digit naming”, and “small number comparison > large number
comparison”. Of concern in any investigation of functional specialization in processing a particular visual stimulus category is the extent to
which the manipulation of the numerical and non-numerical control
tasks (e.g., symbolic number comparison > letter naming) reﬂects the
diﬀerence in stimulus category (hereafter referred to as ‘contrast
speciﬁcity’). Low contrast speciﬁcity may include unnecessary noise
147
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3. Methods

(i.e., activations of non-interest) in a meta-analytical procedure and
decrease its sensitivity. For instance, in an object-naming meta-analysis,
Price et al. (2005) found enhanced sensitivity to activation in regions
associated with semantic processing, visual-speech integration, and
response selection with high-level baseline conditions (e.g., object
naming > face orientation) that controlled for speech and perceptual
processing than with low-level baseline conditions that did not control
for those (e.g., object naming > ﬁxation). It is thus unclear if there
exists a convergence in the vOTC during number processing when
Arabic numerals are contrasted only with other meaningful written
symbols and with comparable task demands. If an NFA exists, and is
speciﬁc to Arabic numerals rather than written symbols in general, it
should evidence functional specialization by activating more strongly
for Arabic numerals than other meaningful written symbols, across a
range of task contexts. Alternatively, the engagement of an NFA may be
highly task-dependent and a convergence in the vOTC may be
attenuated by task demands, which will be further addressed in the
discussion.
It is clear, therefore, that evidence for an NFA is inconsistent at
present. However, based on some of these most recent positive ﬁndings,
qualitative reviews have made aﬃrmative statements regarding the
reproducible localization of an NFA in the vOTC (Hannagan et al.,
2015; Piazza and Eger, 2016). Whether or not the extant body of
functional neuroimaging literature does in fact support the existence of
an NFA requires further quantitative investigation.

3.1. Literature search and article selection
We used a multi-step approach to identify relevant articles. First, a
literature search was made in the following databases: PsycINFO
(1806–2016), PubMed (1950–2016), Web of Science (1965–2016),
ScienceDirect (1823–2016), and Google Scholar until October 2016.
To identify journal articles and book chapters that have empirically
examined symbolic number processing relative to other meaningful
symbols, or have reviewed the empirical evidence for visual number
form processing, search terms included (“number form” OR “visual
Arabic” OR “visual number” OR “numeral” OR “digit” OR “symbolic
number” OR “number symbol” OR “Arabic digit”) AND (“fMRI” OR
“functional magnetic resonance imaging” OR “PET” OR “positron
emission tomography”).
A study was included if it met the following criteria: (1) published in
English language peer-reviewed journals, (2) sample comprised healthy
human adults, (3) conducted whole-brain, within-group analyses using
fMRI or PET to minimize any bias towards predeﬁned regions of
interest, (4) employed tasks that contrasted the visual processing of
Arabic numerals with at least one other category of written symbols
that are orthographically and semantically familiar to the participants
(e.g., letters of the Roman alphabet for English speakers, including
Roman numerals, scripts of foreign languages such as Chinese and
Japanese characters for Chinese or Japanese speakers respectively, and
presumably universally known non-alphanumeric symbols such as $,
%, & , etc.), and (5) reported the coordinates of activation maxima in
standardized stereotaxic space such as the Talairach (Talairach and
Tournoux, 1988) or Montreal Neurological Institute (MNI) templates.
For criterion (4), the control categories against which Arabic numerals
were compared to may also include nonsymbolic categories (e.g., false
fonts and objects), as long as response proﬁles were provided to
illustrate signiﬁcantly greater activation of the regions of interest to
Arabic numerals than to all other symbolic and nonsymbolic control
stimuli (e.g., Amalric and Dehaene, 2016; Grotheer et al., 2016b). In
other words, the control conditions could include nonsymbolic stimuli,
but they could not be the only control in the contrast. Moreover, to be
as comprehensive as possible, identifying an NFA did not have to be the
primary theoretical focus of a study to be included in the meta-analyses.
As a main goal of this study is to search for a convergence of studies on
an NFA, we were liberal in selecting studies that had a non-numerical
control task with cognitive demands diﬀerent than the numerical tasks,
as long as the control stimuli used were meaningful written symbols.
Another goal of this study was to investigate the category speciﬁcity
of an NFA, that is, its preferential response to Arabic numerals relative
to other meaningful written symbols. Therefore, for both meta-analyses
in this study, we excluded studies that contrasted Arabic numerals with
only false fonts, nonsymbolic dot arrays, shapes, body parts, or ﬁxation/
rest. Studies in which no supra-threshold activation was found for
Arabic numerals relative to other meaningful symbols were excluded,
as the ALE approach assesses spatial convergence across studies given
that there is some supra-threshold activation somewhere in the brain
(see Table 1). For studies in which the relevant contrasts were
performed, but did not report the full list of coordinates, attempts were
made to obtain the necessary data, if available; otherwise, they were
excluded. We also excluded reviews, meta-analyses, case studies,
studies that only presented auditory stimuli (e.g., Abboud et al.,
2015, which also used Roman numerals instead of Arabic numerals),
and studies that presented auditory and visual stimuli separately, but
reported only supramodal contrasts for digits versus letters (e.g., Eger
et al., 2003). An exception were studies that presented auditory and
visual stimuli simultaneously, and required conscious processing of the
visual symbols presented (Fernandes et al., 2005; Holloway et al.,
2015).
Secondly, we crosschecked the reference lists of all the relevant

2. Current study
To investigate whether the extant literature supports a reproducible
localization of an NFA that is functionally specialized for the visual
processing of Arabic numerals we conducted two activation likelihood
estimation (ALE) meta-analyses of the existing body of neuroimaging
studies that contrasted the visual presentation of Arabic numerals with
other meaningful written symbols across a variety of tasks in healthy
individuals. As both maturation and learning experience are critical for
shaping visual category-selective processing over development (Cantlon
et al., 2011; Libertus et al., 2009; Polk and Farah, 1998; Schlaggar and
McCandliss, 2007), the current study focused on adults, for whom the
degree of category-selective neural activity in the vOTC should be well
established.
To be maximally inclusive in our analysis, we adopted liberal
inclusion criteria with varying degrees of contrast speciﬁcity as long
as Arabic numerals were contrasted with at least one other symbolic
category (e.g., number comparison > letter naming). We predicted
that a more liberal set of contrasts would increase the chances of
revealing a convergence of activation in an NFA, especially if evidence
of its activation is weak due to signal loss complications. It is also
possible, however, that the inclusion of less speciﬁc contrasts in the
meta-analysis may lead to ‘noisy’ results (Price et al., 2005), potentially
masking or washing out convergence in an NFA (see Section 3.2.3 for
an explanation). The inclusion of less speciﬁc contrasts may also reveal
brain regions other than the NFA related to diﬀerential task demands
between the numerical and non-numerical tasks, but not to the stimulus
properties per se. Therefore, we conducted a second meta-analysis
using more stringent criteria to include only contrasts that have
equivalent task demands between the numerical and non-numerical
conditions (e.g., digit matching versus letter matching). Moreover, by
controlling for task demands, the second meta-analysis also aimed to
increase the speciﬁcity of brain regions that are unique to Arabic
numeral processing, over and above diﬀerences in general cognitive
processes such as attention and working memory (i.e., a ‘symbolic
number processing network’).
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Reference

Coderre et al. (2009)

Chochon et al. (1999)

Cui et al. (2013)

Cummine et al. (2015)

4

5

6

7

149

Grotheer et al.
(2016b)
Holloway et al. (2015)

Libertus et al. (2009)

Park et al. (2012)

Peters et al. (2015)
Pinel et al. (2001)
Pinel et al. (1999)
Pinel et al. (2004)
Price and Ansari
(2011)
Yin et al. (2015)

Zarnhofer et al.
(2012)
Zhang et al. (2012)

9

10

11

12

13
14
15
16
17

19

26
5

Attout et al. (2014)
Basso et al. (2003)

23
24

Numerical order judgment vs. Letter luminance judgment
Digit veriﬁcation (working memory and temporal
production) vs. Letter veriﬁcation

Arithmetic vs. Letter naming
Arithmetic vs. Letter naming

Semantic distance judgment

20

18
10

Arithmetic veriﬁcation

Memory (ordinality)

11f

42

Subtraction
Magnitude comparison
Magnitude comparison
Physical size comparison
Oddball target detection (passive viewing)

12
9
11
15
19

Simultaneous same/diﬀerent judgment task

2-back same/diﬀerent judgment

14d

20

Passive simultaneous viewing and listening

1-back same/diﬀerent judgment

Rapid automatized naming

Rapid automatized naming

Semantic distance judgment

Digit naming/Magnitude comparison/Multiplication/
Subtraction vs. Letter naming

Number identiﬁcation

18

22

15

15

18

8

9

1-back same/diﬀerent judgment

Conceptual judgment (quantity and non-quantity related)
vs. Perceptual color judgment

22

21

1-back same/diﬀerent judgment

Task(s)

30

N

Excluded from Meta-analysis II
21
Andres et al. (2012)
22
Andres et al. (2011)

20

18

Cummine et al. (2014)

8

e

Carreiras et al. (2015)

3

Included in both meta-analyses
1
Amalric and Dehaene
(2016)
2
Cappelletti et al.
(2010)

Study

13
12
14
14
9
18
5
2
9

Magnitude comparison > Letter naming*
Multiplication > Letter naming*
Subtraction > Letter naming*
Numerical tasks > Letter naming*
Digits > Chinese characters (Numeral classiﬁers)
Digits > Chinese characters (tool nouns)
Digits > Words
Digits > Nonwords
Digits > Letters

Numerical order > Letter luminance*
Number working memory > Letter veriﬁcation*

Arithmetic > Letter naming*
(Subtraction > Letter naming) and (Multiplication > Letter naming)*

5
5

5
8

22

3
5

Digit/digit strings > Letters (recall)
Digits > Number words
Numerals > Chinese characters

1

2
6
1
1
1

1

Digit/digit strings > Letters (encoding)

Digits > Number words
Digit strings > Number words
Digits > Number words
Digits > Letters
(Digits > Letters) and (Digits > False digits)

Digit strings > Consonant strings

6

1

6

2
3
4
2

Digit strings > Nonalphanumeric symbol stringsc
(Arabic > Japanese Kana) and (Arabic > Japanese Kanji)
Arabic > Japanese Kanji
Digit naming > Letter naming

Digits > False digits, noise digits, letters, false letters, noise letters, and
objects
Visual digits and audio number word > Visual letters and audio letter
sounds/names
Digits > Letters and faces

7

12b
14
14
13

14

16a

Foci

Decimals > Object names (conceptual)
Decimals > Object names (quantity only)
Decimals > Object names (non-quantity only)
Decimals (Conceptual–Perceptual) > Object names
(Conceptual–Perceptual)#
Digit strings > Consonant stringsc

Decimals > Checkers, faces, bodies, tools, houses, mathematical formulas,
and words
Decimals > Object names (conceptual)

Selected contrast(s)

Table 2
Participant demographics, tasks, contrasts, foci of interest, and statistical threshold for the fMRI studies included in meta-analyses I and II.

p < .05 FDR-corrected and k = 100 voxels (800 mm3)
p < 0.001 uncorrected, or p < 0.05 FWE clustercorrected, k = 150 voxels (1200 mm3)
p < 0.05 FWE-corrected
p < 0.0001 uncorrected, k = 10 voxels (360 mm3),
and peak-level corrected at p = 0.01
(continued on next page)

p < 0.001 uncorrected and p < 0.05 FWE clustercorrected
p < .008 uncorrected and k = 50 voxels (1350 mm3)

p < 0.005 uncorrected and p < 0.05 clustercorrected
p < 0.01 uncorrected, p < 0.05 cluster-corrected,
and k = 8 voxels (64 mm3)
p < 0.005 uncorrected and k = 20 voxels (540 mm3,
p = 0.01 cluster-corrected)
p < 0.05 FDR- corrected
p < 0.05 corrected
p < 0.001 uncorrected
p < 0.01 uncorrected and p < 0.05 cluster-corrected
p < 0.005 uncorrected and p < 0.05 clustercorrected
p < 0.001 uncorrected and k = 100 voxels
(normalized voxel size not reported)

p < 0.001 uncorrected and p < 0.05 clustercorrected
p < 0.05 FWE corrected and k = 20 voxels (20 mm3)

p < .001 uncorrected and p < 0.05 cluster-corrected

p < 0.001 uncorrected and k = 10 voxels (270 mm3)

p < 0.001 uncorrected and extent threshold, k = 16
voxels (432 mm3, p < 0.05 corrected)

p < 0.03 uncorrected and p < 0.05 cluster-corrected

p < 0.001 uncorrected, or p < 0.05 peak/clusterlevel FWE/FDR corrected

p < 0.001 uncorrected and p < 0.05 clustercorrected
p < 0.05 FWE corrected, or p < 0.001 uncorrected

Statistical Threshold
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Fernandes et al.
(2005)

Fias et al. (2007)

Gullick and Temple
(2011)g

Gullick and Temple
(2011)g

Stanescu-Cosson et al.
(2000)e

Wu et al. (2009)

Zago et al. (2008)

25

26

27

28

29

30

31

14

18

7

16

16

17

12

N

Arithmetic veriﬁcation vs. Symbol identiﬁcation
(contained both numerals and nonalphanumeric symbols)
Manipulation (addition vs. noun generation) vs. Memory
task

Exact and approximate calculation vs. Letter-matching

Magnitude comparison vs. passive viewing of
nonalphanumeric symbols

Ordinality comparison vs. passive viewing of
nonalphanumeric symbols/nonwords

Comparison (number magnitude vs. letter ordinality) vs.
Dimming detection

Parity judgment vs. Animacy judgment [Divided
attention (DA) with auditory word list recognition]
Full attention (FA) auditory word list recognition/visual
number parity/visual animacy judgment

Task(s)

c

Small digits (1–5) > Letters*
(Arabic Calculation–Arabic Identiﬁcation) > (Roman Calculation–Roman
Identiﬁcation) #
(Numbers Manipulation–Maintenance) > (Syllables
Manipulation–Maintenance) #*

Years as numbers > Symbols*
Digits (1–9) > Letters*

Numbers > Symbols*

1

7
2

10
16

8

23

c

Years as events > Symbols*c

3
13
3

(DA digits–FA digits) > (DA animacy–FA animacy) #*
(DA digits–Auditory baseline) > (DA Animacy–Auditory baseline)*c
(Number comparison–Number dimming) > (Letter comparison–Letter
dimming) #*
1

8
17

Number temporal production > Letter veriﬁcation*
(DA digits–FA auditory recognition) > (DA animacy–FA auditory
recognition)*

(Years as events–Symbols) > (Event Words–Nonwords)*

Foci

Selected contrast(s)

p < 0.001 uncorrected and p < 0.05 clustercorrected

p < 0.01 uncorrected and p < 0.01 extent threshold

p < 0.001 uncorrected, and p < 0.05 clustercorrected

p < 0.005 uncorrected, masked with main eﬀect
results at p < 0.05 uncorrected, and k = 5 voxels
(135 mm3)
p < 0.001 uncorrected, p < .05 FDR clustercorrected, and k = 20 voxels (540 mm3)
p < 0.0001 uncorrected, p < 0.05 FDR clustercorrected, and k = 10 voxels (270 mm3)
p < 0.0001 uncorrected, p < 0.05 FDR clustercorrected, and k = 10 voxels (270 mm3)

p < 0.005 uncorrected and k = 50 mm3

Statistical Threshold

Note. FWE: Familywise Error. FDR: False Discovery Rate. Unless otherwise stated, the statistical threshold reported was applied to all contrasts within a study. In some cases, a mixture of uncorrected and corrected ﬁndings may be reported for a
particular contrast (e.g., p < 0.05 FWE corrected, or p < 0.001 uncorrected). #These contrasts were excluded from Meta-Analysis II to control for the inﬂuence of overly-speciﬁc contrasts. *These contrasts were excluded from Meta-Analysis II to
control for the inﬂuence of diﬀerential task demands between the numerical and non-numerical tasks.
a
Includes unpublished foci provided by Amalric and Dehaene (2016).
b
Response times modeled over both number and object names were factored out from the main eﬀect of stimulus for this speciﬁc contrast. All other contrasts had response times modeled separately for numbers and object names.
c
From supplementary data.
d
Child sample in this study was excluded from the meta-analysis.
e
Original coordinates were believed to be in MNI (SPM) space instead of the reported Talairach space.
f
A superior memorist as a case study subject (n = 1) was excluded from the meta-analysis.
g
This study is split into two independent samples as a between-subject design was used.

Reference

Study

Table 2 (continued)
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“icbm2tal”; Laird et al., 2010; Lancaster et al., 2007) implemented for
diﬀerent software. Studies that performed spatial normalization in MNI
space in SPM99, SPM96, and SPM2, and reported those coordinates in
Talairach space are assumed to have applied the Brett transformation
(i.e., “mni2tal”; Brett et al., 2002). An exception were studies by
Stanescu-Cosson et al. (2000) and Chochon et al. (1999), in which the
published coordinates are believed to be in MNI (SPM) space instead of
Talairach space as reported (veriﬁed with BrainMap’s Sleuth 2.4
database; Laird et al., 2005). For those studies that applied the Brett
transformation, we adopted the recommended approach to “un-Brett”
the coordinates using the “Brett: Talairach to MNI” transform followed
by the Lancaster “MNI (SPM) to Talairach” transform (Fox et al., 2013;
Laird et al., 2010). After the transformations, only 3 foci (0.89%) in the
dorsal, middle frontal region fell outside of the smaller, more conservative mask, which is typically used for meta-analyses of functional
imaging studies (Fox et al., 2013). Typically, one would expect less than
3% of the foci to fall outside of the mask, and outlying foci that are
close enough to foci within the mask still contribute to the ALE
calculations (Fox et al., 2013).
To quantitatively assess the concordance of brain regions that
support the functional specialization of visual processing of Arabic
numerals across diﬀerent tasks and subject groups, coordinate-based
meta-analyses were conducted using the ALE approach with GingerALE
version 2.3.6 (Eickhoﬀ et al., 2009, 2012, 2017; Turkeltaub et al., 2012;
http://brainmap.org/ale). The ALE algorithm ﬁrst models foci from
contrasts within each study as centers of three-dimensional Gaussian
probability distributions. Taking into consideration between-template
variances, and the relationship between study sample size and intersubject localization uncertainty, studies with larger sample sizes are
weighted such that they have a narrower full width at half maximum
and higher peaks (Eickhoﬀ et al., 2009).
Prior to the modiﬁcation of the ALE algorithm by Turkeltaub et al.
(2012), the union of probability distributions at a given voxel was used
to generate a probabilistic map of modeled activation (MA) for each
contrast (i.e., an MA value represents the probability of an activation in
a particular voxel). This had resulted in contrasts with multiple withincontrast foci in close proximity contributing more to the MA values. To
address this within-contrast inﬂuence, the revised non-additive algorithm by Turkeltaub et al. (2012) now takes the maximum probability
associated with any one Gaussian distribution from a contrast (see
Turkeltaub et al., 2012 for a schematic explanation). Lastly, an ALE
map is then computed as the voxel-wise union of the MA maps from the
meta-analysis dataset. The ALE values thus represent the likelihood that
at least one study activated a given voxel.
In addition, the previous algorithm required foci to be organized by
contrast, such that studies with multiple non-independent contrasts will
have greater inﬂuence than studies with a single contrast. Due to this
limitation in the algorithm, prior relevant meta-analyses (Arsalidou and
Taylor, 2011; Houdé et al., 2010; Kaufmann et al., 2009) had selected
only one contrast per study to ensure statistical independence between
sets of foci. In the revised algorithm, sets of foci can now optionally be
organized by study or subject group, such that multiple contrasts within
a study can be included in conjunction with the mitigation of withincontrast inﬂuences described above (see Turkeltaub et al., 2012 for a
schematic explanation). This mitigates within-study inﬂuences, and
avoids selection bias and the exclusion of potentially informative
ﬁndings by limiting to a single contrast per study.
In summary, this updated approach minimizes both within-contrast
and within-study eﬀects by preventing multiple foci within a contrast
from jointly impacting the MA value of a single voxel, and also by
preventing multiple non-independent contrasts within a study from
jointly impacting the ALE values (Turkeltaub et al., 2012). Therefore
the ALE approach determines an above-chance convergence of activation probabilities between studies, rather than between foci (Eickhoﬀ
et al., 2012). In light of this non-additive modiﬁcation to the ALE
algorithm, we included the foci from all relevant contrasts reported in a

empirical papers, review articles, meta-analyses, and book chapters, to
identify additional studies that were not captured by the database
searches. Thirdly, we performed forward citation searches on the
relevant studies that cited Shum et al. (2013), and studies that those
articles cited in relation to an NFA. Finally, to be as inclusive as
possible, and to avoid further subjective thresholding, all reported
activation foci were included, regardless of whether they were global
peaks or subpeaks (i.e. local peaks within an activation cluster), and
corrected or uncorrected for multiple comparisons. A ﬁnal set of 30
fMRI studies (from Table 1) met the inclusion-exclusion criteria. The
sample in Gullick and Temple (2011) was split into two independent
studies or subject groups as a between-subjects design was used,
resulting in a total of 31 studies with 50 contrasts, 388 foci, and 510
subjects. Details of those studies are presented in Table 2. All metaanalyses conducted in the current study met the recommended minimum number of studies (i.e., 20) necessary to avoid results that are
strongly inﬂuenced by individual studies and for suﬃcient power to
detect moderate eﬀects (Eickhoﬀ et al., 2016).
3.2. Data analyses
Two separate meta-analyses were conducted with diﬀerent inclusion criteria based on contrast speciﬁcity. Contrast speciﬁcity was
deﬁned by the extent to which the contrast has the potential to reveal
activation speciﬁc to Arabic numerals after controlling for task
demands. Hence, all the relevant contrasts were categorized into three
groups: (1) less speciﬁc contrasts, in which the numerical tasks had
diﬀerent cognitive demands than the non-numerical control tasks (e.g.,
multiplication > letter naming) (47.9% of foci), (2) suitably speciﬁc
contrasts, in which the numerical tasks and non-numerical control tasks
had equivalent or closely-matched task demands (e.g., digit naming >
letter naming) and the main diﬀerence lies in the visual stimulus
(48.2% of foci), and (3) overly speciﬁc contrasts that controlled for all
neural activations related to visual perceptual processes pertaining to
number form, leaving only the higher-order eﬀect of interaction
between stimulus category and task demands (e.g., [Arabic digit
calculation − Arabic
digit
identiﬁcation] > [Roman
numeral
calculation − Roman numeral identiﬁcation]) (5.7% of foci). A small
number of contrasts were simultaneously less speciﬁc and overly
speciﬁc, such as [Number magnitude comparison − Number dimming
detection] > [Letter ordinal comparison − Letter dimming detection]
(1.8% of foci).
3.2.1. Meta-analysis I: all relevant contrasts
In the ﬁrst meta-analysis, all 31 studies with 50 contrasts, 388 foci,
and 510 subjects were included as we wanted to be liberal as possible in
our search for an NFA. The bulk of the less speciﬁc contrasts had more
cognitively demanding numerical tasks than non-numerical ones. Their
inclusion should therefore potentially increase the probability of
ﬁnding greater convergence of an NFA during Arabic numeral processing.
3.2.2. Meta-analysis II: suitably speciﬁc contrasts only
In the second meta-analysis, a subset comprising 20 studies with 28
contrasts, 187 foci, and 351 subjects was analyzed to control for task
demands by excluding ‘less speciﬁc’ contrasts, and degree of contrast
speciﬁcity by excluding ‘overly speciﬁc’ contrasts. Thus, only ‘suitably
speciﬁc’ contrasts were included.
3.2.3. Activation likelihood estimation procedure
Before analyzing the data, all foci were converted into a common
stereotaxic space. Due to the variability in the templates used by
various software (e.g., SPM, FSL, etc.) for spatial normalization to MNI
space, and that there is no reason to favor one algorithm over another,
we opted to transformed all foci reported in MNI space to Talairach
space using the various best-ﬁt Lancaster transformation options (i.e.,
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anterior cingulate and superior frontal gyrus, speciﬁcally, the premotor
region.

study, and organized the foci by study. Hence, multiple contrasts within
each study are considered together.
GingerALE then performs a random-eﬀects signiﬁcance test on the
ALE scores against an ALE-null distribution that is conceptually akin to
randomly distributed activation foci across the whole brain, except that
it is derived from MA-histogram permutations instead of individual
voxels (see Eickhoﬀ et al., 2012; for detailed descriptions of the concept
and algorithm). It is noteworthy that a larger number of studies
included in a meta-analysis is likely to result in higher p-values for
the same ALE scores (Eickhoﬀ et al., 2016), and may account for
diﬀerences in ﬁndings between the two meta-analyses conducted in this
current study. The parametric map with associated p-values obtained
from the signiﬁcance test is then subjected to the recommended clusterlevel family-wise error (FWE) correction for multiple comparisons,
which was found to provide optimal compromise between sensitivity
and speciﬁcity (Eickhoﬀ et al., 2016). Using the Monte-Carlo based
approach with 1000 permutations, the cluster-level FWE thresholding
was performed with an uncorrected, cluster-forming threshold of
p < 0.001, followed by a cluster-level threshold of p < 0.05. Crucially, this cluster-thresholding step is dependent on a random distribution of all the foci in the dataset, which potentially inﬂuences the
ultimate cluster size threshold, and the ﬁndings between the two metaanalyses conducted. Other than the ALE global peaks within each
cluster, local peaks were provided to illustrate the spatial extent of each
cluster. To be consistent with previous meta-analysis, anatomical labels
were assigned to the ALE peak locations within each cluster using the
Talairach Daemon (talairach.org) that is native to GingerALE. Supplementary anatomical labels were also assigned using cytoarchitectonic
maximum probability maps in the Anatomy Toolbox v2.2c (Eickhoﬀ
et al., 2005) after transforming the Talairach peak coordinates were
transformed to MNI (SPM) space. Besides providing sulci labels, which
Talairach Daemon does not, the Anatomy Toolbox also provides
additional anatomical speciﬁcity, such as gyri and sulci subdivisions.

4.2. Meta-analysis II: suitably speciﬁc contrasts only
The second, more stringent meta-analysis that controlled for task
demands and contrast speciﬁcity revealed a right lateral prefrontal
cluster at the intersection of the precentral and inferior frontal gyri,
speciﬁcally, the pars opercularis, and a right temporal cluster comprising the inferior and middle temporal gyri (Table 4 and Fig. 3, red
blobs). The peak of the inferior temporal cluster is slightly superior
relative to the NFA locations reported by Shum et al. (2013) (Talairach
(TAL) coordinates: 47, −51, −21), and Hermes et al. (2015) (TAL: 52,
−48, −15, and 52, −50, −21), but extremely close to those foci (at
most 3 mm) along the x (left-right)- and y (anterior-posterior)-axes.
However, the peak of our cluster is as superior to those found by
Abboud et al. (2015) (TAL: 53, −44, −12, and 50, −35, −12).
In addition, this meta-analysis revealed a frontoparietal network
overlapping that observed in Meta-analysis I (Fig. 3, blue blobs). The
right parietal cluster comprised the precuneus, anterior superior
parietal lobule, and intraparietal sulcus extending to the inferior
parietal lobule. A smaller left parietal cluster comprised the intraparietal sulcus extending to the inferior parietal lobule, speciﬁcally the
supramarginal gyrus. A right frontal cluster included the superior
frontal (speciﬁcally, the premotor region) and anterior cingulate gyri.
5. Discussion
The current study examined whether the extant literature supports
the existence of a reproducibly localized ‘number form area’ (NFA) in
the ventral occipitotemporal cortex (vOTC). By being maximally
inclusive in Meta-analysis I, we predicted that we would ﬁnd a
convergence of activation in an NFA. In Meta-analysis II, we tested
the hypothesis that the exclusion of less speciﬁc and overly speciﬁc
contrasts in the meta-analysis may increase the sensitivity of the
convergence in an NFA, especially if its activation is weak due to
signal loss complications. Only after controlling for task demands and
contrast speciﬁcity by increasing the speciﬁcity of our exclusion criteria
in Meta-analysis II did we observe such a numeral-specialized region in
the right inferior temporal gyrus (ITG). In addition to an NFA in the
right ITG, the bilateral inferior parietal regions, and a right-lateralized
network of superior parietal, and superior and inferior frontal regions
also appear to be functionally specialized for processing visually
presented Arabic numerals. This ‘symbolic number processing network’
possibly supports cognitive processes engaged speciﬁcally by Arabic
numeral processing, over and above any diﬀerences in task demands

4. Results
4.1. Meta-analysis I: all relevant contrasts
The all-inclusive meta-analysis revealed two regions in the bilateral
parietal lobes and one region in the right frontal lobe that appear to be
functionally specialized for symbolic number processing (Table 3 and
Fig. 2). The right parietal cluster comprised the intraparietal sulcus
extending to the inferior parietal lobule, precuneus, and posterior
superior parietal lobule. The left parietal cluster comprised the
intraparietal sulcus extending to the inferior parietal lobule, speciﬁcally
the supramarginal gyrus. The right frontal cluster comprised the

Table 3
Activation likelihood estimation results for functional specialization of symbolic number processing in studies with all relevant contrasts (Meta-analysis I).
Anatomical labels

Talairach coordinates

ALE value
(×10−3)

Volume (mm3)

Studies with foci within the clustera

7680

1, 2, 3, 5, 6, 8, 10, 11, 20, 21, 22, 24, 25,
28, 29

3832

1, 2, 5, 6, 11, 22, 23, 24, 25, 28, 29, 31

744

1, 6, 7, 8, 18

Talairach Daemon

Anatomy Toolbox

x

y

z

R. inferior parietal lobule (BA 40)

hIP2

40

−48

44

32.75

R. inferior parietal lobule (BA 40)
R. precuneus (BA 7)
R. precuneus (BA 7)
R. precuneus (BA 19)
L. supramarginal gyrus (BA 40)
L. inferior parietal lobule (BA 40)
R. anterior cingulate (BA 24)
R. superior frontal gyrus/premotor (BA 6)

hIP3
–
Area 7P
hIP3
hIP1
hIP1
–
–

34
28
14
28
−40
−36
18
22

−46
−64
−74
−58
−44
−54
6
6

38
38
48
38
36
42
46
60

31.33
25.46
23.33
22.26
34.44
23.61
16.91
0.01637

Note. BA: Brodmann Area. ALE: Activation likelihood estimation. R: Right. L: Left. hIP: Horizontal segment of the intraparietal sulcus (with subdivisions 1, 2, and 3). Area 7P: Posterior
subdivision of BA7. Global peak of each cluster is in bold, and local peaks are not in bold.
a
Although studies with foci that fall within the boundary of each cluster are listed, it is important to note that studies not listed could also contribute to the ALE scores if they lie on or
close to the cluster boundary (Fox et al., 2013).
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Fig. 2. ALE concordant clusters (blue blobs) and foci (dots) from all relevant contrasts in meta-analysis I (cf. Table 3), and from relevant studies excluded from the meta-analysis, overlaid
on the Colin27 brain template. Top panel: left lateral hemispheric, ventral axial, and right lateral hemispheric views. Bottom panel: posterior coronal view. L: Left. R: Right. IPL: Inferior
parietal lobule. IPS: Intraparietal sulcus. SPL: Superior parietal lobule. ACC: Anterior cingulate cortex. SFG: Superior frontal gyrus. ECoG: Electrocorticography. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)Note. BrainNet Viewer (Xia et al., 2013) was used to visualize the clusters and foci. While
some foci appeared to fall outside the template used above, all but 3 foci in the middle frontal region were within the boundaries of the mask used in the meta-analysis.
Table 4
Activation likelihood estimation results for functional specialization of symbolic number processing in studies with suitably speciﬁc contrasts only (Meta-analysis II).
Anatomical labels

Talairach coordinates

Talairach Daemon

Anatomy Toolbox

x

y

z

R. precuneus (BA 7)
R. inferior parietal lobule (BA 40)
R. inferior parietal lobule (BA 40)
R. superior parietal lobule (BA 7)
R. inferior parietal lobule (BA 40)
R. inferior parietal lobule (BA 39)
L. supramarginal gyrus (BA 40)
L. inferior parietal lobule (BA 40)
L. inferior parietal lobule (BA 40)
L. inferior parietal lobule (BA 40)
R. superior frontal gyrus/premotor (BA 6)
R. anterior cingulate (BA 24)
R. inferior temporal gyrus (BA 37)
R. middle temporal gyrus (BA 20)
R. precentral gyrus (BA 6)
R. inferior frontal gyrus (BA 9)
R. inferior frontal gyrus (BA 9)

–
hIP3
hIP2
Area 7A
hIP2
hIP3
hIP3
hIP3
hIP2
hIP2
–
–
–
–
–
pars opercularis (Area 44)
pars opercularis (Area 44)

16
34
40
28
46
28
−38
−36
−48
−50
22
16
50
56
42
50
48

−74
−46
−50
−68
−40
−56
−44
−50
−48
−44
6
6
−48
−40
2
4
4

48
38
44
46
40
38
36
42
42
42
60
44
−10
−14
34
28
24

ALE value (×10−3)

Volume (mm3)

Studies with foci within the
clustera

22.23
21.63
21.58
18.20
17.05
16.15
22.93
15.21
13.04
11.94
16.13
14.84
13.95
13.86
16.07
14.70
12.75

5536

1, 2, 3, 6, 8, 10, 11, 14, 20

1400

1, 2, 6, 11

1104

1, 6, 7, 8, 18

728

1, 6, 7, 9, 15

696

1, 6, 20

Note. BA: Brodmann Area. ALE: Activation likelihood estimation. R: Right. L: Left. hIP: Horizontal segment of the intraparietal sulcus (with subdivisions 1, 2, and 3). Area 7A: Anterior
subdivision of BA7. Global peak of each cluster is in bold, and local peaks are not in bold.
a
Although studies with foci that fall within the boundary of each cluster are listed, it is important to note that studies not listed could also contribute to the ALE scores if they lie on or
close to the cluster boundary (Fox et al., 2013).

5.1. NFA in the inferior temporal gyrus

between the numerical and non-numerical conditions unrelated to
processing of numerical information or of visual number symbols. To
our knowledge, this is the ﬁrst meta-analysis to quantitatively review
the existence of a reproducibly localized NFA, and its associated
network.

Our ﬁndings provide some degree of support for the existence of an
NFA in the ITG, and are consistent with a series of recent intracranial
electrophysiological (Daitch et al., 2016; Hermes et al., 2015; Roux
et al., 2008; Shum et al., 2013) and fMRI (Abboud et al., 2015; Amalric
and Dehaene, 2016; Grotheer et al., 2016b) studies supporting its
existence and spatial localization as distinct from other category153
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Fig. 3. ALE concordant clusters (blue and red blobs) and foci (dots) from suitably speciﬁc contrasts in meta- meta-analysis II (cf. Table 4), and from relevant studies excluded from the
meta-analysis, overlaid on the Colin27 brain template. The blue clusters overlapped with those observed in Meta-analysis I, and the red clusters are unique to Meta-analysis II. Top panel:
left lateral hemispheric, ventral axial, and right lateral hemispheric views. Bottom panel: posterior coronal view. Inserts (left to right): Magniﬁed coronal, axial, and sagittal views of the
right inferior temporal cluster. L: Left. R: Right. IPL: Inferior parietal lobule. IPS: Intraparietal sulcus. SPL: Superior parietal lobule. ACC: Anterior cingulate cortex. SFG: Superior frontal
gyrus. IFG: Inferior frontal gyrus. ITG: Inferior temporal gyrus. ECoG: Electrocorticography. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

proportion of studies did not employ correction for multiple comparisons or apply an arbitrary spatial extent threshold (33.3%), employed
voxelwise familywise error (FWE) or false discovery rate (FDR) correction (33.3%), or employed cluster-level correction (33.3%). However,
among 19 studies that did not observe an NFA in Table 1, there is a
trend that more stringent cluster-level correction (52.6%) and voxelwise FWE/FDR correction (31.6%) were employed.
It is important to note that concordant activation in the right ITG in
the present work is still insuﬃcient evidence to demonstrate that it is
truly an NFA. ‘Functional specialization (or speciﬁcity)’ of a cortical
region has been commonly deﬁned in neuroscience and neuropsychology only quantitatively, either as being “exclusively engaged in a single
mental function”, or as being “slightly more engaged in one mental
function than another” (Kanwisher, 2010, p. 11163), without specifying
the aspects of a stimulus category that a region is attuned to. During the
initial and recent debates on the existence of the VWFA, Cohen and
Dehaene (2004) put forth three independent criteria to provide a
framework by which to evaluate the specialization of the VWFA both
qualitatively and quantitatively: (i) functional specialization, which refers
to the hypothesis that “the visual system has become, at least in part,
attuned to the requirements [e.g., abstract case invariance such as
identical neuronal responses to ‘A’ and ‘a’] of reading in a given script”
(p. 467), and ascribed the quantitative aspects of the deﬁnition to (ii)
regional selectivity, which they refer to as the hypothesis that there are

selective object processing regions, such as the visual word form area
(VWFA). The fact that we observed a convergence of activation in the
right ITG only after controlling for task demands and contrast speciﬁcity suggests that the cognitive demands of the control tasks, as well as
the contrasts that researchers chose to analyze, may mask or wash out
any possible convergence in an NFA, especially if its activation is
susceptible to signal attenuation. Although it has been suggested that
fMRI cannot reliably detect the NFA due to signal dropout (Shum et al.,
2013), only two (Amalric and Dehaene, 2016; Grotheer et al., 2016b)
out of the ﬁve studies with foci within the right ITG cluster boundary
employed advanced imaging and data preprocessing techniques designed to overcome signal loss. Our ﬁndings suggest, therefore, that
while signal dropout in fMRI may have contributed to some previous
null ﬁndings, it is clearly not the only factor inﬂuencing a study’s ability
to detect the NFA. Moreover, only a quarter of the 20 studies
contributed to the ITG cluster (we omitted each of the seven studies
that had numeral-speciﬁc activation in the vOTC in Meta-analysis II (cf.
Tables 1 and 2), re-ran the analyses, and conﬁrmed that the ﬁve studies
listed in Table 4 were the only contributors), which further suggests
that its activation may be highly dependent on task contexts. Alternatively, the statistical thresholding criteria used could also partly
account for the mixed ﬁndings of an NFA. Speciﬁcally, we also observed
that among the 12 studies in Table 1 that observed numeral-speciﬁc
activity in the vOTC (either ITG and/or fusiform gyrus), an equal
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cortical patches “at a suitably small scale (e.g., 1 or 2 mm)” that
“respond exclusively to letters or words, and do not respond at all to
stimuli such as faces or objects that do not contain features of letters or
words” (p. 468), and (iii) reproducible localization. However, Cohen
and Dehaene (2004 [Dehaene and Cohen, 2011]2011) acknowledged
that neuroimaging techniques, especially functional magnetic resonance imaging (fMRI), currently only have the spatial resolution to
determine if a region is partially selective (i.e., the region may also be
responsive to other stimulus categories, but more for one category than
others). Henceforth, the present consensus of the quantitative aspects is
a matter of degree rather than an exclusive all-or-nothing one
(Kanwisher, 2010).
Given the analogous nature of the debates surrounding the VWFA
and the NFA as symbol form areas, we believe these same three criteria
and more nuanced deﬁnitions can be eﬀectively applied to the
evaluation of evidence relating to the existence of an NFA.
Additionally, based on the contrasting ﬁndings between the two
meta-analyses – before and after controlling for task demands and
contrast speciﬁcity, we propose that the existence of an NFA should
instead be task-independent.

diﬀerence in activation between the control stimuli. Most of the fMRI
studies to date have not employed a full range of control stimuli (but
see Reinke et al., 2008; who did not ﬁnd any numeral-speciﬁc
activation relative to words, nonalphanumeric symbols, and Hebrew
characters). It is therefore diﬃcult to assess if the NFA shows
preferential response to numerals only over the speciﬁc subset of
control stimuli chosen. For instance, some studies showed that a right
inferior temporal (Carreiras et al., 2015) or lateral occipital region
(Park et al., 2012) with preferential response to Arabic numerals over
letters was in fact more responsive to nonalphanumeric symbols and
false fonts than to numerals respectively. The possibility that the NFA
could be a general symbol form area is also supported by a recent
transcranial magnetic stimulation study by Grotheer et al. (2016a) that
found the stimulation of the right NFA observed in Grotheer et al.
(2016b) impaired the identiﬁcation of both numerals and letters, but
not false numerals and false letters. This led the authors to suggest that
while the NFA plays a causal role in numeral processing, it might be
more of “a ﬂexible processing module for the early visual encoding of
learned characters” than a numeral-speciﬁc one (Grotheer et al., 2016a,
p. 317). Given the limited range of control stimuli considered within
each study, and that four of ﬁve studies contributing to ITG cluster only
included letters as the sole symbol control category, we believe that
regional selectivity has not been adequately demonstrated across
existing fMRI studies.

5.1.1. Functional specialization
An NFA should ﬁrst be attuned to the orthographic computational
requirements in the Hindu-Arabic numeral script. For example, familiarity with the Hindu-Arabic numeral system should allow one to easily
distinguish between (i) digits and letters (e.g., ‘5’ from ‘S’, ‘9’ from ‘g’),
(ii) individual digits (e.g., ‘6’ from ‘9’ and ‘0’), and (iii) digit strings
(e.g., ‘23’ from ‘32’). Several behavioral studies have demonstrated
some degree of functional independence and specialization in digit and
letter recognition mechanisms. For instance, after controlling for
physical attributes, a letter is typically detected faster when it is
presented in an array of digits than in an array of other letters, and
the same is true for digit search among letters or digits (e.g., Hamilton
et al., 2006). Most importantly, it should be noted that the ‘Arabic
number form’ was originally conceived as an analogue to the ‘visual
word form’, detecting digit strings rather than single symbol representations (Cohen and Dehaene, 1991, 1995). In other words, just as
diﬀerential activation patterns have been found for single letters and
letter strings (James et al., 2005), it is crucial for studies to distinguish
single digit and multi-digit encoding processes. To date, existing studies
have contrasted symbol categories using a mixture of single and multidigit numerals and letters rendering comparison across studies a
challenge. Taken together, a complete characterization of the diﬀerent
levels of functional specialization for Arabic numerals has not been
systematically investigated.

5.1.3. Reproducible localization
Lastly, the location of an NFA should be reproducible across
individuals and tasks involving Arabic numerals (Cohen and Dehaene,
2004). The present work does provide some degree of evidence for the
reproducibility criterion, but its validity hinges on the fulﬁlment of the
criteria of functional specialization and regional speciﬁcity. Furthermore, it is important to note that only ﬁve out of 20 studies contributed
directly to the NFA observed in our analysis (or ﬁve out of 41 studies,
including those with no numeral-speciﬁc activity anywhere in the brain
(Table 1)), suggesting that it is highly task-dependent. All in all, further
research is necessary to fully characterize the functional specialization
and regional selectivity of an NFA, and its relation to other regions.
5.1.4. Task-independence
Another issue which requires further empirical investigation is the
role of task-dependent, top-down, goal-directed processes in the
activation of the NFA. Price and Devlin (2003, 2011) proposed that
the bottom-up sensory processing function of regions within the vOTC
changes as it interacts with top-down predictions from other cortical
regions based on prior experience with the stimuli. Using intracranial
electrophysiology, Hermes et al. (2015) found that responses in the ITG
were heightened by increased cognitive demands during active calculation relative to numeral reading and an oddball color detection task
involving Arabic digits in the background. Interestingly, the modulation
of the NFA responses was not numeral-speciﬁc, but extended to
calculation using number words, suggesting that cognitive demands
of calculation, rather than visual perception alone, inﬂuenced the NFA
activity (Hermes et al., 2015). More recently, Daitch et al. (2016) found
strong feedback-based functional coupling between the posterior ITG
and the anterior IPS. Speciﬁcally, the NFA was involved in bottom-up
coupling with the IPS during passive processing of Arabic numerals,
and the IPS was involved in top-down coupling with the NFA during
arithmetic (Daitch et al., 2016). Furthermore, the study by Price and
Ansari (2011) employed a passive viewing paradigm, which revealed
no preferential activation for Arabic numerals in the vOTC, relative to
letters and novel characters, suggesting that perhaps active stimulus
processing is required to reveal NFA activity. Evidence for this
hypothesis is provided by Polk et al. (2002) who found a lack of
preferential ITG responses to digits in most of their participants in a
passive viewing task, but found that the active string-matching task
elicited greater digit responses in the ITG relative to the passive viewing

5.1.2. Regional selectivity
According to the regional selectivity criterion by Cohen and
Dehaene (2004), the NFA should respond exclusively to Arabic
numerals, but not at all to perceptually dissimilar stimuli, such as faces
or cars, at a scale of a couple of millimeters in a given region. Regional
selectivity can therefore only be demonstrated using imaging methods
with high spatial resolution, such as intracranial recordings (e.g.,
Daitch et al., 2016; Hermes et al., 2015; Roux et al., 2008; Shum
et al., 2013) and high-resolution fMR-adaptation protocols, which
allows the activation of speciﬁc neuronal populations within a region
to be examined rather than the averaged activation of heterogeneous
neuronal populations (Avidan et al., 2002; Cohen Kadosh et al., 2007a;
Grill-Spector and Malach, 2001). No study has employed an fMRadaptation paradigm to examine the regional speciﬁcity of an NFA.
Moreover, to rule out the possibility of diﬀerential physical attributes
and the possibility that the NFA is merely a ‘non-letter/word form area’,
the NFA should show preferential response to Arabic numerals over
other meaningful written symbols (e.g., letters and logographic nonalphanumeric symbols such as @, $, or%), and non-meaningful, but
visually matched characters (e.g., scrambled numerals), with no
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5.2.1. Parietal regions
The localization of an NFA in the ITG has been hypothesized to be a
result of biased intrinsic structural and functional connectivity between
the bilateral NFAs and magnitude processing regions in the bilateral IPS
(Abboud et al., 2015; Hannagan et al., 2015). As more than half of the
studies that contributed to each IPS/IPL cluster involved numerical
tasks did not require explicit magnitude processing, the convergence of
activation in the bilateral IPS may reﬂect the possibility that Arabic
numerals automatically activate magnitude representations more than
most non-numerical symbols do (Cohen Kadosh et al., 2007b; Girelli
et al., 2000; Henik and Tzelgov, 1982; Rubinsten et al., 2002; although
see Cohen, 2009; Naparstek and Henik, 2010; Price and Ansari, 2011
for caveats).
Moreover, the bilateral IPS, particularly the anterior portion, may
be involved in ordinal processing that is co-recruited with magnitude
processing (Ansari, 2008). While magnitude and ordinal processing are
highly related for nonsymbolic stimuli, they are dissociable processes
with distinct neural bases for Arabic digits (Lyons and Beilock, 2013;
see Lyons et al., 2016, for review). In fact, the other parietal and frontal
regions in the ‘symbolic number processing network’ have been
implicated in ordinal processing of Arabic digits (Fias et al., 2007;
Fulbright et al., 2003; Ischebeck et al., 2008; see Lyons et al., 2016, for
a review).
The left IPL, speciﬁcally the supramarginal gyrus, supports a myriad
of cognitive processes such as orthographic-to-phonological conversion
(Price, 1998), phonological working memory (Church et al., 2011;
Paulesu et al., 1993), symbol-referent semantic associations (Grabner
et al., 2013; Kim et al., 2011), as well as temporal order processing
(Ortuño et al., 2002; Wiener et al., 2010a,b). The adjacent left angular
gyrus is also often implicated in verbal and semantic processing of
symbolic numbers (Dehaene et al., 2003; Price and Ansari, 2011;
Seghier, 2012). All in all, the concordant activation in the IPL in the
current study may reﬂect a conﬂuence of lexical, semantic, and ordinal
processing of Arabic numerals.
The bilateral posterior SPL, including the precuneus, are possibly
involved in attention and visuo-spatial orientation on an abstract
‘mental number line’ (i.e., relative order of numbers) (Cavanna and
Trimble, 2006; Dehaene et al., 2003; Hubbard et al., 2005; Lyons and
Ansari, 2009). It is conceivable that similar mechanisms are involved in
attending to the length of a digit string to extract the syntactic verbal
frame, and then to the speciﬁc order of digits to ﬁll the verbal frame
(e.g., ‘243’ → ‘two hundred, forty, three’). Hence, the convergence of
activation in the right superior parietal regions may reﬂect visuo-spatial
attention mechanisms related to ordinal and syntactic processing of
Arabic numerals.

task in some of their participants, albeit still not signiﬁcant at the group
level. In a similar vein, Peters et al. (2015) found a numeral-specialized
region in the lateral occipital cortex with a subtraction task that
contrasted digits and number words, but failed to replicate the ﬁndings
after controlling for string length and switching to an order judgment
task in a follow-up experiment. The authors proposed that the initial
ﬁndings could be dependent on either task (i.e., relevance of numerosity) or stimulus characteristics (i.e., string length). Taken together,
these ﬁndings suggest that the bottom-up, sensory processes of the NFA
may be highly modulated by top-down, semantically related processes
speciﬁc to the tasks.

5.2. The ‘symbolic number processing network’
In addition to an NFA in the ITG, other brain regions also appear to
be specialized for Arabic numeral processing, including the bilateral
inferior parietal lobules (IPL) and intraparietal sulci (IPS), a rightlateralized collection of regions in the precuneus, the superior parietal
lobule (SPL), the premotor region of the superior frontal gyrus (SFG)
and anterior cingulate, and the inferior frontal gyrus (IFG). Given that
we controlled for task demands in Meta-analysis II, and that digits are
inherently easier to identify than letters even when perceptual information is limited (Starrfelt and Behrmann, 2011), our ﬁndings suggest that
the extensive frontoparietal network is possibly involved in additional
semantic, syntactic, and lexical processing that Arabic numerals may
require beyond what other symbol sets do. In other words, this network
supports cognitive processes engaged by the processing of Arabic digits
more than other symbols, as opposed to being domain-speciﬁc to Arabic
digits.
As noted by Price and Ansari (2011), and Starrfelt and Behrmann
(2011), single Arabic digits contain richer semantic associations than
most other single symbols do. For example, most syllabic symbols are
only meaningful in strings. Not only do single digits carry information
about identity (e.g., ‘7’ is ‘seven’ or a jersey number), they are also
associated with magnitude (e.g., ‘4’ implies [:]), and ordinality (e.g., ‘2’
can imply the second number on a ‘mental number line’). Furthermore,
processing multi-digit Arabic numerals may involve a higher-order
interaction of syntactic or ordinal, semantic, and lexical processing,
possibly accounting for the greater activation of a frontoparietal
network speciﬁc to Arabic numerals. For instance, as noted by Pinel
et al. (2001), the place-value rules of the base-10 decimal system render
the order of digits in a digit string to be particularly important for the
extraction of its semantic and lexical content (e.g., the digit ‘2’ in ‘2’,
‘12’, ‘20’, and ‘200’ require mappings onto diﬀerent number words
[‘two’, ‘twelve’, or ‘twenty’] and magnitude representations [two ones,
two tens, or two hundreds]). Although alphabetic/syllabic number
words (e.g., English and Japanese Kana), and logographic number
symbols (e.g., Chinese and Japanese Kanji), may seem similar to Arabic
numerals in their semantic, syntactic, and lexical content, each number
word or number symbol is less conceptually rich than Arabic digits. For
instance, ‘23’ is written in Chinese as
, which is ‘two-tenthree’. Hence,
is always associated with just ‘two’ regardless of its
place value. Likewise, the word ‘twenty’ is also always associated with
only ‘two tens’. Moreover, recent behavioral ﬁndings by Hurst et al.
(2017) suggest that preschool children may ﬁrst map verbal number
words onto nonsymbolic quantities, then map Arabic numerals onto
verbal number words, such that the association between Arabic
numerals and nonsymbolic quantities may be indirect. Such indirect
mappings may inevitably require greater cognitive processing. Taken
together, Arabic numerals may possibly require a greater degree of
syntactic, semantic, and lexical processing than do most other nonnumerical symbols, and in doing so recruit an extensive frontoparietal
network collectively recruited by various domain-speciﬁc and domaingeneral cognitive processes.

5.2.2. Frontal regions
Along with the superior parietal regions, the SFG and IFG may also
play a role in selective visuo-spatial attention (Anderson et al., 2007).
The convergence of activation in the frontal regions may thus also
reﬂect visuo-spatial attention mechanisms related to ordinal and
syntactic processing of Arabic numerals.
Recently, converging evidence from human and non-human primate
studies, has led to the proposal that the IFG may not only be involved in
general language processing. For instance, Diester and Nieder (2007)
found that neurons in BA 44/45 in non-human primates were tuned to
both symbolic and non-symbolic numerical magnitudes after learning
to associate Arabic digits with their corresponding nonsymbolic numerosities. These ﬁndings led the authors to suggest that the IFG may
facilitate the associations between arbitrary shapes (i.e., Arabic digits,
Roman numerals, and number words) and nonsymbolic numerosities.
Findings that the IFG is activated to a greater extent in children than in
adults during notation-independent numerical magnitude processing
also support its role during the formative stage of the symbol-referent
associations (Ansari et al., 2005; Cantlon et al., 2009; Kaufmann et al.,
2006; Rivera et al., 2005). There is also growing evidence that the IFG
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activation may be less likely to survive correction for multiple
comparisons, and so liberal inclusion criteria were essential.

may also play a more fundamental role in magnitude processing
(Damarla et al., 2016; Sokolowski et al., 2017; Tang et al., 2006). For
instance, using a multi-voxel pattern analysis, Damarla et al. (2016)
demonstrated that several parietal and frontal regions, including the
right IFG, support cross-modality (visual and auditory) classiﬁcation of
magnitude representations, which suggest the role of the IFG in an
abstract code for magnitude. Tang et al. (2006) found greater activation
in the bilateral IFG when processing numerical distance than physical
size of Arabic digits in a numerical stroop task, suggesting its role in
magnitude processing. Additionally, the IFG, or prefrontal cortex more
generally, may be critical for establishing syntactic representations in
human symbol systems, such as grammar, ordinality, and place-value
notational rules (Friederici et al., 2006; Meyer et al., 2012 see Nieder,
2009; for a review). Therefore, in the current study, the observed
convergence in the IFG may reﬂect its multiple roles in magnitude
processing, mapping and processing of Arabic digits, and higher-order
integration of the semantic, syntactic and lexical information.
In summary, in combination with the extant literature, our current
ﬁndings suggest that the bilateral parietal regions (IPS and IPL), and a
right-lateralized collection of regions comprising the SFG, IFG, and ITG
form a potential ‘symbolic number processing network’. The ITG may
be involved in asemantic shape processing of visual symbols; the
bilateral IPS and IFG in magnitude processing; bilateral IPL in lexical,
semantic, and ordinal processing; right SPL and SFG in visuo-spatial
processing of the perceptual syntactic and abstract ordinal relations
among the symbols; and the right IFG in higher-order integration of all
task-relevant information. Further empirical investigations are necessary to systematically dissociate the speciﬁc cognitive processes involved, their underlying mechanisms, the neural subdivisions supporting each function, and their interaction.
Finally, although we use the term ‘symbolic number processing
network’ here, the extent to which this collection of regions constitutes
a true interdependent network, as opposed to simply a group of
simultaneously activated but functionally independent regions, is yet
to be determined. Thus far, some degree of temporoparietal (Daitch
et al., 2016; Park et al., 2012) and frontoparietal coupling have been
demonstrated during numerical symbol processing (Abboud et al.,
2015; Diester and Nieder, 2007). However, it is still unclear how
independent or interdependent those two networks are. Moreover, as
shown in Table 1, the ﬁndings for functional specialization for Arabic
numerals at large have been very inconsistent, and it is unclear why
many studies did not ﬁnd a single region that is numeral-selective. In
summary, given the hypothesized complex interaction of semantic,
syntactic, and lexical processing engaged by Arabic numerals, the
choice of numerical and non-numerical tasks is critical for characterizing the interdependent functional mechanisms underlying the diﬀerent
nodes of the ‘symbolic number processing network’.

6. Conclusions
The present ﬁndings suggest that if an NFA does exist, the most
reproducible localization is in the right ITG, but that such convergent
localization is only evident when tasks are appropriately controlled.
Several of the studies contributing to this region did not employ
methods designed to overcome signal dropout, suggesting that signal
dropout is not the only factor underlying previous null fMRI ﬁndings.
However, given that only ﬁve studies contributed directly to this region
(i.e., have foci within the ITG cluster boundary), more evidence is
necessary to characterize the functional specialization and regional
speciﬁcity of the NFA. In addition to an NFA, the current study revealed
a candidate ‘symbolic number processing network’ consistent with the
body of extant literature. It comprises the bilateral parietal regions, and
right-lateralized superior and inferior frontal regions. While they may
be involved in numerical magnitude processing, and domain-general
processes related to ordinality, syntax, lexicon, and symbol-referent
associations, their roles speciﬁc to Arabic numeral processing require
further empirical investigation. The present work thus provides insights
for understanding the neurocognitive mechanisms that support the
processing of symbolic numbers. Such insights are critical for future
research as we seek to understand how such systems develop, and the
role they play in the typical and atypical development of mathematical
skills.
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