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Review of Grotheer et al.

The existence of a region of cortex in the
ventral visual stream that responds se-
lectively to visual presentation of nu-
merical symbols was first postulated
in the triple-code model of number
processing (Dehaene, 1992). This the-
ory proposed that there are separate
neural codes dedicated to processing vi-
sual symbols, verbal representations
of number, and abstract magnitudes
(Dehaene, 1992). Neuroimaging stud-
ies have investigated whether a visual
symbol-specific region exists by com-
paring brain areas activated by the vi-
sual presentation of numerical symbols
with those activated by other symbol
sets (Price and Ansari, 2011). However,
empirical evidence for the existence of a
specialized region in the ventral visual
stream has only recently been reported.
A region in the inferior temporal (IT)
cortex that responds more to numbers
than false fonts and words was first
identified using electrocorticography;

this area was therefore named the num-
ber form area (NFA; Shum et al., 2013).
Shum et al. (2013) noted that the NFA
was located in a region of the inferior
temporal gyrus (ITG) that is susceptible
to fMRI signal dropout, which may ac-
count for the failure of previous studies
to identify this location. Indeed, by us-
ing specialized methodological and
processing steps to increase the mean
BOLD signal intensity and the temporal
signal-to-noise ratio of fMRI, Grotheer
et al. (2016) recently confirmed the ex-
istence of the NFA in bilateral ITG in
healthy human subjects.

The study by Grotheer et al. (2016) is
significant because it demonstrates that
regions in the ventral visual stream ap-
pear to be specialized for the visual pro-
cessing of symbolic numbers, much like
the visual word form area (VWFA) in
the left fusiform gyrus is thought to be
tuned to words (Cohen and Dehaene,
2004) or the fusiform face area (FFA) to
faces (Kanwisher et al., 1997). How-
ever, whether areas of the IT cortex
are truly domain-specific regions for
processing categories of stimuli has
been debated (Price and Devlin, 2003;
McGugin et al., 2012). In this article, we
explore whether the evidence provided
by Grotheer et al. (2016) points to a gen-
uinely domain-specific region for the
visual processing of symbolic numbers
and how considering the developmental

origins of this region can inform this
debate.

To demonstrate functional specializa-
tion of the NFA, one needs to demonstrate
that it is specifically tuned to the identi-
fication of visually presented number
symbols. The NFA should show greater
activation for number symbols than other
familiar non-numeric symbols (e.g., let-
ters), regardless of variability in low-level
visual features (eg, font, color, size) or at-
tentional demands (Cohen and Dehaene,
2004). Grotheer et al. (2016) demon-
strated that activity in a region of the bi-
lateral ITG was greater for Arabic digits
than other stimuli (letters, false numbers/
letters, objects, and noise), and that it was
located in a region similar to the NFA
identified in an electrophysiological in-
vestigation (Shum et al., 2013). Interest-
ingly, the left NFA also showed greater
activation for letters than false letters, sug-
gesting that familiarity with the stimuli
influenced activation (Grotheer et al.,
2016). Furthermore, the authors demon-
strated a high degree of overlap of the
NFA and the letter form area, a region in
the left fusiform gyrus adjacent to the
VWFA (Thesen et al., 2012) that is more
active for letters than other stimulus cate-
gories. Therefore, although the findings
support the idea that populations of neu-
rons in the bilateral ITG are involved in
the identification of number symbols,
they indicate that the NFA might not be
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specialized exclusively for numbers. In-
stead, the results suggest that letter and
number processing regions are overlap-
ping. Indeed, a recent study from the same
group showed that applying transcranial
magnetic stimulation to the right NFA re-
sulted in impaired detection of both
Arabic digits and letters (Grotheer et al.,
2016). To determine whether letters and
numbers are represented in distinct re-
gions within the IT cortex, as well as in
other brain areas implicated in visual pro-
cessing of symbols (Roux et al. 2008; Price
and Ansari, 2011), multivariate methods
(such as multivoxel pattern analysis)
should be used to investigate the distinct
neural patterns associated with letters and
numbers.

When investigating the functional
specialization of the NFA, it is also
important to consider how symbolic
representations develop. Symbolic nu-
mbers (Arabic digits) are too recent of
a cultural invention in the history
of human evolution to have secured
dedicated neural circuits through evolu-
tionary pressures on the brain (Dehaene
and Cohen, 2007). Thus, brain systems
must become reorganized to process
number symbols over learning and de-
velopment. The neuronal recycling
hypothesis predicts that brain regions
become specialized for processing cul-
turally invented symbols by co-opting
existing brain systems (Dehaene and
Cohen, 2007). Because symbols are
learned through formal education, the
development of regional preference for
symbols must be experience-dependent.
For example, activation in the VWFA
depends on literacy and experience
(Dehaene et al., 2010). Unlike adults,
pre-literate children show no distinc-
tion between letters and numbers in the
VWFA, even though the same region
shows a preference for letters over faces
in both groups (Cantlon et al., 2011).
This illustrates that the VWFA is not
specialized for letters over numbers be-
fore children have acquired the mean-
ings of these symbols. This is also likely
to be true for the NFA. Investigating
how the NFA becomes sensitive to nu-
merical symbols over development can
elucidate the extent to which the NFA is
a domain-specific region.

A recent review proposed the “biased
connectivity” hypothesis as a potential
explanation for the origin of specialized
brain regions for visual representations
of symbols (Hannagan et al., 2015). Spe-
cifically, the authors proposed that form
areas (eg, VWFA, NFA, FFA) emerge in

regions that exhibit greater structural
connectivity with cortical circuits that
are involved in the semantic processing
of those forms, before gaining visual ex-
perience with symbols. This hypothesis
is supported by developmental research
in nonhuman primates suggesting that
plasticity associated with learning new
symbol categories is constrained by in-
nate cortical organization (Srihasam et
al., 2014). According to the biased con-
nectivity hypothesis, the NFA should
exhibit robust connectivity to the bilat-
eral intraparietal sulcus (IPS), which has
been established as an important region
for processing numerical magnitude
(Ansari, 2008). Previous research has
shown that the left IPS becomes more
tuned to the magnitudes of symbolic
numbers as children acquire symbolic
number knowledge (Emerson and
Cantlon, 2015; Vogel et al. 2015), but it
remains to be seen whether the deve-
lopment of the NFA is related to the
experience-dependent changes in the
IPS. Unfortunately, Grotheer et al.
(2016) were not able to investigate con-
nectivity with the IPS because their
high-resolution imaging was limited to
the IT lobes. Furthermore, the biased
connectivity hypothesis predicts that
functional and structural connectivity
between the IPS and NFA precedes the
acquisition of numerical symbols and
constrains experience-dependent fu-
nctional specialization of the NFA
(Dehaene and Cohen, 2007; Karmiloff-
Smith, 2015). Therefore, further re-
search is necessary to determine how
connectivity between the IPS and NFA
guides the functional specialization of
these regions.

Based on the findings from Grotheer
et al. (2016), the NFA does not exhibit
selectivity for visual processing of num-
ber symbols, but rather has a relative
preference for numbers and familiar
symbols more generally. This distinc-
tion is important because preference
does not necessarily indicate domain-
specificity of the NFA. Great consider-
ation needs to be made when making the
claim that a region is specialized for a
domain-specific function. Indeed, the
literature to date does not provide un-
equivocal support for the notion that
regions in the IT cortex are specialized
in a modular fashion (McGugin et
al. 2012). Views on modularity have
changed since Dehaene (1992) first pro-
posed the triple-code model 20 years
ago and modules are now thought
to be more flexible (Karmiloff-Smith,

2015). A domain-relevant approach
was recently proposed as an alterna-
tive to domain-specific (modular) and
domain-general theories of human de-
velopment and evolution (Karmiloff-
Smith, 2015). Similar to the neuronal
recycling hypothesis (Dehaene and Co-
hen, 2007), the domain-relevant theory
postulates that biases are present in the
brain from birth, and these biases makes
certain regions sensitive to particular
inputs. Specialization only emerges as a
function of experience and develop-
ment. This domain-relevant framework
could be useful for exploring the origins
of the NFA, particularly as children gain
experience with numerical symbols. In-
vestigating how initially nonspeciali-
zed regions change as a function of
learning could provide fundamental in-
sights into brain plasticity and the re-
cruitment of existing neural circuits for
the use of cultural inventions.
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