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Interactions between numbers and space have become a major
issue in cognitive neuroscience, because they suggest that numeri-
cal representations might be deeply rooted in cortical networks
that also subserve spatial cognition. The spatial–numerical associ-
ation of response codes (SNARC) is the most robust and widely
replicated demonstration of the link between numbers and space:
in magnitude comparison or parity judgments, participants’ reaction
times to small numbers are faster with left than right effectors,
whereas the converse is found for large numbers. However, despite
the massive body of research on number–space interactions, the
nature of the SNARC effect remains controversial and no study to
date has identified its hemodynamic correlates. Using functional
near-infrared spectroscopy, we found a hemodynamic signature of
the SNARC effect in the bilateral intraparietal sulcus, a core region
for numerical magnitude representation, and left angular gyrus
(ANG), a region implicated in verbal number processing. Activation of
intraparietal sulcus was also modulated by numerical distance. Our
findings point to number semantics as cognitive locus of number–
space interactions, thereby revealing the intrinsic spatial nature of
numerical magnitude representation. Moreover, the involvement of
left ANG is consistent with the mediating role of verbal/cultural
factors in shaping interactions between numbers and space.
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Introduction

Interactions between numbers and space have become a
major issue in cognitive neuroscience, because they suggest
that numerical representations might be deeply rooted in cor-
tical networks that also subserve spatial cognition (Zorzi et al.
2002; Hubbard et al. 2005). The most robust and widely repli-
cated phenomenon suggesting a link between numbers and
space is the spatial–numerical association of response codes
(SNARC) effect (Dehaene et al. 1993). In magnitude compari-
son or parity judgments, participants’ reaction times (RTs) to
small numbers are faster with left than right effectors,
whereas the converse is found for large numbers. This effect
is remarkably flexible, because what is left and what is right
depends on the range of numerical stimuli (i.e., small and
large is relative rather than absolute; Dehaene et al. 1993; Fias
et al. 1996) and on cultural factors such as reading habits
(Shaki et al. 2009; Gobel et al. 2011). Nevertheless, the domi-
nant view is that the SNARC effect taps the spatial nature of a
semantic representation of number magnitude, that is, a
mental number line that, in Western cultures, is oriented from
left to right (Zorzi et al. 2002; Dehaene et al. 2003; Hubbard

et al. 2005; Nuerk et al. 2005; Castronovo and Seron 2007;
Zorzi et al. 2012).

This view has been recently challenged by alternative ac-
counts that either dispense with the spatial coding hypothesis
or maintain that number–space interaction has predominantly
a verbal–conceptual (rather than visuospatial) origin (Fias
et al. 2011). Building on electrophysiological findings
suggesting that the SNARC effect originates at a
response-related processing stage (Keus and Schwarz 2005;
Keus et al. 2005; Gevers, Ratinckx, et al. 2006), a recent com-
putational account (Gevers, Verguts, et al. 2006) assumes that
the effect is the result of response competition due to the
automatic activation of left/right responses associated with
the conceptual coding of numbers as small/large. Thus, this
hypothesis maintains that there is nothing intrinsically spatial
in the mental representation of numbers (Proctor and Cho
2006). In addition to the controversy surrounding the cogni-
tive locus of the SNARC effect (Gevers and Lammertyn 2005),
no study to date has identified its hemodynamic correlates.
This is at odds with the extensive behavioral investigation of
this phenomenon (and of number–space interactions, more
generally), and it is in sharp contrast with the remarkable pro-
gress during the recent years in understanding the neural
basis of numerical cognition.

A large body of neuroimaging and neuropsychological
studies, as well as neurophysiological findings on nonhuman
primates, converge in indicating the parietal cortex as the
region that contains the core cortical circuits for number pro-
cessing (Dehaene et al. 2003; Hubbard et al. 2005). In particu-
lar, it is widely believed that the horizontal portion of the
intraparietal sulcus (hIPS) is the neural substrate of a supra-
modal, language-independent representation of numerical
magnitude (Eger et al. 2003; Piazza et al. 2004; Zorzi et al.
2011). This region responds to numerical information irre-
spective of stimulus format (e.g., Arabic numbers, number
words, dot patterns) (Eger et al. 2003; Piazza et al. 2004,
2007) and is consistently active during magnitude comparison
and mental calculation (Chochon et al. 1999; Pinel et al.
2001), even across cultures (Tang et al. 2006). Besides hIPS, 2
other parietal regions play a key role in numerical cognition,
as suggested by an influential meta-analysis (Dehaene et al.
2003): the bilateral posterior portion of the superior parietal
lobe, which is involved in attentional processes but is not
specific to the number domain, and the left angular gyrus
(ANG), which is associated with verbal number representation
and other linguistic aspects of number processing.

Here, we used functional near-infrared spectroscopy
(fNIRS; Chance et al. 1993) to investigate the neural correlates
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of the SNARC effect. Similar to functional magnetic resonance
imaging (fMRI), fNIRS monitors hemodynamic changes in the
cerebral cortex (see Cutini et al. 2012, for a review); however,
unlike the blood-oxygen-level-dependent (BOLD) signal of
fMRI, which is gathered from the paramagnetic properties of
deoxyhemoglobin (HbR), fNIRS is based on the intrinsic
optical absorption of blood. As a result, fNIRS can simul-
taneously record the variations of HbR, oxygenated hemo-
globin (HbO), and total hemoglobin (HbT) concentrations
with a much higher temporal resolution, thereby potentially
providing a richer picture of cortical hemodynamics com-
pared with fMRI (see, e.g., Cutini et al. 2012, Scarpa et al.
2011; Brigadoi et al. 2012; Sz}ucs et al. 2012). Furthermore,
fNIRS imposes negligible physical constraints on participants,
and its tolerance to movement artifacts with respect to fMRI
might be regarded as a further added value in the hunt for
the SNARC effect. Finally, recent studies (Dresler et al. 2009;
Richter et al. 2009) have shown that hemodynamic activity in
the parietal cortex during the execution of numerical tasks
can be reliably detected using fNIRS.

Hemodynamic activity of human parietal cortex was re-
corded during a standard magnitude comparison task with
Arabic numerals, in which participants indicated via button-
press whether single digits in the 1–9 range were greater or
smaller than the reference number 5 (Fig. 1a). In SNARC-
compatible trials, left-hand responses were given to small
numbers (<5) and right-hand responses to large numbers
(>5). In SNARC-incompatible trials, the mapping was re-
versed. This task allowed us to assess both SNARC and
numerical distance effects (Fig. 1b). The latter indexes slower
RTs for numbers close to the reference (at a distance of 1 or 2
units, i.e., 3, 4, 6, and 7) than for more distant numbers (at a
distance of 3 or 4 units, i.e., 1, 2, 8, and 9) and provides a
signature of magnitude processing, both behaviorally (Moyer
and Landauer 1967) and neurally (Pinel et al. 2001).

Based on the hypothesis that the SNARC effect taps the
spatial nature of a semantic representation of number

magnitude (Dehaene et al. 1993; Zorzi et al. 2012), we pre-
dicted that the hemodynamic correlate of the SNARC effect
would be found in the same regions supporting the represen-
tation of numerical magnitude, that is, in bilateral hIPS. More
specifically, the cortical regions that show a modulation by
numerical distance should also be modulated by SNARC
compatibility.

To foreshadow the present set of results, we found a hemo-
dynamic signature of the SNARC effect in the bilateral hIPS, at
the same site that was modulated by numerical distance. Our
findings point to number semantics as cognitive locus of
number–space interactions, thereby revealing the intrinsic
spatial nature of numerical magnitude representation. We also
found an involvement of the left ANG, which is consistent
with the mediating role of verbal/cultural factors in shaping
the interaction between numbers and space.

Materials and Methods

Participants
Twelve healthy volunteers (n = 12, 27.8 years ± 4.5, 2 females) partici-
pated in the study after giving their written informed consent. All sub-
jects were right-handed according to the Edinburgh Handedness
Inventory (Oldfield 1971). The study was approved by the local ethics
committee. All participants had normal or corrected to normal vision,
were neurologically intact, and none of them were under medical
treatment.

Stimuli, Procedure, and Behavioral Data Analysis
The experiment was conducted in a sound-attenuated, dimly lit room
and was controlled by E-prime software (Psychology Software Tools
Inc., Pittsburgh, PA, USA). The stimuli were white (40 cd/m2) Arabic
digits with a vertical side of 1.86° and a horizontal side of 0.91° of
visual angle at a distance of 60 cm, which were displayed on a black
(7 cd/m2) background on a LCD monitor. A schematic illustration of
the trial events is shown in Figure 1a. Each trial started with the pres-
entation of a fixation cross at the center of the screen for 1 s. The fix-
ation cross was then replaced by a digit from 1 to 9 (except 5, used as
reference), which remained on screen until response (with a time
limit of 3 s). After response, there was an interval with a blank screen
for 10 s before the beginning of the next trial. Participants were in-
structed to maintain their gaze at fixation and to respond fast and ac-
curately by pressing 1 of 2 buttons using the index finger of the right
or the left hand, respectively. Participants performed 3 min of practice
before starting the experiment. The latter had 160 trials divided
in 2 blocks (80 compatible and 80 incompatible trials). In
SNARC-incompatible trials, participants responded to numbers larger
than 5 by pressing the left-sided button, whereas they pressed the
right-sided button for numbers smaller than 5. This mapping was re-
versed in SNARC-compatible trials. Block order was counterbalanced
across subjects. Numbers were randomly selected within each block,
with 10 repetitions of each number.

fNIRS Instrumentation
The recording optical unit was a multichannel frequency-domain NIR
spectrometer (ISS Imagent™, Champaign, IL), equipped with 32 laser
diodes (16 emitting light at 690 nm, and 16 at 830 nm) modulated at
110.0 MHz. The diode-emitted light was conveyed to the subject’s
head by multimode core glass optical fibers (heretofore, sources; OFS
Furukawa LOWOH series fibers, 0.37 of numerical aperture) with a
length of 250 cm and a core diameter of 400 µm. Light that scattered
through the brain tissue was carried by detector optical fiber bundles
(diameter 3 mm) to 4 photomultiplier tubes (PMTs; R928 Hamamatsu
Photonics). The PMTs were modulated at 110.005 MHz, generating a
5.0 kHz heterodyning (cross-correlation) frequency. To separate the
light as a function of source location, the sources time-shared the 4

Figure 1. Experimental paradigm and behavioral data. (a) Schematic illustration of
the experimental paradigm. (b) Bar graphs (mean and SD) of the behavioral SNARC
(left) and distance effect (right).
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parallel PMTs via an electronic multiplexing device. Only 2 sources (1
per hemisphere) were synchronously (t = 4 ms) active (i.e., emitting
light) resulting in a final sampling period of 128 ms (f = 103/
128 = 7.8125 Hz), after a dual-period averaging.

fNIRS DPF Correction
Following detection and consequent amplification by the PMTs, the
optical signal was converted into temporal variations of HbO and
HbR (Cutini et al. 2008), where were subsequently age-corrected for
the differential pathlength factor (DPF; Cope and Delpy 1988), which
is sensitive to age differences (Schroeter et al. 2003, 2007), using the
following equations (Duncan et al. 1996):

DPFHb0 ¼ 5:13þ 0:07 � (age0:81Þ ð1Þ
DPFHbR ¼ 4:67þ 0:062 � ðage0:877Þ ð2Þ

Probe Placement
A single-distance probe arrangement aimed at maximizing the
number of HbO–HbR measurement sites was adopted. Each source
location (see Fig. 2 and SI Fig. 1) comprised 2 source optical fibers,
one for each wavelength. The distance between each source/detector
pair (hereafter, channel) was L = 35 mm, to equate the channels for
optical penetration depth (∼20 mm) into the cortical tissue (Fran-
ceschini et al. 2000). The probe configuration provided 20 channels,
each measuring both HbO and HbR. Sources and detectors were held
in place on the scalp using a custom-made head-mount system pro-
vided with velcro straps. The optodes were positioned using a probe
placement method (Cutini, Scatturin et al. 2011) based on a physical
model of the head surface of ICBM152 (Mazziotta et al. 2001) (the
standard brain template in neuroimaging studies) and a 3D digitizing
system (BrainSight™, Rogue Research). This method was used to find
the optimal placement of the fNIRS probes in relation to the cerebral
regions to be investigated that allowed to place the holder in a

reproducible way across participants. This yielded a set of 10-20/
10-10 reference points (Pz, PO3/4, and PO7/8) to place the probes on
the bilateral posterior parietal cortex (PPC), the temporoparietal junc-
tion (TPJ), and the superior temporal gyrus (STG).

The probe arrangement was designed so that the recording sites
(Fig. 2) included the target regions of interest, that is the hIPS, the
ANG, and the posterior superior parietal lobule, defined according
the stereotactic coordinates of Dehaene et al.’s (2003) meta-analysis;
more details of the probe placement procedure are provided in SI text
and SI Figure 1. Given that the coordinates of hIPS in Dehaene et al.
(2003) (hereafter, hIPS-1) conflate the results obtained from markedly
different paradigms and tasks, we also recorded the hemodynamic
activity from a different zone of hIPS (hereafter, hIPS-2), highlighted
by recent fMRI adaptation studies as a core region for magnitude rep-
resentation (Piazza et al. 2004, 2007) (see SI Text and SI Fig. 2).
Notably, the precision achieved with the probe placement procedure
is comparable to that obtained with other methods (Okamoto et al.
2004; Okamoto and Dan 2005; Singh et al. 2005) and can yield a
worst-case average error within the spatial resolution of the present
fNIRS setup (Firbank et al. 1998).

fNIRS Signal Processing
Below we describe a series of operations, which were performed in
both macroregion and channel-by-channel analyses. Individual hemo-
dynamic responses were segmented into 11 s trials starting from 1 s
before the stimulus onset to 10 s after. Each trial was zero-mean cor-
rected by subtracting the mean intensity of the optical signal recorded
during the 11 s period, to reduce the effect of low-frequency physio-
logical noise when averaging the trials. The amplitude range (i.e., the
difference between the maximum and minimum values) of each trial
was calculated to remove artifacts: any trial with an amplitude range
greater than the mean range ± 2.5 SDs in the specific experimental
condition was considered as an outlier and then discarded. Sub-
sequently, trials of the same condition were averaged. Channels with
excessively noisy data (i.e., SD > 1600 nM, <5%) were discarded from
the analysis.

The averaged hemodynamic response was smoothed with a Savitz-
ky–Golay filter (Savitzky and Golay 1964), with polynomial order
equal to 3 and frame size equal to 4 s, and it was baseline-corrected
by subtracting from the overall hemodynamic response the mean in-
tensity of the signal in the time interval between 1 s before and 1 s
after the onset. For each channel, mean HbO and HbR concentrations
were computed across a time window spanning the interval between
4 s and 8 s after trial onset. Peak latency was the time at which HbO
reached its maximum value, and HbR reached its minimum value
during the trial. Repeating these operations for each participant
allowed us to generate distinct optical maps, one for HbO and
another for HbR, for each experimental condition.

Macroregion Analysis
After performing the operations described in the “fNIRS signal pro-
cessing” section (for each participant, condition, and channel), we
divided the channels in 2 macroregions (Fig. 2): the PPC, including
the channels surrounding detectors A and C, and the TPJ/STG, includ-
ing the channels surrounding detectors B and D (A-B and C-D: left
and right hemisphere, respectively). The mean hemodynamic activity
in the 2 anatomical groups was pooled and submitted to repeated
measures ANOVAs. Given that HbR did not reveal any significant acti-
vation, no further analysis was performed for such concentration. As
an estimate of cerebral blood volume, one could use HbT concen-
tration (Culver et al. 2005) (HbO +HbR). However, given that the
HbR did not show a consistent event-related hemodynamic response
(i.e., no channel resulted significantly activated in the macroregion
analysis), we investigated only HbO concentration in the channel-by
channel analysis.

Channel-by-Channel Analysis
The channel-by-channel analysis of HbO activity was restricted to the
parietal lobe (i.e., PPC channels). Before performing the operations

Figure 2. fNIRS recording sites superimposed on the ICBM152 template brain with
the head in transparency. The 2 black ellipses describe the channels contained in the
posterior parietal cortex (PPC) and the temporoparietal junction/superior temporal
gyrus (TPJ/STG) macroregions. The yellow and blue circles correspond to the position
of sources and detectors on the head surface, respectively. The red circles with
yellow border correspond to the position of the channels on the cerebral cortex. The
channels over the regions of interest are indicated with the red lines (hIPS, horizontal
intraparietal sulcus; pSPL, posterior superior parietal lobule; ANG, angular gyrus; see
Methods sections for further details).
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described in the “fNIRS signal processing” section, a technique based
on principal component analysis (PCA) optimized for fNIRS (Virtanen
et al. 2009) was applied to raw data to exclude the influence of global
physiological activity from the fNIRS signal that could potentially bias
the results (Franceschini et al. 2006). As 1) global physiological trends
are presents in all channels (both HbO and HbR, with an opposite
sign) and 2) PCA ability to identify a global physiological component
improves with a high number of channels, the time series of all the 20
channels was considered. Furthermore, given that neither SNARC-
compatibility nor numerical distance effect significantly affected TPJ/
STG channels (in terms of amplitude or peak latency), their inclusion
in PCA allowed to eliminate the global physiological effect, while pre-
serving as much as possible the task-related hemodynamic response.
To eliminate very slow drifts (<0.01 Hz), the raw time series of each
channel was first high-pass filtered by subtracting the signal obtained
with a third-order Savitsky–Golay filter with a window size of 60 s.
Subsequently, PCA was applied and a coefficient of spatial uniformity
(CSU) was computed for each obtained component. The CSU for a
component k was defined as CSU (k) = |wk/σk|, where wk and σk are,
respectively, the mean and standard deviation of the elements of the
eigenvector of that component. A large value of CSU can be inter-
preted to identify the global physiological effect, so the component
with the largest CSU was subtracted from each time series (Virtanen
et al. 2009). The component with the largest CSU typically included
hemodynamic fluctuations caused by heartbeat, respiration, and
Mayer waves (Franceschini et al. 2006; Sassaroli et al. 2012). After
PCA application, the series of operations described on “fNIRS signal
processing” section were repeated for each participant and condition,
to create an individual optical map of HbO concentration in PPC
channels for every condition. Similarly, we created an individual
optical map of HbO peak latency in PPC channels for every condition
and subject. The SNARC and distance effects in PPC channels were
investigated with a series of one-tailed paired t-tests; both peak
latency and amplitude of hemodynamic responses were compared
(SNARC: incompatible vs. compatible; distance: close vs. far). The
difference in peak latencies was evaluated by using cross-correlation
analysis: the output resulted in the time-lag value providing the
highest correlation between the hemodynamic responses observed in
the 2 conditions. A trimming procedure was performed on time-lag
values: outliers (5% threshold) were discarded and replaced by mean
individual time-lag values. All the t-test series were corrected for mul-
tiple comparisons using a false discovery rate (FDR; Singh and Dan
2006) with q = 0.05.

The significant t values were converted into z scores to create
z-maps. The z score of each channel was mapped onto an overlay
map (1-mm3 voxel size) at the correspondent midpoint expressed in
MNI coordinates, using the Nifti toolbox (Neuroimaging Informatics
Technology Initiative, http://www.nifti.nimh.nih.gov). A Gaussian
blurring filter (SD = 10 mm) was then applied to the overlay map to
approximate the area covered by each channel (Cutini et al. 2008,

Cutini, Scarpa et al. 2011). Finally, the resulting z-map was overlaid
onto the reference brain using MRicron software (http://www.
mccauslandcenter.sc.edu/mricro/mricron/index.html). All the compu-
tations were performed using custom-made code in Matlab (ver.
R2010a, The Mathworks Inc., Natick, Massachusetts, USA).

Results

Individual mean RTs were calculated for each condition (com-
patible, incompatible, far, and close), discarding values ex-
ceeding the respective mean ± 2.5 SDs. SNARC and distance
effects were analyzed with 2 separate ANOVAs. The ANOVAs
on RTs revealed, as expected, a significant effect of SNARC
(F1,11 = 14.67, P = 0.003) and distance (F1,11 = 22.74, P = 0.001)
(Fig. 1b).

The hemodynamic response was analyzed both in terms of
response amplitude and peak latency. We first divided the
channels in 2 macroregions for each hemisphere, that is, PPC
and TPJ/STG (Fig. 2), and pooled their activities. The ana-
lyses, in addition to region (PPC, TPJ/STG) and hemisphere
(left, right), had either SNARC-compatibility or distance as
factors. All observed modulations were restricted to HbO con-
centration (see Methods section for further details). The PPC
showed higher response amplitude than TPJ/STG
(F1,11 = 10.35, P = 0.008) and it was modulated by SNARC-
compatibility: incompatible trials elicited larger hemodynamic
responses relative to compatible trials (2-way interaction:
F1,11 = 6.56, P = 0.044; Fig. 3a). The analysis with distance re-
vealed only a higher activity of the PPC (F1,11 = 9.31,
P = 0.011; all the other Ps > 0.15). Conversely, the peak
latency of the PPC (but not of TPJ/STG) was modulated by
numerical distance (2-way interaction: F1,11 = 10.23,
P = 0.008), with a delay for close numbers with respect to far
numbers (Fig. 3b). SNARC-compatibility had no effect on
peak latency (Ps > 0.16).

Having established that PPC activity is modulated by the
SNARC effect, we performed a channel-by-channel analysis of
HbO activity in this region to precisely locate the neural locus
of the SNARC effect. A version of PCA optimized for fNIRS
data was performed to exclude the influence of global physio-
logical activity from hemodynamic data (see Methods
section). Two series of paired t-tests [corrected for multiple
comparisons using a FDR with q = 0.05 (Singh and Dan

Figure 3. Macroregion analysis. Hemodynamic signatures of SNARC and distance effects were found in PPC but not in TPJ/STG. (a) SNARC compatibility modulated HbO
amplitude. (b) Numerical distance modulated HbO peak latency. Values are pooled across hemispheres. Error bars represent mean standard error.
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2006)] were performed, 1 for peak latencies and 1 for the am-
plitude of hemodynamic responses. Numerical distance bilat-
erally modulated the peak latency of hIPS-1/hIPS-2 (Table 1
provides the statistical values referring to the active subset of
the investigated regions), with a delay for close numbers with
respect to far numbers, but it did not influence the amplitude
of hemodynamic response (Ps > 0.19). Conversely, the SNARC
effect strongly modulated the bilateral response amplitude of
hIPS (z-maxima in left hIPS-2; z = 3.02, P = 0.013) and left
ANG: hemodynamic activity in these regions was larger

during incompatible trials than compatible trials, but there
were no effects on peak latency (P s > 0.15) (Fig. 4a–d).

We performed additional analyses on the bilateral activity
of hIPS to rule out the hypothesis that the stronger activation
of hIPS during incompatible trials would reflect increased dif-
ficulty of response selection (Göbel et al. 2004; Shuman and
Kanwisher 2004), as indexed by slower RTs. We selected the
4 channels of interest (left and right hIPS-1 and hIPS-2), and,
for each participant, we calculated dHbO as the difference
between hemodynamic activity for incompatible trials and
compatible trials. Likewise, we calculated dRT as the differ-
ence between RTs in incompatible and compatible trials.
Analysis of dHbO with hemisphere (left and right) and
channel (hIPS-1 and hIPS-2) as factors and dRT as covariate
revealed a main effect of channel (F1,10 = 9.61; P = 0.011) and
a significant interaction between channel and dRT
(F1,10 = 9.68; P = 0.011; other main effects and interactions
nonsignificant (Ps > 0.12). The interaction between channel
and dRT was further explored with a partial correlation analy-
sis (a stringent analysis performed by correlating each
channel with dRT while controlling for the respective nearest
channel). The hIPS-1 was correlated with dRT (left: R = 0.522,
P = 0.05; right: R = 0.517, P = 0.052), whereas hIPS-2 was not
(left: R =− 0.109; right: R =− 0.175, Ps > 0.28): the difference
between correlations was significant (Hotelling-Williams tests:
left sites, T9 = 2.33, P = 0.022; right sites, T9 = 3.09, P = 0.006).

Table 1.
Regions of the PPC modulated by SNARC and/or distance effect

MNI coordinates Anatomical information Statistical results
(z scores)

x y z Hemisphere Region BA SNARC Distance

−33 −54 65 left hIPS-2 7/40 3.02 2.25
34 −53 65 right hIPS-2 7/40 2.12 2.71
−45 −53 55 left hIPS-1 7/40 2.39 n.s.
44 −53 57 right hIPS-1 7/40 n.s. 2.33
−45 −68 41 left ANG 39 2.06 n.s.

From left to right: MNI coordinates (x, y, and z), hemisphere, anatomical region, and Brodmann
area (BA).
The last 2 columns show the z scores for the SNARC effect (amplitude modulation) and the
distance effect (peak latency modulation).

Figure 4. Channel-by-channel analysis. Neural correlates of SNARC effect (on HbO amplitude) and distance effect (on HbO peak latency) in the PPC. Statistical (z) maps (a and
b) and hemodynamic response profiles of hIPS-2 (c and d) in incompatible versus compatible trials and in close versus far trials.
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This pattern suggests that the SNARC modulation of hIPS-2
activity is not driven by response selection/task difficulty.
Most importantly, the higher correlation between dHbO and
dRT in hIPS-1 was not related to a generally stronger hemody-
namic modulation, because the largest hemodynamic SNARC
effect was observed in hIPS-2, despite its lack of correlation
with its behavioral counterpart.

Discussion

We found a robust hemodynamic signature of the SNARC
effect in 2 different parietal areas that are routinely involved
in number processing tasks, the bilateral hIPS and the left
ANG. The modulation of the bilateral hIPS, the core region
for numerical magnitude representation (Piazza et al. 2004),
is consistent with an account of the effect that hinges on the
inherently spatial nature of number representation (i.e., a
left-to-right oriented mental number line; Dehaene et al.
1993, 2003; Zorzi et al. 2002; Hubbard et al. 2005; Zorzi et al.,
2012). Crucially, the peak latency of the hemodynamic
response in the same region was modulated by numerical dis-
tance, thereby providing a clear and unambiguous signature
of numerical magnitude activation. This is consistent with
recent neuropsychological findings showing abnormal SNARC
and distance effects in right hemisphere damaged patients
with neglect during number comparison (Zorzi et al. 2012).
Interestingly, rTMS over the bilateral PPC has been shown to
reduce the SNARC effect during a parity judgment task
(Rusconi et al. 2007).

However, IPS—more broadly defined—is also activated in
non-numerical tasks requiring left versus right key-presses
(Jiang and Kanwisher 2003), and its activity is correlated with
response selection difficulty (Shuman and Kanwisher 2004),
as indexed by RTs. It has been argued that IPS activity during
magnitude comparison would reflect response selection
rather than access to numerical magnitude (Göbel et al.
2004). Though the specific role of hIPS in the representation
of numerical magnitude has been unambiguously revealed by
fMRI adaptation studies (Piazza et al. 2004, 2007), as well as
by multivoxel pattern recognition analyses (Eger et al. 2009;
Zorzi et al. 2011), it is important to rule out a response selec-
tion account of the HbO modulation found in the present
study. In this regard, the results of our ANCOVA and partial
correlation analyses show that the influence of response selec-
tion is not ubiquitous but it dissociates in 2 distinct portions
of the IPS. Indeed, activity in hIPS-2 did not correlate with
RTs (unlike hIPS-1). Note that the coordinates of our hIPS-2
region were close to those reported in fMRI number adap-
tation studies (SI Fig. 2). Together with the finding that
activity in the same intraparietal region was temporally modu-
lated by numerical distance, the present results point to a se-
mantic locus of the number–space interaction and can be
hardly reconciled with accounts of the SNARC effect that are
exclusively concerned with the response selection stage or
claim that it does not imply the mental number line (Gevers,
Verguts et al. 2006; Santens and Gevers 2008; Fias et al.
2011). Our results are consistent with a recent computational
model (Chen and Verguts 2010) assuming that the environ-
mental correlation between symbolic numbers and physical
space must leave a neural signature that is at the heart of
number–space interactions.

One recent alternative account of the SNARC effect,
however, postulates that numbers might be associated with
multiple spatial codes and that, depending on the task, these
codes have a verbal or visuospatial basis (van Dijck et al.
2009; Gevers et al. 2010). Consistent with this view is the
finding that the SNARC effect in the parity-judgment task dis-
appeared under verbal but not under spatial working
memory load, whereas the opposite was found for the SNARC
effect in the magnitude comparison task (van Dijck et al.
2009). In the same vein, holding visuospatial information in
memory was shown to prevent the occurrence of the SNARC
effect (Herrera et al. 2008). Interestingly, we found a signa-
ture of the SNARC effect also in the left ANG, a region that is
held to be mainly responsible for the verbal/linguistic aspects
of number processing (Dehaene et al. 2003), suggesting that
language might also play a role in this effect. This is also con-
sistent with the hypothesis that verbal–spatial coding coexists
with visuospatial coding of numbers (Gevers et al. 2010). This
dovetails nicely with the finding that the SNARC effect is
shaped by culture (Dehaene et al. 1993). Indeed, the spatial
orientation of the number line (i.e., left-to-right or
right-to-left) is modulated by reading habits, as revealed by
studies that directly compared participants who read from left
to right or from right to left (Shaki et al. 2009).

In light of the extensive behavioral and neuropsychological
investigation of number–space interactions, one might
wonder why no previous study to date has revealed the
neural correlates of the SNARC effect. One possibility to con-
sider is a lack of positive findings with fMRI. In this regard, it
is worth mentioning that we obtained significant results in the
analysis of HbO concentration only, whereas HbR (which is
what the BOLD fMRI signal represents) did not show a signifi-
cant modulation of the hemodynamic response. However, the
different results observed with HbO and HBR are probably
linked to the different sensitivity of fNIRS to the 2 chromo-
phores. Given that HbO response is markedly stronger than
that of HbR (Watanabe et al. 1996; Sato et al. 2004), the high
source-detector distance might have played against the possi-
bility to record a reliable HbR response. A more critical differ-
ence between fNIRS and fMRI might be found in the standard
scanning setup. For instance, the supine body position inside
the fMRI scanner might interfere with number–space inter-
actions by eliciting a different spatial frame of reference,
thereby diluting the SNARC effect. A recent study investi-
gating the effect of numerical cues on the orienting of spatial
attention yielded significant behavioral effects outside the
fMRI scanner, but not inside it (Goffaux et al. 2010). More-
over, the recent finding that fMRI scanner noise leads partici-
pants to increase cognitive control (Hommel et al. 2012),
thereby reducing the impact of the competing response code,
suggests another possible factor that might dilute the SNARC
effect inside the scanner. A combined fMRI–fNIRS study
would be ideal to shed light on this issue.

In conclusion, our findings point to a semantic locus of the
interaction between numbers and space, thereby refuting the
claim that the SNARC effect is entirely confined to the response
selection stage (Keus and Schwarz 2005; Keus et al. 2005) and
disproving theories that dispense with a spatial representation
of numbers (Proctor and Cho 2006; Santens and Gevers 2008).
Nonetheless, the SNARC effect remains an intriguing and mul-
tifaceted phenomenon, because it is the result of a complex
interaction between numbers, space, and culture.
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