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The parietal cortex is central to numerical cognition. The right parietal region is primarily involved in basic quantity processing, while
the left parietal region is additionally involved in precise number
processing and numerical operations. Little is known about how
the 2 regions interact during numerical cognition. We hypothesized
that functional connectivity between the right and left parietal
cortex is critical for numerical processing that engages both basic
number representation and learned numerical operations. To test
this hypothesis, we estimated neural activity using functional magnetic resonance imaging in participants performing numerical and
arithmetic processing on dot arrays. We ﬁrst found task-based functional connectivity between a right parietal seed and the left sensorimotor cortex in all task conditions. As we hypothesized, we
found enhanced functional connectivity between this right parietal
seed and both the left parietal cortex and neighboring right parietal
cortex, particularly during subtraction. The degree of functional
connectivity also correlated with behavioral performance across
individual participants, while activity within each region did not.
These results highlight the role of parietal functional connectivity in
numerical processing. They suggest that arithmetic processing
depends on crosstalk between and within the parietal cortex and
that this crosstalk contributes to one’s numerical competence.
Keywords: arithmetic processing, functional connectivity, intraparietal
sulcus, numerical cognition

Introduction
The parietal cortex plays a central role in the representation
and processing of numbers. Functional neuroimaging studies
have shown that regions in and around the bilateral intraparietal sulcus (IPS) are robustly activated during number comparison and arithmetic tasks (Chochon et al. 1999; Dehaene
et al. 1999; Pinel et al. 2001; Ansari and Dhital 2006; Castelli
et al. 2006; Prado et al. 2011) as well as during tasks involving
mere detection of symbolic numerals (Eger et al. 2003) or
release of adaptation from a speciﬁc numerosity (Piazza et al.
2004, 2007; Cohen Kadosh et al. 2007). Combined with neuropsychological studies that demonstrate selective deﬁcits in
number processing in patients with parietal lesions (Warrington and James 1967; Dehaene and Cohen 1991; Polk et al.
2001; Lemer et al. 2003), these ﬁndings provide evidence that
the parietal cortex plays a central role in numerical cognition.
While number processing tasks, in general, activate bilateral parietal cortex, recent studies are beginning to suggest
that there are interesting distinctions between the left and the
right parietal regions. Activation in the right intraparietal area
is most frequently shown in tasks that require basic understanding of numerosity such as an approximate magnitude
comparison task typically using nonsymbolic numbers
© The Author 2012. Published by Oxford University Press. All rights reserved.
For Permissions, please e-mail: journals.permissions@oup.com

(Dehaene et al. 1999; Piazza et al. 2006; Holloway et al. 2010;
Prado et al. 2011). These tasks have been hypothesized to
engage a basic number sense, that is, an intuitive understanding of numbers and their relationships (Dehaene 1999). The
ﬁnding that such primitive numerical judgment tasks induce
primarily right parietal activation suggests that the right parietal region might be the cortical root for innate quantitative
competencies. Supporting this argument, functional magnetic
resonance imaging (fMRI) adaptation studies have shown that
number-related activation in the right parietal cortex is notation and presentation-mode independent (Piazza et al. 2004,
2007; Dormal et al. 2010, 2012). Even more convincing are
neuroimaging studies of infants and children who are presumably equipped with basic quantitative competencies but
not yet acquainted with knowledge of more precise number,
counting, and arithmetic competencies. When presented with
a numerosity adaptation task, infants and children show predominantly right parietal activation (Cantlon et al. 2006; Izard
et al. 2008; Hyde et al. 2010) suggesting that the right parietal
cortex may be innately organized to be a neural locus of basic
quantitative competencies that exist before the acquisition of
the precise number system available to educated adults.
When tasks require more precise representation and processing of number, such as exact arithmetic tasks, or symbolic
comparison tasks, the left parietal cortex is engaged in
addition to the right parietal cortex (Dehaene et al. 1996;
Chochon et al. 1999; Pinel et al. 2001). These tasks engage
not only the primitive number sense but also precise numerical values represented in symbols and learned arithmetic facts
and operations. Activation in the left parietal region in
response to numerosity and numerical operations increases
over the course of development and as a function of behavioral performance in mathematics (Rivera et al. 2005; Cantlon
et al. 2006; Grabner et al. 2007). The left angular gyrus, in
particular, has been associated with exact calculation, arithmetical fact retrieval, and the passive perception of Arabic
numerals (Gruber et al. 2001; Grabner et al. 2009; Price and
Ansari 2011), and the left supramarginal gyrus has been
associated with Arabic numeral processing (Polk et al. 2001;
Roux et al. 2008). These ﬁndings suggest that learning of
numerals and arithmetic may give rise to the specialization of
enculturated numerical representations and operations in the
left parietal region.
While these ﬁndings suggest important roles of the left and
right parietal regions for numerical cognition, little attention
has been given to how the 2 regions work together when
representing and processing numbers. In the present study,
we address this issue by using the psychophysiological interaction (PPI) approach to estimate task-based functional connectivity arising from the right parietal cortex during
numerical cognition in a fMRI experiment. Speciﬁcally, we

hypothesized that during numerical cognition there would be
enhanced functional connectivity between the right parietal
region involved in a more primitive representation of numerical information and the left parietal regions involved in more
precise representation and processing of number, and that
this functional connectivity would be modulated by the type
of numerical processing, ranging from number comparison to
arithmetic. Furthermore, if such functional connectivity subserves numerical cognition, then we would expect that individual differences in connectivity would predict individual
differences in task performance.
Materials and Methods
Participants
Twenty-seven healthy adults (ages 18–29 with mean of 23.0; 10
males) participated in this fMRI study. All participants were screened
through self-report questionnaires to ensure they were right-handed,
psychologically and physically healthy, and free of any other MRI
safety contraindications. All study procedures were reviewed and
approved by the Institutional Review Boards at the University of
Texas at Dallas, the University of Texas Southwestern, and the University of Michigan. All participants provided detailed written consent
prior to their involvement in the study.
Stimulus Materials
To elicit brain activations related to number processing, a numbermatching condition and a shape-matching (control) condition were
devised. In both conditions, the stimuli were comprised of 2 arrays—
one on the left and the other on the right of an equal sign. The items
within the 2 arrays varied in numerosity (from 1 to 4) and shape (triangles, squares, or circles). In the number-matching condition, participants were asked to make a numerosity judgment, determining
whether the number of items in the left array matched the number in
the right (regardless of shape). In the shape-matching condition, the
same stimuli were used and participants judged whether the left and
right arrays contained the same shapes (regardless of numerosity).
The only difference between shape and numerosity stimuli was that
an “S” appeared above the equal sign for the shape-matching trial and
an “N” appeared above the equal sign for the number-matching trial.
Two other experimental conditions (addition and subtraction) that
make additional demands on arithmetic processing were devised
using similar stimuli. In the addition condition, participants viewed
stimuli consisting of 3 arrays. On the left were 2 arrays with a plus
sign in the middle, followed by an equal sign, and a third array on the
right. Participants judged whether the numerosity of stimuli on the
right of the equal sign was the same as the sum of the numerosities
on the left. The subtraction condition was similar except that the plus
sign was replaced with a minus sign and participants judged whether
the numerosity of stimuli on the right was the same as the difference
of the numerosities on the left.
Stimulus arrays were restricted to small numerosities within the
subitizing range (4 or fewer). This was to ensure that enumeration of
these sets of items was done very fast and with little effort and error
(Kaufman et al. 1949; Revkin et al. 2008) so that more primitive
numerical operations (i.e. number-matching) and more complex
numerical operations (i.e. addition and subtraction) could be done
using the same set of non-symbolic stimuli. Item size was roughly
identical in all arrays. As enumeration of small set of items is fast and
effortless, non-numerical visual parameters such as cumulative
surface area were thought to have a little inﬂuence in these numerical
judgments. In another set of behavioral pilot studies, participants
(N = 12) underwent the number-matching task in which half of the
trials were equated in item size and the other half were equated in the
total surface area. They performed the task equally well in both conditions (accuracy t(11) = −0.170, P = 0.566; median reaction time (RT)
t(11) = 0.299, P = 0.615). Furthermore, we also asked another set of
participants
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Figure 1. Examples of stimuli used in the experiment. Participants performed simple
numerical and arithmetic tasks on dot arrays differing in numerosity and in shape.
They judged whether the numerical operation was correct or not (for numbermatching, addition, and subtraction) and whether the shapes matched or not (for
shape-matching).

(N = 10) to match the total surface area instead of the numerosity,
using the same set of stimuli. While these subjects performed above
chance in making this judgment (mean accuracy 63.7%, t(9) = 3.679,
P = 0.003), the accuracy was substantially worse than the accuracy in
the case of number-matching (t(20) = 8.00, P < 0.001). Examples of
the stimuli are shown in Figure 1.

Procedure
The task consisted of ﬁve 5-min runs with twenty 16-s blocks, pseudorandomly ordered (4 for each of the 4 conditions in addition to 4
ﬁxation blocks). Each block was preceded by a 2-s instruction screen
in which the name of the task was displayed on the screen so that the
participants could prepare for the upcoming block. The task was selfpaced within each block, and participants were asked to solve as
many problems as possible within each block. The stimuli were on
the screen until subjects responded, and the next stimuli were displayed after a 500 ms inter-trial interval of the blank screen. This was
to ensure that there was no dead time in each block caused by differences in task difﬁculties and to make sure that time-on-task was
matched across conditions (because the participants were engaged
throughout the duration of each block regardless of the task). The
correct answer was “yes” in half of all the trials. In all the trials with
incorrect numerical statements, the incorrect answer differed from the
correct answer by one. All visual stimuli were presented via E-prime
(Psychology Software Tools, Pittsburgh, PA, United States of America)
and displayed by a back-projection system. Participants made
responses using buttons under the right index and middle ﬁngers
(Lumina response pad; Cedrus, San Pedro, CA, United States of
America).

Data Acquisition
Brain images were acquired with a Philips Achieva 3T whole-body
scanner at UT Southwestern using the Philips SENSE parallel acquisition technique. Functional scans were acquired as axial slices, with
a voxel size of 3.4 × 3.4 × 3.5 mm. At each of 246 blood oxygen leveldependent (BOLD) acquisitions per run, 33 axial slices were acquired
(ﬁeld of view = 220 mm, matrix size = 64 × 64, repetition time (TR) =
1.5 s, echo time (TE) = 25 ms, flip angle = 60°). A high-resolution axial
T1 MPRAGE was also acquired (voxel size 1 mm isotropic; TR = 8.27
ms, TE = 3.82 ms, flip angle = 12°).

Data Analysis
Functional data were processed using SPM8 (Wellcome Department
of Cognitive Neurology, London, United Kingdom, http://www.ﬁl.ion.
ucl.ac.uk). Functional images underwent slice-timing correction and
realignment to the mean volume. Each participant’s T1 anatomical
image was coregistered with the functional images and then segmented into gray matter, white matter, and cerebral spinal ﬂuid. The gray
matter was normalized into the default gray matter probability template in standard MNI (Montreal Neurological Institute) space, and the
acquired normalization parameters were used to normalize the

Figure 2. A neural activation map for the omnibus repeated-measures analysis of variance and 3-independent contrasts with a stringent threshold, P < 0.05 (family-wise error
corrected) and extent >10 voxels (group-level random effects map with N = 27). Brain maps are shown in axial slices from z = −20 to z = 70 in increments of 10 mm.

Figure 3. The conjunction of the 3 contrasts which served as a candidate region for
the individual seed for the subsequent PPI connectivity analyses.
functional images for each individual with a spatial resolution of 3 ×
3 × 3 mm.
The functional data were then modeled using a general linear
model, which included separate regressors for each of the experimental conditions convolved with a canonical hemodynamic response
function, as well as 24 head motion regressors as nuisance covariates,
including the linear, squared, time-shifted, and squared time-shifted
transformations of the 6 rigid-body movement parameters. An
additional covariate was included to model the 2-s instructions at the
beginning of each experimental block. As a ﬁrst pass, we conﬁrmed
that a number of regions show activation differences across the 4 conditions by using an omnibus test in a repeated-measures analysis of
variance (ANOVA) at the group level (top of Fig. 2). Then, the contrast
maps for numerical processing (i.e. number-matching vs. shapematching, addition vs. shape-matching, and subtraction vs. shape-

matching) from each subject were entered into a second-level random
effects group analysis at a very conservative threshold (family-wise
error P < 0.05; Fig. 2). For simplicity, these 3 contrasts are henceforth
referred to as the number-matching contrast, addition contrast, and
subtraction contrast, respectively.
Task-based functional connectivity between a seed region and the
rest of the brain as a function of numerical operations was tested
using a PPI analysis (Friston et al. 1997). First, a conjunction mask
was constructed by intersecting the number-matching, addition, and
subtraction maps from Figure 2 to identify the voxels that showed signiﬁcant activation in all 3 at the group level. This mask identiﬁed 2 contiguous regions: One in the right parietal cortex (411 voxels) and the
other in the right posterior inferior temporal cortex (54 voxels). The
right parietal mask was selected to be the candidate region for the seed
region of interest (ROI) in the PPI analysis (Fig. 3).
Secondly, the seed region was deﬁned in each participant individually. The peak activation voxel in the number-matching contrast
within the right parietal conjunction mask was selected in each participant. Then a spherical ROI was deﬁned around the peak activation
voxel to include all the voxels (81 voxels) within 8 mm of the peak
voxel. The BOLD time course (i.e. ﬁrst eigenvariate) within this ROI
was extracted. The time course was adjusted using the F-contrast of
all the task regressors. This procedure removes confounds in the
BOLD signal (such as motion) that cannot be explained by the effects
of interest. This time course served as the physiological variable.
Thirdly, 3 separate PPI models were constructed for each of the 3
main contrasts: Number-matching, addition, and subtraction contrasts.
Then, the PPI term was constructed by taking the product of the
deconvolved physiological variable and each psychological variable.
The interaction term in each model therefore tests whether the BOLD
signal coherence between the seed region and a target region is
modulated by the psychological variable. Note that the shapematching condition served as the control condition in all models.
Thus, the modulation of the BOLD signal coherence may be interpreted as the degree of coherence in each experimental condition
over and above the degree of coherence in the shape-matching condition. The parameter estimate of the PPI variable, which represents
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the difference (or contrast) in this degree of coherence, is henceforth
referred to as the PPI parameter estimate. The individual contrast
images for the PPI parameter estimates were entered into a
second-level random effects analysis for inference at the group level.
Regions surviving a threshold of P < 0.05 (voxel-wise false discovery
rate corrected) and extent >10 voxels were considered statistically signiﬁcant. As recent work shows that the parietal cortex is cytoarchitectonically heterogeneous (Scheperjans et al. 2008; Caspers et al. 2012), we
further used a probabilistic cytoarchitectonic map toolbox (Eickhoff
et al. 2005) to report resulting activation and PPI maps at a ﬁner anatomical level.

Results
Behavioral Performance
Reaction time and accuracy in each condition are listed in
Table 1. While there was little difference in accuracy between
the number-matching and shape-matching tasks (t(26) =
0.414, P = 0.682), the reaction time was faster in the shapematching task (t(26) = 9.426, P < 0.001). The addition task
was performed less accurately (t(26) = 2.860, P = 0.008) and
more slowly (t(26) = 14.789, P < 0.001) than the numbermatching task. Likewise, the subtraction task was less accurate
(t(26) = 3.649, P = 0.002) and slower (t(26) = 14.967, P < 0.001)
than the number-matching task.

Table 1
Behavioral measures of task performance in the scanner

Accuracy (%)
Reaction time (ms)

Numbermatching

Addition

Subtraction

Shapematching

96.2 (0.024)
792.5 (96.36)

94.8 (0.034)
1039.1 (153.72)

93.5 (0.052)
1208.7 (156.99)

96.4 (0.030)
678.9 (82.78)

Note: Mean accuracy and median reaction time for correct trials were computed for each
participant. The mean (standard deviations) of these scores across all participants (N = 27) is
reported.

Number-Selective Activation in the Right Parietal Cortex
as the Seed Region
Our primary hypothesis was that the right parietal cortex, the
primary locus of number representation, is functionally connected to the left parietal cortex during numerical tasks. As a
ﬁrst step to test this hypothesis, we identiﬁed numberselective brain regions derived from number-matching,
addition, and subtraction contrasts (Fig. 2). The numbermatching contrast elicited activation predominantly in the
right parietal cortex along the the IPS. Paired t-test between
the response magnitude in the right parietal peak [27 −64 40]
and a local maximum point in the left parietal cortex [−18
−64 46] identiﬁed by lowering the overall threshold showed
that the right parietal activity was signiﬁcantly greater than
the activity in the left parietal region (t(26) = 5.396, P < 0.001).
These results are consistent with previous studies showing
predominantly right parietal involvement in basic and primitive form of number processing (Cantlon et al. 2006; Piazza
et al. 2006; Izard et al. 2008; Holloway et al. 2010; Hyde et al.
2010; Prado et al. 2011). The addition and subtraction contrasts showed additional neural recruitment in the precuneus
and the left parietal cortex. The conjunction of these 3 contrast maps identiﬁed a large region in the right parietal cortex
(Fig. 3) over IPS (hIP3), superior parietal lobule (7A, 7PC,
7P), and Area 2. This region served as the candidate seed
region for the subsequent PPI analysis.

Right Parietal Functional Connectivity to the Left
We then tested our primary hypothesis using the PPI analysis.
In 3 separate PPI models, regions showing signiﬁcant taskbased increases in functional connectivity from the right parietal seed were identiﬁed as shown in Figure 4 with peak
voxels listed in Tables 2–4. As we hypothesized, robust PPI
parameter estimates were identiﬁed in the left parietal cortex,
but importantly, only in the addition (in and around 7A and
hIP3; Fig. 4B) and the subtraction conditions (in and around
7A, hIP1, hIP2, and hIP3; Fig. 4C). These 2 contrasts also

Figure 4. PPI maps of number-matching (A), addition (B), and subtraction (C) contrasts. Each of these maps shows regions with a greater time-course correlation with the
number-selective right parietal seed region during the experimental condition compared with the control (shape-matching) condition.
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Table 2
Clusters identiﬁed from the PPI analysis with the number-matching contrast
Region

Cluster size (voxels)

Z-score

Peak coordinate

Bilateral middle and inferior occipital cortex

1367

5.41
5.07
4.87
4.50
4.48
4.35
3.92

21 −88 10
24 −79 −11
30 −85 7
−39 −13 70
−48 −22 67
−36 −19 55
18 −52 −26

Left precentral gyrus

165

Right anterior cerebellum

15

Note: MNI coordinates of the local maxima >8 mm apart are reported. This table corresponds
to the statistical parametric map shown in Figure 4A.

Table 3
Clusters identiﬁed from the PPI analysis with the addition contrast
Region

Cluster size (voxels)

Z-score

Peak coordinate

Bilateral middle and inferior occipital cortex

4161

6.07
5.49
5.32
4.69
4.61
4.46
4.3
3.65
3.61
3.43
3.26
3.25

21 −91 10
9 −82 −8
−18 −94 7
−39 −22 55
−39 −13 70
−45 −7 61
−21 −7 −8
−24 −61 49
−3 2 58
27 −52 46
3 −55 −38
39 −4 70

Left precentral gyrus

616

Left thalamus/globus pallidus
Left IPS
Supplementary motor area
Right IPS
Vermis
Right superior frontal gyrus

60
25
29
31
11
12

Note: MNI coordinates of the local maxima >8 mm apart are reported. This table corresponds
to the statistical parametric map shown in Figure 4B.

Table 4
Clusters identiﬁed from the PPI analysis with the subtraction contrast
Region

Cluster size (voxels)

Z-score

Peak coordinate

Occipital cortex extending to IPS
and angular gyrus

6484

6.82
6.55
6.47
4.47
4.38
3.59
4.26
4.24
4.2
3.87
3.74
3.46
3.45

24 −88 10
−9 −91 −8
0 −88 −8
51 8 25
−6 8 49
9 14 49
−39 −10 67
−24 −4 49
−45 2 28
−15 −7 −8
−3 26 1
39 35 22
36 2 64

Right inferior frontal area
Supplementary motor area

48
142

Left precentral gyrus

594

Left thalamus/globus pallidus
Undeﬁned
Right middle frontal gyrus
Right dorsal middle frontal gyrus

38
16
15
44

Note: MNI coordinates of the local maxima >8 mm apart are reported. This table corresponds
to the statistical parametric map shown in Figure 4C.

showed signiﬁcant PPI parameter estimates in additional right
parietal regions (hIP3, 7PC, and 7A in the addition contrast;
hIP1, hIP3, 7A, 7PC, and 7P in the subtraction contrast).
We then examined the magnitude of PPI parameter estimates in these regions across the different conditions. Spherical ROIs with radius of 8-mm were constructed around the
peak voxels in the left IPS [−30 −58 49] and the right IPS [27
−67 52] identiﬁed from the subtraction condition. As shown
in Figure 5, PPI parameter estimates were signiﬁcantly greater
in the subtraction condition compared with the addition condition (left IPS, t(26) = 4.01, P < 0.001; right IPS, t(26) = 2.76,
P = 0.011), but the addition and the shape-matching

conditions were not signiﬁcantly different (left IPS, t(26) =
1.13, P = 0.287; right IPS, t(26) = 0.56, P = 0.580). These
results are not due to the ROI selection bias. Even when the
ROIs were constructed around the peak voxels identiﬁed
from the addition condition, PPI parameter estimates were
greater in the subtraction condition compared with the
addition condition (left IPS, t(26) = 3.61, P = 0.001; right IPS, t
(26) = 1.99, P = 0.057), but the addition and the shapematching conditions were not signiﬁcantly different (left IPS,
t(26) = 1.5, P = 0.146; right IPS, t(26) = 0.8, P = 0.431). These
results suggest that inter- and intra-parietal functional connectivity is critical in these arithmetic tasks, particularly in the
subtraction task, and that the functional connectivity reﬂects
greater demands on numerical processing required by the
mental process for subtraction.
In theory, a positive PPI effect could also arise if the BOLD
time-course correlation was “negative” in the shape-matching
condition and either less negative or positive in the numbermatching condition. This was not the case, however. For
example, the positive PPI estimates in the left IPS stemmed
from greater “positive” time-course correlation between the
left IPS and the right parietal seed region during the subtraction condition (r = 0.846) compared with the shape-matching
condition (r = 0.763).
One might wonder whether greater PPI parameter estimates in the IPS in the subtraction condition compared with
the other conditions could be due to greater BOLD response
in the subtraction condition compared with the others (see
Fig. 2). In the PPI analysis procedure, however, the psychological variable—representing the BOLD response difference
between conditions—is controlled for when estimating the
PPI term. In fact, the estimates for the psychological variable
in the bilateral IPS were signiﬁcantly greater in the subtraction
condition than in the other conditions (Supplementary
Fig. S2). These results indicate that greater PPI estimates in
the subtraction condition are not simply due to greater BOLD
response.
One might also consider whether the enhanced functional
connectivity between the seed region and the left and right
IPS could be due to more frequent eye movements in the subtraction condition than in the other conditions, as the parietal
cortex is recruited when making saccades (Simon et al. 2002;
Medendorp et al. 2005). We examined this alternative possibility by conducting an eye-tracking experiment with an independent group of subjects (Supplementary Materials) that
allowed us to quantify the eye movement in each of the 4 conditions (shape-matching, number-matching, addition, and
subtraction). The results showed comparable eye movements
across the 4 conditions ( proportion of time spent on making
saccades was 32.5% in the shape-matching condition, 32.0%
in the number-matching condition, 33.6% in the addition condition, and 32.7% in the subtraction condition), suggesting
that it is unlikely that the current PPI results are due to eye
movements.

Right Parietal Functional Connectivity to the Left
Sensorimotor Area
In addition to the inter- and intra-parietal functional connectivity results, we also found signiﬁcant PPI parameter estimates in the left sensorimotor area in all 3 contrasts (Fig. 4).
The magnitude of these PPI estimates was comparable across
Cerebral Cortex September 2013, V 23 N 9 2131

Figure 5. PPI parameter estimates in the left IPS [−30 −58 49], right IPS [27 −67 52], and left sensorimotor cortex [−39 −13 70]. Spherical ROI’s were constructed (radius
= 8 mm) around the peak coordinates, and the PPI parameter estimates from the 3 contrasts were extracted from each participant. This bar graph shows the mean (±standard
error) PPI parameter estimates of the 3 contrasts in the 3 ROI’s.

the 3 different conditions (Greenhouse–Geisser corrected
repeated-measures ANOVA, F1.949, 50.667 = 0.018, P = 0.981).
We considered whether these enhanced PPI parameter
estimates in the left sensorimotor cortex could be related to
button presses during the task. For example, subjects might
press the button harder during the number-matching condition than during the shape-matching condition. If so, the
activation parameter estimates in this region would be greater
in the number-matching condition. However, we report the
opposite ﬁnding: The mean activation estimate of the
number-matching contrast in the 8-mm spherical ROI deﬁned
at the left sensorimotor peak [−36 −13 70] was −0.087 (onesample t-test, t(26) = −1.194, P = 0.243), suggesting a tendency for greater BOLD in the shape-matching condition
compared with the number-matching condition. Note that the
task was self-paced within each block, so a task with longer
reaction time (Table 1) showing smaller activation estimates is
plausible in the context of our study. This is further corroborated by even smaller BOLD response during the addition
(mean activation estimate = −0.303, one-sample t-test, t(26) =
−2.999, P = 0.006) and subtraction (mean activation estimate
= −0.369, one-sample t-test, t(26) = −3.496, P = 0.002) contrasts in this left sensorimotor area (Supplementary Fig. S1).
Thus, the observed PPI parameter estimates in the left sensorimotor cortex cannot be explained by differences in button
press activity across conditions.
Functional Connectivity and Behavioral Performance
The results so far suggest that arithmetic tasks, particularly
subtraction, make greater demands on effective communication between the 2 parietal regions as well as within the
right parietal cortex. We further tested whether the observed
functional connectivity has implications for behavior. If such
functional connectivity subserves the cognitive processes required for subtraction, then individuals with greater functional connectivity should exhibit better behavioral task
performance.
To test this hypothesis, we correlated individual subject PPI
parameter estimates for the subtraction contrast in the left IPS
with individual subject RT measures during the subtraction
condition (Fig. 6). We found a strong and signiﬁcant negative
correlation between the RT and the PPI estimates in the left
IPS (r = −0.505, P = 0.007) and in the right IPS (r = −0.409,
P = 0.034). Interestingly, RT could not be reliably predicted
from the activation estimates in only the left IPS
(r = −0.089, P = 0.658) or in only the right IPS (r = −0.160,
P = 0.426). Similarly, RT could not be signiﬁcantly predicted
from the activation estimates in the right parietal seed region
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Figure 6. The relationship between the PPI parameter estimates and RT during the
subtraction task in the left and right IPS. The gray line indicates the best linear ﬁt.

(r = −0.089, P = 0.658). Thus, functional connectivity between
the right parietal seed and the left/right IPS is a better predictor of behavioral performance than activation in any of these
regions. This signiﬁcant correlation between RT and the PPI
parameter estimates was only evident in the subtraction condition (see Supplementary Fig. S3), a point to which we will
return in the Discussion.
This strong negative relationship between RT and the PPI
parameter estimates also suggests that enhanced PPI parameter estimates in the subtraction task compared with the
other 2 tasks (Fig. 4) cannot be explained by the differences
in RT across the conditions. If greater PPI parameter estimates
in the left IPS, for example, are due to greater task difﬁculty
or time on task, then participants who are slower at performing the task should show greater PPI parameter estimates,
which is inconsistent with the current result (Fig. 6). As a way
to quantitatively address this potential issue we compared the
PPI parameter estimates for the three conditions while removing the linear effects of RT. There was still a signiﬁcant difference between the subtraction and the addition conditions
both in the left (t(26) = 22.5, P < 0.001) and right
(t(26) = 14.4, P < 0.001) IPS, but little difference between the
addition and the number-matching conditions (left, t(26) =
1.09, P = 0.287; right, t(26) = 0.426, P = 0.673).
Discussion
In this study, we tested the hypothesis that numerical processing would be supported by functional connectivity between
the left and right parietal cortex. We estimated task-based
functional connectivity using a PPI analysis of fMRI data from

participants performing simple numerical and arithmetic
tasks. Consistent with our primary hypothesis, we found signiﬁcant and robust functional connectivity between a numberselective right parietal seed region and the left IPS extending
to the angular gyrus, particularly in the subtraction contrast.
Additionally, a right IPS region also showed enhanced PPI
parameter estimates, suggesting that functional connectivity
among neighboring regions in the right parietal cortex is also
critical.
As discussed in the Introduction, the involvement of the
left parietal cortex in numerical processing is well established.
In particular, the left supramarginal gyrus and angular gyrus
have been repeatedly found to be activated during arithmetic
problem solving and exact calculation (Dehaene et al. 1999;
Delazer et al. 2003; Rivera et al. 2005; Ischebeck et al. 2006;
Grabner et al. 2007) and are often hypothesized to support
the automatic retrieval of arithmetic facts. Our results extend
these previous ﬁndings and suggest that arithmetic problem
solving, speciﬁcally subtraction, requires not only activation
in the left parietal cortex but also effective neural communication between the right and left parietal cortex and within
the right parietal cortex itself.
Moreover, we found that individual participants who were
faster in performing the subtraction task tended to have stronger functional connectivity between bilateral parietal regions
and the seed region. These results provide additional support
for the hypothesis that effective neural communication
between and within the parietal cortex is important for arithmetic processing. It is worth noting that such a strong negative correlation between RT and the functional connectivity
measure is unique to the IPS region. For example, RT during
the subtraction task was not predicted by PPI estimates in the
left sensorimotor cortex [−39 −10 67] (r = −0.010, P = 0.962)
or visual cortex [0 −88 −8] (r = −0.193, P = 0.335) despite the
signiﬁcant connectivity effects in those regions. Moreover,
this correlation was unique to the subtraction condition,
suggesting that the results cannot be attributed to task-general
factors such as attention or motivation because otherwise we
should expect similar negative correlations in the addition
and number-matching conditions as well.
The brain maps from our PPI analyses show that the
addition contrast also yields weak but signiﬁcant PPI effects
in the bilateral IPS (Fig. 4). These results suggest that addition
also makes demands on functional connectivity between and
within and the parietal cortex over and above shapematching. However, there was little difference between the
PPI parameter estimates for the number-matching and
addition contrasts, while the subtraction contrast showed signiﬁcantly greater PPI parameter estimates compared with the
other 2 contrasts (Fig. 5). Moreover, strong negative correlations between RT and the PPI parameter estimates were
only evident in the subtraction contrast (Fig. 6). These results
suggest that the subtraction task may be qualitatively different
from the other tasks.
One possibility is that the subtraction task requires mental
manipulation of numbers to a much greater extent than the
other 2 tasks. The number-matching task does not require
any such mental arithmetic. While the addition task requires
such mental arithmetic, given the simultaneous presentation
of dot arrays in the present study, some subjects could have
conceivably performed the addition task simply by estimating
the 2 dot arrays collectively without an explicit addition

process. Alternatively, the simple addition required in our
study may have been facilitated by automatic summation processes to a greater degree than was subtraction (Zbrodoff and
Logan 1986; Lefevre et al. 1988). In either case, the addition
task put signiﬁcantly fewer demands on number operations
than the subtraction task. According to this interpretation,
inter- and intra-parietal functional connectivity is critical in arithmetic processing that requires active mental operations on
numbers. Future studies could explore different types of arithmetic processing ( perhaps an addition task that does require
substantial mental operations) and their relationship to interhemispheric and regional parietal functional connectivity.
Future studies could also explore parietal functional connectivity patterns during approximate arithmetic using large
non-symbolic numbers. We used dot arrays with small numerosities to enable both more primitive and more complex
numerical operations such as exact addition and subtraction
in the same experiment. However, the literature suggests that
small (4 or less) and large numbers may be processed in
qualitatively different ways (for a review see Feigenson et al.
2004). Large numbers are hypothesized to be processed by an
approximate number system (Dehaene 2001) that enables
approximate estimation and manipulation of the numerical
magnitude of a large set of objects, while small numbers are
processed by a parallel individuation system (Carey 2001) that
enables precise representation of a small set of objects. In this
context, the parietal functional connectivity we observed
suggests that people were recruiting the parallel individuation
system. However, it would be interesting to test whether
similar functional connectivity is necessary for mental manipulations of numbers based on the approximate number
system.
In addition to the results arising from our primary hypotheses, several additional points are worth mentioning. First, in
all tasks, we found robust functional connectivity between the
number-selective right parietal seed region and a large extent
of the visual cortex. This connectivity suggests that extraction
of numerical information from the visual stimuli depends on
neural communication between the visual cortex and the right
parietal cortex. Next and more interestingly, we found signiﬁcant increases in functional connectivity between the numberselective right parietal seed and the left sensorimotor cortex
in all 3 contrasts (Figs. 4 and 5). These ﬁndings provide
further evidence for the recruitment of motor and premotor
areas during numerical processing. Previous studies have
shown left motor cortex involvement in counting (Zago et al.
2001; Piazza et al. 2006; Andres et al. 2007; Tschentscher
et al. 2012), and these results have often been tentatively interpreted as subvocalization during the task or as a manifestation of ﬁnger counting. It should also be noted that there
was no signiﬁcant neural activation in this region during the
number-matching task compared with the shape-matching
task (Fig. 2 and Supplementary Fig. S1), implying that the involvement of the left sensorimotor cortex is only evident
through its functional connectivity to the right parietal region.
Thus, these results highlight the importance of examining
functional connectivity between regions, which may provide
important insight not available from an examination of activation in the 2 regions.
In summary, our ﬁndings indicate that effective communication between and within the parietal cortex is particularly
important during subtraction, possibly reﬂecting a mental
Cerebral Cortex September 2013, V 23 N 9 2133

process related to manipulation of numerical values. More
interestingly, the degree of parietal connectivity predicted
behavioral performance on this task across participants,
suggesting a strong functional role of this parietal connectivity. Critically, neural activation measures in each of the 2
regions did not predict behavioral performance. These results
suggest that mental operations on numerical quantities
depend on crosstalk between and within the parietal cortex
and that the effectiveness of this crosstalk inﬂuences one’s
competence in such mental operations.
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