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Abstract
Math anxiety is a negative emotional reaction to situations involving mathematical problem solving. Math anxiety has a
detrimental impact on an individual’s long-term professional success, but its neurodevelopmental origins are unknown. In a
functional MRI study on 7- to 9-year-old children, we showed that math anxiety was associated with hyperactivity in right
amygdala regions that are important for processing negative emotions. In addition, we found that math anxiety was associated
with reduced activity in posterior parietal and dorsolateral prefrontal cortex regions involved in mathematical reasoning.
Multivariate classification analysis revealed distinct multivoxel activity patterns, which were independent of overall activation
levels in the right amygdala. Furthermore, effective connectivity between the amygdala and ventromedial prefrontal cortex
regions that regulate negative emotions was elevated in children with math anxiety. These effects were specific to math
anxiety and unrelated to general anxiety, intelligence, working memory, or reading ability. Our study identified the neural
correlates of math anxiety for the first time, and our findings have significant implications for its early identification and
treatment.
Keywords
cognitive neuroscience, cognitive development, educational psychology, neuroimaging, mathematical ability
Received 5/6/11; Revision accepted 10/14/11

Strong mathematical skills are increasingly essential for academic and professional success in today’s high-technology
world (National Mathematics Advisory Panel, 2008). Research
has shown that math anxiety has a negative impact on mathematical skills, which leads to adverse effects on career choice,
employment, and professional success (Ma, 1999). Math anxiety is thought to influence learning and mastery of mathematics from an early age, but its precise developmental origins are
not known (Rubinsten & Tannock, 2010). Although the first
years of elementary schooling are an important period for
acquiring basic mathematical skills, previous behavioral studies of math anxiety have mainly focused on adolescents and
adults. However, across all age groups, but most notably in
children, nothing is currently known about the neurobiological
mechanisms underlying math anxiety. The study reported here
is the first to identify the neural basis of math anxiety in young
children and demonstrate its impact on brain functioning and
connectivity at one of the earliest stages of formal acquisition
of math skills.
Math anxiety is a negative emotional response that is characterized by avoidance as well as feelings of stress and anxiety
in situations involving mathematical reasoning (Ashcraft &
Ridley, 2005). It can often hinder the successful completion of

tasks involving manipulation of numerical information and is
a prominent cause of problem-solving difficulties across all
age ranges (Ashcraft & Krause, 2007; Suinn, Taylor, &
Edwards, 1988; Wigfield & Meece, 1988). Behavioral studies,
mainly in adults, have shown that math anxiety has a negative
effect on performance of basic numerical operations, including counting, addition, and subtraction (Ashcraft & Ridley,
2005; Maloney, Risko, Ansari, & Fugelsang, 2010). Because
the detrimental impact of math anxiety on mathematical development is lifelong (Bynner & Parsons, 1997; Rubinsten &
Tannock, 2010), it is important to understand its neurobiological origins, especially during the earliest stages of formal math
learning in elementary school children.
Although the behavioral literature on math anxiety in adults
and adolescents is extensive, there is a relative dearth of studies investigating math anxiety in young children. This is in
part due to the lack of a developmentally appropriate measure
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of math anxiety. To address this issue, we recently extended
the Mathematics Anxiety Rating Scale (MARS), a standardized method for assessing math anxiety in older children and
adults (Richardson & Suinn, 1972; Suinn & Edwards, 1982),
to create the Scale for Early Mathematics Anxiety (SEMA;
Table S1 in the Supplemental Material available online provides details of this scale). The SEMA has been shown to be a
reliable and construct-valid (Cronbach’s α = .870) measure
of math anxiety in 7- to 9-year-old second and third graders
(Wu, Amin, Barth, Melcarne, & Menon, 2012).
To examine the neurodevelopmental basis of math anxiety,
we analyzed functional brain-imaging data from forty-six 7- to
9-year-old children, which we obtained while the children
determined whether addition and subtraction problems were
correct (e.g., “2 + 5 = 7”) or incorrect (e.g., “2 + 4 = 7”). In a
separate session, we used the SEMA to assess math anxiety in
each child. Previous studies in both children and adults have
implicated multiple limbic, paralimbic and prefrontal cortex
regions, including the amygdala and medial prefrontal cortex
in social and generalized anxiety disorders (Etkin & Wager,
2007; Guyer et al., 2008). Normal healthy adults also show
activation of these same regions while viewing negative stimuli, such as fearful faces (Sabatinelli et al., 2011). However, it
is not known whether these same areas are also engaged by
“neutral” numerical symbols that are perceived negatively.
Specifically, it is unknown whether these limbic-prefrontal
cortex circuits are differentially engaged during math problem
solving in individuals with high math anxiety. We hypothesized that if children with high math anxiety view such stimuli
negatively, they would show hyperactive amygdala response
during math problem solving. Furthermore, amygdala connectivity with medial prefrontal cortex regions involved in emotion regulation would also be elevated when compared with
such connectivity in children with low math anxiety.
We used multivariate pattern analysis (MPA; Kriegeskorte,
Goebel, & Bandettini, 2006) to further investigate aberrant
patterns of amygdala response in children with high math anxiety. We predicted that such children would show distinct spatial patterns of task-related activity in the amygdala when
compared with children with low math anxiety and that the
activation patterns of each group would be independent of
overall differences in signal amplitude. Finally, we hypothesized that children with high math anxiety would show
decreased engagement of the intraparietal sulcus and dorsolateral prefrontal cortex regions typically associated with mathematical cognition in children (Ansari, 2008; Rivera, Reiss,
Eckert, & Menon, 2005).

Method
Participants
A total of 54 children from the San Francisco area were
originally recruited for this study. Eight participants were
excluded because of poor functional MRI (fMRI) data quality.

The remaining sample (n = 46) consisted of 28 boys and 18
girls in the second and third grades (age range = 7.17–9.33
years, M = 8.42 years, SD = 0.61 years). All but 4 children
were right-handed. None of the participants had a history of
psychiatric illness, neurological disorders, or learning disabilities. Participants were recruited via flyers sent to elementary
schools as well as advertisements posted in libraries, in magazines, on Web sites, and with learning-disability groups. All
protocols were approved by the institutional review board at
Stanford University School of Medicine, and participants were
treated in accordance with the American Psychological Association Code of Conduct.

Neuropsychological assessments
Before the fMRI scan, we conducted a neuropsychological
assessment on each child. This assessment consisted of the
Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) to
measure IQ, the Wechsler Individual Achievement Test
(Wechsler, 2001) to assess performance, and the Working Memory Test Battery for Children (Pickering & Gathercole, 2001) to
determine working memory capacity. Parents of study participants also completed the Child Behavior Checklist for Ages
6–18 (CBCL/6-18; Achenbach & Rescorla, 2001), and trait
anxiety was determined using the DSM-Oriented Anxiety Problems subscale of the CBCL. The SEMA (Wu et al., 2012) was
used to assess math anxiety. SEMA scores were used both as a
continuous measure and to divide participants into high-mathanxiety (HMA) and low-math-anxiety (LMA) groups. All measures have been shown to have accurate validity and reliability
and have been normed for use in children.

Functional brain imaging
Each child completed two runs in the fMRI scanner: the addition run and the subtraction run. Each run had four task conditions: (a) complex arithmetic problems, (b) simple arithmetic
problems, (c) number identification, and (d) passive fixation.
Only the two arithmetic-task conditions were examined in this
study. In both arithmetic conditions, full equations were given,
and the child indicated via a button box whether the answer
shown was correct or incorrect (see fMRI Experimental
Design in the Supplemental Material).
In the addition run, complex problems consisted of equations with one addend ranging from 2 to 9 and the other addend
ranging from 2 to 5 (e.g., “5 + 2 = 7”). There were no problems
in which both addends were the same (e.g., “5 + 5 = 10”). The
format of simple addition problems was identical to that of
complex problems, except that one of the addends was 1 (e.g.,
“5 + 1 = 7”). The design of the subtraction run was the same as
its addition counterpart, such that complex subtraction problems were the inverse of complex addition problems (e.g.,
“7 – 5 = 2”), and simple subtraction problems contained a subtrahend of 1 (e.g., “7 – 1 = 5”). In each case, incorrect answers
deviated by ±1 or ±2 from the correct answer. Critically, for
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both addition and subtraction, the complex and simple problems had equivalent numerical and symbolic formats as well
as the same response-selection requirements.

fMRI data acquisition and analysis
Acquisition and preprocessing. Functional brain images
were acquired on a 3-T GE Signa scanner (see fMRI Data
Acquisition in the Supplemental Material). Data were analyzed using a general linear model implemented in the Statistical Parametric Mapping program (SPM8; Wellcome Trust
Centre for Neuroimaging, London, United Kingdom). Images
were realigned to correct for movement, denoised, spatially
normalized to Montreal Neurological Institute (MNI) space,
and smoothed with an effective Gaussian kernel of 6 mm (see
fMRI Preprocessing in the Supplement Material). A repeated
measures analysis of variance of movement parameters using
group (HMA, LMA) as a between-subjects factor and operation (addition, subtraction) and direction (x, y, z) as withinsubjects factors revealed that there were no group differences
in movement, F(1, 44) = 0.661, p = .420. A linear regression
analysis confirmed that SEMA scores were not correlated with
movement (p > .380).
Statistical analysis. Data from the two runs were combined
in a single analysis. Brain activity related to each task condition was modeled by convolving boxcar functions with a
canonical hemodynamic response function and a temporal
derivative to account for voxel-wise latency differences in
hemodynamic response. Voxel-wise t statistics were generated
for each participant by contrasting complex addition and subtraction problems with simple addition and subtraction problems. Brain responses in the HMA and LMA groups were then
compared using a t test on contrast images from each participant. Significant clusters of activation were determined at a
voxel-wise height threshold of p < .01, with family-wise error
(FWE) correction for multiple spatial comparisons (p < .01,
k = 133 voxels). The FWE correction was determined using
Monte Carlo simulations (Ward, 2000).
In addition to conducting the dichotomous group analysis,
we used SEMA scores as a continuous variable to identify
brain regions that showed increases and decreases in brain
activation related to math anxiety. Cytoarchitectonic maps
(Eickhoff et al., 2005) were used to determine the percentage
of fMRI activation clusters that fell within individual subdivisions of the amygdala and anterior hippocampus as well as to
conduct (anatomically) unbiased MPA. MPA was used to
examine whether multivoxel spatial activation patterns, above
and beyond overall differences in signal level, were different
between the two groups (see fMRI Multivariate Pattern Analysis in the Supplemental Material). Finally, psychophysiological interaction analysis was used to examine group differences
in effective connectivity of the amygdala independent of overall task-related activation (see fMRI Effective Connectivity
Analysis in the Supplemental Material).

Results
Math anxiety and behavior
SEMA scores were neither uniformly distributed, χ2(4, N = 46) =
19.00, p = .001, nor normally distributed (Shapiro-Wilk test
W = 0.91, p = .002). To increase sensitivity and robustness,
and to facilitate interpretability and multivariate classification
analysis of fMRI data, we used a median split on the totalanxiety score to divide children into two groups of equal size
(HMA group score: M = 38.391, SD = 7.590; LMA group
score: M = 25.348, SD = 2.673). The two groups differed on
math anxiety but not on IQ, working memory, or overall reading and math proficiency (Table 1). Math-anxiety scores did
not differ between boys and girls, F(1, 44) = 1.751, p = .193,
or between second and third graders, F(1, 44) = 0.018, p =
.894, so data from both genders and grades were pooled for
subsequent analysis. Critically, although the two groups differed in math anxiety, F(1, 44) = 60.425, p < .001, they did not
differ in trait anxiety, F(1, 39) = 0.508, p = .480. Additional
analyses using math anxiety and trait anxiety as continuous
variables showed that these two measures were not significantly correlated (r = −.132, p > .400).

Neural correlates of math anxiety
Behavioral analysis of fMRI task. We first examined
behavioral performance during the fMRI session (results
are shown in Table S2 in the Supplemental Material). Group
differences in accuracy and response time (RT) were analyzed using a three-way repeated measures analysis of variance with operation (addition, subtraction) and problem type
(complex, simple) as within-participants factors and group
(HMA, LMA) as a between-participants factor. The main
effect of group was marginally significant, F(1, 44) = 3.81,
p = .057, with a trend toward reduced accuracy in the
HMA group. The main effect of operation was significant,
F(1, 44) = 21.03, p < .001; participants were more accurate
at solving addition problems than at solving subtraction
problems. Finally, there was a significant main effect of
problem type; accuracy was higher on simple problems than
on complex problems, F(1, 44) = 30.28, p < .001. No other
interactions were significant.
For RT, there was a significant Group × Problem Type
interaction, F(1, 44) = 4.60, p = .038; the HMA group showed
smaller RT differences between complex and simple problems
than did the LMA group. In addition, the main effect of operation was significant, F(1, 44) = 7.75, p < .008; participants
solved addition problems more quickly than they solved subtraction problems. Finally, there was a significant main effect
of problem type; participants solved simple problems more
quickly than complex problems, F(1, 44) = 47.56, p < .001. No
other main effects or interactions were significant. These
results indicate that high math anxiety is associated with marginally lower accuracy and lesser differentiation between RTs
across problem types during math problem solving.
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Table 1. Mean Neuropsychological Scores and Analysis of Variance Results for the High-Math-Anxiety (HMA)
and Low-Math-Anxiety (LMA) Groups
Measure

HMA group

LMA group

F test

p

Scale for Early Mathematics Anxiety
Child Behavior Checklist for Ages 6–18
DSM-Oriented Anxiety Problems subscale
Wechsler Abbreviated Scale of Intelligence
Verbal IQ subscale
Performance IQ subscale
Full-Scale IQ subscale
Working Memory Test Battery for Children
Digit Recall subscale
Block Recall subscale
Count Recall subscale
Backwards Digit Recall subscale
Wechsler Individual Achievement Test
Word Reasoning subscale
Number Operations subscale
Reading Composition subscale
Math Reasoning subscale

38.39 (1.58)

25.35 (0.56)

F(1, 44) = 60.43

< .001

1.25 (0.32)

1.67 (0.48)

F(1, 39) = 0.51

.48

108.52 (1.99)
112.09 (3.30)
111.35 (2.34)

110.57 (3.00)
106.74 (2.34)
109.57 (2.24)

F(1, 44) = 0.32
F(1, 44) = 1.74
F(1, 44) = 0.30

.57
.19
.58

104.04 (3.57)
93.82 (3.03)
90.45 (3.73)
92.96 (2.42)

100.41 (3.69)
96.82 (2.47)
87.65 (3.36)
93.48 (3.20)

F(1, 43) = 0.50
F(1, 43) = 0.59
F(1, 43) = 0.31
F(1, 44) = 0.02

.48
.45
.58
.90

105.96 (2.22)
105.35 (3.45)
105.39 (2.15)
111.83 (3.06)

110.22 (2.82)
105.39 (3.31)
107.39 (2.84)
112.52 (3.12)

F(1, 44) = 1.40
F(1, 44) = 0.00
F(1, 44) = 0.32
F(1, 44) = 0.03

.24
.99
.58
.88

Note: Standard errors of the mean are given in parentheses. The degrees of freedom varied because of missing data and
because standardized scores could not be computed for every subject. The following measures were used in this study:
Scale for Early Mathematics Anxiety (Wu, Amin, Barth, Melcarne, & Menon, 2012), Child Behavior Checklist for Ages 6–18
(Achenbach & Rescorla, 2001), Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999), Working Memory Test Battery
for Children (Pickering & Gathercole, 2001), and Wechsler Individual Achievement Test (Wechsler, 2001).

Brain-activation differences between the HMA and LMA
groups. Next, to identify the neural correlates of math anxiety,
we compared fMRI responses during math problem solving in
the HMA and LMA groups. Because the Group × Operation
interaction was not significant for both accuracy and RT,
brain-imaging data from the two operations were combined to
increase sensitivity to detect group differences. Brain responses
during math problem solving in the HMA and LMA groups
were then contrasted using a between-groups t test. Significant
clusters of activation were identified at the whole-brain level
using a height threshold of p < .01, with FWE corrections at
p < .01 for multiple spatial comparisons.
In comparison with the LMA group, math problem solving
in the HMA group was associated with significantly greater
activation in the right amygdala extending posteriorly into the
anterior hippocampus (Fig. 1a, Table 2). According to previously published cytoarchitectonic maps of the amygdala
(Eickhoff et al., 2005), 40.8% of the activation cluster was in
the basolateral nucleus of the amygdala, 11.9% in the subiculum region of the hippocampus, 10.6% in the entorhinal cortex, and 3.9% in the cornu ammonis section of the hippocampus.
No other brain regions showed greater responses in the HMA
group than in the LMA group. Additional laterality analyses
provided quantitative evidence for the specificity of right,
compared with left, amygdala hyperactivity in math anxiety
(see Results in the Supplemental Material).
The HMA group also showed less activation than did the
LMA group in multiple cortical and subcortical areas,

including the intraparietal sulcus and superior parietal lobule,
the right dorsolateral prefrontal cortex and adjoining premotor
cortex, and the bilateral caudate and putamen nuclei of the
basal ganglia (Fig. 1b, Table 2). In addition, the HMA group
displayed greater deactivation of the ventromedial prefrontal
cortex regions implicated in emotion regulation than did the
LMA group. These results demonstrate that math anxiety in
7- to 9-year-old children is associated with significant differences in activation of brain areas that mediate affective and
cognitive information processing. Critically, the HMA and
LMA groups did not differ on measures of trait anxiety, which
suggests that the observed behavioral and brain differences
arose from math anxiety rather than from general anxiety.
Relation between brain activation and the continuous
SEMA measure: confirmatory analysis. Our primary analysis
focused on comparing dichotomized groups because (a) mathanxiety scores in our sample were not normally or uniformly
distributed; (b) we wanted to examine whether multivoxel
amygdala response patterns were abnormal, controlling for
differences in activation levels; and (c) we were able to detect
stronger amygdala effects (p < .01, FWE-corrected for multiple comparisons at the whole brain level) without having to
resort to any small-volume corrections with the dichotomized
group analysis.
To examine the generalizability of our findings, we conducted three additional sets of analyses. First, we confirmed that
brain areas that showed activation differences between the
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Fig. 1. Brain-activation differences between the high-math-anxiety (HMA) group and the low-math-anxiety (LMA) group. The figure shows (a) brain
areas in which activation was higher for the HMA group than for the LMA group and (b) brain areas in which activation was higher for the LMA group than
for the HMA group. Coronal slices (with Montreal Neurological Institute y-axis coordinates) and a sagittal slice (with a Montreal Neurological Institute
x-axis coordinate) are shown. Color coding in the brain images indicates the results of t tests comparing brain activation between the two groups.
The graphs present mean parameter estimates for the circled areas of activation as a function of group. Asterisks indicate significant differences between
groups (**p < .01, ***p < .001). Error bars show standard errors of the mean. DLPFC = dorsolateral prefrontal cortex; IPS = intraparietal sulcus;
VMPFC = ventromedial prefrontal cortex.

HMA and LMA groups also demonstrated significant linear
increases and decreases in signal level with math anxiety (see
Fig. S1 in the Supplemental Material). Second, group differences were examined using multiple analysis of covariance

models with several potential confounding variables, including
trait anxiety, working memory, overall accuracy, and overall
RT on arithmetic problems. In each case, all the significant
effects noted in the main analysis were confirmed (p < .05,
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Table 2. Brain-Activation Differences Between the High-Math-Anxiety (HMA) and Low-MathAnxiety (LMA) Groups
Peak MNI
coordinates (mm)
Contrast and brain region
HMA group > LMA group
Right basolateral amygdala
Right anterior hippocampus
LMA group > HMA group
Left intraparietal sulcus/superior
parietal lobule
Right primary somatosensory cortex
Left ventromedial prefrontal cortex
Right dorsolateral prefrontal cortex
Right and left basal ganglia (caudate,
putamen)

Size of cluster
(voxels)

Peak t score

x

y

z

175
—

3.72
2.89

38
26

4
−12

−26
−26

443

3.80

−28

−66

60

433
170
143
1,074

3.57
3.34
3.30
3.23

68
−8
38
6

−8
48
8
6

30
6
54
0

Note: MNI = Montreal Neurological Institute.

small-volume-corrected in the right amygdala; p < .01, FWEcorrected for all other brain regions). Third, math anxiety was
used as a continuous variable in multiple analysis of covariance
models with trait anxiety, working memory, overall accuracy,
and overall RT as potential confounding variables. In each case,
all the significant effects noted in the main analysis were confirmed (p < .05, small-volume-corrected in the right amygdala;
p < .01, FWE-corrected for all other brain regions).

MPA of amygdala distinguishes HMA and
LMA groups
We used MPA to examine whether the spatial pattern of amygdala responses could be discriminated between the HMA and
LMA groups. We used a searchlight method with a supportvector-machine algorithm (Abrams et al., 2011) to conduct
two separate analyses involving functional and anatomical
specification of amygdala regions of interest. First, we examined multivoxel activation patterns in the right amygdala
cluster that showed group differences in the univariate analysis. MPA of regional t scores revealed a leave-one-out classification accuracy of 76.09% (p = .001). The second analysis
compared multivoxel activity patterns in the cytoarchitectonically defined basolateral nucleus of the amygdala (Amunts et
al., 2005). This analysis revealed that activation patterns in the
basolateral nucleus could be distinguished with a classification accuracy of 71.74% (p = .002). These results show that
children with high math anxiety and children with low math
anxiety have distinct fine-scale activation patterns within the
basolateral nucleus of the right amygdala. Furthermore,
because fMRI responses were variance-normalized within
each child’s data, differences in multivoxel patterns were independent of group differences in task-related signal strength
within the amygdala.

Amygdalar connectivity differences between
the HMA and LMA groups
To gain additional insights into functional circuits mediating
math anxiety, we next compared the effective connectivity of
the amygdala in the HMA and LMA groups. We focused on
the right amygdala cluster that showed hyperactive responses
in children with high math anxiety. Psychophysiological interaction analysis was used to examine math-task-related influences of the right amygdala on other brain regions (Fig. 2c).
The peak seed voxel for this analysis was located in the right
amygdala (x = 32 mm, y = −4 mm, z = −22 mm). Effective
connectivity was estimated after discounting the influence of
overall task-related activation and the effects of common driving inputs. This analysis revealed that, compared with the
LMA group, the HMA group showed greater effective connectivity between the right amygdala and multiple brain areas
associated with social and general anxiety, specifically the left
amygdala and the ventromedial prefrontal cortex, as well as
the anterior thalamic nucleus (Fig. 2a, Table 3). In sharp contrast, the right amygdala showed less effective connectivity
with the posterior parietal cortex, including the intraparietal
sulcus, superior parietal lobule, and angular gyrus, in the HMA
group than in the LMA group (Fig. 2b, Table 3).

Discussion
In the experiment reported here, we examined the neurodevelopmental basis of math anxiety by investigating brain response
and connectivity during arithmetic problem solving in 7- to
9-year-old children. We showed, for the first time, that in children as young as 7 to 9 years of age, math anxiety is associated
with hyperactivity and abnormal effective connectivity of the
amygdala, a brain region associated with processing negative
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Parameter Estimate (β)
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t

Left Amygdala
Parameter Estimate (β)

Parameter Estimate (β)

VMPFC

y = – 48

–0.15

–0.15

VMPFC
HMA Group > LMA Group
Left
Amygdala

Left IPS

Left SPL

Right
Amygdala

LMA Group > HMA Group

Right SPL Right IPS

Fig. 2. Amygdalar connectivity differences between the high-math-anxiety (HMA) group and the low-math-anxiety (LMA) group. The figure shows (a)
brain areas in which activation was higher for the HMA group than for the LMA group and (b) brain areas in which activation was higher for the LMA group
than for the HMA group. Amygdala effective connectivity was examined using psychophysiological interaction analysis with seed voxels located in the
right amygdala (x = 32, y = −4, z = −22 mm). Coronal slices (with Montreal Neurological Institute y-axis coordinates) and a sagittal slice (with a Montreal
Neurological Institute x-axis coordinate) are shown. Color coding in the brain images indicates the results of t tests comparing brain activation between
the two groups. The graphs present mean parameter estimates for the circled areas of activation as a function of group. Error bars show standard errors
of the mean. Asterisks indicate significant differences between groups (*p < .05, **p < .01). The network diagram (c) summarizes these results. IPS =
Downloaded from pss.sagepub.com at Stanford University Libraries on March 21, 2012
intraparietal sulcus; SPL = superior parietal lobule; VMPFC = ventromedial prefrontal cortex.

8		

Young et al.

Table 3. Brain Areas Showing Differences in Amygdalar Connectivity Between the High-MathAnxiety (HMA) and Low-Math-Anxiety (LMA) Groups
Peak MNI
coordinates (mm)
Contrast and brain region
HMA group > LMA group
Left and right thalamus
Left basolateral amygdala
Left and right ventromedial
  prefrontal cortex
LMA group > HMA group
Right superior parietal lobule/
  intraparietal sulcus
Left superior parietal lobule/
  intraparietal sulcus

Size of cluster
(voxels)

Peak t score

x

y

z

3,235
—
—

3.46
2.79
2.74

0
−24
14

−12
−6
26

−6
−20
−4

1,118

3.38

18

−50

56

681

2.70

−14

−60

56

Note: Results are from an effective connectivity (psychophysiological interaction) analysis. MNI = Montreal
Neurological Institute.

emotions and fearful stimuli (Phelps & LeDoux, 2005). Furthermore, children with high math anxiety also showed distinct multivoxel patterns of neural activity within the amygdala,
above and beyond overall differences in signal level.
These results provide converging evidence for aberrant processing within local functional circuits in the amygdala of children with high math anxiety. Children with high math anxiety
also showed reduced responses in cortical and subcortical areas
that have been consistently associated with mathematical and
numerical reasoning in children and adults (Menon, Rivera,
White, Glover, & Reiss, 2000). These differences were related
to arithmetic complexity and were independent of sensory,
motor, decision-making, or response-selection processes. Additional analysis using SEMA scores as a continuous variable
confirmed the observed pattern of increased right basolateral
amygdala responses and decreased fronto-parietal activation
with math anxiety. Furthermore, these effects occurred independently of individual differences in trait anxiety, working memory, and performance.
Our findings suggest that math anxiety is associated with
aberrant activity in the right amygdala. The recent availability of cytoarchitectonic maps based on the spatial distribution of cortical and subcortical neurons provided more
detailed information about amygdala subregions involved in
math anxiety (Amunts et al., 2005). Using these maps, we
identified the basolateral nucleus as the most prominent site
of hyperactive amygdala response in our study. The basolateral nucleus of the amygdala plays an important role in
learned fear, as demonstrated by classical conditioning studies in healthy adults (Buchel, Dolan, Armony, & Friston,
1999; Phelps, Delgado, Nearing, & LeDoux, 2004). Our
study extends these findings to problem-solving situations
outside the traditional experimental contexts involving viewing fearful or angry faces (McClure et al., 2007), and our

results further suggest that these amygdala regions are specifically involved in anxiety experienced during math problem solving.
Network-level analysis (Bressler & Menon, 2010; Rowe,
2010) provided novel insights into impaired functional circuits
underlying math anxiety in children, and two findings are
noteworthy here. First, the right amygdala showed greater
effective connectivity with the ventromedial prefrontal cortex
in the HMA group than in the LMA group. Previous studies in
adults have suggested that the ventromedial prefrontal cortex
regulates negative emotions by modulating amygdala activity
(Etkin, Prater, Hoeft, Menon, & Schatzberg, 2010; Etkin &
Wager, 2007). Enhanced effective connectivity between these
regions may facilitate compensatory mechanisms that allowed
children with high math anxiety to perform well, albeit at a
lower level than children with low math anxiety. Second, the
posterior parietal cortex regions known to be involved in
numerical and math problem solving (Wu et al., 2009) also
showed reduced effective connectivity with amygdala regions
that were hyperactive in children with high math anxiety. In
conjunction with this, children with high math anxiety showed
weaker activation in the posterior parietal cortex than did children with low math anxiety.
Thus, in children in the LMA group, the amygdala was
coupled with brain areas that facilitate efficient task processing, whereas in children in the HMA group, the amygdala
showed greater coupling with cortical regions involved in processing and regulating negative emotions. An emerging body
of research suggests that the amygdala is involved in complex
cognitive-emotional behaviors arising from its dynamic interactions with multiple brain areas (Pessoa, 2008). Our findings
are consistent with this view and suggest that hyperactive
amygdala function contributes to aberrant functional interactions during mathematical problem solving.
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Our findings support the notion that math anxiety is stimulus- and situation-specific. Amygdala hyperactivity in the
HMA group was observed in conjunction with lower problemsolving accuracy, despite the fact that the HMA group was
matched with the LMA group on multiple domain-general
measures, including IQ, working memory, reading, and trait
anxiety. One mechanism by which anxiety is thought to influence performance is through reduced capacity for working
memory, attention, and cognitive-control processes engaged
during math problem solving (Beilock & Decaro, 2007).
Two key results support this interpretation. First, compared
with the LMA group, children in the HMA group showed
reduced responses in regions involved in working memory
and attention, including the dorsolateral prefrontal cortex, presupplementary motor area, and basal ganglia (Chang, CrottazHerbette, & Menon, 2007). Second, compared with children in
the LMA group, children in the HMA group also showed
reduced responses in posterior parietal cortex regions known
to play a critical role in numerical and mathematical cognition
(Rivera et al., 2005; Wu et al., 2009).
In both children and adults, functional neuroimaging studies have consistently implicated the intraparietal sulcus, within
the posterior parietal cortex, as a region specifically involved
in the representation and manipulation of numerical quantity
(Ansari, 2008; Dehaene, Piazza, Pinel, & Cohen, 2003). Performance on mathematical information processing also critically involves activation and deactivation in a more distributed
network of regions, such as the superior parietal lobule and
the angular gyrus (Delazer et al., 2003; Menon et al., 2000;
Wu et al., 2009). These observations support our hypothesis that math anxiety is associated with reduced cognitive
information-processing resources during arithmetic task performance in the developing brain.
It is remarkable that cognitive information-processing deficits arising from math anxiety can be traced to brain regions
and circuits that have been consistently implicated in specific
phobias and generalized anxiety disorders in adults. In this
context, it is also noteworthy that children as young as 7 to 9
years of age can consciously report on their own anxiety in
situations involving mathematical problem solving and that
the effects of this subjective measure can be traced to individual differences in amygdala response and connectivity. Our
findings not only emphasize parallels between math anxiety
and other anxiety disorders but also validate math anxiety as a
genuine type of stimulus and situation-specific anxiety.
Our study provides new insights into the neurobiological
mechanisms and developmental basis of math anxiety in children and highlights the importance of assessing math anxiety
at a young age. Brain-imaging data can be particularly useful
in the identification of domain-specific and domain-general
brain systems related to math anxiety; these identifications
can, in turn, be used to design remediation strategies based on
treatments that work on other phobias. In addition, studies
such as ours can also provide crucial information on how
problem solving and reasoning are affected by math and

performance anxiety. Further elucidation of the relationship
between math anxiety and general academic anxiety as well as
the neurodevelopmental mechanisms underlying math anxiety
can spur new ways of thinking about early treatment of a disability that has significant implications for an individual’s
long-term academic and professional success.
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