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a b s t r a c t

We used functional magnetic resonance imaging (fMRI) to explore the patterns of brain activation
associated with different levels of performance in exact and approximate calculation tasks in well-
defined cohorts of children with mathematical calculation difficulties (MD) and typically developing
controls. Both groups of children activated the same network of brain regions; however, children in the
MD group had significantly increased activation in parietal, frontal, and cingulate cortices during both
eywords:
rithmetic
evelopment
athematical skill
umerical processing

calculation tasks. A majority of the differences occurred in anatomical brain regions associated with
cognitive resources such as executive functioning and working memory that are known to support higher
level arithmetic skill but are not specific to mathematical processing. We propose that these findings
are evidence that children with MD use the same types of problem solving strategies as TD children, but
their weak mathematical processing system causes them to employ a more developmentally immature

the s
chool age
athematical disability

and less efficient form of

Some children with normal intelligence have a disability in
athematics (MD) that makes the acquisition of grade-level math-

matical competencies a challenge, despite adequate instruction
Barrouillet, Fayol, & Lathuliére, 1997; Fayol, Barrouillet, & Marinthe,
998; Geary, 1990; Geary & Brown, 1991). Children with MD
se the same types of strategies as their typically developing
eers (Geary, 1990; Geary, Hamson, & Hoard, 2000; Geary, Hoard,

Hamson, 1999; Hanich, Jordan, Kaplan, & Dick, 2001; Jordan,
anich, & Kaplan, 2003a,b). However, as early as first grade,

hildren with MD use less mature strategies and make more cal-
ulation errors (Geary et al., 1999, 2000; Jordan & Montani, 1997;
ordan et al., 2003a). In particular, children with MD demon-
trate a specific weakness in the ability to accurately and quickly
etrieve mathematical facts to solve single digit arithmetic prob-

ems (Barrouillet et al., 1997; Garnett & Fleischner, 1983; Geary,
990, 1993; Hanich et al., 2001; Jordan & Montani, 1997; Jordan et
l., 2003a; Temple & Sherwood, 2002). Although there have been
ubstantial gains in the understanding of cognitive risk factors for
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MD at a behavioral level, its neural bases in children remain to be
explained.

Studies with adults provide evidence of the brain regions
involved in mathematical disability (Dehaene & Cohen, 1991; Kahn
& Whitaker, 1991; McCloskey, Harley, & Sokol, 1991). For example,
lesion studies demonstrated that an individual with a left sub-
cortical lesion exhibited an inability to retrieve and manipulate
math facts; whereas, an individual with a left parietal lesion suf-
fered from problems with subtraction while the ability to retrieve
math facts via rote memory was unimpaired. Functional differ-
ences between disabled and control groups are evident in these
areas in imaging studies investigating mathematical disorders in
individuals with genetically based disorders such as Turner syn-
drome (Alexander & Money, 1966; Molko et al., 2003) and Fragile X
(Burbaud et al., 1995; Menon, Rivera, White, Glover, & Reiss, 2000;
Rickard et al., 2000). In particular, group differences that resem-
bled the lesion studies’ findings were found in the parietal cortex.
Although these studies provide critical neurobiological informa-
tion on brain regions involved in mathematical ability within the

populations under investigation, the relevancy of these results to
children with MD is uncertain. Brain trauma in the lesion stud-
ies typically encompasses large anatomical regions, limiting the
specificity with which one can link a particular brain region to a
deficient cognitive process. Additionally, the cognitive correlates

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:Nikki.Davis@Vanderbilt.Edu
dx.doi.org/10.1016/j.neuropsychologia.2009.04.024
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nderlying mathematical ability in adults with a genetically based
athematical disorder may differ from those that occur in MD.
According to these findings, children with poor mathematical

kills ought to show functionally distinct profiles from children
ith good math skills in frontal and parietal regions during simple

alculation tasks. A single functional imaging study investigating
imple arithmetic skill has been published in which activation in
hildren with MD was compared to activation in typically devel-
ping controls (Kucian et al., 2006). Using an ROI based approach,
roup differences were found in frontal and parietal regions dur-
ng an approximate calculation task; children with MD had weaker
ctivation. However, no group differences were found during an
xact calculation task. The lack of group differences during the exact
alculation task is inconsistent with the behavioral evidence that
hildren with MD have a specific weakness in the ability to accu-
ately retrieve math facts from long term memory (Barrouillet et
l., 1997; Garnett & Fleischner, 1983; Geary, 1990, 1993; Hanich
t al., 2001; Jordan & Montani, 1997; Jordan et al., 2003a; Temple

Sherwood, 2002). A possible explanation for this result is that
he mixture of grade level in school in the Kucian et al. (2006)
tudy may have diminished the power of the study to find group
ifferences. Mathematical knowledge is significantly influenced by
uantity and quality of instruction (Geary, Brown, & Samaranayake,
991), and Kucian, von Aster, Loenneker, Dietrich, and Martin (2008)
aintained that functional differences between adults and children

uring simple arithmetic tasks were associated with a specializa-
ion for mathematical skill that occurs with schooling.

For our purposes, the results of these studies suggest impor-
ant directions for research on children with MD. The aim of the
urrent study was to describe quantitatively the patterns of brain
ctivation associated with different levels of performance in exact
alculation and estimation tasks in well-defined cohorts of chil-
ren with MD and normal controls (TD) in the same grade level in
chool. We hypothesized that we would find significant group dif-
erences in a largely left hemisphere network during fact retrieval
nd exact calculation and in frontal and parietal regions during an
pproximation task.

. Materials and methods

.1. Participants

Participants were 48 children in the third grade, ranging in age from 8 years and
month of age to 9 years and 1 month of age (mean age = 8.2, S.D. = 2.9). We focused
n third grade because basic skills that support exact and approximate calculation
asks are taught in first and second grade, creating a range of skill development by
hird grade. Children were recruited over a period of 2 years from a larger study
nvestigating the effects of types of intervention in mathematics. Behavioral scien-
ists within the intervention study assumed responsibility for recruitment in the
chools, excluding children with a brain injury, other physical disabilities, severe
motional problems, uncorrected sensory disorders, ADHD, or an IQ of less than 80.
ithin this larger study, children were identified as TD or MD. To be in the present

maging study, children in the TD group had to score at or above the 49th percentile
n the calculation screening measure described below and had to receive all math
nstruction in a regular classroom. A high ability was used as a cut-off to ensure
hat participants identified as TD had good calculation skills (see Shaywitz et al.,
002). Difficulty in math was defined as a skill at or below the 25th percentile on
he screening measure. This percentile was chosen because children who exhibit

athematics difficulties include those performing in the low average range (e.g., at
r below the 25%). Imaging data were collected from January to July on 36 MD and
7 TD children. Twelve MD and 3 TD children were removed from analyses because
f excessive movement artifacts or failure to complete the in-magnet tasks. High-
esolution magnetic resonance scans indicated that none of the participants had
ny overt neuroanatomical abnormality. This study was approved by the Vanderbilt
niversity Institutional Review Board. Written informed consent was obtained from

he children’s guardians. Written assent was obtained from the children.
.2. Screening measure

As part of their screening process for inclusion in the larger study, trained
xaminers administered the calculation subtest of the Wide Range Achievement
est—Third Edition (WRAT-3, Wilkinson, 1993) to children during the first semester
ia 47 (2009) 2470–2479 2471

of their third-grade year. The WRAT-3 is a broadly used standardized measure of
achievement. The calculation subtest involves the identification of numbers and
computations that increase in difficulty. Means and standard deviations for the
groups’ performance on the screening measure are shown in Table 1.

1.3. Experimental design and procedure

1.3.1. Imaging stimuli and task
Children performed the imaging tasks on a computer outside of the MRI scan-

ner to acclimate them to the structure and speed of the tasks. A subset of each task
with novel equations was used for these practice sessions. Children were put in a
mock scanner to simulate the in-magnet environment and to introduce them to the
various noises made by the magnet. After completing the practice sessions, children
performed the experimental tasks in the MRI scanner. During the scanning proce-
dure, participants lay supine in the magnet, looking up at a mirror that reflected a
screen on which computer-controlled stimuli were projected using E-Prime software
(Psychology Software Tools, Inc.). At the beginning of each trial, participants saw a
screen with written instructions, and the examiner read these instructions aloud to
the participants. In a few cases, the child was unwilling or unable to complete a task.
Data for those participants were not included in the present study.

The imaging paradigm was a standard block design. Each functional imaging run
was 5 min in duration and consisted of three 40 s blocks of each experimental task (an
exact and approximate calculation task), three 40 s blocks of the control task (Greek
letter matching task) and three 20 s blocks of rest. The calculation tasks mirrored
Dehaene, Spelke, Pinel, Stanescu, and Tsivkin (1999). All task items were presented
vertically with three response choices shown horizontally at the bottom. Partici-
pants chose the correct answer by pressing a button (on a MRI compatible response
pad) corresponding to the location (left, middle, right) of the correct response. The
items and response choices remained on the screen until the participant responded
or the block ended after 40 s. Numeric and control tasks were self-paced; there-
fore, the number of trials that participants completed within each block varied.
Rogers, Anderson, Gatenby, Cannistraci, and Gore (2007) demonstrated that paced
and self-paced versions of the same mathematical task place comparable demands
on calculation-specific and comparison-specific brain regions. Task presentation was
randomized across all participants, and items were randomized within each block.
In all trials, when not actively engaged in a task, participants were instructed to
fixate on a gray square on the screen.

A Philips 3 Tesla Achieva (Philips Healthcare Inc.) was used to acquire the MRI
data. Anatomical scans were acquired for approximately 15 min prior to functional
scans. The anatomical images were acquired with a T-1 weighted, 3D turbo field
echo pulse sequence (170 slices, 1 mm3 voxels). A high-resolution 2D T-1 anatomical
series was also acquired at the same location and slice thickness as the functional
data. All functional data were acquired using a gradient echo EPI sequence (FOV
220 mm, TE 35 ms, TR 2000 ms, flip angle of 79◦ , 80 × 80 acquisition matrix interpo-
lated to 128 × 128 image matrix, 28 slices, 3.5 mm thick with a gap of 0.35 mm).

1.3.2. Data analysis
All functional data were analyzed using Brainvoyager QX (Brain Innovations

Inc.). Each functional volume was motion corrected using 3D rigid body transfor-
mations to the first volume of the first functional run. Each subject’s fMRI data sets
were adjusted for slice timing differences and temporal drifts were removed with
a linear trend removal. Individuals’ functional data were coregistered to their own
high-resolution 3D anatomic scan then normalized to Talairach standardized space
(Talairach & Tournoux, 1988). The normalized volumes were smoothed with a 6 mm
FWHM Gaussian kernel. Volumes where head motion exceeded 3 mm or 3◦ relative
to the first volume were removed from the data set, with corresponding rows of the
design matrix also removed prior to fitting. A general linear model was fit at each
voxel in each subject to produce parametric maps of normalized signal change for
each task condition. To investigate within-group activation, a second-level analysis
was used to generate group-level statistical t-maps comparing each math task to its
symbol-matching control task (for the MD and TD groups separately). MD and TD
groups were compared directly in a two-way analysis of variance (ANOVA) with a
between-subject effect of group (MD versus TD) and a within-subject effect of con-
dition (math task versus symbol-matching control). A voxelwise statistical threshold
of p < 0.001 was applied to the statistical maps, which were then additionally cor-
rected for multiple comparisons at the cluster level (p < 0.05, corresponding to a
cluster size of 432 mm3). Talairach coordinates were derived from the local maxima
of each cluster activated over the threshold. The Talairach Daemon (Lancaster et al.,
2000) was used to identify the anatomical structures, considering those within 1 cm
of the local maximum.

2. Results
2.1. Behavioral

Analysis with multivariate general linear model using SPSS
16.0 revealed no significant differences between children with
versus without MD in accuracy levels on the exact calculation
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Table 1
Group descriptive.

Group Male WRAT-M SS* Exact calc. % correct App. calc. % correct Exact calc. RT (ms)* App. calc. RT (ms)**

Control (N = 24) 12 109.3 (8.9) 93.6 (8.5) 84.3 (8.6) 1863.3 (1027.9) 2658.5 (1010.6)
MD (N = 24) 14 85.7 (3.8) 92.4 (6.5) 85.1 (7.8) 3140.1 (1303.1) 3432.4 (1353.3)

RT = response time.
* p < 0.01.

** p < 0.05.

Table 2
Location, size, and magnitude of MD group’s activation during the exact calculation task.

Anatomical region Talairach coordinates Cluster size Stat max (T) Significance MD % sig. changea TD % sig. changeb BA

X Y Z

LH middle frontal gyrus −39 35 19 1075 5.72 0.001 0.334 0.077 46
LH superior frontal gyrus −3 5 55 1833 5.39 0.001 0.348 0.174 6
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luster size in mm.
a The MD group’s activation for the exact calculation task versus symbol-matchin
b The TD group’s activation for the exact calculation task versus symbol-matchin

F(1, 46) = 0.202, p = ns) and approximate calculation tasks (F(1,
6) = 0.103, p = ns). Group differences in the response time for cor-
ect items were found for the exact calculation (F(1, 46) = 15.895,
< .000) and the approximation task (F(1, 46) = 5.046, p < .03).

.2. Functional MRI results—individual group activation

Our comparison of each group’s activation indicated several dif-
erences in the locations and levels of activation, especially during
he approximation task. The regions identified as significantly acti-
ated from the group-level statistical t-tests comparing each math
ask to its symbol-matching task are shown in Tables 2–5. The tables
rovide the Talairach coordinates, cluster size, statistical maximum,
ignificance values, percent signal change, and Brodmann’s Area
BA) for the clusters of activated voxels during the in-magnet tasks

or each group. In addition, in the tables we show the other group’s
ercent signal change for the same clusters of voxels. All regions

dentified during this analysis showed an increase in signal change
uring the experimental task compared to its symbol-matching
ontrol. Figs. 1 and 2 show the individual groups’ brain activation

able 3
ocation, size, and magnitude of MD group activations during the approximate calculatio

natomical region Talairach coordinates Cluster size Stat ma

X Y Z

H cingulate gyrus −6 20 40 40,281 9.97

H frontal lobe 27 2 52 8,310 9.37
RH middle frontal gyrusc 45 29 25
RH frontal lobec 27 2 52

H claustrum 30 14 4 2,502 9.17
H precuneus 0 −64 40 18,991 8.87
H precuneus −27 −64 34 11,281 7.44

H inferior parietal lobe 39 −52 43 6,250 7.29
RH precuneusc 30 −67 37

H IFG/caudate body −15 −1 19 4,519 7.14
LH middle frontal gyrusc −33 17 28
LH middle frontal gyrusc −30 44 16
LH claustrumc −24 20 7
LH inferior frontal gyrusc −39 38 7

H middle frontal gyrus 24 41 −2 655 5.95
H medial frontal gyrus −3 2 58 615 4.88

luster size in mm3.
a The MD group’s activation for the approximation task versus symbol-matching contro
b The TD group’s activation for the approximation task versus symbol-matching contro
c Regions are local maxima within the larger cluster of activation.
trol.
rol.

patterns during the in-magnet tasks depicted on an inflated brain
template.

2.2.1. MD group
During the exact calculation task, children within the MD group

had significant activation in the left hemisphere middle and supe-
rior frontal gyrus. As shown in Table 2, the TD group had little
activation during the exact calculation task within these two
regions. During the approximation task, children within the MD
group showed activation in a network of brain regions typically
reported during approximate calculation tasks, including biparietal,
bilateral frontal, and left hemisphere cingulate cortices. As shown in
the percent signal change column of Table 3, activation within these
regions was decreased in the TD group compared with activation
in the MD group.
2.2.2. TD group
No regions reached significance level for the exact calculation

condition in the TD group. Using a less conservative threshold
of p < 0.001 and a cluster size of 108, activation was found in

n task.

x (T) Significance MD % sig. changea TD % sig. changeb BA

0.001 0.3369 0.1864 32

0.001 0.3406 0.2354 6
46

6

0.001 0.2382 0.0971 –
0.001 0.4433 0.2324 7
0.001 0.3239 0.2213 7

0.001 0.2743 0.2151 40
19

0.001 0.1961 0.0250 –
9

10
–

46

0.004 0.3815 0.0592 11
0.008 0.5003 −0.0074 6

l.
l.
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Table 4
Size, location, and magnitude of TD group’s activation during the exact calculation task.

Anatomical region Talairach coordinates Cluster size Stat max (T) MD % sig. changea TD % sig. changeb BA

X Y Z

RH insula 30 23 13 133 5.36 0.2076 −0.0907 13
RH cingulate 9 17 40 369 4.56 0.2780 0.2715 32
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luster threshold = 108, p < 0.001 (uncorrected).
a The TD group’s activation for the approximation task versus symbol-matching c
b The MD group’s activation for the approximation task versus symbol-matching

he right hemisphere insula and cingulate gyrus. Percent signal
hange within these regions in the MD group was comparable
n the cingulate and distinct in the insula (Table 4). During the
pproximation task, children in the TD group activated an expected
etwork in frontal and parietal regions. As shown in the percent
ignal change columns of Table 5, the MD group exhibited com-
arable percent signal change in several of the TD-group defined
egions.

.3. Functional MRI results—group contrasts

The two-way ANOVA revealed significant group differences in
rimarily the bilateral frontal and cingulate cortex during the cal-
ulation tasks. At our significance level, the group comparisons
ielded no evidence of decreased activation in the children with
D. Results are shown in Tables 6 and 7 and Figs. 3–6. The tables

ive the Talairach coordinates, cluster size, statistical maximum,
ignificance values, percent signal change, and Brodmann’s Area
BA) for the clusters of voxels that the two groups activate signif-
cantly differently during the in-magnet tasks. During the exact
alculation task, group differences were seen in motor related
egions within the bilateral precentral gyrus and also within the
ight hemisphere insula. Brain activation patterns in children with
D compared to the TD group during the exact calculation task are

epicted on an inflated brain template in Fig. 3. Each of the regions
dentified showed an increase in signal change during the exact
alculation task compared to its symbol-matching control. Fig. 4
hows a bar graph of the percent signal change by group for the
hree regions identified as significantly different during the exact
alculation task. As shown, children in the MD group on average
ad a positive signal change in the right hemisphere insula and left
emisphere precentral gyrus; whereas children in the TD group had
negative signal change within these regions.

To calculate the amount of variability in activation during the
xact calculation task that was explained by number of solved tri-

ls by group, we performed an analysis of covariance (ANCOVA)
o compare level of brain activation in the three regions listed in
able 6 by group using number attempted as a covariate. Number
ttempted did not reach statistical significance in the model for
ny of the three regions; however, its addition to the model caused

able 5
ize, location, and magnitude of TD group’s activation during the approximate calculation

natomical region Talairach coordinates Cluster size Stat ma

X Y Z

H medial frontal gyrus 18 8 55 4185 12.49
H medial frontal gyrus 0 20 46 6843 7.87
H precuneus 6 −67 43 7446 7.78
H frontal lobe −24 5 55 2600 7.58
H middle frontal gyrus 36 23 40 893 7.46
H cuneus −27 −85 22 1423 6.93
H cuneus 30 −82 31 1443 5.91

luster size in voxels.
a The TD group’s activation for the approximation task versus symbol-matching contro
b The MD group’s activation for the approximation task versus symbol-matching contro
l.
l.

the significance level of the right hemisphere precentral gyrus to
decrease (F(1, 45) = 3.157, p < .082).

During the approximation task, group differences were found
in left hemisphere cingulate (anterior and posterior) and inferior
frontal gyrus (IFG) and in the right hemisphere precuneus, pre-
frontal cortex, and claustrum. Brain activation patterns in children
with MD compared to the TD group during the approximation task
are depicted on an inflated brain template in Fig. 5. As shown in
Fig. 6, a similar pattern of group differences in the direction of acti-
vation (i.e. a positive versus negative magnitude) was found during
the approximation task. The MD group had a positive signal change
in all regions identified at our significance level. In contrast, the TD
group had negative signal change in all regions, except for the left
hemisphere IFG. Further analyses of these findings (consideration of
the activations with respect to the fixation condition) indicated that
the MD group’s positive signal in the cingulate regions were due to
a greater negative signal during the symbol-matching control task
than the experimental task, suggesting that the group difference in
these regions is related mostly to differences in activation during
the control task.

To calculate the amount of variability in activation during the
approximation task that was explained by number of solved tri-
als by group, we performed ANCOVA to compare level of brain
activation in the regions listed in Table 7 by group using number
attempted as a covariate. Number attempted reached a statistically
significant level in only one region, the left hemisphere caudate/IFG
(F(1, 45) = 11.991, p < 0.001). Nevertheless, group difference in this
region remained at a statistically significant level (F(1, 45) = 52.302,
p < 0.000).

3. Discussion

The aim of the present study was to describe quantitatively
the patterns of brain activation associated with performance in
exact calculation and approximation tasks in well-defined cohorts

of children with MD and TD who were in the same grade in school.
As predicted, we found group differences in activation during the
exact and approximate calculation tasks. All of the regions iden-
tified in the group contrasts were due to significantly stronger
activation in the MD group. Though these findings were in con-

task.

x (T) Significance MD % sig. changea TD % sig. changeb BA

0.001 0.3067 0.2429 6
0.001 0.3592 0.4033 8
0.001 0.5927 0.5799 7
0.001 0.2945 0.3116 6
0.003 0.2396 0.2532 8
0.001 0.3928 0.3945 19
0.001 0.3552 0.2793 19

l.
l.
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ig. 1. Statistical maps of brain activation patterns for the MD group are depicted o
ith its Greek symbol-matching control task. (B) Activation during the approximate

he top row of figures shows the lateral view of the cortex and the lower row of figu
For interpretation of the references to color in this figure legend, the reader is refer
rast to those from previous studies with adults and children, a
ajority of our differences were found in anatomical regions asso-

iated with domain-general cognitive resources that support higher
evel arithmetic skill but are not specific to mathematical process-

able 6
ocation, size, and magnitude of MD versus TD contrasts for the exact calculation task.

natomical region Talairach coordinates Cluster size

X Y Z

H precentral gyrus −45 −4 40 491
H insula 42 −4 10 811
H precentral gyrus 33 −22 52 517

luster size in mm3.
inflated brain template. (A) Activation during the exact calculation task contrasted
lation task contrasted with its Greek symbol-matching control task. In each figure,
ws the medial view, and the colored key provides significance levels for activation.
the web version of the article.)
ing. Along with the behavioral evidence from the in-magnet tasks
(comparable accuracy scores between groups and slower response
times in the MD group), the increased activation in domain-general
regions likely reflects greater cognitive processing demands in the

Stat max (T) Significance % Signal change BA

5.29 0.02 0.3982 6
4.29 0.001 0.3281 13
4.24 0.019 0.4022 4
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ig. 2. Statistical maps of brain activation patterns for the TD group during the a
n inflated brain template. The top row of figures shows the lateral view of the co
ignificance levels for activation. (For interpretation of the references to color in thi

D group for successful task completion. Related to this, our find-
ngs are consistent with the evidence that children with MD employ
he same types of strategies as TD children but use more devel-
pmentally immature and less efficient forms of these strategies
Geary, 1990; Geary et al., 1999, 2000; Hanich et al., 2001; Jordan
t al., 2003a,b).

In terms of the exact calculation task, our results showed that
either group of participants had significant activation in their
arietal cortex while performing the task. In addition, the group
ontrast identified differences in the activation of domain-general
natomical regions that are not typically associated with mathe-
atical processing skill. For example, children in the MD group

ad increased activation in the right insula, which may be asso-
iated with the fact that they performed a task that was difficult for
hem (Andreasen et al., 1995; Buckner & Carroll, 2006; Northoff et
l., 2006). The greater precentral gyrus activation found in the MD
roup may be functional evidence that they used strategies with
reater executive functioning demands such as finger counting to
omplete the simple arithmetic tasks (Geary, Bow-Thomas, & Yao,

992; Geary et al., 2000; Jordan et al., 2003a; Siegler & Jenkins,
989; Siegler & Shrager, 1984). Our results are in contrast to those
f adult imaging studies, in which the exact calculation task is
ssociated with left lateralized activation. However, our findings
re consistent with a growing body of evidence in the field that

able 7
ocation, size, and magnitude of MD versus TD contrasts for the approximate calculation

natomical region Talairach coordinates Cluster size

X Y Z

H anterior cingulate −3 44 10 6150

H cingulate gyrus −3 −31 34 7376
LH posterior cingulated* −3 −49 7

H IFG/caudate −21 26 1 2389
H precuneus 36 −67 34 803
H prefrontal lobe 21 29 7 463
H inferior frontal gyrus −45 14 22 550
H claustrum 30 8 −2 516

luster size in mm3.
* Submaxima of larger cluster, result of using a threshold of p < .0001 with a cluster of 2
imation task contrasted with its Greek symbol-matching control are depicted on
nd the lower row of figures shows the medial view, and the colored key provides
e legend, the reader is referred to the web version of the article.)

individual variability in functional activation during exact calcula-
tion tasks is related to developmental differences. Specifically, the
parietal lobe may become specialized for mathematical tasks with
schooling causing increased frontal lobe activation in young chil-
dren related to compensatory strategy use (Ansari, Garcia, Lucas,
Hamon, & Dhital, 2005; Kucian et al., 2008; Rivera, Reiss, Eckert,
& Menon, 2005). Therefore, group differences during simple calcu-
lation tasks between good and poor math performers may arise
predominantly in domain-general regions early in development
and in domain-specific regions in adult populations.

With respect to the approximation task, both MD and TD groups
activated a network of frontal and parietal brain regions reported
in previous imaging studies on young children (Ansari et al., 2005;
Cantlon, Brannon, Carter, & Pelphrey, 2006; Kucian et al., 2008).
Similar to the exact calculation task, we found greater activation in
children with MD than the TD group. In particular, MD children
had greater activation in a cluster of voxels in the right hemi-
sphere inferior parietal lobe (Tal coords 36, −67, 34) near to a
region reported by Pinel, Dehaene, Riviere, and LeBihan (2001) as

associated with the “representation and manipulation of spatial
information” (Tal coords 32, −64, 36). Spatial cognitive processes
are employed during approximation tasks because individuals use
a mental representation of a number line to estimate and manip-
ulate magnitudes (Dehaene & Cohen, 1991). Individuals with MD

task.

Stat max (T) Significance % Sig. change BA

5.78 0.001 0.4947 32

5.46 0.001 0.3717 31
5.00 0.6278 29

5.40 0.001 0.3122 –
4.64 0.002 0.3012 39
4.60 0.033 0.2411 –
4.58 0.015 0.3479 9
4.47 0.019 0.2550

00.
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ig. 3. Statistical maps of increased signal change in the MD group versus children
nflated brain template. The top row of figures shows the lateral view and the lowe
ctivation. (For interpretation of the references to color in this figure legend, the rea

ay have less efficient mental representations of the number lines,
hich interfere with their processing speed and accuracy (Hanich et

l., 2001; Siegler & Shrager, 1984). We propose that the MD group’s
reater activation in this right hemisphere inferior parietal lobe is
unctional evidence of a group difference in numerical magnitude
rocessing skill (Gallistel & Gelman, 1992).

Abnormal activation in the parietal cortex may cause a reallo-

ation of cognitive resources to other compensatory brain regions
o sustain performance on the approximation task. Accordingly, a

ajority of the regions with increased activation in the children in
he MD compared to the TD group were prefrontal cortex regions.
refrontal cortex is associated with domain-general abilities such

Fig. 4. The signal changes for the brain regions shown in Fig. 3 and listed in Table
group on the exact calculation task. Brain activation patterns are depicted on an
of figures shows the medial view. The colored key provides significance levels for
referred to the web version of the article.)

as attention and executive processes. Similarly, the children in
the MD group had increased activation in the left hemisphere
IFG near the caudate nucleus, a region that is also involved in
cognition and executive functions (Cummings, 1993; Lewis, Dove,
Robbins, Barker, & Owen, 2004; Masterman & Cummings, 1997;
Rivera et al., 2005). The center of our activation was near a region
that has been associated with working memory load in children

(O’Hare, Lu, Houston, Bookheimer, & Sowell, 2008). Prior research
has established the importance of the central executive compo-
nents of working memory (Baddeley & Hitch, 1974) to the cognitive
processes that maintain information “on line” for processing (Bull,
Johnston, & Roy, 1999; Logie & Baddeley, 1987). Although these find-

6 are depicted. Error bars represent the standard error of the mean (S.E.M.).
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ig. 5. Brain activation of children in MD group versus children in TD group on th
nflated brain template. The top row of figures shows the lateral view, and the lowe
ctivation. (For interpretation of the references to color in this figure legend, the rea

ngs are consistent with the proposal that children with MD have
eak memory-based problem solving strategies (Geary, Widaman,

ittle, & Cormier, 1987; Ostad, 1997), the significant relationship
etween mathematical calculation skill and working memory dis-
ppears after accounting for individual differences in processing
peed, phonological awareness, and inattentive behavior (Fuchs et
l., 2006).

A novel finding in the current study was smaller negative task-
elated signal changes in the cingulate gyrus in the MD group
uring the approximation task. Most functional imaging studies

ocus on brain regions that exhibit task-related positive increases
n MRI signals. However, a network of brain regions exists that
hows negative signal changes during a broad range of cognitive
asks. These have been termed the default mode network (Raichle
t al., 2001). In adults, an inverse relationship exists between this

Fig. 6. The signal changes for the brain regions shown in Fig. 5 and
roximate calculation task. Brain activation patterns of children are depicted on an
of figures shows the medial view. The colored key provides significance levels for
referred to the web version of the article.)

network and bilateral prefrontal regions, suggesting that the lat-
eral prefrontal region recruits neural resources from the default
mode brain regions to complete complex cognitive tasks (Greciuis
& Menon, 2004). Significant development occurs in the default net-
work throughout childhood (Thomason et al., 2008). Interestingly,
the posterior cingulate appears to be part of the default mode net-
work that develops early (Fair et al., 2007). Tentatively, our results
may indicate that children with MD modulate the default mode
network differently than TD children. Our activation in the ante-
rior cingulate cortex is not identified as part of the early developing

default mode network in children (Fair et al., 2007). However, it is
located within a region of the anterior cingulate that has reciprocal
connections with the lateral prefrontal cortex (Bush, Luu, & Posner,
2000), and it shows a negative signal in adults during cognitively
demanding tasks (Bush et al., 1998). Since both groups had nega-

listed in Table 7 are depicted. Error bars represent the S.E.M.
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ive activation in these regions, the finding of a diminished negative
ignal in the MD group may be functional evidence of the relation-
hip between attentive behavior and arithmetic skill (Ackerman

Dykman, 1995; Fuchs et al., 2005, 2006). Future studies should
nclude tasks that measure the default mode network in children

ith and without mathematical difficulties to further investigate
his finding.

Our results are not consistent with those of Kucian et al. (2006),
n which weaker activations in children with developmental dyscal-
ulia were found during the approximate calculation task. Results
ay differ because the behavioral task that we used, the method

f analysis, or participant characteristics such as socio-economic
tatus and severity of mathematical disability in the current study
iffered from those used by Kucian et al. (2006). Related to this, a

imitation to comparing the results of the two studies is that the
alculation skill of our sample of children in the MD group was
igher than that of Kucian et al. Recruitment of participants with
ignificantly weaker mathematical skill might change our results.

Together, our results provide evidence that children with MD
xhibit aberrant brain activations during exact and approximate
alculation tasks. The significant group differences are consistent
ith behavioral studies indicating delayed calculation, approxima-

ion, attention, and working memory skills in children with MD.
lthough a significant group difference in activation during the
pproximation task was found in a domain-specific region of the
arietal lobe, the majority of the group differences were located

n domain-general regions. We propose that the difference in pari-
tal lobe activation may be functional evidence of the MD group’s
truggle to access the associated magnitudes of the numbers used
uring the approximation task (Gallistel & Gelman, 1992). However,
he findings of increased activation in the prefrontal regions likely
esult from the allocation of a greater amount of cognitive resources
o executive functioning and working memory processes for task
ompletion in the MD group. A limitation in the current study may
e the use of Talairach piecewise linear transformation to place all
hild brains in the same coordinate space. The precise correspon-
ence between our coordinate space and the adult Talairach space

s not well known because of differences between child and adult
rains, but use of this transformation facilitates comparison with
ther published studies of children (e.g., Kucian et al., 2006, 2008).
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