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a b s t r a c t

Greater skill in solving single-digit multiplication problems requires a progressive shift

from a reliance on numerical to verbal mechanisms over development. Children with

mathematical learning disability (MD), however, are thought to suffer from a specific

impairment in numerical mechanisms. Here we tested the hypothesis that this impair-

ment might prevent MD children from transitioning toward verbal mechanisms when

solving single-digit multiplication problems. Brain activations during multiplication prob-

lems were compared in MD and typically developing (TD) children (3rd to 7th graders) in

numerical and verbal regions which were individuated by independent localizer tasks. We

used small (e.g., 2 � 3) and large (e.g., 7 � 9) problems as these problems likely differ in their

reliance on verbal versus numerical mechanisms. Results indicate that MD children have

reduced activations in both the verbal (i.e., left inferior frontal gyrus and left middle

temporal to superior temporal gyri) and the numerical (i.e., right superior parietal lobule

including intra-parietal sulcus) regions suggesting that both mechanisms are impaired.

Moreover, the only reliable activation observed for MD children was in the numerical re-

gion when solving small problems. This suggests that MD children could effectively engage

numerical mechanisms only for the easier problems. Conversely, TD children showed a

modulation of activation with problem size in the verbal regions. This suggests that TD

children were effectively engaging verbal mechanisms for the easier problems. Moreover,

TD children with better language skills were more effective at engaging verbal mecha-

nisms. In conclusion, results suggest that the numerical- and language-related processes

involved in solving multiplication problems are impaired in MD children.
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1. Introduction

Several alternative accounts advance that mathematical

learning disability (MD or dyscalculia) stems from a specific

impairment in basic numerical processing. The “Core Deficit

Theory” (Wilson & Dehaene, 2007) argues that MD is a deficit

in the approximate number sense, whereas the “Numerosity

Coding” theory suggests that the deficit lies in the ability to

represent numerosities in a discrete and precise way

(Butterworth, 2010). In support of a primary impairment in

numerical processing, MD children show poor number acuity

(i.e., the ability to compare collections of items based on their

numerical quantity) compared to same age peers (Mazzocco,

Feigenson, & Halberda, 2011; Moeller, Neuburger, Kaufmann,

Landerl, & Nuerk, 2009; Piazza et al., 2010). Evidence from

structural and functional neuroimaging studies also supports

a core deficit in numerical processing. First, MD children have

reduced gray matter in the right intra-parietal sulcus (IPS)

(Rotzer et al., 2008), an area thought to be involved in the

processing of both symbolic and non-symbolic numerical in-

formation (Ansari, 2008; Nieder & Dehaene, 2009; Piazza,

Izard, Pinel, Le Bihan, & Dehaene, 2004; Pinel, Dehaene,

Rivière, & LeBihan, 2001). Second, the majority of functional

neuroimaging studies using non-symbolic tasks show abnor-

malities in IPS in MD children (Kaufmann et al., 2009; Price,

Holloway, Räsänen, Vesterinen, & Ansari, 2007). Neurofunc-

tional differences in MD children have also been observed in

symbolic tasks. For example, in a single-digit comparison

task, MD children exhibited weak involvement of bilateral IPS,

with no modulation of activations due to the distance be-

tween the two digits (Mussolin et al., 2010). Such amodulation

is typically present in adults and children without specific

math impairments (Mussolin et al., 2010; Pinel et al., 2001). All

together, these studies indicate that the quality of numerical

representations supported by the IPS are crucial for math skill

and may be central to math disability.

A small number of imaging studies comparing typically

developing (TD) to MD children have further suggested that

altered IPS processing might also underpin impaired perfor-

mance in arithmetic tasks. A study examining addition

showed that MD children had weaker activations in the

bilateral IPS and middle and inferior frontal gyri for an

approximate condition, whereas no group differences were

observed for an exact condition (Kucian et al., 2006). The au-

thors argued that the impairment in MD children may lie in

the evaluation of numerical distance, but not in counting or

fact retrieval mechanisms. In contrast to the wide age range

studied in Kucian et al. (2006), Davis et al. (2009) tested exact

and approximate addition problems within third graders.

Stronger activations for MD children were observed in the

right insula and precentral gyrus, suggesting the possible use

of immature finger counting strategies to solve the task

(Jordan & Montani, 1997). Davis et al. (2009) also showed

greater activation for the MD children during approximate

calculation in the right inferior parietal lobe; an area associ-

ated with processing spatial information (Pinel et al., 2001). In

summary, studies on arithmetic are broadly consistent with

the results on numerical processing, suggesting alterations in

the parietal cortex in MD children.
As suggested by De Smedt, Holloway, and Ansari (2011),

such an impaired system of numerical representations in the

IPS could prevent MD children from moving toward more

efficient retrieval strategies for solving arithmetic problems

over the course of development. In TD children, operations

such as single-digit addition and multiplication are thought

to become familiar with schooling so that by adulthood these

do not require computation but are retrieved from long-term

verbal memory (Ashcraft, 1992; Groen & Parkman, 1972;

Parkman & Groen, 1971). MD children, however, are less ac-

curate and slower when retrieving the solutions to single-

digit arithmetic problems (Geary, 1993; Geary & Hoard, 2001;

Shalev & Gross-Tsur, 2001) probably because they use less

efficient and immature calculation strategies (Jordan &

Montani, 1997). This is consistent with the results of two

recent neuroimaging studies. First, De Smedt et al. (2011)

found that, in TD children, the IPS was more activated dur-

ing larger addition problems (thought to mostly depend upon

calculation mechanisms) than during smaller addition prob-

lems (thought to mostly depend upon retrieval). Conversely,

the authors showed that MD children failed to modulate

brain responses in the right IPS based on problem size, sug-

gesting that they rely on numerical mechanisms even for

small problems (and thus may fail to use retrieval mecha-

nisms). Second, Ashkenazi, Rosenberg-Lee, Tenison, and

Menon (2012) also manipulated arithmetic complexity to

study the neural bases of single-digit addition in MD and TD

children. The authors confirmed that MD children had

reduced sensitivity to complexity in bilateral IPS and superior

parietal lobules (SPLs), suggesting that all problem types

engage calculation mechanisms. However, this paper also

reported a weaker response to complexity for MD children in

the left middle temporal gyrus (MTG). Because the left MTG

could play an important role in retrieving verbally stored

arithmetical facts (Prado, Mutreja, & Booth, 2014; Prado et al.,

2011), these findings suggest that MD children might not be

able to store arithmetic facts in memory as effectively as TD

children. Indeed, a number of behavioral studies have high-

lighted the role of verbal competences, such as phonological

awareness, as unique predictor of later mathematical per-

formance, in particular for multiplication problems (De

Smedt, Taylor, Archibald, & Ansari, 2010; Hecht, Torgesen,

Wagner, & Rashotte, 2001). Because the problem and the

correct answer need to be present simultaneously in short-

term memory to be stored as long-term verbal representa-

tions (Geary, 1993), children struggling with the manipulation

of numerical quantities would not be able to create such

associations. It follows that the IPS impairments observed in

MD might be associated with impaired representation of

math facts in verbal regions of the MTG.

The aim of this study was to investigate whether MD

children differ from typical children in their reliance on both

numerical and verbalmechanismswhen retrieving arithmetic

facts. Although the neural bases of single-digit subtraction

and addition have been compared between MD and TD chil-

dren (Ashkenazi et al., 2012; De Smedt et al., 2011), we chose to

examine single-digit multiplication because these problems

are thought to be retrieved from verbal memory whereas

subtraction and addition might rely more on calculation pro-

cedures (Fayol & Thevenot, 2012). We also manipulated

http://dx.doi.org/10.1016/j.cortex.2014.04.001
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problem size because small problems are more likely to

engage verbal mechanisms, whereas large problems should

engage numerical mechanisms to a greater degree (Siegler,

1988). Although MD children have been shown to have

behavioral deficits in multiplication, ours is the first study to

examine the neural basis of group differences in multiplica-

tion. To identify the underlying mechanisms, we used local-

izer tasks that have successfully identified verbal and

numerical regions in previous studies (Prado et al., 2011, in

press). Because MD children show poor number acuity (Piazza

et al., 2010) and abnormal activation of right IPS in non-

symbolic tasks (Price et al., 2007), our numerical localizer

aimed at identifying the region involved in the manipulation

of numerical quantities. We compared MD children to age

matched TD children (8e14-years of age) in their reliance on

thesemechanisms. Overall, we expectedMD children to show

weaker modulation of neural responses as a function of

problem size and weaker involvement of both the left MTG

and right IPS. This would be consistent with the hypothesis

that both impaired numerical and verbal mechanisms un-

derlie MD deficits when solving multiplication problems.
2. Materials and method

2.1. Participants

Third to 7th grade children (N ¼ 40) were recruited to partici-

pate in the study by advertising in the Chicago public trans-

portation system and in local school districts (see Table 1).
Table 1 e Scores on standardized tests for children in the
TD and MD groups.

TD (N ¼ 20) MD (N ¼ 20) Sig.

Mean (SD)
[minemax]

Mean (SD)
[minemax]

Male/female 9/11 7/13 n.s.

Age

(years:months)

11:6 (1:7)

[8:6e13:10]

11:5 (1:6)

[9:2e13:10]

n.s.

WASIa

Verbal 114.3 (13.7)

[90e141]

101.5 (13.7)

[81e139]

<.005

Performance 110.6 (15.4)

[84e138]

92.6 (9.6)

[77e109]

<.001

Full 114 (15.4)

[86e144]

96.4 (9.2)

[82e116]

<.001

CMATa

Basic Composite

Score

113 (9.5)

[95e159]

79 (6.0)

[62e93]

<.001

WJ-IIIa

Math Fluency 108.1 (12.7)

[95e143]

80 (5.2)

[71e94]

<.001

Spatial relations 106.5 (13.6)

[75e130]

94.3 (17.3)

[32e115]

<.05

CTOPPb

Blending Words 11.4 (2.7)

[6e15]

9.7 (3.1)

[5e15]

n.s.

a Standard scores (M ¼ 100 and SD ¼ 15).
b Scaled scores (M ¼ 10, SD ¼ 3).
Participants were included in the study if they were native

English speakers, were free of past and present neurological or

psychiatric disorders and had a full scale IQ equal or above 80

(as measured by the Wechsler Abbreviated Scale of Intelli-

gence e WASI; Wechsler, 1999) thus excluding participants

with intellectual deficits. Twenty children were classified as

having mathematical learning disability (MD) based on per-

formances to both the Basic Composite Score of Comprehen-

sive Mathematical Abilities Test (CMAT; Hresko, Schlieve,

Herron, Swain, & Sherbenou, 2003) and the Math Fluency

subtest from the WoodcockeJohnson III Test of Achievement

(WJ-III; Woodcock, McGrew, & Mather, 2001). The former test

is composed of four untimed subtests, each evaluating one of

the four basic mathematical operations. The latter subtest

requires solving basic addition, subtraction andmultiplication

problems in a 3-min time limit. MD children are particularly

challenged in chronometric tasks where time consuming back

up strategies may not be used. However, to ensure that low

performance was not due to stress or fatigue, we also added

the non-timed task. To be included in the MD group, a child

had to score below 95 on both tests and equal to or below 85 on

at least one of the two tests. For the 20 TD peers, both scores

had to be 95 or above. All participants succeeding in just one of

the two tasks were eliminated from the study. These criteria

guarantee no overlap between the two groups. The two groups

were also matched on age and gender distribution. Response

bias to the tasks performed in the scanner was also evaluated

for each child combining a False Alarm (FA) index with an FA/

Misses ratio. Children included in the study had less than 50%

of FA and an FA/Misses ratio smaller than 2. Therefore, for two

comparable performances, a child with a similar number of

accepted false trials and rejections of true trials was included

in the study whereas a child with a disproportionate number

of accepted false trials with no rejections was discarded.

Spatial processing was tested with the Spatial Relation

subtest of the WJ-III. This subtest requires participants to

individuate, among a selection of smaller geometrical shapes,

the pieces that constitute a larger shape. Phonological abilities

were assessed with the Blending Word subtest from the

Comprehensive Test of Phonological Processing (CTOPP;

Wagner, Torgesen, & Rashotte, 1999). This test evaluates the

ability to synthesize sounds to form words. Mean scores,

standard deviations (SDs) and t-test significance for all stan-

dardized measures are presented separately for each group in

Table 1.

Written consent was obtained from children and their

parents or guardians. All experimental procedures were

approved by the Institutional Review Board at Northwestern

University.

2.2. Multiplication task

Participants were presented with single-digit multiplication

problems (see Fig. 1B). Trials were subdivided into small and

large problems depending on the size of the operands (i.e.,

problem size). Twelve small problems had the two operands

equal or smaller than 5 (e.g., 2 � 4) and 12 large problems had

both operands larger than 5 (e.g., 6 � 9). Each problem was

repeated twice with a true answer and once with a false

answer. This yielded 72 trials total for each problem type (36

http://dx.doi.org/10.1016/j.cortex.2014.04.001
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Fig. 1 e Localizer and Multiplication Tasks. (A) In the Rhyming localizer (left), participants decided whether two visually

presented English words rhymed or not. In the Numerosity localizer (right), participants decided which of two dot arrays

had the largest number of dots. (B) In the Multiplication Task, participants were asked to evaluate whether the given answer

was the correct solution to the previously seen arithmetical fact.
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smaller and 36 larger). Due to experimental time-limit con-

straints, false answers were only within-operation results

from the preceding or following fact based on the first operand

(e.g., 20 or 28 as the false answer to 6 � 4). Presenting cross-

operation results may have involuntarily induced addition

procedures introducing undesired variability in brain activa-

tions (LeFevre, Bisanz, & Mrkonjic, 1988). Problems involving

0 (e.g., 3 � 0 or 0 � 3) or 1 as operand (e.g., 3 � 1) and ties (e.g.,

3 � 3) were excluded in the main experiment but used as

practice items. Twenty-four null trials were included to con-

trol formotor responses. In these trials a blue square appeared

for the same duration as the experimental condition and

participants had to press a button when it turned red. The

practice session was composed of 48 problems, half of which

with a correct answer and half with a false answer (see Prado

et al., 2011).

2.3. Localizer tasks

Each subject also performed two functional localizer scans

containing verbal and numerical trials (see Prado et al., 2011).

In the Rhyming Task (see Fig. 1A, left), participants were

sequentially presented with two monosyllabic English words

and were required to decide whether they rhymed or not.

Orthography and phonology were manipulated indepen-

dently to ensure that judgments were not based solely on

orthographic similarities betweenwords. The two dimensions

were orthogonally crossed yielding four conditions of 12 trials

each: both orthography and phonology are similar (e.g., dime

e lime), orthography is similar but phonology is dissimilar

(e.g., pint e mint), orthography is dissimilar but phonology is

similar (i.e., jazz e has) and finally both orthography and

phonology are discordant (e.g., press e list). Twelve null trials

were included. Twelve different pairs of words per condition

were used as practice trials during the familiarization

sessions.

In the Numerosity Task (see Fig. 1A, right), participants

were sequentially presented with two arrays of dots. Partici-

pants had to decide which array contained the larger number

of dots. In half of the trials the larger set was presented first.

The ratio between the two sets was manipulated and varied

across trials. The three ratios usedwere: .33 (i.e., 12 vs 36 dots),

.5 (i.e., 18 vs 36 dots) and .66 (i.e., 24 vs 36 dots) making three
conditions from hardest to easiest, respectively. Six different

dot sizes were used to make the sets, and stimuli were

controlled for differences in cumulative surface area and

distribution of dot sizes. Each condition was composed of 24

pairs making a total of 72 trials to which 24 null trials were

added. Twelve different pairs per condition were used as

practice trials during the familiarization sessions.

2.4. Experimental protocol

Participants were familiarized with tasks and the fMRI envi-

ronment during a practice session after giving informed con-

sent and having completed standardized testing. During this

session, they learned to minimize head movement in a mock

fMRI scanner by means of an infrared-tracking feedback de-

vice and practiced all tasks. This session was completed

within aweek prior to actual fMRI data acquisition. In the fMRI

scanner, the Multiplication Task and the Numerosity Task

were split into two 4-min runs. Only the Rhyming Task was

acquired in a single 7-min run. The order of the taskswas fully

counterbalanced across participants and the timing and order

of trials within each run were optimized for estimation effi-

ciency using optseq2 (http://surfer.nmr.mgh.harvard.edu/

optseq/). Behavioral responses were recorded using an MR-

compatible keypad placed in the right hand. Stimuli were

generated using E-prime software (Schneider, Eschman, &

Zuccolotto, 2002; Psychology Software Tools, Pittsburgh, PA)

and projected onto a translucent screen that was viewed

through a mirror attached to the head-coil.

2.5. Stimulus timing

Stimulus timing was identical for all tasks. A trial started with

the presentation of a first stimulus (a multiplication, a set of

dots or a single word) for 800 msec followed by a blank screen

for 200 msec. A second stimulus (the multiplication answer,

the second set of dots or the second word) was presented for

800 msec and then followed by a red fixation square for

200msec. The red square indicated the need to give a response

during an interval ranging from 2800 msec to 3600 msec.

Moreover, null trials were composed of a blue square that

lasted for the same duration as the experimental conditions

and participants had to press a button when it turned red.

http://surfer.nmr.mgh.harvard.edu/optseq/
http://surfer.nmr.mgh.harvard.edu/optseq/
http://dx.doi.org/10.1016/j.cortex.2014.04.001
http://dx.doi.org/10.1016/j.cortex.2014.04.001


c o r t e x 5 7 ( 2 0 1 4 ) 1 4 3e1 5 5 147
2.6. fMRI data acquisition

fMRI data were collected at the Northwestern University’s

Center for Translational Imaging (CTI), using a Siemens 3 T

TIM Trio MRI scanner (Siemens Healthcare, Erlangen, Ger-

many). The fMRI blood oxygenation level dependent (BOLD)

signal was measured with a susceptibility weighted single-

shot echo planar imaging (EPI) sequence. The following pa-

rameters used were: TE ¼ 20 msec, flip angle ¼ 80�, matrix

size ¼ 128 � 120, field of view ¼ 220 � 206.25 mm, slice

thickness ¼ 3 mm (.48 mm gap), number of slices ¼ 32,

TR ¼ 2000 msec. Before functional image acquisition, a high

resolution T1 weighted 3D structural image was acquired for

each subject (TR ¼ 1570 msec, TE ¼ 3.36 msec, matrix

size ¼ 256 � 256, field of view ¼ 240 mm, slice

thickness ¼ 1 mm, number of slices ¼ 160).

2.7. fMRI preprocessing

Data analysis was performed using SPM8 (www.filion.ucl.ac.

uk/spm). After discarding the first six images of each run,

functional images were corrected for slice acquisition delays,

realigned to the first image of the first run and spatially

smoothed with a Gaussian filter equal to twice the voxel size

(4 � 4 � 8 mm3 full width and half maximum). Prior to

normalizing images with SPM8, we used ArtRepair (Mazaika,

Hoeft, Glover, & Reiss, 2009; http://cibsr.standford.edu/tools/

ArtRepair/ArtRepair.htm) to suppress residual fluctuations

due to large head motion and to identify volumes with sig-

nificant artifact and outliers relative to the global mean signal

(i.e., 4% from the global mean). Volumes showing rapid scan-

to-scan movements of greater than 1.5 mmwere excluded via

interpolation of the two nearest non-repaired volumes.

Interpolated volumes were then partially deweighted when

first-level models were calculated on the repaired images

(Mazaika,Whitfield-Gabrieli, & Reiss, 2007). Finally, functional

volumes were co-registered with the segmented anatomical

image and normalized to the standard T1 Montreal Neuro-

logical Institute (MNI) template volume (normalized voxel

size, 2 � 2 � 4 mm3). All participants included in the analysis

had less than 6% of the total number of volumes replaced and

these did not differ between groups for any task (all ps > .1).

2.8. fMRI processing

Event-related statistical analysis was performed according to

the general linear model. Activation was modeled as epochs

with onsets time-locked to the presentation of the first

stimulus in each trial and with a duration of 2 sec (i.e., the

trial duration). For the Multiplication Task, trials were clas-

sified for problem type (true, false) and for problem size

(small, large). However, only true trials were considered of

interest in behavioral and fMRI analyses. Indeed, true trials

are a cleaner measure of participants’ performance because

it is impossible to establish whether false trials were dis-

carded by reaching the correct solution. For localizer scans,

trials were sorted by trial type (language, numerical). Null

trials were further modeled in a separate regressor for each

localizer scan and the Multiplication Task. All epochs were

convolved with a canonical hemodynamic response function.
The time series data were high-pass filtered (1/128 Hz) and

serial correlations were corrected using an autoregressive AR

(1) model.

2.9. Region of interest (ROI) analyses

Verbal and numerical processing ROIs were defined using the

localizer tasks. First, for each subject, a first-level contrast of

rhyming versus null trials greater than numerosity versus null

trials generated the rhyming localizer contrast. The numer-

osity localizer contrast was the converse (i.e., numerosity vs

null greater than rhyming vs null). A second-level random

effects analysis across all participants (i.e., both TD and MD)

was used to generate ROI masks. Because of specific a priori

hypothesis on brain areas involved in language-related and

spatialenumerical processing, we constrained the second-

level statistical analysis with atlas based anatomical masks

(defined using the aal template). The inferior frontal gyrus

(IFG), superior temporal gyrus (STG) and MTG for the left

hemisphere were used as anatomical masks on the rhyming

localizer (Booth, 2010) and the superior and inferior parietal

lobules for the right hemisphere were used as anatomical

masks for the numerosity localizer (Prado et al., 2011; see

Fig. 2). Within thesemasks, we submitted individual contrasts

to a one-sample t-test across all participants. The resulting

statistical maps were thresholded using a voxel-wise

threshold of p < .005 (uncorrected) and a cluster extent

threshold of 30 contiguous voxels. Voxels reaching this

threshold in the second-level analysis for the rhyming and

numerosity localizer contrastswere taken as language-related

and numerical processing ROIs, respectively.

Significance thresholds for the Multiplication Task within

the ROIs were determined using 3dClustSim, which calculates

cluster size threshold (k) for false positive (noise-only) clusters

at specified uncorrected alpha level (available as part of the

AFNI fMRI analysis package, available at http://afni.nimh.nih.

gov/afni/download). Briefly, 3dClustSim carries out a user-

specified number of Monte Carlo simulations of random

noise activations at a particular voxel-wise alpha level within

a masked brain volume. Ten thousand such simulations were

performed for the Rhyming and Numerosity ROIs. The num-

ber of simulations in which clusters of various sizes appear

within each volumetric mask is tallied among these simula-

tions. These data are then used to calculate size thresholds

across a range of probability values for that region. In partic-

ular, in a specified volume using a voxel-wise alpha of .05, if

clusters of size 39 mm3 or greater appear in 50 of 10,000 iter-

ations by chance, this corresponds to a p < .05 cluster level

significance threshold. In other words, within the specified

volume using a voxel-wise alpha of .05, clusters exceeding

39 mm3 are unlikely to occur by chance. Clusters exceeding

these size thresholds were deemed significant.
3. Results

3.1. Behavioral results

For true trials, mean accuracies were transformed with the

2� arcsinO(proportion) formula and reaction times (RTs) were

http://www.filion.ucl.ac.uk/spm
http://www.filion.ucl.ac.uk/spm
http://cibsr.standford.edu/tools/ArtRepair/ArtRepair.htm
http://cibsr.standford.edu/tools/ArtRepair/ArtRepair.htm
http://afni.nimh.nih.gov/afni/download
http://afni.nimh.nih.gov/afni/download
http://dx.doi.org/10.1016/j.cortex.2014.04.001
http://dx.doi.org/10.1016/j.cortex.2014.04.001


Fig. 2 e Brain regions activated in the localizer tasks. (A) The language-related network involves the left IFG and left

MTGeSTG. (B) The numerical processing network is situated in the right SPL.
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transformed using the O(RT) formula (Kirk, 2013). An ANOVA

was run on accuracy and RTs for the Multiplication Task with

group (MD vs TD) as between-subject factor and problem size

(small vs large) as within-subject factor. Mean accuracies and

RTs are reported in Table 2 for the two groups. For accuracies,

both main effects were significant [F(1,38) ¼ 34, p < .001 for

group and F(1,38) ¼ 39, p < .001 for problem size] but the

interaction between problem size and group was not signifi-

cant (p > .5). Problem size and the interaction between prob-

lem size and groupwere significant for RTs [F(1,38)¼ 17, p< .001

and F(1,38) ¼ 8, p < .01, respectively]. Simple effects revealed

that the manipulation was significant only within the TD

group [F(1,19) ¼ 42, p < .001] and that RTs for the two problem

sizes did not significantly differ between groups. These results

show that the TD children were more accurate than MD

children and that the problem sizemanipulationwas effective

specifically for TD children, as larger problems were associ-

ated with lower accuracy and longer RTs. The absence of size

manipulation for MD children could be explained by the pre-

sentation rate pressuring children in responding faster for

larger problems. However, it is also possible that children

were overwhelmed by larger problems and gave up earlier

compared to peers. Separate ANOVAs were also run on the
Table 2 e Mean accuracy and response times for children
in the TD and MD groups for all tasks.

Task Condition TD MD

%
Accuracy

RT in
msec

%
Accuracy

RT in
msec

Rhyming Task

Rhyming trials 86.4 (9.9) 1201 (237) 71.9 (14.8) 1203 (328)

Numerosity Task

Numerosity

trials

92.1 (8.9) 1010 (304) 86.3 (7.9) 962 (301)

Multiplication

Task

Small problems 98.1 (2.9) 862 (285) 78.1 (21.2) 1131 (483)

Large problems 84.9 (14.6) 1167 (298) 56.1 (21.2) 1181 (424)

Note: Values in parenthesis denote SDs.
localizer tasks with group as a between-subjects factor. In

both tasks, only accuracy differed significantly between

groups [F(1,38) ¼ 15, p < .001 for rhyming and F(1,38) ¼ 8, p < .01

for numerosity], with TD children showing higher accuracy in

both tasks (see Table 2).

3.2. ROI definition

For each subject, verbal and numerical ROIs were identified by

contrasting rhyming minus null with numerosity minus null

trials and vice-versa (see Fig. 2, left panel and Table 3). For

rhyming trials, the cluster in the IFG included parts of the pars

opercularis, triangularis and orbitalis. The cluster in the

temporal cortex spanned the middle and superior temporal

gyri. The peak coordinates of the left IFG and left MTG clusters

were close (an Euclidean distance of 21 mm for the IFG and

13 mm for the MTG) to those defined using an identical

Rhyming Task in a previous study with children (Prado et al.,

2014). For numerical trials, the cluster in the right parietal

cortex covered the rostral parts of the inferior and SPLs

including the IPS (see Fig. 2, right panel and Table 3). The peak

coordinateswere very close (an Euclidean distance of 7mm) to

the coordinates reported in a study investigating the role of

this region in multiplication and subtraction processing in

adults (Andres, Michaux, & Pesenti, 2012) and near the peak

reported by Piazza et al. (an Euclidean distance of 14 mm) to

respond selectively to the numerical but not the physical

properties of sets of dots (Piazza et al., 2004). All further con-

trasts were run within these ROIs (see Section 2.9. for further

details).

3.3. Activations within the numerical ROI

We expected TD children to show greater activation of nu-

merical regions for large compared to small problems, and

that this problem size effect should be more robust for TD

compared to MD children. In contrast to our expectations, we

found a trend (32 voxels while the threshold for a p ¼ .05

significance was of 39 voxels) for an interaction between

group and problem size in the contrast of small versus large

problems in a right SPL cluster extending into the IPS.

http://dx.doi.org/10.1016/j.cortex.2014.04.001
http://dx.doi.org/10.1016/j.cortex.2014.04.001


Table 3 e Brain regions activated for all tasks.

Anatomical location w BA MNI coordinates k z-value Sig*

X Y Z

Localizer Tasks

Rhyming Task [Rhyming > Numerosity]

L. IFG 47, 45, 44 �46 20 �10 374 4.59 .0001

L. MTG/STG 21, 22 �48 �32 �6 154 3.63 .01

Numerosity Task [Numerosity > Rhyming]

R. Superior/inferior parietal lobule 7, 39 26 �68 46 312 4.33 .0002

Multiplication Task

Rhyming localizer

TD [Small e Large] > MD [Small e Large]

L. IFG 47, 45 �42 18 �22 86 3.01 .006

L. MTG/STG 21, 22 �56 �50 6 128 3.47 .0006

TD [Small e Large]

L. IFG 47, 45 �48 32 2 81 4.35 .007

L. MTG/STG 21, 22 �56 �50 6 146 4.64 .0001

Numerosity localizer

MD [Small e Large] > TD [Small e Large]

R. SPL 7 28 �64 50 32 2.15 .09

MD [Small e Large]

R. SPL 7 16 �70 54 69 2.81 .009

Note: L., left; R., right; wBA, approximate Brodmann Area;*, significance determined by Monte Carlo simulation with 10,000 iterations.
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Examination of themeans shows that activations were higher

for TD children than MD children for both problem sizes, but

that MD children appeared to show greater activation for

small compared to large problems (Fig. 3A and Table 3). This

was confirmed by a simple effect analysis showing that MD

children showed greater involvement of the right SPL cluster

for small compared to large problems, whereas the TD group

failed to show modulation with problems size (see Fig. 3B and

Table 3). There was neither a significant interaction nor sim-

ple effects within groups for the contrast of large minus small

problems. Although the greater engagement of numerical re-

gions for the TD children was consistent with our predictions,

we did not expect that MD children would show greater

modulation of activation based on problem size, an issue that

we will come back to in the Discussion.
3.4. Activations within the verbal ROIs

We hypothesized that processing impairments in the IPS

might lead to deficits in verbal retrieval in MD. Consistent

with this expectation, clusters in both the MTG/STG and IFG

were significantly more activated in the TD group compared

to the MD group for the small minus large problem contrast

(see Fig. 4A and Table 3). Examination of this interaction

effect suggests that it was driven by greater activation for

the small compared to large problems in the TD group. This

was confirmed by simple effect analysis within groups

showing that the TD exhibited greater activation for the

small compared to large problems in both clusters (see

Fig. 4B and Table 3), but that there was no reliable modu-

lation of activation for this contrast in the MD group. There

was neither a significant interaction nor simple effects

within groups for the contrast of large minus small

problems.
3.5. Control analyses

Because our groups differed in IQ, with MD children being

significantly lower than TD, we ran control analyses on a

smaller sample of participants that were equated for IQ. After

eliminating the TD childrenwith the highest IQ scores and the

MD children with the lowest IQ scores, 14 participants were

retained in each group (MD:mean¼ 100.6, SD¼ 7.5 and for TD:

mean ¼ 105.9, SD ¼ 9.6). Behavioral analyses yielded the same

results as the larger groups.

The Numerosity and Rhyming localizers were defined

using the same procedures and thresholds as for the entire

group and yielded clusters of similar extent in the same areas.

Within the numerical ROI, the same clusters were found for

the interaction small versus large between groups and for the

simple effect for MD children (<10 mm Euclidean distance

between peaks) at a more lenient threshold due to the smaller

sample. Importantly, at this lenient threshold, no relevant

cluster was found in any other contrast. Within the rhyming

ROIs, the same patterns of activations were found for the

interaction small versus large between groups and for the

simple effect for TD children. Despite the smaller sample, the

STG/MTG cluster remained significant (<13 mm distance be-

tween peaks) at the same threshold as the main analysis. The

IFG cluster was also found but failed to reach significance

(<19 mm distance between peaks).
3.6. Brainebehavior correlations

To characterize the relations of skill with activations observed

in verbal and numerical ROIs, average activations from the

interaction clusters were correlated to standardized scores.

Our standardized measures consisted of a phonological

awareness and spatial relations test (see Table 1). We were

http://dx.doi.org/10.1016/j.cortex.2014.04.001
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Fig. 3 e Group differences in activation for multiplication in numerical ROIs. (A) On the left-hand side, image of the cluster in

SPL showing greater activation for Small compared to Large problems for the MD children compared to the TD children. On

the right-hand side, bar charts represent average activations for each group and for each problem size. (B) On the left-hand

side, image of the cluster showing greater activation for Small compared to Large problems only in the MD children. On the

right-hand side, bar charts represent average activations for each problem size.
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interested in whether the phonological awareness measure

was correlatedwith activation in the verbal ROIs, andwhether

the spatial relations measure was correlated with activation

in the numerical ROIs. These correlations were done sepa-

rately for each group. Values outside 2.5 SDs were excluded

from analyses. Bonferroni’s correction for multiple tests was

calculated and the p-value threshold was adjusted to .008 to

assess the significance of each correlation. Fisher trans-

formation was then used to assess significant differences

between the two correlation coefficients.

Phonological awarenesswas differentially correlated in the

two groups in the verbal ROIs (see Fig. 5). For the TD group,

higher phonological awareness was associated with greater

activation in the STG/MTG for small problems [r(20) ¼ .70,

p < .001], whereas this correlation was not significant for MD

children [r(20) ¼ �.18, n.s.]. The two correlations were
significantly different (Z ¼ �3.08, p < .005). Moreover, MD

children with lower phonological awareness showed greater

activation in IFG for small problems [r(19) ¼ �.54, p < .05].

Although this correlation did not survive after correcting for

multiple comparisons, the difference with TD children was

significant [TD: r(19) ¼ .21, n.s., Z ¼ �2.32, p < .05].

All other correlations involving large problems and the

spatial relations test were not significant after correcting for

multiple comparisons or did not show a significant difference

between groups.
4. Discussion

It has been proposed that an impaired system of numerical

representations in the IPS could prevent MD children from

http://dx.doi.org/10.1016/j.cortex.2014.04.001
http://dx.doi.org/10.1016/j.cortex.2014.04.001


Fig. 4 e Group differences in activation for multiplication in verbal ROIs. (A) On the left-hand side, images of the clusters in

the STGeMTG and IFG showing greater activation for Small compared to Large problems for the TD children compared to the

MD children. On the right-hand side, bar charts represent average activations from the two clusters for each group and for

each problem size. (B) On the left-hand side, images of the clusters showing greater activation for Small compared to Large

problems only in the TD children. On the right-hand side, bar charts represent average activations from the two clusters for

each problem size.
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moving toward verbal retrieval mechanisms over the course of

development (De Smedt et al., 2011). Therefore, MD children

should differ from typical children in their reliance on both

numerical and verbalmechanismswhen solving problems that

normally rely on retrieval. Our study tested this hypothesis by

comparing MD and TD children in their use of numerical and

verbal regions while solving single-digit multiplication
Fig. 5 e Correlations of activation during multiplication with st

awareness (Blending Words) with activation in the STGeMTG fo

for the TD children. (B) Correlations of phonological awareness

problems showing a stronger negative relationship for the MD
problems. To identify the regions involved in verbal and nu-

merical processing we used independent localizers to improve

specificity and selectivity of our analyses. Because small

multiplication problems aremore likely to be verbally retrieved

compared to large multiplication problems (Siegler, 1988),

problem size was manipulated to observe differences in mod-

ulation of neural responses in the two mechanisms.
andardized measures. (A) Correlations of phonological

r small problems showing a stronger positive relationship

(Blending Words) with activation in the IFG for small

children.

http://dx.doi.org/10.1016/j.cortex.2014.04.001
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4.1. Alterations in numerical mechanisms when solving
multiplication problems

In the numerical ROI, which included both the right SPL and

IPS, we expected to observe differences in activations between

groups because MD is thought to stem from an impaired nu-

merical system (De Smedt et al., 2011; Price et al., 2007).

Although the interaction of group by problem size fell short of

significance at the cluster level, the average beta weights in

Fig. 3 reveal that TD children show greater activation in the IPS

as compared to MD children. This is in line with the general

finding that the IPS is less activated in MD children when

comparing quantities (Kucian et al., 2006; Mussolin et al., 2010)

and when solving arithmetical facts (Ashkenazi et al., 2012).

Our findings provide additional support for the hypothesis of a

core deficit in the numerical system in MD.

We expected differences in the modulation of the IPS with

problem size for the two groups. Previous studies have re-

ported modulation of activation for TD children with task

difficulty or complexity (Ashkenazi et al., 2012; De Smedt et al.,

2011; Price et al., 2007) with greater activation for harder

problems. However, activations in our numerical ROI did not

show modulation with size for the TD group: both problem

sizes elicited comparable activations. This could be explained

by the relatively young age range tested here. Indeed, when

the learning process is still ongoing, children are inconsistent

in using the retrieval strategy (Cooney, Swansons, & Ladd,

1988) and eventually they might double check their answer

through calculation procedures (Siegler, 1988). Moreover,

children of different ages might use different strategies such

that the youngest children in our group could be using more

calculation strategies, whereas older children could rely more

frequently on retrieval (Imbo & Vandierendonck, 2007; Steel &

Funnell, 2001). The absence of modulation by problem size for

our TD group is in contrast with that observed in the IPS by De

Smedt et al. (2011). In this study, however, the authors did not

use multiplication but rather addition problems. Critically,

addition problems are learned earlier and tend to be easier

than multiplication problems (Groen & Parkman, 1972;

Parkman & Groen, 1971; Zbrodoff, 1995). Therefore, partici-

pants in De Smedt et al. (2011) might have more strongly

engaged verbal representations, as compared to our partici-

pants, and might have almost exclusively relied on verbal

retrieval for small problems.

In contrast to TD children, MD children showed a modu-

lation of the neural response in the numerical ROI with

greater activation for small compared to large problems. This

result suggests that MD children were relying on calculation-

based procedures to a greater extent in small compared to

large problems. This result seems to be contradictory with

the study from De Smedt et al. (2011) where the MD group

relied on numerical calculations for small and large addition

problems and did not show any modulation of the neural

response with problem size in the right IPS. The authors

argue that MD children were still relying on numerical cal-

culations for both large and small problems. The difference

in activation patterns in the IPS between our study and De

Smedt et al. (2011) study is probably due to the difference

in operation. Because addition problems are learned earlier
and are easier compared to multiplication problems (Groen &

Parkman, 1972; Zbrodoff, 1995), MD children in the De Smedt

et al. (2011) study may have been able to engage their nu-

merical representations for all problem sizes. Our study

suggests that, although MD children might engage some

numerical representations for solving smaller multiplication

problems, they might fail to engage such representations for

larger multiplication problems.

4.2. Alterations in verbal mechanisms when solving
multiplication problems

The verbal ROI included the left STG/MTG as well as the left

IFG. We found that this ROI was more activated for small

problems compared to large problems for the TD group. This

suggests that, in TD children, small problems were retrieved

from verbal memory to a greater extent than larger problems.

Because smaller problems are more frequent when starting to

learn multiplication problems and are mastered earlier

(Ashcraft, 1992; Siegler, 1988), the creation of long-term verbal

representations might be facilitated. This result is consistent

with previous findings showing an increase of involvement of

the temporal cortex for multiplication problems with age

(Prado et al., 2014). Moreover, both training by repetition

(Ischebeck, Zamarian, Egger, Schocke, & Delazer, 2007) and

practice aiming at rote verbalmemorization (Prado et al., 2013)

have resulted in greater activations in theMTG. Therefore, the

STG/MTG identified through our verbal localizer task may be

associated with retrieval of stored verbal representations of

problems and their solution. The modulation in IFG with

greater activation for small problemsmight instead be related

to the effortful control in individuating the correct answer

from plausible competitors. In our paradigm, false trials pre-

sented answers that were strong competitors in the network

(i.e., the solution to the adjacent problem). This might have

increased the effort required to identify the correct answer.

Our findings are consistent with the left IFG being more acti-

vated in adult participants with greater expertise and a larger

number of stored arithmetical facts (Zamarian, Ischebeck, &

Delazer, 2009), as well as being selectively activated in adults

for large, thus harder,multiplication problems suggesting that

weaker representations in MTG required greater cognitive

control (Prado et al., 2011).

The positive correlation between phonological awareness

and activations elicited during small multiplication problems

in the STG/MTG suggests that TD children with better lan-

guage skills appear to relymore on verbal representations.We

argue that better phonological skills may facilitate the

consolidation of robust verbal representations of multiplica-

tion facts. Indeed, arithmetical facts, in particular those

problems that are verbally retrieved, are assumed to be stored

as phonological codes in a long-term verbal representation

(Simmons & Singleton, 2008). Behavioral studies have high-

lighted a relation between phonological awareness and

arithmetical fact performance (De Smedt et al., 2010; Hecht

et al., 2001; Simmons & Singleton, 2008). Indeed, phonolog-

ical awareness uniquely predicts improvement in general

mathematical skills (Hecht et al., 2001) and more specifically,

it is related to multiplication problems (De Smedt et al., 2010).

http://dx.doi.org/10.1016/j.cortex.2014.04.001
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Our study is the first neuroimaging evidence of a relation be-

tween phonological abilities and activations elicited during

arithmetical fact retrieval. Because performance on phono-

logical awareness is an index of the quality of children’s long-

term phonological representations (Fowler, 1991), this corre-

lation more generally supports the conclusion that STG/MTG

is responsible for the quality of the verbal representation of

multiplication facts.

MD children did not show reliable activations of verbal

regions, nor did they show modulations by problem size,

suggesting that they do not consistently retrieve solutions

verbally even for smaller problems. This result is in agreement

with the finding from Ashkenazi et al. (2012) who observed

weaker MTG activations in MD children compared to TD

children when retrieving addition problems. Together with

the weaker involvement of the numerical ROI in MD, the

weaker involvement of the verbal ROI suggests that the

impaired numerical system of MD children might prevent

them from moving toward a verbally-based retrieval strategy.

Being able to efficiently solve arithmetical facts requires the

ability to verbally store and retrieve the solution from long-

term memory (Ashcraft, 1992). A recent study has demon-

strated that the brain areas involved when solving arithmet-

ical facts are dependent on both the operation to be solved and

the learning stage: with schooling there is a decreasing reli-

ance on numerical processing areas with a consequent

increasing use of verbal areas for multiplications, indicating a

shift toward retrieval of verbal representations with arith-

metical proficiency (Prado et al., 2014). However, for an asso-

ciation to be stored in long-term memory, it has been argued

that both the problem and the answer have to be present

simultaneously in short-termmemory (Baddeley, 1992; Geary,

1993). Because MD children take longer and have lower ac-

curacies when learningmultiplication problems (Geary, 2004),

these associations may fail to develop or require a greater

number of exposures of the same problem. Interference the-

ories of arithmetical fact retrieval assume that a problem is

associated with more answers than only the correct solution

and the weaker the association with the correct answer, the

greater the interference (Campbell, 1995). This interference

argument is supported by the brainebehavior correlation

where MD children with lower phonological awareness

showed greater activation in IFG when processing small

problems. Because MD children appear to have weak verbal

representations of multiplication facts, any attempts to

retrieve these representations by frontal regions are exacer-

bated by low phonological skills. Indeed, as lower phonolog-

ical awareness has been associated with lower quality verbal

representations (Elbro & Pallesen, 2002), it is possible that the

task was more demanding on control processes in MD

children.

Alternative explanations for the findings need to be

reviewed. First, the groups differed in IQ, with MD children

being significantly lower than TD. Although arguments have

been raised against the necessity and adequacy in considering

IQ in studies on learning disabilities (see Dennis et al., 2009),

we ran the same analyses on a subset of participants that

resulted in no statistical differences in IQ. Similar clusters and

peaks, as well as same pattern of results were found. The re-

sults found in the equated groups mitigate concerns about an
influence of IQ on the findings. Second, a possible contributing

factor for the reduced brain activity for the MD group could be

ascribed to a difference in brain integrity. Indeed, a study has

found that MD children have lower gray matter density in the

right IPS and in the left IFG compared to TD children (Rotzer

et al., 2008). This structural difference could therefore

contribute to the group differences but should not account for

the within group modulation observed for the numerical

processing. Finally, because MD children are more prone in

giving up when challenged, we were concerned whether the

modulation observed in the numerical ROI was due to lower

percentage of no responses (i.e., not pressing the button for

that trial) for larger problems, however, for both groups the

difference in no responses for large and small problems was

non-significant (p ¼ .12 and p ¼ .08 for MD and TD,

respectively).

In conclusion, our results suggest that the creation of long-

term verbal representations of the association between

problems and answers is crucial for effectively solving

multiplication problems. TD children with higher phonolog-

ical awareness are better able to form high quality verbal

representations of the association between the problem and

answer. The ability to rely on these representations for solving

multiplication problems is a gradual process that might be

compromised in children with math disability. It is possible

that impaired numerical representations in children with

math disability may hinder the creation of stable verbal rep-

resentations for these arithmetic facts. To answer this ques-

tion, it is crucial to perform longitudinal studies determining

whether early neural processing of numerical information in

the IPS is predictive of later engagement of the verbal system

in the MTG.
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