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a b s t r a c t Data from both neuropsychological and neuroimaging studies have implicated the left inferior parietal cortex in calculation. Comparatively less attention has been paid to the neural responses associated with the commission of calculation errors and how the processing of arithmetic errors is modulated by individual differences in mathematical competence. Do more competent individuals exhibit a different brain response to errors than less mathematically able individuals? These outstanding questions were addressed in the present functional Magnetic Resonance Imaging (fMRI) study through an investigation of which brain regions respond more to erroneously versus correctly solved arithmetic problems while a group of 24 adult participants with varying levels of mathematical competence solved problems of all four arithmetic operations. Despite high levels of accuracy, a robust main effect of accuracy (incorrect vs. correct) was observed in both medial and lateral regions of the prefrontal cortex. These regions have frequently been associated with both the detection of errors and the deployment of cognitive control following an error. Furthermore, mathematical competence was found to modulate the activation of an area in the right dorsolateral prefrontal cortex. Speciﬁcally, individuals with relatively higher mathematical competence (n = 12) were found to activate this region more for incorrectly solved trials than their less mathematically competent peers (n = 12). Taken together, these ﬁndings suggest that the commission of arithmetic errors modulates responses of prefrontal regions and, moreover, that activation of the right lateral prefrontal cortex during arithmetic errors is affected by individual differences in mathematical competence. In view of the evidence associating the lateral prefrontal cortex with the implementation of cognitive control, we suggest that individuals with relatively high mathematical competence may exhibit greater awareness of calculation mistakes and implement greater control following the commission of errors. © 2011 Elsevier Inc. All rights reserved.



1. Introduction A large body of both neuropsychological and neuroimaging studies has investigated which brain circuits are associated with calculation and mathematical problem solving (Ansari, 2008; Dehaene, Piazza, Pinel, & Cohen, 2003; Zamarian, Ischebeck, & Delazer, 2009). This collection of studies has generated evidence to suggest that the parietal cortex (in particular the left inferior parietal lobe including the angular gyrus; AG) plays an important role in calculation. Although activation in frontal areas of the brain is frequently observed during calculation, these have been shown to be related to general task demands, such as working memory and attention, instead of being speciﬁcally related to the neurocognitive processes underlying calculation (Menon, Rivera, White, Glover, & Reiss, 2000). Moreover, it
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has been shown that brain activation during calculation is modulated by speciﬁc factors such as the size of the arithmetic problems (Jost, Khader, Burke, Bien, & Rosler; Stanescu-Cosson et al., 2000) which is often deﬁned as the product of the operands. Other factors that have been revealed to modulate the brain responses measured during calculation are the type of operations, such as the difference between addition and subtraction (Ischebeck et al., 2006; Kong et al., 2005), and the strategies used to solve arithmetic problems (Grabner et al., 2009). Many of the investigations into the neural correlates of calculation have treated arithmetic problem solving as a stable set of processes that are associated with a group of brain regions that can be generalized across individuals. While it is important to map out the canonical networks underlying particular processes, a number of more recent studies have investigated dynamic changes in the brain areas underlying calculation that occur as a function of learning and vary between individuals. Speciﬁcally, training studies have repeatedly shown that the neural circuitry underlying calculation changes as
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a function of learning (Delazer et al., 2003; Zamarian et al., 2009). More speciﬁcally, training leads to increases in the activation of the left AG during calculation with associated decreases in the activation of prefrontal regions and the intraparietal sulcus. Such plastic, learning-related changes in the neural correlates of calculation could be demonstrated following only a very short period of training (e.g., less than one hour, Ischebeck, Zamarian, Egger, Schocke, & Delazer, 2007). Presumably these changes reﬂect training-related decreases in the use of effortful problem-solving strategies and increases in the use of retrieval strategies that are subserved by the left AG. In a similar vein, it has recently been shown that parietal brain activation during calculation is modulated by individual differences in mathematical competence (Grabner et al., 2007). Speciﬁcally, individuals with relatively higher mathematical competence show greater activation of the left AG than their less mathematically competent peers. These ﬁndings suggest that an individual's calculation ability and use of problem solving strategies shapes the response properties of the AG and also indicates that an individual's arithmetic learning history affects the functioning of their parietal cortex. Furthermore, the study of age-related changes during calculation has demonstrated that activation of the left inferior parietal lobule (speciﬁcally the left angular and supramarginal gyri) increases as a function of chronological age (Rivera, Reiss, Eckert, & Menon, 2005). Taken together, these studies suggest that individual differences variables such as learning, competence and development have an effect on the neural circuitry underlying calculation. Such ﬁndings are important in the context of making connections between cognitive neuroscience and education. By examining how the brain is modulated by factors such as learning, development and individual differences in strategy use and competence, greater insights can be gained into how experience, learning and development shape the brain. One rather infrequently studied factor that occurs during calculation is error commission. How does the brain respond to arithmetic errors and how do such error-related neuronal responses vary between individuals? There is a vast literature on the neuronal correlates of error processing, which has revealed that a strikingly reliable network of regions is activated whenever participants make an error or when they attend to information that is incorrect (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004). In particular, areas of both the lateral and medial prefrontal cortex have been associated with error processing (Carter et al., 1998). These prefrontal structures are thought to be involved in the implementation of cognitive control, such as performance monitoring and the regulation of behavioral adjustments during goal-directed action. In the case of errors, these brain regions are thought to be involved, not only in the detection of errors, but also in the subsequent shifts in the taskrelated strategies to avoid the further commission of errors. Stated differently, error-related brain signals have functional signiﬁcance in that they affect ongoing and future task performance. Furthermore, error-related brain responses have been found to be atypical in clinical groups, such as among individuals with schizophrenia (Kerns et al., 2005; Taylor, Stern, & Gehring, 2007). In studies of calculation there has also been some research into how individuals process incorrect calculation equations. It has been found that participants are signiﬁcantly slower when asked to verify an incorrect (i.e. 4+3=8) compared to a correct (5+4=9) equation (Zbrodoff & Logan, 2000). Furthermore, Niedeggen and colleagues, through Event-Related Potential (ERP) studies, have demonstrated that the brain responses during the veriﬁcation of correct compared to incorrect problems differ signiﬁcantly from one another. More speciﬁcally, these authors found that the N400 (a negatively directed event-related brain potential that occurs around 400 ms after the presentation of the problems) is larger (more negative) for incorrect (i.e. 5+2=8) compared to correct (i.e. 5+2=7) arithmetic veriﬁcation problems (Niedeggen, Rosler, & Jost, 1999). These
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studies suggest that the brain activation for correct and incorrect arithmetic problems differs signiﬁcantly, suggesting that the brain is sensitive to the ‘incorrectness’ of arithmetic problems. However, while ERP studies have excellent temporal resolution, their poor spatial resolution makes it difﬁcult to pinpoint exactly where in the brain there is sensitivity to the incorrectness of arithmetic problems. The location of the processing of incorrect arithmetic equations was addressed by Menon et al. in a functional Magnetic Resonance Imaging (fMRI) study in which subjects had to verify arithmetic problems, whose presented solutions were either correct or incorrect. The fMRI results revealed greater activation in the left dorsolateral prefrontal cortex (DLPFC) for incorrect compared to correct arithmetic veriﬁcation problems (Menon, Mackenzie, Rivera, & Reiss, 2002). These ﬁndings suggest that areas of the frontal cortex are sensitive to whether an arithmetic veriﬁcation problem is presented with a correct versus an incorrect solution. In view of a large body of evidence implicating the DLPFC in the resolution of conﬂict and interference between competing streams of information (MacDonald, Cohen, Stenger, & Carter, 2000; Ridderinkhof et al., 2004), Menon et al. contend that greater activation of these regions during incorrect versus correct arithmetic veriﬁcation problems reﬂects the resolution of conﬂict between an internally generated (correct) answer and an externally presented (incorrect) answer. Interestingly, none of the parietal brain regions typically associated with calculation was found to be modulated by the correctness of the arithmetic veriﬁcation problem, suggesting that the calculation processes for correct and incorrect equations were similar, while the processes related to the selection of responses (correct vs. incorrect) were different and required resolution by prefrontal areas. While these ﬁndings provide clear evidence that the brain is sensitive to the correctness of arithmetic veriﬁcation problems, the existing ERP and fMRI studies have not directly measured the brain activation that occurred during a commission of an error. The processes engaged during the veriﬁcation of correct versus incorrect arithmetic equations may not be equivalent to those that are engaged during the actual commission of an error. It is quite possible that the processes and associated brain areas differ substantially between, on the one hand, sensitivity to arithmetic incorrectness (as measured by comparing correct and incorrect arithmetic veriﬁcation problems) and, on the other hand, the actual commission of errors (as measured by comparing error with correct trials). During the actual commission of an error, processes such as error detection as well as adjustments of control resulting from those errors need to be engaged. Therefore, a much larger network of regions can be expected than that revealed for the resolution of an internally generated solution and an externally incorrectly presented solution. Furthermore, by measuring the brain responses to actual arithmetic errors, a deeper insight into the brain processes associated with error commission during ongoing task performance can be gleaned. In light of this, the ﬁrst aim of the present study, therefore, was to investigate which brain areas were differentially activated during correctly solved vs. incorrectly solved arithmetic problems. To do this, fMRI data was collected while participants solved arithmetic problems in which a problem was presented, followed by two response alternatives (correct and incorrect answer). Accuracy data were recorded and each participant's correctly and incorrectly solved trials (as deﬁned by the response to the two response alternatives) were modeled separately to allow for the mapping of brain regions that were differentially activated during correctly and incorrectly solved problems. Given the strong evidence that the neural correlates of calculation are modulated by learning, development and individual differences, a second aim of this study was to investigate whether or not the brain responses to arithmetic errors are related to individual differences in mathematical competence. It could be hypothesized that individuals with relatively low mathematical competence may show post-error regulatory responses that are less efﬁcient than those of their more competent peers. Perhaps these individuals show less awareness of error commission, which is reﬂected in differences in the activation of
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brain areas associated with both the detection of errors and the adjustments following an error (implementation of cognitive control). This efﬁciency could be one neural characteristic of mathematical competence. Indeed, recent electrophysiological studies have associated a posterror difference in event-related brain potentials, ERPs (the so-called error-related negativity, ERN) to individual differences in academic achievement (Hirsh & Inzlicht, 2010). Individuals with a greater difference in the post-response scalp potentials for incorrect vs. correct trials (with greater negativity for the incorrect trials) were also found to be those individuals who have higher levels of achievement as measured by undergraduate student transcripts. Hence, there exists evidence, outside of the domain of mathematical processing, that individual differences in the brain responses to errors are related to individual difference in academic achievement. In the domain of numerical and mathematical cognition research, however, there have been no investigations of such brain–behavior relationships. Instead, studies of the neural correlates of numerical and mathematical processing have focused on the relationship between mathematical competence and brain activation during accurate problem solving and have revealed that the activity of brain areas that are typically associated with numerical and mathematical processing is modulated by individual differences in mathematical competence in both children and adults (Grabner et al., 2007; Price, Holloway, Rasanen, Vesterinen, & Ansari, 2007). The focus of the present investigation is a different one. Instead of concentrating on gaining insights into how areas that are thought to be critical for the numerical and mathematical processing are modulated by individual differences, the present study aims to elucidate whether regions that are associated with inaccurate task performance, i.e., while committing errors, are modulated by between-subjects variability in mathematical competence. If such effects were revealed, they would suggest that mathematical competence does not only affect processes related to numerical and mathematical processing, but also affects the dynamic adjustments of behavior during erroneous performance. In order to investigate this question, participants in the present study were screened for their mathematical competence and the brain activation during errors and correct trials was compared between individuals with lower and higher mathematical competence.



2. Method 2.1. Sample Twenty-four male adults between 22 and 33 years (M = 26.83, SD = 3.25) were selected from a pool of 140 adults (German speaking, 100 males) who were previously screened for their intellectual abilities by means of the Berlin Intelligence Structure Test (Jäger, Süß, & Beuducel, 1997). This test provided scores for three content domains of intellectual abilities: verbal, mathematical–numerical, and ﬁgural–spatial. The selection of the sample aimed to achieve two groups of participants (each n = 12) differing only in mathematical competence (in other words on the mathematical–numerical subscales of the test) but not in other intellectual abilities (cf. Grabner et al., 2009; Grabner et al., 2007). Two-sample t-tests conﬁrmed the appropriateness of the selection. Both groups differed signiﬁcantly in their mathematical–numerical IQs (lower competence group: 88.53, higher competence group: 111.50; t(18.14) = −8.78, p b .001) but neither in verbal (102.40 vs. 106.18) nor in ﬁgural–spatial intelligence (98.20 vs. 103.05, for the lower vs. higher competence group, respectively). All participants were healthy, right-handed, and had normal or corrected-to-normal vision. They gave written informed consent and were paid for their participation. The ethics committee of the Medical University of Graz, Austria approved the study.



2.2. Experimental task The experimental task comprised 160 simple arithmetic problems of all four operations. These were created following the procedure described in Campbell and Xue (2001). Only problems with integers between 2 and 9 were used; tie problems (e.g., “5 + 5”) were excluded. Operand order was counterbalanced in addition and multiplication; likewise was done for subtraction and division by counterbalancing the size of the subtrahend and result or divisor and result, respectively. The arithmetic problems were presented in pseudo-randomized order within an event-related fMRI design consisting of 8 runs with 20 problems each. Each problem was presented for 2 s, followed by the presentation of the correct result (solution) and a distracter for 2 s. Participants were requested to indicate the position of the solution by pressing the left-hand button for the left and the right-hand button for the right number on the screen. In half of the problems, the solution was presented on the left, in the other half on the right side of the screen. Distracters were created to avoid short-cut strategies such as parity judgment. Speciﬁcally, in addition and subtraction, 1 or 2 was added to or subtracted from the solution; in multiplication and division the distracters belonged to the same table and were created by adding 1 to or subtracting 1 from one of the two multiplicands or the quotient, respectively. An inter-trial-interval of 1 to 5 s (jittered in 1 s steps across the problems) with a ﬁxation point followed the presentation of the response options. Each run started with the number of the run presented on the screen for 3 s and the presentation of a ﬁxation point for 25 s. A similar ﬁxation period was presented at the end of each run. The experimental task and response mode was demonstrated and practiced before fMRI acquisition. Instructions stressed speed and accuracy. 2.3. Image acquisition Imaging was performed on a 3.0 T Tim Trio system (Siemens Medical Systems, Erlangen, Germany) using an 8-channel head coil. To minimize head movement, subjects' heads were stabilized with foam cushions. Functional images were obtained with a single shot gradient echo EPI sequence sensitive to blood oxygen level-dependent (BOLD) contrast (TR = 2000 ms, TE = 30 ms, FA = 90°, matrix size = 64 × 64, slice thickness = 3 mm, spatial resolution = 3 × 3 mm). Thirty transverse slices with 0.75 mm gap were acquired in descending order parallel to the AC–PC line. In each session, 787 functional volumes were obtained. The ﬁrst two volumes were discarded to allow for signal stabilization. Structural images were obtained using a T1-weighted 3D MPRAGE sequence (TR = 1900 ms, TE = 2.2 ms) which provided 1 × 1 × 1 mm isotropic resolution. Stimulus presentation was accomplished with the Eloquence system (In vivo Corporation, Orlando, FL), containing an LCD display with full XGA solution, visible for the participant through a mirror mounted above the head coil. The paradigm was presented using the software package Presentation (Neurobehavioral Systems, Albany, CA). For responding, two response boxes were placed in the participants' left and right hand, respectively. Responses were given with the left or right index ﬁngers. 2.4. Data analysis The fMRI data were analyzed using Brain Voyager QX 1.10.4 (Brain Innovation, Maastricht, Netherlands). The functional images were corrected for differences in slice time acquisition, head motion, and linear trends. Furthermore a temporal high pass ﬁlter was applied and functional images were smoothed with a 6-mm full-width-half-maximum Gaussian smoothing kernel. The functional data was aligned to the structural images and then transformed into Talairach space (Talairach & Tournoux,
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Table 1 A list of regions modulated by both the main effect of accuracy and the interaction of accuracy and group. BA stands for Brodman Area, the x, y and z coordinates are the coordinates of each activation peak in Talairach space and k stands for the number of activated voxels in each region. Contrast



Location



BA



x



y



z



k



Main effect of accuracy (incorrect vs. correct



Right inferior frontal gyrus Right inferior parietal lobe Right cuneus Left cuneus Left insula (extending into right inferior frontal gyrus) Right insula Anterior cingulate cortex Brain stem Right dorsolateral prefrontal cortex



9 40 30 30 13



41 29 11 − 12 − 38



9 − 52 − 60 − 65 13



28 38 5 7 11



526 197 578 2433 5939



13 32 N/A 9



33 3 −1 42



19 16 − 26 5



1 39 −3 34



888 2607 1278 154



Interaction of accuracy (incorrect vs. correct) × group (low vs. high mathematical competence)



3.2. Neuroimaging results



1988). A two-gamma hemodynamic response function modeled the expected BOLD signal (Friston et al., 1998). Two analyses were carried out to examine the main effect of error and the interaction of accuracy (incorrect vs. correct) and group (higher vs. lower mathematical competence). The ﬁrst analysis was conducted by means of a whole-brain, voxel-wise random-effects ttest comparing, across the entire sample of participants, error trials with correct trials (incorrect versus correct). This analysis yielded a large number of brain regions that exhibited greater fMRI signal during the inaccurate compared to the accurate trials. To further constrain the analysis to the most signiﬁcant activation and to avoid the reporting of large, interconnected clusters of activation that span multiple brain regions, an uncorrected threshold of p = 0.0001 was applied. To isolate brain regions whose activation exhibited an interaction between accuracy (incorrect vs. correct) and group (higher vs. lower mathematical competence), a paired-samples ttest was run. For this higher-order contrast, an initial uncorrected threshold of p = 0.001 was applied. Both of the resulting statistical maps were subsequently corrected for multiple comparisons using cluster-size thresholding (Forman et al., 1995). In this method, an initial voxel-level (uncorrected) threshold is set. Then, thresholded maps are submitted to a whole-slab correction criterion based on the estimate of the map's spatial smoothness and on an iterative procedure (Monte Carlo simulation) for estimating cluster-level false-positive rates. After 1000 iterations, the minimum cluster-size that yielded a cluster-level false-positive rate (α) of .05 (5%) was used to threshold the statistical maps. Put another way, this method calculates the size that a cluster would need to be (the cluster threshold) to survive a correction for multiple comparisons at a given statistical level. Only activations whose sizes meet or exceed the cluster threshold are allowed to remain in the statistical maps.



3.2.2. Interaction of group and accuracy The analysis of the interaction of accuracy (incorrect vs. correct) and group (higher vs. lower mathematical competence) revealed one brain region in which the activation difference for incorrect versus correct trials was moderated by mathematical competence. Speciﬁcally, an interaction effect on activation in the right dorsolateral prefrontal cortex (DLPFC; near the precentral gyrus) was found (see Fig. 2). An inspection of the fMRI parameter estimates from this region indicated a greater difference in activation between incorrect and correct trials for the group of individuals with higher mathematical competence in comparison to their peers with lower mathematical competence. In other words, the effect of accuracy (incorrect N correct) in the right DLPFC was found to be greater for the high relative to the low mathematical competence group. This was also conﬁrmed by post-hoc t-tests comparing the activation of the right DLPFC regions between the two competence groups. These tests were run on the fMRI parameter estimates extracted from the right DLPFC and revealed that the activation of this region differed between the two competence groups for the error trials (t(22) = 3.2, p = .004) but not for the correct trials (t(22) = .−75, p = .46).



3. Results



4. Discussion



3.1. Behavioral results



Investigations into the neural correlates of arithmetic have repeatedly associated areas of the parietal cortex, in particular the left inferior parietal cortex, with mathematical processing. Furthermore, evidence from developmental studies (Rivera et al., 2005) as well as those investigating the effects of arithmetic training on the neural correlates of arithmetic, has demonstrated that neural correlates of arithmetic are modulated by development, learning, individual differences in competence and strategy use ( for reviews see: Ansari, 2008; Zamarian et al., 2009). In the majority of research on the brain processes underlying calculation, the focus has been on brain activation patterns that are associated with correct problem solving. Erroneous responses have, to a large degree, been treated as variables of no interest or, in the case of studies employing block designs, have not been modeled separately from the correct trials. At the same time, there exists a large body of



On average, participants committed 5.92 error trials, which corresponds to an average error rate of 3.71% (SD = 2.12%). The error rate was signiﬁcantly higher in individuals of lower compared to higher mathematical competence (5.21 vs. 2.22%; t(22) = 4.89, p b .001). An analysis of the mean response latencies using a repeated measures ANOVA with the factors accuracy (incorrect vs. correct) and group (higher vs. lower mathematical competence) revealed signiﬁcant main effects of accuracy (F(1,22) = 50.31, p b .001) and group (F(1,22) = 5.91, p b .05) but no interaction. The mean response latency was longer for incorrectly than correctly solved trials (0.88 vs. 0.53 s) and for participants with lower compared to higher mathematical competence (0.79 vs. 0.62 s).



3.2.1. Main effect of accuracy For the main effect of accuracy (incorrect N correct), regions in both medial and lateral prefrontal cortex were revealed. Furthermore, regions of the brain stem, right parietal cortex as well as the visual cortex were found to be more activated during incorrect compared to correct trials (see Table 1 and Fig. 1). No regions were found to exhibit signiﬁcantly greater activation during correct relative to incorrect calculation.
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Fig. 1. Statistical map of brain regions listed in Table 1 that were found to exhibit signiﬁcantly higher levels of activation during arithmetic problems that were solved incorrectly compared to problems where participants chose the correct solution (incorrect vs. correct).



evidence to suggest that erroneous responses are associated with a robust activation pattern in brain regions focused in areas of both the medial and lateral prefrontal cortex (Ridderinkhof et al., 2004). Furthermore, the brain responses to errors have been found to differ between individuals and have been associated with measures of individual differences in academic achievement (Hirsh & Inzlicht, 2010). In view of this, the aim of the present study was to investigate the brain regions associated with the commission of calculation errors and to examine the extent to which the response of neuronal correlates of arithmetic errors are modulated by individual differences in mathematical competence.



The results of the contrast between brain activation measured during incorrect and correct responses revealed a set of regions whose activation is signiﬁcantly greater during erroneous versus correct problem solving. In particular, regions of both the medial and lateral prefrontal cortex which have been repeatedly associated with error processing (Ridderinkhof et al., 2004) were found to exhibit greater activation during erroneous versus correct calculation. The anterior cingulate cortex (ACC) has been associated with error processing and is also thought to be the cortical source of the error-related negativity (ERN) in ERP studies of responses to errors (Dehaene, Posner, & Tucker, 1994; Herrmann, Rommler, Ehlis, Heidrich, & Fallgatter,



Fig. 2. Statistical map of a region in the right dorsolateral prefrontal cortex (DLPFC) in which activation was modulated by the interaction of accuracy (incorrect vs. correct) and group (high vs. low mathematical competence). The bar chart on the left plots the fMRI parameter estimates extracted from this region and reveals that the interaction can be explained by a greater difference in the activation of this region between incorrect vs. correct trials in the high vs. low mathematical competence group.
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2004). In both studies of error processing and cognitive conﬂict, the ACC is thought to be involved in the detection of both conﬂict and errors, while prefrontal areas on the lateral surface of the cortex, such as the DLPFC, are thought to mediate the adjustments in behavior following the detection of either errors or conﬂict (MacDonald et al., 2000). The present ﬁndings reveal that this network is also activated during the commission of calculation errors. It is important to note that the strong response to erroneous arithmetic problem solving in these regions is elicited by only a very small number of errors. On average, participants made errors on less than 5% of trials, which is equivalent to approximately 5 errors per participant. It may be viewed as somewhat surprising that such a robust error response was observed in the present study with such a small percentage of errors per participant. The present results, therefore, speak to the strength of the brain's response to error and reveal that only a small percentage of errors are necessary in order to investigate the brain's activation patterns during inaccurate responses using fMRI. The results reported herein differ from the ﬁndings reported by Menon et al. (2002) who studied the brain responses to incorrect arithmetic solutions (i.e. 2 + 3 = 6) in an fMRI study of arithmetic veriﬁcation. In that study, greater responses to incorrect versus correct arithmetic equations were found in the left dorsolateral prefrontal cortex. Unlike in the present study, no activation differences were found in other areas of the prefrontal cortex, such as the ACC. It should be noted that while the study by Menon et al. investigated sensitivity to incorrectly solved problems, the present study maps out the brain regions activated during the actual commission of errors, which includes signals related to the detection of the errors and the modulation of regions that mediate responses to these errors. Nevertheless, both the ﬁndings by Menon et al. and those reported in the present paper implicate areas of the prefrontal cortex in the processing of arithmetic errors and incorrect arithmetic equations. In addition to the main effect revealing a strong response in regions that have frequently been associated with error processing during the commission of arithmetic errors, the present investigation also demonstrated that the neural correlates of arithmetic error processing are modulated by individual differences in mathematical competence. More speciﬁcally, a comparison of the neuronal response to errors in individuals differing in mathematical competence revealed that individuals with relatively high mathematical competence activate a region of the right DLPFC for the erroneous trials to a greater degree than do individuals with low mathematical competence. These ﬁndings therefore suggest that individual differences in mathematical competence modulate the processing of errors in the right DLPFC. Thus, in light of previous ﬁndings of an association between mathematical competence and left AG activation, individual differences in mathematical competence do not only affect the degree of activation of parietal brain regions associated with correct calculation but also those prefrontal brain regions that are activated when an error is committed during calculation. These ﬁndings complement existing data from the study of the error-related negativity in ERP research. It has been found that the ERN (more negative scalp potentials following erroneous versus correct responses) varies as a function of individual differences in academic achievement (Hirsh & Inzlicht, 2010), reading (Horowitz-Kraus & Breznitz, 2008) and psychopathology (Taylor et al., 2007). Consequently, it appears that the neuronal response to errors is modulated by individual ability differences across domains. While the ERN has been associated with activation of the ACC (for a review see Taylor et al., 2007), the present data demonstrate that the error-related activation of a lateral region of the right prefrontal cortex varies as a function of mathematical competence. As mentioned above, while the ACC is thought to be involved in the detection of errors, it is the lateral prefrontal cortex that has been associated in the implementation of top-down control mechanisms following an error that lead to behavioral adjustments (MacDonald et
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al., 2000). In view of the proposed dissociation between medial prefrontal regions associated with the detection of errors and lateral prefrontal areas involved in the implementation of cognitive control, the present data suggest that individuals with higher levels of mathematical competence implement greater cognitive control following the commission of a calculation error, which leads to behavioral adjustment and possibly learning that reduces subsequent error commission. It is well established that individual differences in executive functions are correlated with mathematical achievement in children (Bull & Scerif, 2001; Mazzocco & Kover, 2007). In other words, the performance on tests of cognitive control, that have frequently been associated with the activation of the prefrontal cortex (Bunge & Wright, 2007; Morton, in press) such as response inhibition is associated with between-subject variability in children's mathematical competence, such that children with higher levels of performance in tests of calculation also exhibit higher levels of performance on tests of executive function. The present data provide brain imaging data to suggest that individuals with relatively higher levels of mathematical competence activate areas associated with the implementation of cognitive control during calculation mistakes more than their less mathematically competent peers. Together with the developmental data suggesting a link between cognitive control and mathematical achievement, the present data suggest that individual differences in mathematical competence may be related to variability in cognitive control mechanisms, such as the regulation of responses following calculation errors. In light of this, it is possible that over the course of learning and development, individuals with low levels of mathematical competence engage less cognitive control following an error, which may reduce their ability to ‘learn from errors’. Alternatively lower levels of cognitive control may lead to both less awareness of errors and changes in behavior following the commission of calculation mistakes, which could result in lower levels of mathematical competence over the course of learning and development. This explanation of the present ﬁndings, however, is speculative since no developmental data was acquired and individual differences in cognitive control/executive function were not obtained. The present ﬁndings, however, suggest that individual differences in mathematical competence do not only affect the response of brain regions associated with calculation, such as the inferior parietal cortex, but also modulate those regions associated with the adjustment of cognitive control across domains. Furthermore, the results reported above suggest that a more detailed study of the interactions between cognitive control and mathematical competence using both behavioral and brain-imaging methods may result in a better understanding of individual differences in mathematical achievement. An alternative explanation of the present ﬁndings is that the difference in right DLPFC activation during erroneous calculations between individuals with relatively high and low levels of mathematical competence reﬂects differences in the awareness of errors. Recent fMRI studies have compared the brain responses to errors of which participants had been aware compared to errors for which individuals were unaware (Hester, Foxe, Molholm, Shpaner, & Garavan, 2005; Klein et al., 2007). These studies suggest that while the ACC response is equivalent for aware and unaware errors, the activity of lateral prefrontal regions associated with error processing is greater during aware compared to unaware errors. The present ﬁndings may, therefore, suggest that individuals with relatively high levels of mathematical competence were more aware of their errors than their less mathematically able peers. Of course, it is possible that such error awareness interacts with the relative implementation of cognitive control and the resulting strategic adjustments of behavior. Thus the different explanations for the group difference revealed in the present study are not necessarily mutually exclusive. In the above, a number of different interpretations for the greater error-related response of the right lateral prefrontal cortex in
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individuals with relatively high mathematical competence are offered. In this context it is important to note that only through further research can the speciﬁc nature of this relationship be fully understood. From the present data it is not possible to isolate the consequences of greater lateral prefrontal error-related activation for present and future calculation performance. One avenue for future studies is to increase the complexity of the arithmetic problems, so that participants commit more errors. A greater number of errors will allow for the investigation of potential relationships between errorrelated brain activation and behavioral variables, such as post-error slowing and the potential mediating role played by individual differences in mathematical competence. In addition, developmental studies may elucidate how education-related increases in arithmetic problem-solving skills and understanding of arithmetic concepts modulate brain responses during the commission of arithmetic errors. It should be noted that the behavioral data indicate that individuals in the group of participants with relatively lower levels of mathematical competence made signiﬁcantly more errors than their more competent peers. Thus it is possible that the group difference revealed in the present study can be explained by individual differences in the number of errors made, which happens to be correlated with mathematical competence. To investigate how much of the group difference in the activation of the right DLPFC can be explained by differences in the number of errors, a ANCOVA with the mean number of errors as a covariate on the fMRI parameter estimates from the right DLPFC cluster was run to investigate whether the inclusion of this covariate would abolish the interaction between accuracy (correct vs. incorrect) and group (high vs. low mathematical competence). This control analysis revealed that even when mean number of errors was included as a covariate, the interaction between group and accuracy was still found to be highly signiﬁcant (F(1,21) = 2.57, p = 0.001). Therefore, the effect of mathematical competence on the processing of errors in the DLPFC cannot be reduced to group differences in the number of errors. Similarly, group differences in reaction times are unlikely to explain the present ﬁndings. While individuals with lower levels of mathematical competence were signiﬁcantly slower than their more competent peers, this group difference did not interact with accuracy (correct vs. incorrect trials). Given this absence of an interaction between accuracy and group on reaction times, the interaction effect on the right DLPFC cannot be explained by differential reaction times for correct versus incorrect trials between the two competence groups. 5. Conclusions Taken together, the present paper reports two main ﬁndings: First of all, the data reported above reveal that the commission of calculation errors (selecting the wrong of two possible solutions to an arithmetic problem) is associated with the activation of a network of areas comprising medial and lateral prefrontal cortex as well as areas of the brain stem, the parietal and visual cortices. This network of regions was strongly modulated by the comparison of incorrect versus correctly solved arithmetic problems despite the fact that the wrong solution was selected on only a very small proportion of the overall trials. These ﬁndings suggest that arithmetic errors are associated with very robust neural correlates of regions that have been associated with errors in other domains. Secondly, the data reported in this paper suggest that the error-related activation of right dorsolateral prefrontal cortex is modulated by individual differences in mathematical competence. Speciﬁcally, the activation of the lateral prefrontal regions for incorrectly solved arithmetic problems was found to be greater in participants with relatively high levels of mathematical competence compared to individuals with comparatively low levels of performance on a standardized test of mathematical ability. Against the background of ﬁndings suggesting that the lateral
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