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Using functional magnetic resonance imaging, we examined developmental di¡erences in the functional neuroanatomy underlying symbolic number processing. Twelve adults and 12 children had to judge the relative magnitude of two single-digit Arabic numerals. We investigated which brain areas were signi¢cantly (Po0.005, uncorrected) more activated during processing of number pairs with small relative to large numerical distances. In the adult group, symbolic distance modulated bilateral parietal regions. In contrast, the



group of children primarily engaged frontal regions. We conclude that the functional neuroanatomy underlying symbolic numerical magnitude processing undergoes an ontogenetic shift towards greater parietal engagement. This change may re£ect maturation of underlying representations and increasing automaticity in mapping between numerical symbols and the magnitudes they reprec 2005 Lippincott Williams & sent. NeuroReport 16:1769^1773  Wilkins.
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Introduction Almost 40 years ago, Moyer and Landauer [1] reported that, when adults compare which of two digits is numerically larger, their reaction times and accuracy are inversely related to the numerical distance between numbers. This effect has since been replicated many times [2,3] and has provided insights into the representations underlying numerical magnitude processing. It has been suggested that numbers are represented in an analog format on a ‘mental number line’ on which numbers that are close together share more representational space and are thus harder to discriminate from one another than those that are far apart [4]. The distance effect has been found in infants [5], children [3], and animals [6], suggesting that it reveals a system of number representation which is marked by a long evolutionary history and exhibits ontogenetic continuity [7,8]. Many studies have shown that bilateral regions of the inferior parietal sulcus, in particular the intraparietal sulci, are modulated by numerical distance [9–11]. A plethora of functional imaging studies and studies with adult neuropsychological patients have implicated the intraparietal sulcus in number processing [12–14]. While there is some controversy over whether intraparietal sulcus activation reflects attention and response selection rather than number representations [15], recent functional imaging data suggest that this area responds to symbolic and non-symbolic numerical magnitude even when no responses are required [16]. While there is an increasingly sophisticated understanding of the neural basis of number processing in adults



[17], there are currently very few studies that have investigated the development of these neural circuits. Using event-related brain potentials, Temple and Posner [18] investigated the neurophysiological correlates of symbolic (Arabic numerals) and non-symbolic (arrays of squares) number representations in 5-year-old children and adults. Their data suggest similar temporal brain responses in children and adults. Their analysis, however, lacks a direct comparison and event-related brain potentials do not have a sufficiently high spatial resolution to make precise inferences about differences in functional neuroanatomy. More recently, two studies have investigated the neural correlates of arithmetic in children and adults. While Kawashima et al. [19] found that similar brain regions underlie various arithmetic computations in children and adults, Rivera et al. [20] revealed that, over developmental time, activation decreases in frontal areas. At the same time, activation in the left parietal areas was found to increase over developmental time. Against this background, the authors suggest that the left intraparietal areas undergo a process of functional specialization for arithmetic processing, which is coupled with decreasing reliance on attention and working memory circuits in frontal areas. In the present study, we sought to add to the currently very sparse body of studies investigating the ontogenesis of neural representations underlying numerical cognition. Moreover, rather than investigating higher-level number skills, such as mental arithmetic, we investigated more basic representations of number. Namely, using functional
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consisted of the acquisition of 102 volumes. A threedimensional whole-brain high-resolution (0.94  0.94 1.2) T1-weighted image was acquired in the saggital plane using a standard GE spoiled gradient recalled acquisition threedimensional sequence.



magnetic resonance imaging, we explored the neural basis of symbolic number processing in both children and adults. We hypothesized that the role of parietal regions in adult number processing is the outcome of an ontogenetic process of specialization. Against this background, we predicted that adults would exhibit relatively greater recruitment of the intraparietal sulcus during symbolic number processing than children.



Data analysis Structural and functional images were analyzed using Brain Voyager QX 1.2.8 (Brain Innovation, Maastricht, Holland). Functional images were corrected for slice time acquisition differences, head motion, and linear trend. Functional images were aligned to the T1-weighted coplanar images and subsequently to the three-dimensional high-resolution images. The realigned data set was then transformed into Tailarach space [21]. Following Boynton et al. [22], the expected BOLD signal change was modeled using a g function (t of 2.5 s and a d of 1.5). Random-effects analyses were performed to examine the effect of numerical distance on the BOLD response. Voxels were considered to be significantly activated when they passed a statistical threshold of Po0.005, uncorrected.



Study participants and methods Participants Twelve healthy children (mean age: 10.4 years; range: 9.2–11.11 years) and 12 healthy adults (mean age: 19.8 years; range: 19.1–21.10 years) participated in this study. Only those children and adults whose motion did not exceed one voxel were included in the study. The procedure was approved by the Committee for the Protection of Human Subjects at Dartmouth College and all participants and parents (for the group of children) signed informed consent. Task design and stimuli Participants were instructed to select the Arabic numeral that they judged to be numerically larger, by depressing a button corresponding to the side on which the larger numeral was displayed. They were presented with three runs of 36 slides each. The numerical distance between numerals was manipulated in such a way that Arabic numerals were separated by a numerical distance of 1, 2, 3, 5, 6, or 7. For the analysis, these distances were divided into small (1, 2, and 3) and large (5, 6, and 7) distances. Stimuli were presented for a duration of 900 ms followed by 1600 ms of fixation. Slides were presented with variable fixation intervals of 2500, 5000, or 7500 ms. In the same scanning session, participants also completed another experiment, the results of which are not reported here. The order of the two experiments was counterbalanced across participants.



Results Behavioral results Reaction time data Reaction times were analyzed using a 2 (distance)  2 (group) mixed analysis of variance (ANOVA). This analysis revealed a main effect of distance [F(1,22)¼120.4, P¼0.0001]. Inspection of means in Table 1 reveals that participants in both groups were faster at judging relative magnitude with pairs separated by large (5, 6, 7) rather than small (1, 2, 3) distances. While children were overall significantly slower than adults [F(1,22)¼4.9, P¼0.04], there was no distance  group interaction [F(1,22)¼0.33, P¼NS]. Accuracy data A main effect of distance [F(1,22)¼13.5, P¼0.001] was found. Children made significantly more errors than adults [F(1,22)¼22.2, P¼0.009]. Distance had a greater effect on accuracy in the group of children than in the group of adults, as revealed by the group  distance interaction [F(1,22)¼8.0, P¼0.009].



Data acquisition Functional images were acquired in a 1.5 T General Electric whole body magnetic resonance imaging scanner (GE Medical Systems, Milwaukee, Wisconsin, USA). A standard, quadrature birdcage head coil was used and head movements were restricted through the use of a foam pillow. Using a fast spin echo sequence, 25 T1-weighted structural slices were acquired in the axial plane. Coplanar to the T1weighted structural images, functional images were acquired using a gradient echo-planar T2*-sequence sensitive to blood-oxygenation level-dependent (BOLD) contrast. Image volumes consisted of 25 interleaved slices (4.5 mm thickness, 1 mm gap, 64  64 matrix, repetition time¼2.5 s, TE¼40 ms, flip angle¼901, field of view¼24  24 cm) covering the whole brain. Each run of functional imaging



Functional magnetic resonance imaging results In the group of adults, activation was found in the parietal and frontal areas. In the group of children, distance was found to primarily modulate frontal areas such as the precentral gyrus and the left inferior frontal gyrus as well as subcortical areas (also see Table 2). Figures 1–3 show several regions of interest for both children and adults. The bar charts reveal the extent to which a region of interest was modulated to a greater extent by numerical distance in one group than in the other.



Table 1 Mean accuracy and response times for magnitude comparisons separated by small and large distances Adults



Small distance Large distance



Children



Accuracy (% correct)



Reaction time (ms)



Accuracy (% correct)



Reaction time (ms)



98.8 (1.4) 99.5 (0.83)



714.4 651.8



93.5 (6.0) 99.5 (1.1)



817.2 747.7



Numbers in parentheses denote standard deviations.
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Table 2 Tailarach coordinates of activation peaks for the small4large distance comparison for groups of adults and children separately Brain region



Hemisphere



x



y



z



t(11)



k



L R L L L R L L R R R L



52 33 32 50 32 25 18 41 58 37 46 21



16 43 37 5 28 71 71 34 28 25 10 66



53 40 44 40 27 25 29 18 18 13 6 1



3.7 3.9 3.8 4.2 4.0 4.0 3.9 4.0 4.0 3.8 4.4 3.7



31 205 22 495 396 179 78 158 134 117 305 62



R R R L R R R R



51 8 40 60 49 16 36 28



51 20 5 5 7 11 11 21



55 46 34 20 14 8 0 2



3.8 3.8 4.2 3.8 4.5 4.9 3.8 3.8



227 55 751 25 450 887 182 96



Distance e¡ect (small4large) adults Postcentral gyrus Inferior parietal lobe Inferior parietal lobe Middle frontal gyrus Middle frontal gyrus Precuneus Precuneus Superior temporal gyrus Superior temporal gyrus Inferior frontal gyrus Precentral gyrus Lingual gyrus Distance e¡ect (small4large) children Superior parietal lobe Medial frontal gyrus Precentral gyrus Precentral gyrus Inferior frontal gyrus Caudate Claustrum Insula



Peaks obtained from random-e¡ects analysis at Po0.005, uncorrected threshold.
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Fig. 1 Coronal slice showing e¡ect of numerical distance (small4large) on bilateral precuneus in the group of adults. Bar charts depict the z-scores (parameter estimates): (a) right precuneus (25, 71, 25) and (b) left precuneus (18, 71, 25).



Discussion Our findings suggest both commonalities and differences in the functional neuroanatomy modulated by symbolic distance among children and adults. In the group of adults, a large frontoparietal network of areas was revealed. Many of these regions have previously been shown to be modulated by numerical distance in adults. Convergent with previous data [9,23], we found that numerical distance modulates parietal regions, such as the right and left intraparietal sulci and the bilateral precuneus. In addition, we found sig-



nificant modulation of the middle frontal and precentral gyri by numerical distance. As the bar charts in Figs 1 and 2 suggest, both these frontal and parietal areas exhibited greater modulation by distance in the group of adults than in the group of children. In the group of children, distance was found to have significant effects on areas in the dorsolateral and ventrolateral prefrontal cortex, such as the precentral gyrus and the inferior frontal gyrus. As Fig. 3 illustrates, modulation of these areas by numerical distance was larger in the children relative to the group of adults.
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Fig. 2 Axial slice showing e¡ect of numerical distance (small4large) on the right intraparietal sulcus and middle frontal gyrus in the group of adults. Bar charts depict z-scores (parameter estimates): (a) right intraparietal sulcus (33, 43, 40) and (b) middle frontal gyrus (50, 5, 40).
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3.50



0 Adults Children Group Fig. 3 Saggital slice showing e¡ect of numerical distance (small4large) on right frontal regions in the group of children. Bar charts depict z-scores (parameter estimates): (a) right precentral gyrus (40, 5, 34) and (b) right inferior frontal gyrus (49, 7,14).



Only one area of the parietal lobe, the superior aspect of the inferior parietal lobe, was significantly modulated by distance in the group of children. Taken together, our findings suggest that the neural networks underlying symbolic number processing undergo



developmental changes between the ages of 9 and 20 years. These developmental changes appear to involve a shift from a strong involvement of right frontal areas to increasing engagement of intraparietal and posterior parietal regions. Similar results have recently been reported for mental
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arithmetic [20]. The ontogenetic shift in activation reported here may reflect increasingly flexible mappings between Arabic numerals and the numerical quantities they represent. Such increased automaticity in turn requires less recruitment of frontal areas normally associated with attention, working memory, and executive functions [24]. Moreover, the findings may also suggest that parietal regions become functionally specialized for the processing of numerical magnitude. It is important to note that the parietal cortex has been implicated in many cognitive processes such as attention and response selection [15,25]. It is therefore possible that some of the developmental changes reported here are reflective of the maturation of other cognitive functions associated with parietal cortex that contribute to task performance.



Conclusion Our findings indicate that there are developmental differences in the functional neuroanatomy underlying the symbolic distance effect. While distance was found primarily to modulate frontal areas in the group of children, the group of adults exhibited greater effects of distance on parietal areas. These data may suggest an ontogenetic frontoparietal shift in the processing of symbolic magnitude processing.
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