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Interactions Between Number and Space in Parietal Cortex Edward M. Hubbard, Manuela Piazza, Philippe Pinel and Stanislas Dehaene INSERM Unit 562, Service Hospitalier Frédéric Joliot Orsay, France



Homologies Between Humans and Macaques



Introduction Various behavioral paradigms indicate that numbers are represented along a left-to-right oriented ‘mental number line1,2: • In the Spatial-Numerical Association of Response Codes (SNARC) effect, small numbers are responded to faster with the left hand, with saccades to the left or when presented to the left, and large numbers show a similar advantage for right-sided responses3. • In the Attention Bias Effect, a number presented at fixation biases attention to the left for small numbers and to the right for large numbers4. • In the Line Bisection Effect, lines composed of numbers bias bisection to the left or right, depending on numerical size5. • In the Lateralized Presentation Effect, small numbers reaction times are faster when small numbers are presented to the left, and large numbers to the right6.
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Number habituation (Piazza 2004)
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Numerical tasks (Dehaene 2003)
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Recent functional MRI and single-unit physiology studies indicate that numerical quantity might be represented by neurons in a frontal-parietal network. Because of the specificity and proximity of numerical and spatial representations in the parietal lobe, we suggest that this region may be crucial for behavioral interactions between number and space.



+



8



+



+



1-irrelevant number



2-attentional bias



3-target detection



Line Bisection Effect



x



6



Far number



Right – Left Visual Field Reaction Time Difference



Right – Left Visual Field Reaction Time Difference



6



x



Studies of spatial cognition in the parietal lobe of the macaque monkey indicate several regions that could be involved in spatial cognition in the intraparietal sulcus (IPS), including the lateral intraparietal (LIP), ventral intraparietal (VIP) and anterior intraparietal (AIP) areas10,11. Of particular interest is area LIP, which is involved in saccades, the planning of actions and shifts of attention in space. Neuroimaging studies indicate possible human homologues of these macaque regions. Although tentative, these homologies are based on common physiological properties and common organization along the IPS.



Lateralized Presentation Effect



x



70 > reference 50 30 10 -10 -30



Close number > reference



-50 -70



30 Close number 10



< reference



-10



Neural Overlap Between Spatial and Numerical Processes
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• Number comparison task (Pinel et al. 2004)
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Given that this circuitry is present in both non-human primates and humans, we further propose that the neural architecture might place constraints on the evolution of numerical– spatial interactions in humans.
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Subtraction task (Chochon 1999) Subtraction task (Chochon etetal.al.1999)
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Approximate addition task (Dehaene et al. 2002)
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Patients who neglect the left portion of representational space show a similar neglect of the left portion of the ‘mental number line’9. When asked to bisect a physical line, they deviate rightward. Similarly, when asked to bisect a numerical interval, they deviate towards larger values (‘to the right’ on the mental number line). Similar effects can be obtained by TMS.



Shifts of attention along the number line may make use of the same area LIP–VIP neural circuitry involved in the development of multisensory, world-centered representations of space. When subjects compute additions or subtractions on numerical symbols, they should shift their attention to the left for subtraction problems, and to the right for addition problems, leading to increased activation of contralateral area LIP. Behavioral protocols in which attention is shifted to the left should interfere with addition, whereas rightward attentional shifts should interfere with subtraction. In number–form synaesthetes, presentation of, or thinking about, numerical quantities and their transformations should lead to greater activation of area LIP than in nonsynaesthetes, given their strong numerical–spatial associations. Once ‘number’ neurons can be recorded in animals during the performance of simple addition and subtraction tasks, we predict that it should be possible to observe numerical equivalents of the partially shifting receptive fields and gain fields observed in the spatial domain.
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Quantity estimation task (Piazza et al. 2001)
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Representational Neglect A hemineglect patient does not describe the left side of the scene (in this case, the front of the house), even during mental imagery.
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Conclusions and Predictions On the basis of our prediction of VIP–LIP interactions during number processing, we propose specific, testable hypotheses about the effects that we would expect to find with regard to numerical and spatial interactions:
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Neuropsychological Studies
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One important function of VIP-LIP circuitry is spatial updating12,13 so that objects in the world are perceived as stable despite large changes in retinal position. Another is attention to specific locations in space, and multisensory integration. We suggest that behavioral interactions between number and space are due to shifts of attention along the mental number line, mediated by similar VIP–LIP circuitry.
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Behavioral Studies
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Grasping task



Taken together, these data suggest that numerical-spatial interactions may be based on effector-independent representations of space in LIP7,8.
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Interestingly, the regions that have been identified as being involved in numerical tasks in the IPS overlap with regions that have been shown to be involved with space. In particular, ‘number neurons’ are located in the depth of the IPS, in a region that might be homologous to area VIP (see ref. 1 and references contained therein).
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