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According to the Triple-Code Model (Dehaene & Cohen 1995)
numerical knowledge can be represented in three different forms,
namely, as sequences of number words, Arabic numbers, or
analogical representations of numerical quantity. In the brain, (i)
number words, i.e., syntactic and phonological entities processed
a by the ʻlanguageʼ areas in the left perisylvian region, in
particular the left inferior frontal gyrus (LIFG); (ii) Arabic
numbers, processed bilaterally in the visual identification system
located in the inferior occipito-temporal region (only the left
homologue is involved in the processing of words); (iii)
analogical representations of numerical magnitude processed
bilaterally in in the inferior parietal cortex.
In recent fMRI studies the processing of symbolic numerical
stimuli such as Arabic numerals has been shown to activate
posterior inferior parietal cortex (PIPC), especially in
approximate calculation. Exact calculation also activates areas in
the dorsolateral prefrontal cortex (DLPFC) (Burbaud et al. 1999;
Cantlon et al. 2006; Dehaene et at. 1999, 2004). Studies of
working memory (WM) have shown that stimuli that can be
recoded as structured chunks increase activation in PIPC and
DLPFC, as well as in the premotor cortex (BA 6) (Bor & Owen
2007; Bor et al. 2004; Smith & Jonides 1999; see also Hanakawa
et al. 2002).
We report preliminary results from an fMRI study which
involves numerical processing as well as WM and error
detection. It is argued that sequences of numbers are not always
processed as numbers, but may instead be treated as (nunnumerical) linear symbolic strings.

The stimuli consisted of strings of one or two digit numbers which
were presented visually as a continuous string, a number a time
with a one second interval. From the first six numbers the subjects
were told to deduce a system which could involve repeated chunks
(periods), addition, or a combination.

Using a block design (block = first 60 seconds of a sequence) to
investigate the numerical processing, all three conditions conform
to the same general pattern with massive bilateral activation in (i)
posterior parietal cortex, (ii) dorsal frontal and premotor cortex (BA
6, 8), (iii) occipito-temporal cortex, and (iv) DLPFC.
Applying an event related analysis, the pattern changes. As in
the block design analysis, though less clearly so from the cortical
surface, the results suggest the same common activation pattern
with varying intensity and extension. However, only (b) > (a)
recruits DLPFC; furthermore the activations in (b) > (a) cover
almost the entire parietal and frontal lobes.

The activation patterns are compatible with the models for
numerical processing and WM, but the results add the left
dorsolateral premotor area (BA 6) to the network. This confirms
the finding of Hanakawa et al. (2002) that dorsolateral premotor
cortex is also recruited in non-motor mental-operation tasks.
Though the same activation patterns seem to underlie the
results of all the subtractions, the results also show that (the
extension and intensity of) the error-detection related activations
are type-dependent. In other words, “number processing” is not
just “number processing”, just as “language processing” is not
just “language processing” (Christensen, in press; Christensen et
al., in prep). Both systems are clearly far more complex.
Finally, there is no significant difference in response time
between (a) and (b) and yet the result of the event-related (b) >
(a) subtraction gives the largest BOLD response covering the
majority of the cortex. It is appears that recruitment of DLPFC
(incl. Broca’s area) requires contextual integration of a certain
type of cognitive input, namely, something with ‘language’-like
properties such as constituent structure (as is the case with music,
Maess et al. 2001, Vuust et al. 2005).
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The control condition (a) consists of simple x = x+1 strings. The
task stimuli consists of three types: (b) repeated chunks (x, y, z, x,
y, z…), (c) smaller structured chunks requiring minimal calculation
on every second number (x, x+1, y, y+1, z, z+1…), and (d) strings
with an increased calculation requirement (x = x+3). After the first
six numbers, at an arbitrary point, the system would be violated by
a number that did not fit the system. The subjects were instructed to
press a button on a response box in their right hand whenever they
detected an error in the general pattern. (An * indicates an error, a
violation of the system.)
1, 2, 3, 4, 5, 6, 7, 8, *10
4, 9, 3, 4, 9, 3, 4, 9, 3, *7
1, 2, 7, 8, 3, 4, 6, 7, 11, *13
0, 3, 6, 9, 12, 15, 18, 21, *25
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Methods!

Behavioural results!

Fourteen native speakers of Danish (nine female, five male),
aged between 22 and 37 years (average = 27.5), participated in
the study. They were all right-handed with no medical history of
mental deficits or neurological trauma.
Functional images were acquired on a General Electrics 3
Tesla MR system with a standard head coil. The volumes
consisted of 39 axial slices (thickness = 3.5 mm, spacing = 0)
covering the entire cerebrum and cerebellum. FOV = 24 × 24
voxels, matrix = 64 × 64 voxels (in-plane resolution = 3.75 ×
3.75 mm.) Flip angle = 90, TE = 30, TR = 3 seconds.
The data was analyzed with SPM5 (Wellcome Department of
Imaging Neuroscience, University College London). The
imaging data realigned, normalized (reslicing the voxels to 23
mm), and smoothed with a 10 mm Gaussian kernel FWHM to
correct for random variation in signal intensity. The data were
submitted to a random-effect analysis and corrected for multiple
comparisons (p≤0.05, FDR). The results include only activations
that are also significant at the cluster level (pcorr.≤0.05).

Applying simple two-tailed t-tests to the response times showed
that condition (b), i.e. repeated chunks, did not differ significantly
(p=0.162) from the control condition (a), x=x+1. Condition (c), x, x
+1, y, y+1, z, z+1…, differed highly significantly (p<0.001) from
the control (a) as well as condition (d), x=x+3, and from condition
(b) (p<0.028). (The reaction time analysis includes only values in
the range 50 < RT < 3000 ms. RTs below 15 ms. are clearly nonintentional, and RTs above 3000 ms. are taken to reflect undetected
violations; recall that a new number appears every 1000 ms.)
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A conjunction analysis verifies that a common network
underlies the activation patterns:

The four types can also be represented graphically as functions:
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Stimulus types:
(a) x = x+1 (ʻbaselineʼ)
(b) x, y, z, x, y, z…
(c) x, x+1, y, y+1, z, z+1…
(d) x = x+3
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The results arguably show the areas recruited for encoding and
prediction in numerical processing: Number processing recruits a
network of areas in parietal and occipito-temporal cortex as well as
DLPFC; working memory recruits DLPFC and BA 6, 8, and
conflict monitoring (oddball detection) recruits the anterior
cingulate cortex (Botvinick et al. 2004). The differences in the
event-related results, we argue, reflect differences in error
detection and structural integration.
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