


Deloche and Seron 1987; Denes and Signorini 2000;
Hurford 1987; McCloskey 1992; Spelke and Tsivkin
2001). Numerical tasks involve, among others, processes
of understanding numerals, retrieving numerical facts,
performing calculations or numerical operations, and
producing results in spoken or written forms (Campbell
and Epp 2004; Dehaene 1992; Hirsch et al. 2001). Since
these processes require manipulating symbols or numeri-
cal words associated with transcoding and calculation
rules, mathematical competence has traditionally been
believed to be closely linked to language, enjoying a
common “module of mind” with language as well as other
cognitive capacities (Dehaene 1992; Hurford 1987).

Three recent models have been proposed to depict the
nature of the number and language relationship. First, the
abstract-code model (McCloskey 1992) hypothesizes a
comprehension encoding system converting number input
into an abstract calculation process independent of the
surface language format. Second, the encoding-complex
model (Bernardo 2001; Campbell 1994; Campbell and Epp
2004), on the other hand, proposes format-specific numer-
ical representations, predicting more efficient processing for
stimuli in a familiar format such as numerals presented in
one’s native language. Third, the triple-code model
(Dehaene 1992, 1997; Dehaene et al. 1999, 2004) postu-
lates both abstract and language dependent representations:
analog magnitude and visual-Arabic codes mediating
abstract quantity-based operations or digit recognition, and
a language-dependent code supporting verbal fact retrieval.
Whereas the abstract-code model postulates language-
independent math operations, the encoding-complex and
triple-code models, despite the different perspectives, both
point to an integrated math and language processing
system.

Evidence supporting the “integrated” view comes from
developmental studies of children with good mastery of
numerical competence simultaneously accompanied by
the mastery of verbal skills (Gelman and Gallistel 1978;
Wynn 1990), and from neuropsychological studies of
patients with numerical disorders accompanied by lan-
guage disorders (McCloskey 1992; Warrington 1982).
Number fact retrieval has also been equated with the
retrieval of words (Dehaene 1992), and the verbal
representations of numbers is said to rely on the same
structure as words in general (Cohen et al. 2000). On the
other hand, some lesion studies have reported a disasso-
ciation between the ability to perform mathematical and
verbal tasks (Dehaene and Cohen 1997; Goodglass et al.
1996). Furthermore, different modalities of number0.078431 -2LhM0.0d



it is encoding mathematical tasks that becomes realized
through language (Pesenti et al. 2000; Venkatraman et al.
2005; Zago et al. 2001). Functional imaging research with
Chinese participants revealed similar patterns of activation
in performing simple exact calculation in Chinese,
involving intraparietal, precentral and middle frontal
regions (Zhou et al. 2007).

These behavioral and neuro imaging findings do not
offer a consensus regarding the respective roles of
language systems in mathematical operations. One unique
way to unfold the role of language neurocircuitry in math
operation is to examine math processing in an L2 with
unbalanced bilinguals who acquired math skills in their
L1. Behavioral studies show that bilinguals, such as
English–Spanish and English–Chinese, perform arithmetic
problems slower and less accurately in their L2 than in
their L1 (Marsh and Maki 1976; McClain and Huang
1982). Furthermore, there is a decreasing efficiency of
numerical processing with the format of input being from
Arabic to L1 to L2 (Bernardo 2001; Campbell et al. 1999;
Frenck-Mestre and Vaid 1993). In particular, research
with English–Chinese bilinguals (Campbell et al. 1999;
Campbell and Epp 2004) showed that when naming
numbers and responding to simple arithmetic questions
(addition and multiplication) in an L1 (Chinese) and L2
(English) with stimuli presented either in Arabic or
Chinese numerals, Arabic rather than Chinese numerals
revealed strong associations with English number names
and arithmetic. Furthermore, the retrieval of English
arithmetic facts was claimed to involve an indirect route,
via Chinese (Campbell and Epp 2004). These data have
been interpreted in terms of the bilingual encoding
complex model (BECM, Bernardo 2001; Campbell and
Epp 2004), which assumes three associated format-





Stimuli

The stimuli (see Table 2) include three conditions presented
auditorily in Mandarin Chinese (L1) and English (L2):
exact calculation (addition, multiplication), general numer-
ical concept processing (parity judgment), and basic
linguistic phoneme condition (vowel contrast). Auditory
(rather than visual) presentation was adopted as previous
research has shown that it would induce bilinguals to
encode and calculate in the presented language (Marsh and
Maki 1976). The calculation and parity tasks were used
based on the previous findings of native math processing,
that calculation involves verbal associations whereas parity
is processed in an abstract language-independent manner
(Dehaene 1992). In addition, phonemic task has previously
been used as a linguistic task to compare with native math
processing (Simon et al. 2002, 2004).

The calculation condition included 14 two-digit number
addition and two-by-one-digit multiplication equations,
with the sum or product also being a two-digit number to
control for the level of task difficulty (e.g., “24 times 2 is
68”—right or wrong). Two-digit numerals are used, given
that some strategic differences were observed with single
but not two-digit arithmetic for Asians and non-Asians
(Campbell and Xue 2001; Geary 1996). The parity
condition involved parity judgment questions of 14 pairs
of two-digit odd or even numbers (e.g., “34 and 22 are even
numbers”). The linguistic condition was phonetic discrim-

ination of the native vowel contrast [i]–[y] in Chinese, and
the nonnative contrast [i]–[I] in English. Whereas all these
vowels are acoustically and perceptually similar, [I] does
not exist in the Chinese phonetic inventory and [y] is not an
English sound. These vowels appear in 14 minimal word
pairs of each language, which are embedded in carrier
sentences for a rhyming truth judgment task (i.e., “Heat and
seat are in rhyme”). For each of the three conditions, the
level of difficulty in Chinese (L1) and English (L2) was
carefully controlled by choosing similar numerical size and/
or similar first and second operands in the two languages.
Similarly, the stimulus sentences in Chinese (L1) and



size of each voxel was 40 mm3 (in-plane resolution, 3×3 mm;
slice thickness, 4.5 mm). Twenty-one contiguous axial slices
of the brain covering the entire cortex were taken parallel to
the anterior-posterior commissure line.

Each participant was scanned for four runs (two in
Chinese, two in English). The order of Chinese or
English presentation was counter-balanced across sub-
jects. An event-related design was performed where 188
images were acquired for each run: a rest period (10
images, 20 s), a stimulation-baseline period (168 images,
336 s) including 21 trials (8 s stimulation/response and
8 s baseline periods for each trial), and another rest
period (10 images, 20 s). In each run, the 21 stimulus
trials were from all the three tasks (calculation, parity,
and linguistic, seven stimuli/task) presented in a ran-
domized order. For each trial, participants heard the
entire statement over headphones, and gave a right/
wrong response by pressing a button. Half of the
participants were asked to press the left button for
“wrong”, and the other half were asked to press the
right button for “wrong” responses. The “right” and
“wrong” prompts (“√” and “x” respectively) were shown
on the screen during the response periods. The rest
periods contained no tasks, but the participants were
asked to press a button when they heard periodically
presented pure tone beeps (200 Hz), while viewing a
fixation mark on the screen (+). This was later used to
control for primary motor, visual and auditory processing
in the test conditions (Hirsch et al. 2001; Wang et al.
2003).

Behavioral responses were logged during the scans using
IFIS/E-prime. T1-weighted images were acquired along the
same plane locations as the T2*-weighted images for
anatomical reference. After the behavioral and imaging
session, all participants completed a post-experiment
questionnaire on the strategies they used to perform



revealing the same pattern for each of the three tasks (p<
0.006). Furthermore, there was also a reliable task
difference in ER [F(2, 18)=13.4, p=0.000] and RT [F(2,
18)=25.3, p=0.000]. Post hoc analyses show no task and
language interaction. For both Chinese and English,
subjects made more errors in performing the calculation
and phonetic tasks than the parity judgment task. For both
languages, the response time for calculation was longer
than for the phonetic task which in turn was longer than
parity judgment.

Imaging results

Figure 2 highlights the imaging results during calculation in



2003; Hirsch et al. 2001; Zago et al. 2001), engaging the
LPi supporting the semantic representation of numerical
quantity (Chochon et al. 1999; Dehaene et al. 1999, 2004;
Hirsch et al. 2001; Kong et al. 2005; Simon et al. 2002) and
GFm and GC for arithmetic procedure complexity process-
ing (Kong et al. 2005; Zago et al. 2001). Whereas there was
little GFi and GTs activity, language involvement may have
been modulated by the left GFm which have been reported
to excite both language processing and mental calculation
(e.g., Hirsch et al. 2001; Simon et al. 2002), and LPi which
may be activated independently of the frontal regions for
verbal fact retrieval (Pesenti et al. 2000).

In contrast to these native patterns, performing calcula-
tion in English (L2) engaged additional and more extensive
neural activation, particularly in the language-dominant left
hemisphere, including the GFi, GFm, GFd and GPrC/
GPoC, which have previously been associated with
language processing (Booth et al. 2002; Hirsch et al.
2001; Indefrey and Levelt 2004; Pulvermüller et al. 2006;
Zatorre et al. 1992). Noticeably, the left GFi (Broca’s area,
the classic “language area”) was activated only for the L2,
consistent with the previous finding with balanced bilin-
guals that activation of this area may result from an effort to
translate the problem from an unfamiliar language to a
familiar language so as to retrieve the answer in the familiar
language (Venkatraman et al. 2006). Together, these
patterns demonstrate the reliance of L2 calculation on
language systems, suggesting that the L2 input may have
been translated into L1 to perform calculation. Indeed, on
the basis of the bilingual encoding complex model,

(Bernardo 2001; Campbell 1994, 2004), verbal codes in
L1 would be activated in the retrieval of arithmetic
information if the arithmetic memory system is not well
developed in bilinguals’ L2. As a consequence, L2
calculation is mediated by the L1. The post-experiment
questionnaire consistently revealed that 79% (15 out of 19)
of the participants claimed to have to do calculation in their
L1 (Chinese) even when the questions were presented in
English (L2), while the others could either calculate directly
in their L2 (10%) or visualized the questions in Arabic
numerals (10%).

Parity judgment

Compared to the massive cortical differences revealed in
the calculation task, parity judgments in Chinese and
English engaged relatively similar regions, mostly in the
GPrC/GPoC and LPi areas. According to the triple-code
model, parity information involves direct retrieval of
information from a semantic store of simple arithmetical
properties rather than a mental computing process, and thus



Linguistic processing

The discrimination of the L2 English contrast [i−I] resulted
in greater error rate and longer response latencies than that



General discussion

The above comparisons of the calculation, parity and
linguistic processing cumulatively suggest that numerical
processing in L2 involves a specialized neurocircuitry. The
findings indicate that calculation in the L2 was processed
through L1, while parity processing was not. This is
evident from results showing that compared to the Chinese
condition, mental computation of the stimuli presented in
English evoked more extensive activation mostly in the
left hemisphere, including the classical language area such
as GFi (Booth et al. 2002; Zatorre et al. 1992), as well as
GFm also found to be specialized for language (Hirsch et
al. 2001). Furthermore, that L1 but not L2 linguistic
phonemic processing activated Broca’s area provides
supporting evidence that this area was most robustly

activated when L1 was involved. In contrast, parity
judgment resulted in similar activation for L1 and L2
without significant language area involvement. It is
interesting to note that the behavioral results showed
greater error rate and longer response time for all three
tasks in English (L2) than in Chinese (L1), indicating that
doing the tasks in the L2 was more difficult than in the L1.
However, the imaging results of more extensive activation
for the calculation task in L2 compared to that in L1, and
similar activation patterns for the parity task in L1 and L2
cannot be attributed to the effect of task difficulty, as
otherwise one would have expected more extensive
activation for the parity task in L2 relative to L1. This
suggests that the imaging results can reveal more about the
nature of mathematical processing patterns than offered by
the behavioral evidence.

Language Anatomical regions Side BA Peak voxel [x, y, z] Z score

Chinese (L1) Middle frontal gyrus L 11 [−28, 40, −2] 3.93
Posterior cingulate L 23, 29, 30 [−2, −60, 12] 3.68
Inferior parietal lobule L 40 [−38, −48, 54] 3.70
Insula L 13 [−26, 22, 8] 4.62
Anterior cingulate L 24, 25 [14, 24, −2] 5.19
Middle frontal gyrus R 11, 47 [14, 24, −2] 5.19
Anterior cingulate R 24, 25 [14, 24, −2] 5.19
Posterior cingulate R 23, 29 [−2, −60, 12] 3.68
Cuneus R 17, 18 [4, −84, 8] 3.82

English (L2) Inferior frontal gyrus L 47 [−22, 34, −4] 4.16
Middle frontal gyrus L 11 [−22, 34, −4] 4.16
Superior frontal gyrus L 8 [8, 4, 52] 4.13
Medial frontal gyrus L 6 [8, 4, 52] 4.13
Posterior cingulate L 24, 25 [8, 4, 52] 4.13
Precentral gyrus L 4,6 [−46, −30, 48] 4.38
Postcentral gyrus L 1,3 [−46, −30, 48] 4.38
Inferior parietal lobule L 40 [−46, −30, 48] 4.38
Superior parietal lobule L 7 [−24, −50, 52] 4.95
Precuneus L 7 [−24, −50, 52] 4.95
Superior frontal gyrus R 8 [8, 4, 52] 4.13
Medial frontal gyrus R 6, 32 [8, 4, 52] 4.13
Posterior cingulate R 24 [8, 4, 52] 4.13
Anterior cingulate R 24, 25 [18, 28, 2] 4.93

Chinese–English Anterior cingulate L 24 [−10, 56, −4] 4.19
Insula L 13 [−34, 0, 12] 3.70

English–Chinese Precentral gyrus L 4 [−38, −20, 54] 2.85
Postcentral gyrus L 3 [−44, −28, 50] 2.16
Superior parietal gyrus L [−12, −58, 60] 2.83



These results can be accounted for by incorporating the
aforementioned triple-code, abstract, and (bilingual) encod-
ing complex models (Bernardo 2001; Campbell 1994;
Campbell and Epp 2004; Dehaene 1992; McCloskey
1992). That is, numerical processing is completed through
both language-dependent and abstract modules: calculation
involves addition and multiplication tables which are stored
as verbal associations, and is thus format-dependent

(Bernardo 2001; Campbell 1994; Dehaene 1992); whereas
access to parity information depends on the language-
independent Arabic numerical representation regardless of
input formats (Dehaene 1992, Dehaene et al. 1993). Based
on these accounts, the present participants may have
translated or transcoded the incoming English (L2) calcu-
lation questions into Chinese (L1) to perform the compu-
tation tasks, as calculation involves verbal associations of

Language Anatomical regions Side BA Coordinates [x, y, z] Z score



the numerical lexicon and syntax which they acquired
through the L1. These neuro-based findings are in line with
the previous behavioral research reporting that bilinguals
access addition and multiplication problems through the
language that they first studied mathematics in (Dehaene
1992; Gonzalez and Kolers 1987; Marsh and Maki 1976),
and that word-format costs for calculation were greater than
for parity (Campbell 2004). For parity, the similar patterns
for L1 and L2 are possibly due to that the input being
transcoded directly into a common Arabic code (Bernardo
2001



language specific factors such as syntactic structures (e.g.,
Noël et al. 1997) or numerical formats (e.g., Brysbaert et al.
1998). Presumably these factors may affect how math is
processed in an L2. A question thus arises as to whether the
current findings can be applied to L2 math processing
where these language-specific differences exist, e.g., Dutch
learners of English whose L1 numerical syntax differs from
that of English. Moreover, given that Chinese is a
logographic language and English is alphabetic, visually
presented stimuli in Chinese characters and English words
to compare the Chinese patterns and those of learners
whose L1 is also alphabetic.

Finally, the current results have clinical implications.
Studies with brain damaged patients suffering from aphasia
and acalculia showed dissociated impairment of verbal and
non-verbal numerical abilities in bilinguals (Proios et al.
2002) as well as monolinguals (e.g., Cohen et al. 2000),
and that bilingual patients’ L1 or L2 may be differentially
susceptible to the effects of damage (e.g., Marrero et al.
2002). Understanding the brain architecture of bilinguals’
numerical and linguistic processing may help diagnosing
and assessing the mechanisms underlying the spared or
impaired performance in bilingual patients. It may also

http://imaging.mrc-cbu.cam.ac.uk/imaging/UncorrectedThreshold?highlight=%28corrected%29
http://imaging.mrc-cbu.cam.ac.uk/imaging/UncorrectedThreshold?highlight=%28corrected%29
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