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Abstract: Brain imaging studies have identiﬁed a left-lateralized network of regions that are engaged
when monolinguals read. However, for individuals who are native speakers of two languages, it is
unclear whether this pattern of activity is maintained across both languages or if it deviates according to
language-speciﬁc properties. We used functional magnetic resonance imaging to investigate single-word
processing in Spanish and in English in 12 proﬁcient early Spanish–English bilinguals matched in skill
level in both languages. Word processing in Spanish engaged the left inferior frontal and left middle
temporal gyri. Word processing in English activated the left inferior frontal, middle frontal, and fusiform
gyri extending to inferior temporal gyrus and the right middle temporal gyrus extending into superior
temporal sulcus. The comparison of reading in Spanish greater than reading in English revealed involvement of the left middle temporal gyrus extending into the superior temporal sulcus. English greater than
Spanish, however, demonstrated greater engagement of the left middle frontal gyrus extending into the
superior frontal gyrus. We conclude that although word processing in either language activates classical
areas associated with reading, there are language-speciﬁc differences, which can be attributed to the
disparity in orthographic transparency. English, an orthographically deep language, may require greater
engagement of the frontal regions for phonological coding, whereas Spanish allows increased access to
semantic processing via the left middle temporal areas. Together, these results suggest that bilinguals
will show adjustments to the typical neural representation of reading as necessitated by the demands of
the orthography. Hum Brain Mapp 33:235–245, 2012. VC 2011 Wiley Periodicals, Inc.
Key words: fMRI; bilingualism; orthography; proﬁciency; written language
r

r

INTRODUCTION
Contract grant sponsor: National Institute of Child Health and
Human Development; Contract grant number: P50 HD40095;
Contract grant sponsor: National Science Foundation (Science of
Learning Centers Program); Contract grant number: SBE 0541953.
*Correspondence to: Guinevere F. Eden, D.Phil., Center for the
Study of Learning, Georgetown University Medical Center, BOX
571406, Suite 150, Building D, 4000 Reservoir Road, NW Washington DC, 20057. E-mail: edeng@georgetown.edu
Received for publication 28 April 2010; Revised 24 August 2010;
Accepted 20 October 2010
DOI: 10.1002/hbm.21208
Published online 9 March 2011 in Wiley Online Library
(wileyonlinelibrary.com).
C 2011 Wiley Periodicals, Inc.
V

Two decades of research using brain imaging technology have shed light on the functional anatomy of word
processing and reading. These studies have revealed a
network of left-lateralized regions in the occipitotemporal,
temporoparietal, and frontal cortices that participate in
aloud and silent reading [Fiez and Peterson, 1998;
Price et al., 1996; Pugh et al., 1996; Rumsey et al., 1997;
Turkeltaub et al., 2002]. Based on these ﬁndings, Pugh
et al. [Pugh et al., 2001; Sandak et al., 2004a] have devised
a brain-based model of reading focusing on a dorsal and
ventral dichotomy within left hemisphere posterior systems as well as a left frontal region, each of which
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demonstrates changes in activation depending on the type
of word being processed. Speciﬁcally, this model proposes
that the occipitotemporal region, which contains the putative visual word form area [VWFA; Cohen et al., 2002;
however, see Price and Devlin, 2003], is principally responsible for word (real and pseudoword) identiﬁcation
[Pugh et al., 2001; Sandak et al., 2004b]. In response to
frequently encountered words, this ventral area makes
available the memory representations corresponding to a
word’s orthography. However, when a new word is
encountered for which no orthographic representation
exists in the occipitotemporal cortex, the word must be
decoded, or ‘‘sounded out,’’ by the reader. The word is
thus assigned to the temporoparietal region, which integrates orthographic, phonological, lexical, and semantic
rules. This dorsal area, encompassing Wernicke’s Wortschatz [Brunswick et al., 1999], shows increased activation
during tasks invoking phonological processing [Démonet
et al., 1992] and, compared to the occipitotemporal region,
is considered to be relatively slower in its temporal onset
[Pugh et al., 2001]. Access to the meaning of a word is
thought to occur in the middle and inferior temporal gyri
within this region [Pugh et al., 2005; Sandak et al., 2004a,
2004b]. A third participant in the process, the inferior frontal gyrus, which incorporates Broca’s area, is proposed to
provide more detailed analysis of word processing, supporting articulatory recoding, or ‘‘assembled phonology’’
[Pugh et al., 2001]. These regions are believed to act in
concert, with the dorsal circuit enabling advancement of
the ventral circuit as reading develops in typical development [Sandak et al., 2004a]. Speciﬁcally, during learning,
the supramarginal gyrus (within the temporoparietal system) and the inferior frontal gyrus integrate orthographic
and phonological features of words, whereas the angular
gyrus (within the temporoparietal system) transfers these
features to distributed cortical sites of semantic knowledge, allowing a ‘‘phonologically tuned’’ occipitotemporal
skill zone to develop for functional pattern-identiﬁcation.
Once learning of words improves, this region, in turn,
relies on lexical and semantic processing in the middle
and inferior temporal gyri to facilitate the emergence of
rapid word identiﬁcation in the ventral circuit. The degree
to which this pattern of brain activity adheres when reading in different languages [Paulesu et al., 2000] or in nonalphabetic writing systems [Tan et al., 2000] has been an
area of active research. Of particular interest is how language is organized in individuals who have more than
one language at their disposal, either because they learned
more than one language early on (i.e., no later than age 6)
or because they acquired an additional language to a high
level of proﬁciency later in life. The debate central to both
lesion studies of neurological patients [Karanth, 1981;
Ohno, 2002; Raman and Weekes, 2005; Wechsler, 1977]
and imaging studies of multilingual healthy subjects
[Perani and Abutalebi, 2005] is the extent to which multiple languages spoken by an individual share cortical
representation.
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Most investigations examining the neural substrates
responsible for representing ﬁrst (L1) and second (L2) languages in late bilinguals have been conducted in the context of oral language skills rather than in the context of
reading. Although many of these have used experimental
approaches using written stimuli, to date, only one study
has directly addressed the question of reading in bilinguals [Meschyan and Hernandez, 2006]. This investigation
provided insights into reading in Spanish and English.
However, because the participants were not equally skilled
in both languages (their proﬁciency in English was weaker
on both the actual task and on a self-report of language
proﬁciency), the results on the brain’s response to processing English versus Spanish words is somewhat open to
interpretation due to differences in both orthography and
proﬁciency. In the present investigation, we ask if different
brain regions are used when an early bilingual reads
words in Spanish and English under conditions in which
proﬁciency on the task is matched and participants are
matched on their language proﬁciency for both languages.
Evidence for a common cortical system for L1 and L2
exists at both the single-word level [Chee et al., 1999, 2000,
2001; Illes et al., 1999; Tan et al., 1999, 2003] and sentenceprocessing level [Chee et al. 1999; Yokoyama et al., 2006].
Together, these studies of written languages cover a range
of paradigms that includes cued word generation, rhyme
judgments, and semantic judgments. Other ﬁndings, however, suggest distinct patterns of activation for L1 and L2
[Luke et al., 2002; Meschyan and Hernandez, 2006; Tham
et al., 2005]. These conﬂicting results can be attributed to
various factors. First, variability in age of L2 acquisition
and L2 proﬁciency among subjects may account for these
discrepancies [for review, see Perani and Abutalebi, 2005].
Indeed, Wartenburger et al. [2003] found that whether L1
and L2 activate the same regions when bilinguals make
semantic and syntactic judgments of visually presented
sentences depends on L2 proﬁciency and age of L2 acquisition, respectively. Second, disparities in the orthographic
transparency (i.e., consistency in mapping letters to
sounds) of the languages tested may elucidate the discordant ﬁndings. Speciﬁcally, orthographies vary across languages in the consistency of their grapheme-to-phoneme
correspondences. Pronunciation in German, for example,
is very consistent, whereas the mapping from print to
sound in English is not [Goswami et al., 2005]. These distinctions lead to differences in rate of reading acquisition
in beginning readers [Goswami, 2008; Ziegler and
Goswami, 2005] and have also been proposed as a source
of between-language variations in the functional anatomy
of reading [Paulesu et al., 2000]. Third, disparities may be
even more extensive for different writing systems. For
example, Chinese uses a logographic or morphosyllabic
writing system in which characters representing meaningful monosyllables serve as the basic units, whereas English
has an alphabetic writing system in which letters indicating phonemes are the primary units [Tan et al., 2003].
Finally, variations in syntax may also explain the
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contradictory ﬁndings. As Luke et al. [2002] point out,
English and Chinese vary signiﬁcantly in syntax even
though both are subject-verb-object languages. Thus, dissimilarities seen in the neural representations of English
and Chinese may reﬂect the separate syntactic processing
needed to read sentences in each language.
Although all of the aforementioned investigations used
the visual presentation of words as an experimental paradigm, only one focused explicitly on the functional anatomy of reading rather than linguistic aspects of language
processing. Meschyan and Hernandez [2006] studied subjects during a covert word-reading task and reported that
early Spanish–English bilinguals produced greater activation in the inferior parietal region and along the occiptoparietal border when reading words in English than when
reading in Spanish. Spanish, on the other hand, elicited
greater activation in the right supplementary motor area,
right putamen, right insula, and left superior temporal
gyrus. As noted above, subjects in this study differed in
proﬁciency in and experience with Spanish and English.
Consequently, whether the between-group ﬁndings
observed during the reading of English versus Spanish
words were due to differences in orthography or due to
discrepancies in proﬁciency and experience were not clear.
Here, we build on this work by asking if individuals who
are early users of Spanish and English map two written
languages that use alphabetic writing systems with mainly
shared Roman letters to the same brain regions despite the
differences in the transparency of their orthographies. To
allow for clear interpretation of any between-language differences, it was required that subjects (1) had acquired
both languages at an early age, (2) be matched on language and reading proﬁciency, and (3) perform the task
equally well during the acquisition of scans. Only adults
who had learned both English and Spanish at or before
age 6 and were highly proﬁcient in both languages were
included in the study. Objective measures were used to
conﬁrm each subject’s reading ability in both languages.
An ‘‘implicit’’ reading task involving feature detection in
words [Price et al., 1996; Turkeltaub et al., 2003] was used
to identify the patterns of cortical activation for reading in
English and Spanish. This paradigm has previously been
shown to elicit brain activity in areas commonly seen in
explicit reading paradigms, reﬂecting orthographic, phonological, and semantic processing [Price et al., 1996; Turkeltaub et al., 2003]. Importantly, this task has a distinct
advantage for the study of bilingual reading in that the
same task can be given in two languages and equivalent
performance levels during the scanning session can be
achieved.
Based on previous studies [Chee et al., 1999; Wartenburger et al., 2003], we predicted that reading by proﬁcient
early Spanish–English bilinguals in either language would
invoke a similar cortical network consistent with that
reported for reading in monolinguals of alphabetic languages in the literature [Pugh et al., 2001]. At the same
time, we hypothesized that there would be language-
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speciﬁc brain regions, reﬂecting the substantial differences
in the orthographies of English and Spanish. A dual-route
cascaded (DRC) computational model of reading [Coltheart et al., 2001] purports that orthographic input can be
processed via an indirect phonological route or via a direct
lexical route to access semantics. Similarly, a computational connectionist model of reading [Harm and Seidenberg, 2004] asserts that semantic activation occurs via
visual and phonological pathways that normally contribute simultaneously but differentially, with division of
labor dependent on various factors (e.g., skill acquisition,
frequency, and consistency). If fewer resources for phonological processing are needed, as would be expected in
Spanish because phonological mapping is more straightforward, there may be less use of this pathway and, at the
same time, greater use of the semantic route. On the other
hand, as English is orthographically deep, left temporoparietal and frontal regions that support phonological interpretation may show greater activation when subjects are
processing English words compared with Spanish words.

METHODS
Subjects
Twelve healthy, right-handed Spanish–English bilinguals (eight female, four male) aged 18–29 years (mean ¼
22.67 years) participated in this study. All subjects
acquired both languages not later than age 6 and had minimal exposure to languages other than English and Spanish. None of the subjects reported a signiﬁcant personal
history of neurological impairment or learning disorders.
Experimental procedures were approved by the Georgetown University Institutional Review Board; written
informed consent was secured from each participant.

Behavioral Testing Battery
All subjects were given a battery of standard neuropsychological tests to measure single-word reading skills in
English and in Spanish as well as other cognitive skills
that have been shown to provide an index of reading
efﬁciency [Wagner and Torgesen, 1987]. In English, the
letter-word identiﬁcation and word attack subtests from
the Woodcock–Johnson III Tests of Achievement [Woodcock et al., 2001] were used to generate the basic reading
skills score, which represents a broader measure of reading that combines both sight word reading and decoding
skills. The Baterı́a III Woodcock-Muñoz: Pruebas de aprovechamiento [Muñoz-Sandoval et al., 2005] subtests of
Identiﬁcacion de Letras y Palabras and Analisis de
Palabras, the Spanish equivalents of the English tests, were
used to provide the same measures in Spanish. Normal
scores are considered to be in the range of 85–115, representing one standard deviation from the mean of 100.
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TABLE I. Language background and self-assessment of subjects (n 5 12)
Parameter

Spanish (M, SD)

Language background
Age of ﬁrst exposure (years)
0.0 (0.0)
Formal study (years)
12.96 (8.69)
Percent currently spoken per day
22.92 (15.14)
Language self-assessment (Scale 1–7; 7¼native-like competence)
Listening comprehension
6.75 (0.45)
Reading comprehension
6.33 (0.78)
Speaking
6.5 (0.52)
Writing
6.08 (1.00)

In addition, to ensure that all study participants demonstrated a typical reading proﬁle in English (i.e., no signs of
a reading disability), speciﬁc cognitive aspects known to
be related to reading proﬁciency in English were also evaluated [Wagner and Torgesen, 1987]. Naming ﬂuency (phonological recoding in lexical access) was determined by
the rapid automatized naming test [Denckla and Rudel,
1974, 1976a,b], and phonetic recoding in auditory working
memory was evaluated by the digit span subtest from the
Wechsler Adult Intelligence Test, Third Edition (WAIS-III)
[Wechsler, 1997]. Each participant also completed a language self-assessment based on Meschyan and Hernandez
[2006], including questions about exposure to both languages and current usage of Spanish and English (Table I).
The Edinburgh Handedness Inventory [Oldﬁeld, 1971] was
used to verify right-handedness for each participant. Good
visual acuity was conﬁrmed for all subjects using the Sloan
Letters Chart (Good-Lite, Forest Park, IL).

Functional Magnetic Resonance Imaging
Data Acquisition
MRI images were acquired on a Siemens Vision Magnetom 3.0-Tesla scanner with a circularly polarized head coil
at Georgetown University’s Center for Functional and Molecular Imaging. One three-dimensional (3D) T1-weighted
image was obtained for every subject. Functional runs
comprised an echo-planar imaging (EPI) sequence (TR ¼
3.0 s, TE ¼ 30 ms, ﬂip angle ¼ 90 , FOV ¼ 192 mm, 64 
64 matrix, 50 axial slices, interleaved and descending acquisition order, 3.0 mm  3.0 mm  2.8 mm cubic voxels).

Stimuli and Task
As reported in previous studies of reading [Turkeltaub
et al., 2003, 2004], and adapted from a study by Price et al.
[1996], the experimental paradigm required subjects to
view single words and press one of two buttons to indicate the presence (right thumb) or absence (left thumb) of
an ascender, or tall letter, in each word (e.g., arroz, babor in
Spanish; manor, vowel in English). Subjects also performed
the same task on false font strings, or ‘‘pseudofonts.’’ As
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English (M, SD)

P value

3.79 (2.21)
14.71 (4.79)
76.92 (15.00)

9.67  105
ns
6.65  105

6.75
6.67
6.67
6.50

(0.45)
(0.49)
(0.49)
(0.80)

ns
ns
ns
ns

false font strings are associated with neither phonological
nor semantic representations, contrasting activations for
words with those for false font strings isolates the neural
substrates speciﬁcally responsible for word processing
from those concerned with nonlinguistic computations
(e.g., motor planning, motor execution, response selection,
visual processing, and spatial processing). As ﬁrst
described by Price at al. [1996], this experimental approach
leads to the ‘‘implicit’’ or incidental activation of regions
involved in orthography, phonology, and semantics but
does not preferentially emphasize any of these aspects of
reading.
Before being scanned, subjects were trained on the task.
Each subject was scanned during four experimental runs
(each run duration ¼ 4 min, 27 sec), twice with English
stimuli and twice with Spanish stimuli. Order of runs was
counterbalanced across participants. Alternating blocks of
words, false font strings, and ﬁxation were presented in
each run. Periods of crosshair ﬁxation occurred at the
beginning (24 s) and end (21 s) of each run and between
(18 s) the other blocks. Stimulus presentation rate was 1
per 4.2 s (stimulus duration ¼ 1.2 s, interstimulus duration
¼ 3.0 s). For each condition, 40 whole-head EPI volumes
were compiled.
Stimuli consisted of 80 words (40 English, 40 Spanish)
and 80 false font strings (40 English equivalents and 40
Spanish equivalents) presented in separate runs according
to language. For the ‘‘words’’ condition, based on prior
studies [Price et al., 1997; Turkeltaub et al., 2003], ﬁveletter, low-frequency (English: KF ¼ 8.05, SD ¼ 6.03; Spanish: LEXESP ¼ 7.95, SD ¼ 5.16) words containing one or
two syllables were shown individually in black Arial font.
English stimuli were selected from the MRC Psycholinguistic Database [Coltheart, 1981]; Spanish ones were chosen from the BuscaPalabras database [Davis and Perea,
2005]. Cognates, words with the letters i or j, and words
containing accents were excluded to eliminate ambiguity.
For the ‘‘false font strings’’ condition, unfamiliar characters in modiﬁed black Arial font were matched to words
for length and position of ascenders (e.g., l, t, b) and
descenders, or hanging letters, (e.g., y, p, g). Each English
word had a false font counterpart, as did each Spanish
word. To prevent subjects from assigning phonological
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TABLE II. Neuropsychological measures of subjects’ reading ability
Neuropsychological measure

Spanish (M, SD)

Basic Reading Skills Cluster
Digit Span
RAN Letters and Numbers
RAN Colors and Objects

114.83 (16.25)

English (M, SD)
104
113.33
110.25
100.17

(7.03)
(17.23)
(11.09)
(10.19)

P value
ns

Basic reading skills cluster is a composite score based on word ID and word attack performance. P <0.05.
RAN ¼ Rapid Automatized Naming. RH ¼ right-handed.

meaning to false font strings, a strict correspondence
between false font characters and letters was not applied,
however (i.e., no false font character represented a unique
letter). Ascenders were located in half of the stimuli.

Functional Magnetic Resonance Imaging
Data Analysis
MRI images were analyzed with MEDx (Sensor Systems). After being motion-corrected and globally normalized, data underwent Gaussian spatial smoothing (8 mm),
high-pass temporal ﬁltering (240 s), and spatial normalization to the SPM99 MNI-205 coordinate system [Woods
et al., 1998a]. Using automated image registration, head
motion correction was completed on scans [Woods et al.,
1998b]; a cutoff of 0.6 mm (20% of voxel size) for 3D intrascan translation was used to exclude any scan in which
excessive movement was found. To generate statistical
maps of task-related signal changes for every subject, the
‘‘real-word’’ condition and corresponding ‘‘false-font
strings’’ condition were contrasted for each run. The maps
were then rated by two blind evaluators for overall image
quality and head motion. The better of the two runs
acquired was submitted for group analysis. Randomeffects group analyses were then conducted to generate
statistical maps of word processing in: (1) Spanish, (2)
English, (3) Spanish greater than English, and (4) English
greater than Spanish. As in previous reports using this
task, for all statistical analyses Z-maps were generated
with a threshold of Z > 3.1 (P < 0.001) and 25 contiguous
voxels [Turkeltaub et al., 2003]. The statistical maps of
word processing in English and Spanish were overlaid to
generate a colocalization map to determine common areas
of activation underlying Spanish and English word processing. Brain renderings for ﬁgures were created with VolView 2.0. The brain was made transparent to allow
activation to be seen below the surface.

RESULTS
Behavioral Results
All behavioral measures indicate that the subjects were
equally proﬁcient in English and Spanish. Subjects’ selfreported language skills did not vary signiﬁcantly between
the two languages (Table I). Although subjects indicate
more current use of English than Spanish, their overall
language experience, as signiﬁed by formal years of study,
was similar in Spanish and English. Neuropsychological
testing conﬁrmed this: As shown in Table II, the basic
reading skills cluster scores did not signiﬁcantly differ
between languages. In-scanner data showed that subjects
performed the feature detection task equally well in both
languages (Table III).

Functional Magnetic Resonance Imaging Results
Within Group Comparisons
Spanish. Regions involved in word processing in Spanish
(i.e., contrast between Spanish words and Spanishmatched false font strings) are shown in Figure 1A and
Table IV. Consistent with prior results in monolinguals,
reading in Spanish engaged the left middle temporal gyrus
(BA 21) and left inferior frontal gyrus (BA 45/47).
English. Word processing in English-activated regions in
the left hemisphere fusiform gyrus (BA 37/20) extending
into the inferior temporal gyrus (Fig. 1B, Table IV). Other
areas included the inferior frontal gyrus (BA 45/46/47)
extending into the middle frontal gyrus as well as additional regions in the inferior frontal gyrus (BA 45, 46, and
47). Right-hemispheric regions consisted of middle temporal gyrus extending into the superior temporal sulcus
(BA 21/22).

TABLE III. Performance inside scanner during implicit reading task (word – false font string)
Parameter

Spanish (M, SD)

Overall accuracy (% correct)
Overall response time (ms)
Word / false font accuracy difference (% correct)
Word / false font response time difference (ms)

91.04
751.58
2.92
37.40

r
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(7.94)
(78.98)
(8.65)
(60.29)

English (M, SD)
91.46
726.52
0.42
13.11

(5.59)
(74.70)
(3.96)
(38.87)

P value
ns
ns
ns
ns
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matched false font strings) and English is indicated in
Figure 1C and Table IV. Both languages activated a cluster
in the left inferior frontal gyrus (BA 47).

Between Group Comparisons
Spanish Greater than English
The contrast of Spanish greater than English revealed
relatively more activation for Spanish in the left middle
temporal gyrus extending into the superior temporal sulcus (BA 21/22; Fig. 2, Table IV) as well as the inferior
colliculus.

English Greater than Spanish
The comparison of English greater than Spanish yielded
relatively greater activity for English in the left middle
frontal gyrus extending into the superior frontal gyrus
(BA 10; Fig. 2, Table IV).

DISCUSSION

Figure 1.
Individual languages. (A) Word processing in Spanish elicited
activation in the left middle temporal and inferior frontal gyri (Z
> 3.1, P < 0.001). (B) Word processing in English engaged left
hemisphere fusiform gyrus extending to inferior temporal gyrus
as well as inferior frontal and middle frontal gyri. In the right
hemisphere, activation was seen in middle temporal gyrus
extending into superior temporal sulcus. (C) Word processing
in both Spanish and English activated an eight-voxel cluster in
the left inferior frontal gyrus. Brain renderings created with VolView 2.0 used templates with transparency values on a scale on
which 0 equals complete transparency and 100 equals complete
opacity. For (A) and (B), images were set to a transparency
value of 75. For (C), a transparency value of 55 was used.

Colocalization of Spanish and English
Common involvement in word processing in Spanish
(i.e., contrast between Spanish words and Spanish-

r

This study investigated single-word reading in proﬁcient early Spanish–English bilinguals to determine the
functional anatomy of reading in each language. The
results demonstrate that while both languages engage left
hemisphere temporal and frontal cortices, word processing
of Spanish and English rely on partially distinct brain
regions. Because the participants were early bilinguals
with equal language proﬁciency and comparable reading
scores in both languages and because performance on the
experimental task was the same for Spanish and English,
these differences in activation patterns can be attributed to
the nature of the orthographies of these two languages.
To interpret these language-speciﬁc differences, the
impact of orthographic transparency on reading must be
considered within models that describe the roles of phonological and semantic processing in response to the orthographic information that is presented. By only examining
reading at the single-word level, we averted any potential
effects of differing syntactic processing between languages.
English has a deep orthography (i.e., the mapping between
graphemes and phonemes is not consistent), whereas
Spanish has a shallow orthography. The comparison
between word processing in Spanish versus word processing in English revealed greater activation for Spanish in
the left middle temporal gyrus that extends into the superior temporal sulcus (BA 21/22) and the inferior colliculus,
a region involved in auditory processing. Meschyan and
Hernandez (2006) also detected enhanced activity for
Spanish relative to English words in a left superior temporal gyrus (BA22) region near the one reported presently
and concluded that this ﬁnding is driven by orthographic
transparency of reading in Spanish. However, in this study
the maxima of the focus emanates from the left middle
temporal gyrus, suggesting that this more inferior region
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TABLE IV. Activation during implicit reading task (word – false font string)
Talairach coordinates
Region

Brodmann area

Number of voxels

Max Z

x

y

z

21
45, 47

60
295

3.67
4.13

64
52

34
26

2
8

37, 20
9, 46
45, 46
47

31
55
65
98

3.69
3.58
3.81
4.33

48
46
58
50

56
14
22
32

26
26
12
10

21, 22

137

3.69

72

32

4

47

8

3.87

50

30

8

21, 22
N/A

36
25

3.85
3.38

50
8

40
30

6
4

10

46

3.50

32

54

4

Spanish
Left
Middle temporal gyrus
Inferior frontal gyrus
English
Left
Fusiform gyrus/Inferior temporal gyrus
Inferior frontal gyrus/Middle frontal gyrus
Inferior frontal gyrus
Inferior frontal gyrus
Right
Middle temporal gyrus/Superior temporal gyrus
English and Spanish
Left
Inferior frontal gyrus
Spanish > English
Left
Middle temporal gyrus/Superior temporal sulcus
Inferior colliculus
English > Spanish
Left
Middle frontal gyrus/Superior frontal gyrus
Threshold of Z > 3.1 (P < 0.001) and 25 contiguous voxels

may play a greater role in the reading of Spanish compared with English. Differences in the tasks used by this
study and by Meschyan and Hernandez [2006] may
account for this discrepancy in the results. The superior
temporal gyrus may be more engaged if a covert reading
task, like the one used by Meschyan and Hernandez,
evokes associated acoustic properties.

Figure 2.
Comparisons. Contrast of Spanish greater than English showed
activation in the left middle temporal gyrus extending into the
superior temporal sulcus (Z > 3.1, P < 0.001). The opposite
comparison, English greater than Spanish, found more engagement of the left middle frontal gyrus extending into the superior
frontal gyrus.

r

The relatively increased recruitment of the left middle
temporal gyrus for Spanish observed in this study may be
due to this region’s involvement in semantic processing.
Support for this interpretation is offered by Price and
Mechelli [2005] in their review of the literature, which
reveals that middle temporal gyrus activity is greater during semantic processing than phonological processing. For
example, a study of sentence comprehension by Dapretto
and Bookheimer [1999] found the left middle temporal
gyrus (BA 21) to be engaged in the semantic condition
(single-word meaning) but not the syntactic condition. In a
meta-analysis on semantic processing of words, Binder
et al. [2009] found the left middle temporal gyrus to be a
key component of the semantic network. One possible explanation is that because Spanish is currently used less often by the participants, difﬁculty in recruiting semantic
representations could have resulted in greater activation in
this area. However, Katz et al. [2005] found stable activation in the middle temporal gyrus extending into the superior temporal gyrus for both repeated and new words in
lexical and naming tasks, indicating that engagement of
this region does not depend on vocabulary and therefore
making this interpretation less likely. Our results instead
suggest that as Spanish is more orthographically transparent than English, resources for semantic coding are
more readily accessible. This idea is consistent with models of reading, such as the DRC computational model
[Coltheart et al., 2001], which describes orthographic input
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proceeding to either phonological output or semantics,
and the computational connectionist model of reading
[Harm and Seidenberg, 2004], which contends that visual
and phonological routes concurrently but unequally contribute to semantic activation. Hence, the orthographic
transparency of Spanish may enable semantic processing
to occur more easily in parallel because fewer resources
for phonological processing are needed.
During the reverse comparison, English greater than
Spanish, we found that English makes greater demands on
the left middle and superior frontal gyri. We believe that
this ﬁnding is compatible with this region’s role in phonological mapping, which is invoked more deeply in English,
a language replete with orthographic inconsistencies.
Numerous experiments with English monolingual readers
have demonstrated the role of the left inferior frontal cortex in tasks that require explicit mapping of graphemes to
phonemes, including those involving pseudoword reading
[Brunswick et al., 1999; Burton et al., 2005; Fiez et al., 1999;
Hagoort et al., 1999; Herbster et al., 1997; Poldrack et al.,
1999; Pugh et al., 1996; Rumsey et al., 1997; Zurowski
et al., 2002]. Although the region identiﬁed in our study is
more superior to the area observed in these studies, the
same region has been shown to be responsive to the orthography of words. Speciﬁcally, in an event-related functional magnetic resonance imaging study of visually
presented English words, Binder et al. [2003] investigated
lexicality and manipulated orthographic neighborhood
size. They found that the left middle frontal gyrus (BAs
10/9, 6 and 8) showed a signiﬁcant interaction of lexicality
and neighborhood. This region was more engaged for
words without any neighbors than words with many
neighbors. In other words, activation in this region
increased with orthographic complexity, which is consistent with our ﬁnding of this region’s greater involvement
in English than Spanish. In another study, Bolger et al.
[2008] showed that the left middle frontal gyrus was more
involved when words with greater phonological inconsistency were presented in a rhyming task, a task that entails
direct phonological processing. As the left middle frontal
gyrus in monolingual readers has heightened sensitivity
to phonologically inconsistent words, one might anticipate
that this region is more engaged when a bilingual
reader is operating in the language with the deeper
orthography.
Turning to ventral cortex, the occipitotemporal region,
near the putative VWFA, was engaged during the reading
of English words but not during the reading of Spanish
words. According to the model proposed by Pugh et al.
[2001], activation of the ventral circuit, which includes the
occipitotemporal region, is frequency-dependent. That is,
the ventral stream shows greater engagement for familiar,
high-frequency words. As we selected low-frequency
words in both languages, it is somewhat surprising that
the occipitotemporal region was even activated above
threshold in the English condition, as this ﬁnding has not
been reported in previous studies using this implicit
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reading task [Turkeltaub et al 2003; Price et al, 1996]. A
possible explanation for this activation in the current sample is that in bilinguals, the presence of word form representations in Spanish affects the perceived frequency of
words in English, the written language currently used
more extensively, thereby resulting in activations in the
left occipitotemporal region as if the words were of low
frequency in nature.
The current study did not replicate the ﬁnding of right
inferior parietal lobe seen in the English versus Spanish
contrast by Meschyan and Hernandez [2006]. The authors
argued that the disparity in orthographic transparency of
the subjects’ ﬁrst (Spanish) and second (English) languages
accounted for the differential activation in this region. It is
noteworthy that Wartenburger et al. [2003] also reported a
similar right hemisphere difference when comparing two
languages in bilinguals. However, they interpreted these
ﬁndings in terms of language proﬁciency, not orthography.
In that study, late Italian (L1) – German (L2) bilinguals
highly proﬁcient in L2 showed greater activation in the
right inferior parietal lobe when compared to late Italian
(L1) – German (L2) bilinguals with low L2 proﬁciency. As
both Italian and German are orthographically shallow, this
result cannot be attributed to an orthography effect. As the
participants in the present investigation were equally proﬁcient in both languages, the absence of right hemisphere
differences in the English greater than Spanish contrast is
therefore not surprising. Together, these studies suggest
that the ﬁndings reported by Meschyan and Hernandez in
the right parietal cortex are more likely due to the differences in proﬁciency in their participants rather than the
orthographic characteristics of English and Spanish.
The present investigation also did not reproduce other
right hemispheric ﬁndings of the Meschyan and Hernandez [2006] study. Meschyan and Hernandez found greater
engagement of the right insula and putamen for Spanish
versus English. The authors concluded that this greater
activation for Spanish resulted from being less proﬁcient
in that language. As our subjects were equally proﬁcient
in both languages, the lack of activation in these regions in
our results is not unexpected.
Previous studies on bilingualism have focused speciﬁcally on the age of acquisition of language, particularly the
second language. Consistent with prior studies [e.g., Chee
et al. 1999], our investigation used a cutoff age of 6 years
as an inclusion criterion to classify participants as ‘‘early’’
bilinguals. In the end, however, the mean age of acquisition of each language did differ. We do not believe that
this plays a signiﬁcant role in the outcome of our study.
To date, studies on age of acquisition differences have
focused on individuals who acquired L2 at a much later
age. For example, the mean age of initial exposure for
early bilinguals and late bilinguals in Kim et al. [1997] and
Wartenburger et al. [2003] differed, respectively, by 11.2
and 18.9 years, both signiﬁcantly larger differences than
that reported by subjects in this study. Further, Wartenburger et al. [2003] found that age of acquisition plays a
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role in grammatical, but not semantic, processing. As single-word processing, the target of the present study, is
inﬂuenced by semantics rather than grammar, age of
acquisition should not have affected the results. Moreover,
written language is typically taught around age 6, making
this issue less likely to explain any between-group
ﬁndings.
Similarly, the role of language proﬁciency has been considered to play an important role vis-à-vis colocalization
of two languages in bilinguals. Although subjects in this
study currently spend the majority of their day speaking
English, they are equally proﬁcient in both languages as
indicated in their self-assessments. Objective standardized
measures of reading established not only that they were
good readers but also that they had equivalent reading
skills in both languages. These measures make it possible
to conclude that language proﬁciency is not the reason for
the differences observed during reading of Spanish and
English. Although standard neuropsychological tests conﬁrmed that subjects were equally proﬁcient in English and
Spanish on measures of reading, the tests available in both
English and Spanish were limited to these domains and
did not include higher-level skills, such as comprehension
and vocabulary. Given the present ﬁndings, which suggest
facilitated semantic processing for Spanish words, future
studies would beneﬁt from expanding language-based
testing in both languages.
Finally, the current study contributes to the bilingual
imaging literature by extending the debate of cortical representation to reading. As reviewed in Perani and Abutalebi [2005], the predominant view holds that a common
neural network underlies L1 and L2 processing and that
differences in activation during language tasks are related
to disparities in age of acquisition, proﬁciency, and linguistic features between languages. Although many investigations have contributed results in support of this
hypothesis, nearly all focused on the spoken modality
even though the paradigms involved written stimuli. This
study therefore offers a novel contribution in that it demonstrates speciﬁcally that single-word reading in proﬁcient
early bilinguals engages a shared cortical system within
which activation is modulated by orthography. As subjects
had early acquisition of and matched proﬁciency in two
languages with similar writing systems, involvement of
partially distinct brain regions during reading can be
attributed to differences in written language (versus
spoken language). The development of a similar neural
system for reading in early bilinguals proﬁcient in both
alphabetic and nonalphabetic writing systems remains to
be seen.
In summary, this investigation of single-word reading in
proﬁcient early bilinguals found that while both languages
engage the cortical network previously reported for reading in monolinguals, there are language-speciﬁc differences. Spanish, an orthographically transparent language,
elicits greater involvement of the left middle temporal
gyrus and superior temporal sulcus, possibly due to
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demands on semantic processing. English, an orthographically opaque language, yields more activity in the left middle and superior frontal gyri, which have previously been
shown to play a role in phonological processing. Overall,
this study reveals the presence of language-selective representations of reading in proﬁcient early bilinguals who are
matched on proﬁciency in both languages and relates this
ﬁnding to the intrinsic orthographic properties of the two
languages.
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