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Abstract
Orthographic differences across languages impose differential weighting on distinct component
processes, and consequently on different pathways during word-reading tasks. Readers of
transparent orthographies such as Italian and Hindi are thought to rely on spelling-to-sound
assembly and show increased activation in phonologically-tuned areas along the dorsal pathway,
whereas reading an opaque orthography such as English is thought to rely more on lexically-
mediated processing associated with increased activation of semantically-tuned regions along the
ventral pathway. To test if biliterate Hindi/English readers exhibit orthography-specific reading
pathways, we used behavioural measures and functional neuroimaging. Reaction times and
activation patterns of monolingual English and Hindi readers were compared to two groups of
adult biliterates; 14 simultaneous readers who learnt to read both languages at age 5 and 10
sequential readers who learnt Hindi at 5 and English at 10.

Simultaneous, but not sequential readers demonstrated relative activation differences of dorsal and
ventral areas in the two languages. Similar to native counterparts, simultaneous readers
preferentially activated the left inferior temporal gyrus for English and left inferior parietal lobule
(L-IPL) for Hindi, whereas, sequential readers showed higher activation along the L-IPL for
reading both languages. We suggest that early simultaneous exposure to reading distinct
orthographies results in orthography-specific plasticity that persists through adulthood.
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Introduction
Language and reading are powerful cognitive abilities, uniquely human. Whereas spoken
language is biologically specialized and naturally acquired, reading is a cultural byproduct
of the former that requires extensive instruction to master. Despite the fact that writing
systems vary in how visual symbols represent units of spoken language, principles
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governing written representations of languages are largely universal (Perfetti, 2003). With
regard to the neural basis of reading, a meta-analysis of studies on word reading across
various languages has supported the existence of a universal reading network consisting of
the left superior temporal gyrus (L-STG), the left inferior frontal gyrus (L-IFG), the left
occipitotemporal region, and the mid-fusiform gyrus (Bolger et al., 2005).

Despite general overlap of word reading networks, neuroimaging studies have also reported
cortical differences across languages due to orthographic depth (Paulesu et al., 2000).
Orthographic depth is the transparency of spelling to sound mapping, and writing systems of
the world are classified on a multivalent to univalent continuum (Ziegler and Goswami,
2005). Reading in orthographies with multivalent spelling-to-sound mappings (hereafter
referred to as opaque orthographies) such as English is believed to rely, to a large extent, on
previously acquired word patterns to resolve ambiguities in pronunciation, and readers
preferentially activate the L-IFG and left inferior temporal gyrus (L-ITG) in the ventral
pathway (Paulesu et al., 2000). Multivalent spelling-to-sound mapping refers to letter/letter
string mappings to distinct sounds in different words, e.g., cough and bough. It also refers to
“many-to-many mappings” (e.g., “ch” to /t / as in “church”), “many-to-one mappings” (e.g.,
“sh” to / / as in “sheep”), “one-to-many mappings” (e.g., “x” to /ks/ as in “Max”), and “one-
to-one” (e.g., “c” to /k/ in “cat”). In contrast, univalent orthography means unique letter-to-
sound mapping that is one-to-one. Hindi has a unique orthography, wherein, one letter 
maps to one sound, for example, letter maps to sound /k/ only. Reading in orthographies
with largely univalent spelling-to-sound mappings (hereafter referred to as transparent
orthographies) such as Italian and Spanish, is thought to rely more exclusively on grapheme
to phoneme mapping (given the stability of this process in yielding the correct
pronunciation) and showed increased activation in L-STG in the dorsal pathway (Paulesu et
al., 2000, Meschyan and Hernandez, 2006). These studies suggest that transparent
orthographies appear to elicit greater activation in dorsal areas of the left hemisphere (L-
STG) whereas opaque orthographies preferentially activate ventrally-tuned areas (L-ITG)
while reading words. Comparatively little is known about the cortical reading networks
employed by readers of two languages belonging to two different orthographies (hereafter
also called biliterates) and whether they exhibit orthography-specific weighting of reading
pathways. Research on second language reading is mixed. Although some studies point
towards a largely universal neurocircuitry for reading, showing little difference between
activation patterns for bilinguals reading their first language (L1) and second language (L2)
(Chee et al., 1999; Crinion et al., 2006; Klein at al., 1999), other studies report differences
for L2 reading, such as increased activation of language prefrontal and cerebellar regions
(Klein et al., 2006; Marian et al., 2003; Meschyan and Hernandez, 2006; Xue et al., 2004).
These differences in L2 reading have been attributed largely to reduced proficiency in
reading the second language. For example, Tan and colleagues (2003) compared activation
patterns for Chinese-English late bilinguals (Tan et al., 2003) with English monolinguals.
They showed that for reading English, the monolinguals had increased participation of L-
IFG and L-STG, while the bilinguals showed strong activation in left middle frontal gyrus
(L-MFG) for reading both English and Chinese. L-MFG is strongly activated while reading
Chinese (Perfetti et al., 2007) and these findings suggested that the late bilinguals, who were
less capable of processing English, were applying the L1 (Chinese) reading circuitry while
reading L2 (English) (Tan et al., 2003). In this study, the bilingual participants had acquired
the second language late (> 12years) and were less proficient at reading English as
compared to Chinese. This suggests that cortical specificity for reading different
orthographies is likely to be influenced by reading proficiency and age of acquisition:
reading is understudied to date in this regard. Since the late sequential bilinguals in the study
by Tan et al. (2003) did not demonstrate language-specific activation patterns in the second
language but used the L1 reading network to read L2, in this study we ask – do proficient
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simultaneous bilinguals, who learnt to read both L1 and L2 early in life, recruit orthography
specific reading networks and not merely follow the L1 network for reading L2?

We focus on biliterate readers and study two groups relative to monolingual control groups;
one comprising bilingual simultaneous readers, who acquired reading in English and Hindi
at age 5 and a second comprised of bilingual sequential readers who acquired reading Hindi
at age 5 but English at 10. Apart from Italian, Hindi is another example of a transparent
orthography, written in Devanagari script (Bright, 2000). Unlike Italian, which is alphabetic
wherein vowels and consonants are arranged linearly, in Hindi vowel markers appear not
only in a linear manner but also on top, below or on the sides of consonants*1 (Kumar et al.,
2009). Despite gross differences, both Italian and Hindi are highly regular*2 and hence
could be thought to rely on orthography to phonology mapping to a similar extent. We tested
the following hypotheses: 1) Hindi as a transparent orthography should have relatively
greater weighting of dorsal (phonologically tuned) sites, whereas English should have
relatively greater weighting of ventral (lexical semantic) sites and 2) the degree language
specificity of weighting in both Hindi and English should be greater for those who were
early proficient readers (simultaneous readers). Since monolingual English readers recruit
areas such as L-ITG, along the ventral pathway, we postulate that early simultaneous
bilingual readers would preferentially recruit L-ITG, for reading English, an opaque
orthography. For Hindi, a transparent orthography they would recruit sites along the dorsal
route. Based on our hypotheses, we predict that, only for early simultaneous proficient
readers, reading in a language is more “native-like” with regard to code-utilization.

Materials and Methods
Participants

Forty participants matched on age, handedness and socio-economic status were selected on
the basis of a language questionnaire (Table 1) and reading fluency tasks. In the
questionnaire, participants answered questions regarding place of residence for longest
period, first language, second language and their ages of acquisition, handedness, years of
education in Hindi and/or English and hours spent reading one/both languages. In self-
assessment, the participants rated themselves on a scale of 0–10 on their conversation,
reading and writing skills. Handedness was assessed by the Edinburgh Inventory (Oldfield,
1971). The participants consisted of 14 simultaneous and 10 sequential Hindi–English
bilingual readers, 9 monolingual Hindi and 7 monolingual English readers. The bilingual
readers were recruited from various universities. Monolingual Hindi readers were recruited
from a Hindi university whereas monolingual English readers were students visiting India
under an exchange program. The simultaneous readers had longer formal training in English
than the sequential readers (t21=4.3, p=0.001). They also read English more than the
sequential readers (Mann Whitney rank sum test, p=0.002) (details in Table 1).

Behaviour
Passage reading time—Reading fluency for all groups was measured using passage
reading time. A number of studies (e.g. Haller et al., 2005) have established time taken to
read a novel passage as a measure of reading fluency. Time taken to read aloud a passage in
English and/or Hindi was measured for all participants. The simultaneous and sequential
readers read passages in both languages. The passages were matched for number of words
(230 words in each passage). Reading time was measured by pressing a button upon

*1  (linear vowel marker), (vowel marker on top of consonant),  (vowel marker below the consonant).
*2Hindi, written in Devanagari (Bright, 2000) is an example of transparent orthography, wherein 45 sounds are sufficient to represent
48 letters; making it more consistent than Italian wherein 33 letters are mapped onto 25 sounds (Lepschy and Lepschy, 1981).
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beginning to read and again upon conclusion. The monolingual readers read either the
English or the Hindi passage.

Stimuli—Word stimuli comprised 420 abstract and concrete words, matched for number of
phonemes, 210 from each language. Of the 210 words, 105 were low frequency (e.g., fetter,
veer; , name of a fruit and a bird respectively) and 105 were high frequency words
(e.g., table, water, , meaning pot and waist respectively). Regular words were chosen
in English and only linear words were used in Hindi (in order to avoid confounding effects
of nonlinearity), as shown in the examples above. The choice of regular words in English
made it more transparent-like and matched to Hindi orthography. However, the inherent
opaqueness of English still remained, for example, the ‘oa’ in ‘toad’ was pronounced as ‘o’
and not /o//a/ separately. It is important to note that even a high frequency word like ‘toad’
requires retrieval of pronunciation of the bigram ‘oa’ from memory. Hindi however only
requires knowledge of letters and their corresponding sounds, which remain unchanged. Our
paradigm banked upon this difference between the English and Hindi orthographies and we
expected to find differences in orthography-specific reading strategies depending upon the
levels of proficiency of participant groups across the two orthographies.

Of the 420 words used in the behavioural task, 240 words that were concrete imageable
nouns were selected for the functional magnetic resonance imaging (fMRI) task
(representative words given in Appendix I). These comprised 120 nouns each in English and
Hindi. Of these, 60 were high frequency and 60 low frequency nouns as validated by a
linguist and rated by ten proficient bilingual Hindi-English readers who read both Hindi and
English regularly. The words were rated for high and low frequency on a five-point scale.
Words rated above 4 were taken as high frequency and those rated below 2 were used as low
frequency words.

Vocal reaction time—Following imaging, the participants performed reaction time tasks
outside the scanner. They were instructed to read aloud all 420 words presented on a
computer monitor subtending a visual angle of 4°. Participants were recorded while reading
the words and time taken to respond to the words (210 each in Hindi and English, total 420)
were measured as vocal reaction time. The monolinguals read words (210) in their native
language only (English or Hindi) whereas the biliterates read words (420) in both languages.
Naming errors were monitored and only correct responses were analysed. Mean vocal
reaction times were estimated in both languages.

fMRI
Participants were asked to fixate on a central fixation cross during baseline blocks and read
aloud words subtending an angle of 4° during stimuli blocks. Two runs each were
administered for English and Hindi. Each run consisted of words in one language only. The
monolinguals were administered two runs (in either English or Hindi, depending on
whichever was their native language) and biliterates were administered four runs (two in
each language).

Each language run was 240 seconds long and consisted of a total of 12 blocks wherein six
word-reading blocks (three high and three low frequency blocks) were interspersed with six
fixation blocks (Fig. 1). Each run began with a fixation block. Each block was 20 seconds
long. Each word reading block consisted of 10 words presented at an interval of 2 seconds
each. Thus participants read aloud a total of 30 high frequency and 30 low frequency
concrete nouns in each language run. They were recorded using an fMRI-compatible
microphone (Optoacoustics FOMRI II dual channel MRI microphone system, version 1.1).
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The study was approved by the Human Ethics Committee of the National Brain Research
Centre.

Data acquisition and analysis—The participants were scanned in a 3T Philips Achieva
scanner. Gradient echo, echo-planar images (TR = 2 sec, TE = 35 msec, flip angle = 90°,
FOV = 230 mm, matrix = 64 × 64, slice thickness = 4 mm, gap = 1 mm, 30 axial slices) and
a three-dimensional T1 weighted image for anatomical normalization (TR = 8.4 msec, TE =
3.7 msec, flip angle = 8°, FOV = 250 × 230 mm, matrix = 256 × 256) was used. A total of
240 volumes for each language were acquired for each subject and analysed using SPM5
(Friston et al., 1995a). The anatomical image for each participant was co-registered with the
T1 weighted image and normalized to the EPI (echo planar imaging) template in the MNI
(Montreal Neurological Institute) space. The normalized fMRI images were smoothed with
an 8mm FWHM (full width half maximum) Gaussian filter and condition related response
was modeled by a boxcar convolved with a canonical hemodynamic response function
(Friston et al., 1995b). High pass temporal filtering with 170s was applied. Motion
parameters defined by the realignment procedures were added to the model. Statistical
analysis was performed using a two-level approach (Holmes and Friston, 1998).

At the first level, contrast images were calculated for the condition of interest for each
subject. At the second level, a one-sample t-test was performed using all the contrast images
of the subjects to obtain a generalized effect of the population of interest with respect to
baseline (for example, low frequency > baseline). The following types of analyses were
carried out:

1. A factorial analysis based on a 2 (orthography: English, Hindi) × 2 (frequency:
high, low) × 2 (biliterate type: simultaneous, sequential readers) design was carried
out.

2. The effects of frequency and orthography were investigated in detail across groups.

a. Effects of orthography – Orthography contrasts for reading all words in
English and Hindi were obtained. A two sample t-test across the two data
acquired while reading each of the orthographies was carried out.

b. Effects of frequency - Frequency contrasts for reading low and high
frequency words in both languages were obtained. Paired t-tests were
performed on each population reading high and low frequency words. For
example, pairs of high frequency and low frequency contrast images were
taken for each simultaneous reader while reading English. Following this,
activations specific for high>low frequency word reading and low>high
frequency word reading in English were calculated for the simultaneous
reader group. This process was repeated for sequential and monolingual
groups while reading English and Hindi.

c. Effects of proficiency - Since the biliterate readers were not matched in
proficiency, we further investigated effects of proficiency across the
simultaneous and sequential readers. A two-sample t-test across
populations was performed by taking contrast images for both populations
for the condition of interest. For example, contrast images for
simultaneous readers reading low frequency English words were
contrasted with those of sequential readers reading low frequency English
words.

In all the analyses described above, regions of significant activations were identified using a
threshold cluster of p<0.001 (uncorrected).
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Results
Based on the information provided by the participants in the language questionnaire, the
bilingual readers were categorized into simultaneous and sequential bilinguals. Assessments
of reading fluency and performance in the behavioral task are described below.

Behaviour
Passage reading time—Fig. 2a shows the results of time taken to read English and Hindi
passages by monolingual and bilingual readers. Sequential bilingual readers differed from
simultaneous readers (Mann Whitney test, p=0.014) and English monolinguals (t-test, t13 =
2.536, p=0.025) for reading the English passage Total time to read the passage did not differ
for simultaneous readers and English monolinguals. There was no difference across the
bilingual groups and the Hindi monolinguals for reading the Hindi passage.

Reaction time—The reaction time data (Fig. 2b) showed that all the participants
responded faster to high frequency words than to low frequency words (Table 2). No
significant differences were seen across groups for reading high frequency words in English.
However for low frequency English words, significant differences were seen across groups.
The sequential readers took significantly longer to respond to low frequency English words
when compared with monolingual English readers (t-test, t9 = −3.04, p<0.014) and
simultaneous readers (t-test, t9 =−2.87, p<0.018). However, no differences were obtained
when the simultaneous readers were compared to the English readers for reading low
frequency words. Response times to Hindi words did not differ significantly across groups
(Table 2).

fMRI
Factorial analysis (Fig. 3)—Since significant clusters were not seen at p < 0.001, the
threshold was lowered to p < 0.01 (uncorrected) k>0. Main effects of orthography and
frequency in biliterates were seen at the border of left inferior temporal gyrus and left
fusiform gyrus (−40, −76, −16) (MNI co-ordinate) (Fig. 3). Data from this region was
extracted by drawing a sphere of radius 8mm around the peak of activation (Poldrack,
2007). Estimates of hemodynamic responses at this ROI were measured. For the rest of the
paper we refer to this as the left inferior temporal gyrus (L-ITG). No effects of interactions
were observed for the reader groups.

Effects of orthography (Fig. 4)—Effects of orthography were investigated by
contrasting activations for all English words with activations for all Hindi words in
biliterates and monolingual reader groups. English>Hindi contrast (p<0.001 uncorrected, k >
0) showed activations in ITG (BA 20), calcarine and superior occipital gyrus (BA 17/18)
and lingual gyrus (BA 18) in the left hemisphere; calcarine and cuneus (BA 17/18), superior
medial frontal gyrus (BA 9), superior frontal gyrus (BA 46) and STG (BA 48) in the right
hemisphere (Fig. 4). The top panel shows activations on the brain rendering and the bottom
panel highlights the L-ITG activation, which is considerably anterior to that obtained in Fig.
3. Hindi>English contrast did not reveal any significant activations.

Effects of frequency (Fig. 5, Table 3)—Fig. 5 depicts the contrast images for reading
English and Hindi low>high frequency words in monolinguals, simultaneous and sequential
biliterates (p<0.001 uncorrected, k>0). The topmost panel shows activations of monolingual
English and Hindi readers. The monolingual English readers engage the dorsal reading route
via left inferior parietal lobule (L-IPL, BA 40) and ventral route via L-ITG, (BA 20/37).
Monolingual Hindi readers recruit only the dorsal reading route through left IPL (BA 40).
The middle panel shows that simultaneous readers while reading English engage both dorsal
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and ventral routes, similar to monolingual English readers. However, while reading Hindi
they recruit only the dorsal route through L-IPL, similar to monolingual Hindi readers. The
bottom panel shows activations for sequential readers. While reading English low>high
frequency words, sequential readers show activations in L-IPL, the dorsal route. No
significant activations were seen while comparing activations for reading Hindi low>high
frequency words. Results of high > low frequency words showed activations in the ventral
route in all populations, namely left middle temporal gyrus (BA 37) and/or L-ITG (BA
37/20) for both languages (Supplementary Fig. 1).

Effects of proficiency for reading English (L2) (Fig. 6)—The contrast image of
simultaneous readers > sequential readers (Fig. 6) for reading low frequency English words
(p<0.001 uncorrected, k>0) is shown in Fig. 6a. The whole brain rendering and axial slice
(taken at z=−18mm) shows activation only in the L-ITG (circled in blue, BA 20) at MNI
coordinate (−48, −50, −16), with a cluster size of 384mm3. Similar activations in BA 20 at
(−58, −20, −20) (p<0.001, uncorrected) were also observed when contrast images between
the monolingual English and Hindi readers were compared. We attribute this increased
activation in left ITG while reading English to be orthography-specific.

ROI analysis: We used the simultaneous>sequential bilingual readers’ contrast for reading
low frequency English words to identify the L-ITG (BA 20) location namely (−48, −50,
−16). Incidentally, this co-ordinate closely matched the location described previously in
literature (Paulesu et al., 2000) for orthography specific reading in English. The same co-
ordinate was also examined in both simultaneous and sequential bilingual readers and beta
estimates were extracted. Beta estimates of hemodynamic response (Fig. 6b) revealed
significantly lower responses for sequential readers when compared to simultaneous (t-test,
p=0.04) and English readers (two sample t-test, p=0.04).

Regression analysis (Fig. 7)
1. In order to investigate whether L-ITG activation could be predicted with reaction

times, we regressed the reaction times for reading low frequency English words in
proficient simultaneous and less proficient sequential readers (Fig. 7a). L-ITG (BA
20) activation at (−48, −50, −18) (p<0.01, k=10), for simultaneous>sequential
readers’ contrast, was obtained (encircled as shown at z=−18). We also found
activations in the frontal lobe, temporal pole and cerebellum. No activations were
seen at higher threshold of p<0.001 (uncorrected).

2. To examine reading fluency in English as a contributing factor towards L-ITG
activation for English, passage reading times for English were regressed out (Fig.
7b). Activation was seen in L-ITG (BA 20) at the same locus, (−48, −50, −18)
(p<0.001, k>0) for simultaneous>sequential readers.

3. 3) To examine the effect of age of acquisition, we regressed age of reading
acquisition in English for simultaneous and sequential bilingual readers. The
resultant activation at z=−18 is shown in Fig. 7c. There are no significant clusters
in L-ITG at p<0.001, k>0. Clusters are seen in postcentral gyrus (BA 43/48). Even
when the threshold was reduced to p<0.01, k>0, L-ITG clusters were not obtained.

Discussion
This study investigates for the first time, cortical reading networks in bilingual readers of
two languages, Hindi and English, in two different orthographies, transparent and opaque
respectively. Two groups of bilinguals were studied relative to monolingual control groups;
one comprising bilingual simultaneous readers, who acquired reading in English and Hindi
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at age 5 and a second comprised of bilingual sequential readers who acquired reading Hindi
at age 5 but English at 10. The language assessment and proficiency tests showed that the
two bilingual groups were matched for reading proficiency in Hindi but differed in English.
Our study compared the effects of orthography between the monolingual and bilinguals
groups and the effects of reading proficiency and age of acquisition in the bilingual groups.

Effects of orthography
Main effects of orthography and frequency were observed in the L-ITG (Fig. 3). When main
effects of orthography were further investigated by comparing all English words with all
Hindi words in both bilingual and monolingual reader groups (Fig. 4), a significant effect
was obtained in the L-ITG (BA 20). This region (−50, 2, −40) is considerably anterior to the
L-ITG coordinates obtained for effects of proficiency (Figs. 6 and 7a-b) and needs further
investigation. Since no L-ITG was obtained for Hindi > English (lower panel Fig. 6a) it can
most likely be attributed to orthography effects of English as illustrated by figures 5 and 6
(lower panel of Fig. 6a, English>Hindi contrast).

(a) Monolingual readers—According to our first hypothesis, Hindi, a transparent
orthography would elicit relatively greater weighting of dorsal (phonologically tuned) sites,
whereas English, an opaque orthography would have relatively greater weighting of ventral
(lexical semantic) sites. This effect was best captured while reading low frequency words in
both languages. High frequency words in both languages elicited cortical activations in
similar areas (Supplementary material). A comparison of low-frequency word reading,
showed that monolingual readers of Hindi primarily elicited activations in L-IPL (BA 40)
along the dorsal pathway whereas readers of English primarily employed L-ITG (BA 20/37)
(Figs. 5–6) along the ventral route. Our results are in concurrence with other studies
comparing reading in transparent and opaque orthographies (Paulesu et al., 2000, Meschyan
and Hernandez, 2006). They also support our first hypothesis, that reading Hindi would
recruit the dorsal cortical areas like L-IPL and reading in English would recruit ventral
regions of the brain like L-ITG.

(b) Bilingual readers—Our second hypothesis concerned the engagement of these
specific areas, namely L-IPL for Hindi and L-ITG for English by bilingual readers of both
languages. At the behavioural level, for Hindi, which was L1, we expected to find no
differences in vocal reaction times between simultaneous and sequential readers. With
regard to the loci of cortical activation, we expected to find engagement of L-IPL for both
simultaneous and sequential bilingual readers reading low frequency words in Hindi, as seen
in the Hindi monolinguals described above. For English, we hypothesized activation in L-
ITG for only simultaneous bilingual readers. For the second language English, we expected
the late sequential readers to exhibit a network that overlapped with L1, similar to Tan et al.
(2003). In early simultaneous bilinguals however, the network recruitment remains an open
question. While on one hand, studies by Kim et al. (1997) have shown common networks
for L1 and L2 in early bilinguals, we hypothesize that early exposure and high proficiency
could exhibit greater language-specific modulation. We therefore hypothesize that the
simultaneous readers might possibly show English-specific L-ITG. Our results showed that
early simultaneous bilingual readers, proficient in reading both orthographies recruited the
dorsal cortical route namely L-IPL for reading Hindi and L-ITG along the ventral route for
English (Figs. 5, 6). But, the late sequential readers, less proficient in reading English,
engaged areas primarily along the dorsal route (L-IPL) for both Hindi and English (Fig. 5).
This finding supports our second hypothesis that the degree of Hindi and English specificity
of weighting should be greater for those who learned the two orthographies early
(simultaneous readers); whereas sequential readers would activate similar areas for both
orthographies.
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Comparison of reading pathways in the bilingual group
The sequential and simultaneous readers differed significantly in years of formal English
training, number of hours spent in reading English (Table 1). At the behavioral level,
differences were reflected in both the behavioral scores, namely passage reading time and
vocal reaction time (Fig. 2a and b). The sequential readers were found to be significantly
slower than both, monolingual English readers and simultaneous readers (Fig. 2a) for
reading the English passage. For vocal reaction times in English, the sequential bilinguals
were slower than the simultaneous and monolingual readers; however significant differences
between response times were seen only for the low frequency words. A comparison of
simultaneous>sequential activations revealed clusters in L-ITG (Fig. 6a). As seen in the beta
estimates (Fig. 6b), both the bilingual groups show ITG activation, but the level of activation
is significantly higher for the simultaneous readers showing the preferential weighting/usage
of this region in proficient versus less proficient readers of English and thereby reiterates the
role of reading proficiency in selecting the optimal pathway for a specific orthography.

The simultaneous readers not only showed orthography specific pathways for reading
English and Hindi, they also showed native-like reading proficiency in both languages. This
was evident from two results. 1) When compared with English monolingual readers, the
simultaneous readers showed no significant differences in reading times and vocal reaction
times (Figs. 2a-b). Like the English monolinguals they showed recruitment of L-ITG while
reading low frequency words in English and also did not show significant differences in the
beta estimates of L-ITG (Fig. 6a-b). They also showed closeness to neuroanatomical locus
of activation reported in other studies with English monolinguals as discussed below.
Neuroimaging studies by Paulesu and colleagues (2000) have showed orthography-specific
activation in English in the L-ITG (BA 21/37) at MNI coordinate (−58, −58, −14). When
compared with Paulesu et al.’s (2000) results, our study localized the co-ordinate of
activation for English at (−48, −50, −16) (MNI coordinate system), very close to the
coordinate reported by Paulesu et al. (2000), with a difference of x=+10, y=+8 and z=-2.
Our coordinates were slightly more medial, anterior and ventral, but closeness with that of
Paulesu and colleagues is quite evident.

Whether the native-like reading proficiency in English, demonstrated by the simultaneous
readers, is a consequence of early acquisition or reading proficiency remains to be
established. Following is an attempt to shed some light in this direction:

1. We regressed reaction times for reading low frequency English words as covariates
and expected an effect of proficiency to appear in L-ITG. Interestingly, this effect
was seen only at a lower threshold of p<0.01 uncorrected (Fig. 7a), thereby
suggesting that additional factors might be playing a role in modulating the reading
route, not merely the reading proficiency (measured in terms of reaction times).
These factors could be age of acquisition and/or reading proficiency. This finding
wherein the L-ITG activation is seen only for simultaneous>sequential contrast
(Fig. 6) while reading low frequency English words is complementary to our
findings shown in Figure 5 where L-ITG was not recruited by the sequential
readers while reading low (>high) frequency words in English or Hindi. Therefore,
our results suggest a strong association of L-ITG activation with proficient reading
in English.

2. To investigate the contribution of reading proficiency in L-ITG activation, we
regressed passage reading time as a covariate (Fig. 7b) in simultaneous versus
sequential readers. We obtained localized cluster of activation in L-ITG at the same
locus, clearly suggesting a strong role of reading proficiency in English with L-ITG
activation.
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3. In an attempt to examine the contribution of age of acquisition in L-ITG activation,
we regressed the ages of acquisition of English (Fig. 7c) in bilingual readers.
Absence of L-ITG recruitment during English reading suggests that L-ITG
activation obtained during reading English would depend upon reading proficiency.

In summary, our results indicate a major role for reading proficiency in cortical reading
networks. However, a recent study comparing adult literates who learnt to read early versus
those who learnt late, showed structural and connectivity differences suggesting a role for
age of acquisition (Carreiras et al., 2009) Clearly an interplay of the two factors along with
exposure and practice modulates reading pathways.

In the following section we discuss the roles of L-IPL and L-ITG in reading.

Possible role of L-IPL
In a transparent orthography, word reading relies primarily on the grapheme to phoneme
mapping accomplished by areas along the dorsal route (planum temporale, BA 22/42)
(Paulesu et al., 2000)/L-STG (BA 22) (Meschyan and Hernandez, 2006). That transparent
orthographies like Hindi follow the grapheme to phoneme route to reading is strongly
motivated by the dual route theory for reading. Visual words are transformed to their
auditory counterparts, based on univalent grapheme to phoneme correspondence. These are
sequentially assembled to make available the pronunciation of a word, following which
readers can access meaning (Jobard et al., 2003). Readers when confronted with novel or
low frequency words in any orthography also adopt such grapheme to phoneme assembly.
We therefore posit L-IPL as a candidate for sound assembly while reading.

Possible role of L-ITG
In some theoretical accounts low frequency words in English are believed to require
retrieval of pronunciation of letter combinations/letters from previously known words or
common words; thus more constraint from previous lexical knowledge is needed (Glushko,
1979). For example, to pronounce the low frequency word ‘goad’, we use a common word
like ‘road or toad’ as a template and hence pronounce ‘oa’ as ‘o’ and not /o/ /a/ separately.
This may be attributed to the fact that in English, wherein sound letter mapping is
inconsistent, in addition to grapheme to phoneme processing, frequent access to
orthographic structure dictionary (Paulesu et al., 2000) is also necessary to resolve
ambiguities in pronunciation, a process believed to be accomplished by the L-ITG along the
ventral route. Thus reading both high and low frequency words in English might require
relatively greater reliance on lexico-semantic access, believed to be associated with L-ITG, a
finding that has also been suggested by other neuroimaging studies on word retrieval in
English (Damasio et al., 1996; Pugh et al., 1996; Price, 2000). While further work is
required to ascertain whether same or distinct anatomical regions within L-ITG are
responsible for reading low and high frequency words, one expects to find recruitment of
this neural site for efficient English-reading to occur.

Whether activation in L-ITG predicts native-like reading in English can be probed further by
comparing activation patterns for different groups, such as a) early simultaneous bilingual
readers with low proficiency b) late sequential bilingual readers with high proficiency. Such
studies would not only provide further insights into the reading process in bilinguals/
multilinguals but would also dissect out the specific roles of proficiency and age of
acquisition.

Thus early simultaneous bilingual proficient readers of two languages Hindi (L1) and
English (L2) exhibit distinct orthography specific routes whereas late sequential readers
exhibit a common (L1) reading route for both languages. Advantages of bilingualism in
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terms of cognitive control and flexibility, as a consequence of early exposure to auditory
input from two (or more) languages have been demonstrated in adults and infants alike
(Bialystok, 2001; Bialystok et al., 2008; Bialystok and Viswanathan, 2009; Mechelli et al.,
2004; Kovacs and Mehler, 2009a; Kovacs and Mehler, 2009b). The findings of the current
study demonstrate that early simultaneous adult readers, proficient in reading both
orthographies, exhibit orthography-specific plasticity. Whether the proficiency exhibited by
simultaneous readers is a consequence of early acquisition or practice remains to be
ascertained.

Conclusion
In summary, (1) simultaneous proficient bilingual readers recruited distinct routes for
reading different orthographies, Hindi and English. (2) Our behavioural, fMRI and beta
estimate results show that the reading routes employed by simultaneous readers were more
flexible and similar to monolinguals. For Hindi, they employed L-IPL along the dorsal route
and for English they engaged L-ITG along the ventral route, as also recruited by respective
native readers. (3) Our results implicate a strong role of reading proficiency could play a
major role in determining native-like reading pathways.

Future studies should be addressed at determining if sequential readers matched for
behavioral characteristics with monolingual/simultaneous readers also demonstrate such
orthographic plasticity in reading networks. What this study does establish for the first time
is that, functional plasticity in reading two languages is demonstrated by early simultaneous
proficient bilingual readers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the paradigm design. Each language run was administered separately; two runs
each for English and Hindi. A run was 240 seconds long and consisted of three blocks of
high frequency (HF) and three blocks of low frequency (LF) words in a language,
interspersed with blocks of baseline fixation. Each block was 20 seconds long and ten words
were presented in a block, one every 2 seconds. Task was to read aloud.

Das et al. Page 14

Neuroimage. Author manuscript; available in PMC 2013 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Figure 2(a). Passage reading time for English and Hindi. The plot shows average passage
reading times for English (average±stdev; 106.06±13.84) and Hindi (115.16±10.21)
monolingual readers, early simultaneous bilingual readers reading in English
(111.08±12.79) and Hindi (115.90±10.21) and late sequential bilingual readers reading in
English (129.06±27.8) and Hindi (96.96±15.05). A significant difference is observed
between simultaneous and sequential readers in the time taken to read English passage
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(Mann Whitney test, p=0.014). The sequential readers also differed when compared to
English monolingual readers in time taken to read the passage (two sample t-test, t13=2.536,
p=0.025).
Figure 2(b). Reaction time for reading English and Hindi words. Top panel shows reaction
time to read English high and low frequency words in English readers (high: 0.65±0.02 sec;
low: 0.68±0.03 sec), simultaneous (high: 0.71±0.04 sec; low: 0.73±0.05 sec) and sequential
readers (high: 0.75±0.06 sec; low: 0.81±0.07 sec). Sequential readers differ from
monolingual English readers while reading low frequency words (t-test, t9=− 3.040,
p<0.014) and simultaneous readers (t-test, t9=−2.87, p<0.018). The bottom panel shows
reaction times for reading high and low frequency Hindi words by monolingual Hindi
readers (high: 0.64±0.08 sec; low: 0.66±0.09 sec), simultaneous (high: 0.71±0.05 sec; low:
0.72±0.06 sec) and sequential readers (high: 0.74±0.04 sec; low: 0.76±0.05 sec). No
between group differences for reading either high or low frequency Hindi words are
observed. The error bars depict the standard error of mean.
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Figure 3.
Factorial design. This figure depicts the main effects of orthography and frequency across
the simultaneous and sequential readers in the left inferior temporal gyrus. The activations
have been projected on a canonical single subject template.
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Figure 4.
Effects of orthography. This figure depicts effect of reading English>Hindi words in all
readers’ groups (biliterates and monolingual readers) at p<0.001, k>0. Top panel shows the
activations of English>Hindi contrasts on a brain rendering. The blue line depicts the level at
which a section has been cut, at the level of L-ITG activation. The bottom panel depicts
slices of activation for L-ITG, encircled.

Das et al. Page 18

Neuroimage. Author manuscript; available in PMC 2013 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Low>High frequency contrast images for English and Hindi. Regions of increased brain
activation in the left hemisphere for reading low frequency as compared to high frequency
words in English and Hindi are shown (p < 0.001, k>0). Brain areas are rendered on a
standard brain conforming to stereotactic space. English monolingual readers show
activations along both dorsal (inferior parietal lobule) (red) and ventral routes (inferior
temporal gyrus) (blue). Hindi readers exhibit activation only along the dorsal route.
Simultaneous readers show differential recruitment of reading routes, for English both
dorsal and ventral routes but for Hindi, only the dorsal route. Sequential readers show
increased activation in inferior parietal lobule for reading English whereas for reading Hindi,
the low-high contrast shows no activation, suggesting that the areas used for reading high
and low frequency words in Hindi overlap.
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Figure 6.
Figure 6(a). Activation in left inferior temporal gyrus for reading low frequency words in
English (p<0.001). Simultaneous readers >sequential readers (top panel) shows strong
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differentially weighted activation cluster in left inferior temporal gyrus (ITG, BA 20), as
seen in the rendering. A group ROI (region of interest) analysis, depicted in an axial slice at
z = −18mm (shown with a blue line in the rendering) shows the left ITG activation
(encircled in blue), rendered on a canonical single subject T1 weighted image. This
activation is orthography (English)-specific and shown by simultaneous readers for reading
English low frequency words, but not by sequential readers. The control groups (bottom
panel) comprising the English readers show differentially weighted activation in left ITG
(BA 20) and fusiform gyrus (BA 37) (encircled in blue) at z = −18mm, but the Hindi readers
do not show any such activation in this region at any z level when contrasted with English
readers. Hence, activation in left ITG is a marker of proficiency for reading English words,
but not Hindi words.
Figure 6(b). Beta estimates. The figure shows the average beta estimate of hemodynamic
response in left ITG for simultaneous, sequential and English readers. All the groups showed
activations in this region, sequential readers’ responses being lower than simultaneous (two
sample t-test, p=0.04) and English readers (two sample t-test, p=0.04).
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Figure 7.
shows axial views of simultaneous>sequential readers’ contrast reading low frequency
English words at z=-18, after regressing (a) vocal reaction times for low frequency English
words (p<0.01 uncorrected, k=10) (b) English passage reading times (p<0.001, k>0) and (c)
age of reading acquisition of English (p<0.001, k>0). L-ITG activations (encircled in white)
are obtained only in (a) and (b). No L-ITG cluster was obtained in (c) wherein age of
English reading acquisition was regressed. In (c) significant activation can be seen in
postcentral gyrus (BA 43/48).
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Table 3

Functional areas of activation in Low>High frequency word contrasts for English and Hindi monolingual
readers, simultaneous and sequential bilingual readers (p<0.001, k>0).

Brain regions Coordinates t Voxel (mm3)

Monolingual English readers

Cerebellum −38 −66 −22 6.71 672

Occipital Lobe (BA 19) −44 −78 −12 9.20 672

Precentral Gyrus (BA 6) −42 0 58 5.36 16

Supplementary Motor Area (BA 6) −6 18 62 16.90 4384

Inferior Frontal Gyrus (pars opercularis) (BA 44) −54 12 16 10.12 4192

Superior frontal gyrus (BA 6) −14 −6 80 5.34 8

Inferior Parietal Lobe (BA 40) −40 −46 46 8.45 1496

Inferior Temporal Gyrus (BA 20) −62 −34 −16 6.40 72

Monolingual Hindi readers

Cerebellum −22 −34 −32 2.29 136

Occipital Lobe (BA 19) −32 −85 36 2.38 64

Precentral Gyrus (BA 6) −32 −16 56 2.08 40

Inferior Frontal Gyrus (pars opercularis) (BA 44) −50 10 16 4.68 34832

Middle Frontal Gyrus (BA 9) −46 18 44 1.97 8

Inferior Parietal Lobe (BA 40) −56 −32 48 2.98 1976

Simultaneous bilingual readers (English)

Occipital Lobe (BA 18) −32 −93 10 5.90 936

Precentral Gyrus (BA 6) −54 4 34 5.71 4200

Inferior Frontal Gyrus (pars triangularis) (BA 45) −52 30 8 5.86 1768

Inferior Parietal Lobe (BA 40) −48 −42 56 4.76 248

Inferior Temporal Gyrus (BA 20) −46 −38 −18 5.16 56

Middle Temporal Gyrus (BA 21) −64 −32 −8 6.54 1608

Simultaneous bilingual readers (Hindi)

Cerebellum −42 −72 −22 4.89 304

Occipital Lobe (BA 18) −18 −100 −11 4.52 32

Inferior Frontal Gyrus (pars opercularis) (BA 44) −56 12 24 9.68 5992

Inferior Frontal Gyrus (pars triangularis) (BA 45) −56 32 4 5.18 5992

Middle Frontal Gyrus (BA 45) −40 46 20 3.94 8

Supramarginal gyrus (BA 48) −62 −24 30 6.38 984

Sequential bilingual readers (English)

Cerebellum −4 −36 −12 6.77 328

Lingual gyrus (BA 17) −10 −78 4 5.19 216

Middle occipital gyrus (BA 18) −26 −88 14 7.99 3328

Inferior frontal gyrus (pars opercularis) (BA 44) −50 10 22 5.22 784

Middle frontal gyrus (BA 6) −26 2 56 4.58 64

Superior frontal gyrus (BA 8) −20 32 58 4.43 8

Postcentral gyrus (BA 3) −50 −24 56 6.35 3432
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Brain regions Coordinates t Voxel (mm3)

Middle orbitofrontal gyrus (BA 11) −24 43 −17 5.58 200

Inferior parietal lobe (BA 40) −52 −36 51 13.22 3432

Superior parietal lobe (BA 7) −24 −64 48 7.25 1248

Sequential bilingual readers (Hindi)

Inferior orbitofrontal gyrus (BA 47) −44 36 −16 4.74 24
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