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Abstract

We employed functional magnetic resonance imaging (fMRI) and diffuse tensor
imaging (DTI) to study neural implications of silent reading of words in mutually
comprehensible but visually and orthographically distinct languages for example
Hindi and Urdu by independent groups of skilled readers. The fMRI results (con-
junction analyses) showed the left inferior frontal gyrus (BA 44/45), bilateral infe-
rior occipital (BA 18/19), bilateral superior parietal (BA 7), left pre-central region
(BA 6), and bilateral inferior temporal gyrus (BA 20) as common regions for Hindi
and Urdu readers. Some additional regions such as left ventral occipitotemporal,
left middle frontal (BA 46), left middle occipital (BA18), and bilateral post-central
regions (BA 3) were observed for Urdu readers. DTI results showed significantly
higher FA value at the left inferior fronto-occipital fasciculus in Urdu speakers.
Overall findings suggest strong engagement of ventral visual pathway in reading
Urdu which has a visually complex deep orthography.

Keywords Urdu - Hindi - Ventral pathway - Dorsal pathway

Introduction

Reading is primarily considered as an information processing skill that requires
combining and stringing multiple sensory modalities as well as conceptually driven
processes. Orthographic depth, grain size, and visual complexity of the script layout
influence reading. The aim of present study is to observe the effect of reading in two
distinct script (i.e., Hindi (transparent orthography) and Urdu (deep orthography and
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visually complex script) which are mutually comprehensible but written in mutually
incomprehensible scripts) over dorsal and ventral visual pathway.

Studies have suggested that reading involves two distinct neural routes in the left
hemisphere for example, a dorsal phonological route and a ventral orthographic
route (Sandak, Mencl, Frost, & Pugh, 2004; Schlaggar and McCandliss, 2007). The
processing of word in the dorsal route follows the grapheme-to-phoneme mapping
(Jobard, Crivello, & Tzourio-Mazoyer, 2003). It actively involves the neural regions
such as the left temporoparietal junction (i.e., posterior superior temporal gyrus, the
angular gyrus and the supramarginal gyrus) and the part of inferior frontal region.
The ventral orthographic route is located in the left occipitotemporal region near
the fusiform gyrus. This region accompanied the posterior portion of middle and
inferior temporal gyrus and in the inferior frontal gyrus. It helps in establishing the
direct lexicosemantic route for reading (Jobard et al, 2003). Evidences from DTI
studies suggest that, the arcuate fasciculus (AF) and parts of the superior longitu-
dinal fasciculus (SLF) are the integral regions of the dorsal connection (dorsal
phonological route), while the ventral connection (ventral orthographic route) has
minimum two bundles for example inferior fronto-occipital fasciculus (IFOF) and
uncinate fasciculus (UF) (Brauer, Anwander, Perani, & Friederici, 2013). Apart
from ILF (inferior longitudinal fasciculus), the IFOF is the second major fiber bun-
dle connecting the occipital cortex to the frontal brain area. The IFOF runs medi-
ally and above the optic pathways and known as a direct pathway, that connects the
occipital, posterior temporal, and the orbito-frontal areas (Ashtari, 2012).

Studies (Bolger, Perfetti, & Schneider, 2005; Paulesu et al., 2000) have reported
that reading in transparent orthographies actively involves the dorsal pathway,
while deep orthographies engage the ventral pathway. Neuroimaging studies
have a suggested that both orthographic depth and visual complexity of the script
influence cortical network of reading (Seghier, Maurer, & Xue, 2014). Cross-lin-
guistic researchers suggest that scripts with substantial visual spatial complexity
induce extensive visual spatial processing demands (Xue et al., 2005; Sun, Yang,
Desroches, Liu, & Peng, 2011). Behavioral studies on divergent orthographies such
as Arabic-Hebrew, Kanji-Kana, and English-Chinese support this view (Feldman &
Turvey, 1980; Ibrahim, Eviatar, & Aharon-Peretz, 2002; Sun et al., 2011).

In the present study, two independent and distinct groups of skilled readers in
Hindi and Urdu were recruited. Hindi and Urdu are closely related languages spo-
ken by large communities that cover a huge population of the world. Both Hindi
and Urdu have a shared history of evolving in the eleventh century (Kachru &
Comrie, 1987). During the course of development, however, Hindi absorbed San-
skrit words freely and adopted ‘Devanagari’ script used by Sanskrit; while Urdu
imbibed Arabic and Persian words and adopted Nastaliq script modeled after Ara-
bic-Persian script. Owing to their common origin, Hindi-Urdu presents a unique
situation for comparisons. The linguistics differences between the two languages
are not significant because Hindi and Urdu share common morphophonology,
grammar, and vocabulary for the most part yet have quite distinct orthographies.
Devanagari is a transparent abugida script while Nastaliq is an opaque alphabetic
system (largely consonantal). Vowels are added to consonants in Hindi following
Akshara principle of Brahmi, while Urdu writing is very cursive, graphemically
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highly complex (with various forms of consonantal segments combined variedly
depending upon the initial/mid/end word positions they occur), and the dots or
group of dots marked below or above the line play crucial role in differentiating
the consonantal forms. Urdu has a lot of foreign influences and loanwords while
Hindi has less foreign vocabularies. However, these languages share many com-
mon words and lexicons from native, Arabic, Persian, and the English language.
The two languages differ widely in the script layout. Hindi is written from left to
right while Urdu is written from right to left (like Arabic, Persian, and Hebrew).
Behaviour studies support that directional scanning tendencies developed by the
directionality of script influence the cognitive process such as verbal memory
and perception as well as on a non-linguistics production (Padakannaya, Devi,
Zaveria, Chengappa, & Vaid, 2002; Vaid, 1995). Thus, Hindi and Urdu provide
a unique condition for examining the orthographic influence on neural network
of reading while keeping linguistic differences at a minimum. The fact that there
are native speakers of these languages living in the same geographical and socio-
cultural settings in India is an added advantage for such studies. So considering
all these aspects it is interesting to observe how the neural architecture responds
across the two distinct orthographies (Hindi & Urdu). According to our literature
search, this is the first study on native Urdu readers where neuroimaging tech-
nique (fMRI and DTTI) used to advance our understanding towards the processing
of complex script. The findings will be an important add on to the existing neuro-
imaging literature.

The fMRI provides functional information by visualizing cortical activity and it
is based on blood oxygen level dependent (BOLD) imaging. It measures fine altera-
tions in signal intensity changes in response to stimuli. Diffusion Tensor Imaging
identifies white matter tracts non-invasively using diffusion measurements and
provides valuable information regarding white matter pathways. Diffusion Tensor
Imaging estimates the random diffusion of water molecules within biological tissue.
These diffusion properties within each voxel represented by a systematic diffusion
tensor that indicated the 3D orientation of fibre structure. These two methods pro-
vide the structural definition of cerebellar connection and the functional aspects of
neural network.

Based on the previous findings related to similar studies in different languages
we hypothesized that reading in transparent orthographies might exhibit greater
inclination towards dorsal pathway (phonologically tuned) while opaque orthog-
raphies will show stronger involvement of ventral pathway (lexical semantic).
Since Urdu is deep orthography with more visual complexity, we expected to see
stronger ventral reading network involvement. Specifically, in left ventral occipi-
totemporal (vOT), as this region is important in reading across ventral pathway
(Oliver, Carreiras, & Paz-Alonso, 2016). This region is actively implicated in
aligning visual spatial features with higher-level associations along with bottom
up and top down connections (Price & Devlin, 2011). As suggested by Harm and
Seidenberg (1999) we also expected the cooperative division of labor between the
two pathways. Since arcuate fasciculus and part of superior longitudinal fascicu-
lus form the dorsal pathway and inferior fronto-occipital fasciculus and uncinate
fasciculus form the ventral pathway (Brauer et al., 2013), we expected a higher
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Table 1 Language background and self assessment of subjects

Language background Urdu (M, SD) Hindi (M, SD)
Urdu and Hindi

Age of first exposure (years) 00 (00) 00 (00)
Formal study (years) 14.21 (5.58) 14.62 (4.62)
Language self assessment (scale; 1-7, 7=native competence)

Listening comprehension 6.77 (0.47) 6.71(0.51)
Reading skills 6.62 (0.45) 6.58 (0.50)
Speaking 6.81 (0.48) 6.72 (0.51)
Writing 6.67 (0.43) 6.55(0.48)
Parameter Urdu Hindi P value

Performance inside the scanner during reading task
Overall response time (ms) 71.18 (1.86) 72.24 (2.43) ns

FA value in ventral pathway for deep language. Since Urdu and & Hindi share
many common language features there is higher possibilities that it may show
some common neural regions.

Methods and materials
Participants

The study followed the protocol approved by the Human Ethics Committee of the
Centre of Bio-medical Research and a written informed consent from each par-
ticipant was obtained before commencing the experiments.

Imaging data were gathered from 36 right-handed male Hindi (18 subjects)
and Urdu (18 subjects) speakers (mean age =19.8 years, SD=1.9). The Urdu par-
ticipants were selected from a residential madrasa where teaching and speaking
in Urdu is compulsory, while the Hindi participants were recruited from a Gov-
ernment high school situated in a village where teaching and conversation is only
in Hindi. All the participants were studying at senior high school level (Grade
12). Both the schools were in similar location. The participants had only nominal
exposure to another language (such as English, however, they do not have literacy
skills). Since Hindi and Urdu are mutually comprehensible language, both the
group understand each other language but they lack proficiency. Each Participant
completed a language self-assessment report based on rating of seven-point scale
(Meschyan & Hernandez, 2006). Only participants with a score of six and above
were recruited in the present study. The self-assessment reports from participants
suggested that all those recruited for the study were speaking in their respective
languages for the most part of their daily communication (Table 1).
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Behavioural reading assessment

Reading fluency was measured in Urdu and Hindi words as reported in similar
studies (Das, Padakannaya, Pugh, & Singh, 2011; Kumar, 2014). A written pas-
sage of 250 words was presented to each participant individually and time taken
to read the passage was measured. The average reading time of Urdu mono-
linguals was 71.77 (SD=1. 67) seconds and Hindi monolinguals was 71.64
(SD=1.59) seconds. It was lower than the mean reading time gathered from a
different group of 30 proficient Urdu-Hindi readers for example Urdu 74.26
(SD=2.17) and Hindi 73.16 (§SD=2.07) seconds. Thus considering the duration
of the reading time the present readers were very proficient and skilled readers.
The average reading time for Urdu and Hindi speakers as well as in-scanner reac-
tion time (RTs) suggested no significant difference between the groups (Table 1).

Stimuli and task procedure

Stimuli were 180 concrete nouns (90 Hindi and 90 Urdu words (similar words
in both the languages) and 90 non-word (Hindi and Urdu i.e., unfamiliar charac-
ters in Hindi and Urdu matched in terms of number of characters). Non-word are
primarily used to control non-linguistic computations (e.g., motor execution and
response selection). The average number of phonemes for both Hindi and Urdu
words was 4.11 (SD 1.01). To ensure that the frequency of Hindi and Urdu words
did not differ significantly, thirty native readers were asked to rate the words on
a five-point scale (1 =very low frequency, 2=1ow frequency, 3 =mid frequency,
4 =high frequency and 5 = very high frequency). In the present study we included
only high frequency word (rating 4 and above) and no significant differences in
Hindi and Urdu word frequency was observed (z (29)=1.52, p<.14).

The task and stimuli were programmed with E-prime software and presented
with an LCD display. The experimental design required participants to read the
stimuli silently including the non-word. (An illustration of word stimuli: SITCTH
(almond), [y (lamb) in Hindi; F\JL.: (almond), L'mc.a (lamb) in Urdu). Partici-
pants were instructed to read silently the stimulus (words and non-word) and to
press the button when they finished reading the word. Silent reading task was
chosen against reading aloud with a reason that reading out the words may invoke
attributes of spoken words that would be identical across Hindi and Urdu (Vaid,
1985). Common spoken attributes across the languages may obscure orthographic
differences. As illustrated in Fig. 1, trials were presented in 18-s blocks con-
sisting of six words each. The experiment included three scanning sessions for
each group of participants consisting of five task blocks (18 s and 6 trials in each
blocks) for each condition for example Urdu word and Urdu non-word for Urdu
participants and Hindi word and Hindi non-word for Hindi participants. The total
scan time was 486 s. The entire task block was interspersed with a fixation cross-
hair (12 s) as a baseline condition. During the fixation condition participants were
asked to fixate on a crosshair presented in the middle of the screen. For all task
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Hindi word Non-word Urdu word
Each trial for 2 seconds
—_— 12121 2-1-2-1-2-1- 2-1-2-1-2-1-
2-1-2-1-2-1 2-1-2-1-2-1 2-1-2-1-2-1
Interspersed with an
inter-trial interval (I'I:I) 18 sec 18 sec 18 sec
of 1 second (a crosshair) 12 sec
12 sec 12 sec
12 sec

Trials were presented in 18-second blocks consisting of six words each. For all task conditions, each trial was presented
for 2000 ms with an inter-trial interval (ITI) of 1000 ms (a crosshair). The entire task block was interspersed with a
fixation crosshair (12 seconds) as a baseline condition. During the fixation condition participants were asked to fixate
on a crosshair presented in the middle of the screen.

Fig.1 Experimental design

conditions, each trial was presented for 2000 ms with an inter-trial interval (ITI)
of 1000 ms (a crosshair).

Data acquisition and analysis

3 T Siemens Magnetom Skyra scanner was used for imaging data collection at the
Center of Biomedical Research. Foam padding was used to minimize head motion
within the coil. T2*-weighted functional images were acquired using a gradient-
echo EPI sequence (TR=2000 ms, TE=30 ms, flip angle=77°, 33 oblique plane
slices, FOV =224 x 224, image matrix =64 X 64, isotropic 3.5 mm voxels). A three-
dimensional T,;-weighted image using the magnetization-prepared rapid gradient-
echo (MPRAGE) sequence was also collected (TR=1690 ms, TE=2. 56 ms, flip
angle =12°, matrix =224 X 256, 1 mm isotropic voxels, sagittal partitions).

DTI was performed by using a single-shot spin-echo diffusion-weighted echo-
planar pulse sequence with 64 sections covering the whole brain at 2.5-mm sec-
tion thickness (TR/TE =9500/74 ms; acquisition matrix =128 X 128). Diffusion MR
images were obtained from 32 noncolinear directions with a b-value of 1000 s/mm?2
along with a »=0 image with no diffusion gradients.

fMRI preprocessing and voxelwise analysis

Data was analyzed with Statistical Parametric Mapping software (SPM 8; Wellcome
Department of Cognitive Neurology, London, UK). Functional images were spa-
tially realigned to correct for head motion using a least square approach to estimate a
six-parameter rigid-body transformation. The functional images were co-registered
with the MPRAGE and then normalized to 2 mm isotropic voxels using a standard
Montreal Neurological Institute (MNI) T,. Spatial smoothing with a Gaussian ker-
nel of 8 mm FWHM was applied to the normalized images. The first level of analy-
sis was performed using a fixed effect model to construct the General Linear Model
using canonical hemodynamic response function (HRF) (Friston et al., 1994). Six
regressors were included in the model as nuisance covariates to account for any
activity related to head movement. At the individual level there were two contrasts
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of interest for both the groups for example Hindi > Fixation, Hindi non-word > Fixa-
tion and Urdu > Fixation, Urdu non-word > Fixation. The contrast maps from each
participant were taken into second-level group analysis.

Within group comparisons

We created maps (using one sample ¢ test) within the group from respective lan-
guages in contrast to non-word (i.e., contrast between Hindi word and Hindi
matched non-word and Urdu word, and Urdu matched non-word). This analysis was
important to know the neural regions activated within each language and further to
perform conjunction analysis. The following contrast was adopted to perform the
above analysis (Hindi> Fixation) — (Hindi non-word > Fixation) and (Urdu > Fixa-
tion) — (Urdu non-word > Fixation).

Conjunction analysis

The group statistical map of word processing in Hindi and Urdu was used to gener-
ate conjunction map to determine the common areas of activation underlying Hindi
and Urdu. The conjunction analysis tested against the conjunction null (Friston,
Penny, & Glaser, 2005) to identify regions that were commonly activated by word
reading compared with non-word condition.

Direct comparisons

To assess the distinct regions and to generate the statistical map across the two
languages between the groups, we performed direct comparisons (two sample
t-tests) between Hindi and Urdu speakers. The following contrast was used to per-
form the above analysis (Hindi>Hindi non-word)— (Urdu > Urdu non-word) and
(Urdu > Urdu non-word) — (Hindi > Hindi non-word).

To achieve accurate correction level as well as to maintain the high sensitivity
of data, Monte Carlo correction was performed (Bennett, Wolford, & Miller, 2009;
Nichols & Hayasaka, 2003). The Monte Carlo simulations (3dClustSim, 1000 itera-
tions) pointed a significance level p <.001 and cluster threshold 32 voxels in order
to reach corrected significance p <.05. This threshold is implicated in all contrasts.

DTI preprocessing and voxelwise statistical analysis of FA

Images were processed by using FSL (FMRIB [The Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain] Software Library, http://www.fmrib
.ox.ac.uk/fsl), The eddy correct tool in the FMRIB FDT toolbox corrected for
gradient coil distortions and participant head motion, by employing an affine
registration to a reference volume. Brain extraction was performed on the non-
diffusion weighted image using BET (Behrens et al., 2003), to create a mask that
excluded non-brain voxels. The next step includes use of DTI Fit to calculate the
diffusion tensors, which allows for the computation of the principle diffusion
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direction, the mean diffusivity, and each voxel’s fractional anisotropy (FA) value
(Behrens et al., 2003). Tract Based Spatial Statistics version 1.2 (TBSS) were
performed (Smith, 2002; Smith et al., 2006), to place each participant’s FA
images into a standard space allowing for voxel-wise statistical analyses of the
FA values to be conducted across participants. Each participant’s FA images
were aligned to all other FA images to identify target image. The target image
was affine-aligned into MNI152 standard space. With the use of nonlinear reg-
istration FNIRT all participants’ images were transformed into 1 mm MNI152
space. The mean FA image was then created and thinned to create a mean FA
skeleton, which represents the centers of all tracts common to the group. Each
subject’s aligned FA data were then projected onto this skeleton and the result-
ing data were fed into voxelwise cross-subject statistics. A randomization proce-
dure (FSL’s randomize, Monte Carlo permutation test) was used to perform the
group analysis statistics. TBSS group maps were generated for the nonparametric
2-sample ¢ test (corrected, p <.05). Anatomic localization was determined using
the FSL atlas tool using the available anatomic templates (MNI atlas, Talairach
atlas, Harvard—Oxford cortical and subcortical structural atlases, and Johns Hop-
kins University DTI-based WM atlas). Results were prepared for display using
the TBSS_fill script from the FSL package.

We acknowledge that due to fibre crossing (i.e., brain regions that contain two
or even more differently oriented fiber bundles within the same voxel) TBSS tech-
nique has limitation in measuring FA value. However, tbss_x script was employed
to deal with such situations (Jbabdi, Behrens, & Smith, 2010).

A. Hindi word > Hindi non-word

&

B. Urdu word > Urdu non-word

processing effect in Urdu and Hindi

Fig.2 fMRI results of Hindi-Urdu speakers
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Results
Within group comparison

Figure 2a, b shows the rendered map highlighting the activated regions of the Hindi
and Urdu speakers contrasted with the non-word condition.

Common neural regions

The conjunction analysis results presented in Fig. 2¢ (Table 2(a)) show common
neural regions for both groups of speakers, which include the left inferior frontal
gyrus (IFG) (BA 44/45), bilateral inferior occipital (BA 18/19), bilateral superior
parietal (BA 7), left pre-central region (BA 6), and bilateral inferior temporal gyrus
(BA 20).

Direct comparisons

Direct comparisons between the groups are shown in Fig. 3 (Table 2(b)). For Urdu
speakers, activations were located in the region of the left ventral occipitotemporal
(vOT), left middle frontal (BA 46), left middle occipital (BA18), and bilateral post-
central region (BA 3), whereas for Hindi speakers no voxel survived.

Table 2 (a) Common neural regions for Hindi and Urdu speakers, (b) Additional neural regions for Urdu
speakers

Anatomical description Hemisphere BA Z score Coordinates
X y z
(@)
Inferior temporal L 20 441 —47 -56 —11
R 3.69 47 =51 -24
Inferior occipital L 19 3.93 -36 -82 -6
R 3.56 36 —88 -12
Superior parietal L 7 3.68 -28 - 64 46
R 3.40 32 -60 52
Pre-central region L 6 3.44 —-54 6 42
Inferior frontal region L 44/45 3.73 -34 26 5
(b)
Ventral occipital temporal L 21 4.69 —46 —68 -12
Middle frontal L 46 3.54 —40 51 14
Middle occipital L 18 422 -30 -78 30
Post-central region L 3 3.16 =52 —14 34
R 3.39 56 -4 32

X, y, and z correspond to the coordinates of the peak activated voxel. Z is the Z score equivalent of the
peak-activated voxel. (R =right; L =left)
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fMRI activation pattern rendered on a standard brain conforming to stereotactic space showing a processing effect in Urdu words

Fig.3 Distinct neural regions for Urdu word (Urdu word > Hindi word)

Left IFOF

DTI showing higher FA value at left inferior fronto-occipital fasciculus (IFOF) in Urdu speakers (Urdu > Hindi),

Fig.4 DTI FA comparison
DTI FA value

The DTI finding (Fig. 4) revealed a significantly higher FA value at the left inferior
fronto-occipital fasciculus (IFOF) in Urdu speakers.

Discussion

In the present study, we aimed at investigating the neural processing of two distinct
scripts (Hindi & Urdu) in two independent groups of native readers using silent
word reading task. The findings signify that both alpha-syllabic, shallow Hindi and
alphabetic (largely consonantal) deep Urdu engage left hemisphere temporal, occipi-
tal and frontal cortices. In line with our hypothesis, the word reading in Urdu shows
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strong involvement of ventral reading pathways, while we did not observed exclu-
sively the dorsal pathway for Hindi. Within group fMRI activation however, shows
some regions (middle frontal and parietal regions) which may justify that both the
the languages utilize dorsal pathway and probably, this is the reason why in direct
comparison no specific dorsal pathway have been observed for Hindi. The left ven-
tral occipitotemporal (vOT) involvement was observed only for opaque and visually
complex deep orthography Urdu. The DTI findings revealed the higher FA value in
the IFOF white matter tract in Urdu reader, which further supports the involvement
of the ventral reading pathway in visually complex opaque language. Since partici-
pants in Hindi and Urdu groups were skilled readers in their respective languages,
the differences in cortical activations and FA values of white matter observed may
be attributed to the differences in orthographic properties of Hindi and Urdu and
these findings support a differential division of labor across distinct orthographies.

The activated regions found in conjunction analysis were widely attributed in var-
ious neuroimaging studies suggesting their role in languages with deep or shallow
orthography (Turkeltaub, Eden, Jones, & Zeffiro, 2002; Price, 2012). The additional
regions observed in Urdu readers included the left ventral occipitotemporal (vOT),
left middle frontal (BA 46), left middle occipital (BA18), and bilateral postcentral
region (BA 3).

The vOT is precisely located near the border of the posterior fusiform and infe-
rior temporal gyrus. Its role in reading is under debate. Some researchers have sug-
gested that this region is crucial in the processing of orthographic features (Dehaene
& Cohen, 2011; Ludersdorfer, Kronbichler, & Wimmer, 2015) as it is implicated
in mapping visuo-spatial information to higher level associations such as phonol-
ogy and semantics (Price & Devlin, 2011). Lesion studies also provided evidence
that damage to vOT leads to a deficiency in visual word recognition (Gaillard et al.,
2006). A study by Ludersdorfer et al. (2016) using auditory words in an ortho-
graphic and a semantic task found that left vOT activation is more linked to ortho-
graphic processing than semantic processing. A more recent study by Oliver et al.
(2016) observed tight coupling of vOT with the dorsal reading network in transpar-
ent orthography while a much better co-activation was reported along with ventral
reading pathway in opaque orthography. Duncan et al. (2013) on the processing of
multiple Japanese scripts such as morphographic Kanji, syllabographic Hiragana
and Katakana reported increased connection strength from right to left vOT only for
visually complex Kanji. Similarly, Koyama, Stein, Stoodley, and Hansen (2014) in
their study on three distinct scripts syllabic Kana (transparent), logographic Kanji
(deep) and alphabetic English (deep) also observed more participation of occipital-
temporal region for visually and orthographically complex Kanji. The visual com-
plexity associated with Kanji and Urdu, however, is not identical. In Kanji, the
configuration of strokes and radicals in a character is the major contributing factor,
while in Urdu, it is the multiple forms of cursive consonants often fused with other
consonants (often not so well aligned) and diacritic marks in a word that contributes
to the complexity. The results of the present study support the view that left vOT
plays a crucial part in visually complex morpho-orthographic processing (Duncan
et al., 2013). The less involvement of left vOT in Hindi indicates the existence of a
second pathway implicated in reading a shallow orthography as suggested by several
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earlier studies (Cai, Paulignan, Brysbaert, Ibarrola, & Nazir, 2010; Richardson,
Seghier, Leff, Thomas, & Price, 2011; Seghier et al., 2012).

The Nastalig script is visually more complex as the shape/form of a graphemic
symbol varies depending on the position it appears in a word. The presence of the
number and position of dots further increases its visual complexity. The involvement
of the left middle occipital suggests that reading Urdu requires comprehensive visu-
ospatial processing.

Left middle frontal activation has been observed for Urdu. The role of middle
frontal is also not clear. Based on logographic script (i.e., Chinese) processing, a
study by Tan et al. (2001a) reported that role of middle frontal is more towards pro-
cessing of graphic representation (square configuration) of script while some other
researcher based on same script reported its involvement in phonological process-
ing (Tan, Feng, Fox, & Gao, 2001b; Wu, Ho, & Chen, 2012). Further studies also
suggest its involvement in reading phonologically inconsistent words (Jamal, Piche,
Napoliello, Perfetti, & Eden, 2012; Bolger, Hornickel, Cone, Burman, & Booth,
2008). We suggest that in Urdu it may reflect processing of phonologically incon-
sistent words.

Results of fMRI studies supporting the role of the left IFG in phonological pro-
cessing are very consistent (Poldrack et al., 1999; Burton, Noll, & Small, 2001;
Liakakis, Nickel, & Seitz, 2011). A more recent study by Rueckl et al. (2015) using
fMRI supported the notion of common neural network regardless of orthography
based on contrasting languages such as Spanish, English, Hebrew and Chinese.
Authors suggested “speech-print” as core universal feature of brain organization.
In such an event, the additional regions observed for Urdu might correlate more
towards the visual complexity of the script rather than orthography depth. However,
in the above study many participants were probably bilingual or multilingual.

Largely, the current findings support the division of labor between semantic and
phonological processing.

The DTI analysis reveals a significantly higher FA value at the left inferior
fronto-occipital fasciculus (IFOF) for Urdu. The IFOF is ventral white matter tract
that shows connection with the posterior occipital lobe (extrastriate cortex), poste-
rior part of the fusiform gyrus, temporo-occipital sulcus, and the basal surface of the
inferior temporal and prefrontal regions (Martino, Brogna, Robles, Vergani, & Duf-
fau, 2010; Catani & Mesulam, 2008). IFOF has two important subcomponents—a
superficial tract (V1) and a deep tract (V2) (Sarubbo, De Benedictis, Maldonado,
Basso, & Duffau, 2013). The V1 tract has significant contribution in the language
network as it terminates in paras triangularis (BA 45) and paras orbitalis (BA 47),
whereas V2 terminates in three crucial regions such as orbitofrontal, middle frontal
and dorsolateral prefrontal cortex (Brauer et al., 2013; Martino et al., 2010). In the
context of reading, the deep tract has advantages as it connects the visual word form
area to semantic regions (Vandermosten, Boets, Wouters, & Ghesquiere, 2012a).
Vandermosten et al. (2012b) explored the relationship between phonological pro-
cessing, orthographic processing, and IFOF. They reported a significant positive
correlation between orthographic processing and activation of IFOF. This finding
suggests that IFOF is involved in ventral orthographic route in reading. The pres-
ence of higher FA value in Urdu suggests that mapping of the complex script might
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initially be processed at the levels of the occipital cortex (posterior occipital lobe)
and posterior temporal lobe. The IFOF may constitute a direct efferent pathway
from these cortical regions quickly transmitting this visual information to the frontal
regions (Catani & Mesulam, 2008; Catani & De Schotten, 2008). Thus, the direct
anatomical connection of the IFOF with these areas provides further evidence that
languages with deep and visually complex orthography (i.e., Urdu) may rely more
on the ventral visual pathway.

In the present study, the embedded features of Urdu orthography viz., opacity and
visual complexity could not be separated to bifurcate differential effects of these fea-
tures. In fact, this confounding effect is common even in earlier studies comparing
Kanji and Kana.

In conclusion, this investigation of single-word reading in proficient Hindi and
Urdu speakers found that while both languages engage the cortical network previ-
ously reported for reading in languages with distinct orthographies, there are lan-
guage-specific differences. Reading Urdu, which has an opaque and visually com-
plex orthography, shows strong involvement of ventral visual pathway.
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