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Abstract 
Diglossia refers to a socio-linguistic situation in which two varieties of the 
same language are used for distinct purposes in everyday life. In Arabic, Spo-
ken Arabic (SA) is the firstly acquired dialect used for oral and informal 
communication in everyday conversations. Literary Arabic (LA), acquired 
later in life through formal education, is used for reading and writing and by 
literate individuals in formal settings such as the media and official speeches. 
Because of the linguistic distance between the two Arabic varieties, some au-
thors have suggested that SA and LA might cognitively function as first (L1) 
and second language (L2). Up to now, very few studies using imaging tech-
niques had addressed the question of the neural basis of diglossia in Arabic 
native speakers. In this study, we sought to test whether or not the visual 
processing of high (LA-HF), low frequency LA words (LA-LF), and SA-HF 
words induce detectable differences in the brain responses collected by func-
tional Near-Infra Red Spectroscopy (fNIRS). For this aim, a semantic catego-
rization task, previously assessed in fMRI studies. Based on previous observa-
tions, it was predicted that LA words, will be processed faster and more accu-
rately than SA ones. Furthermore, it was predicted that a modulation of the 
responses (by language conditions) will be found in the left frontal areas. At 
the behavioral level, the analysis of RTs revealed an effect of language variety 
in individual response variance and accuracy showed a clear advantage for 
LA-HF words over LA-LF and SA-HF ones. The analysis of oxygenation level 
revealed a significant response modulation in frontal and posterior areas by 
language variety. These results are discussed in the context of diglossia and 
the advantages/limitations of this new imaging methodology and its use to 
assess language processing in the brain. 
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1. Introduction 

The Arabic language is thought to present several unique particularities that af-
fect children’s literacy development, reading and writing skills (Ayari, 1996; Levin, 
Saiegh-Haddad et al., 2008; Saiegh-Haddad & Geva, 2008) (see also Saiegh-Haddad, 
2020). These include, first, a visually complex abjad1 writing system that is written 
from right to left in a cursive script and comprises 28 consonant letters, of which 
three serve also as long vowels (Saiegh-Haddad & Joshi, 2014). Secondly, Arabic 
has also a complex and dense morphological (and morpho-syntactic) system in 
which words are produced mainly on the basis of non-linear combination of 
roots representing the meaning of the word, and of patterns representing their 
lexical and syntax categories (see for details Taha & Saiegh-Haddad, 2017). Most 
importantly, Arabic is widely regarded as a classic example of diglossia (Fergu-
son, 1959), a socio-linguistic situation in which two varieties of the same lan-
guage are used for distinct purposes in everyday life. Spoken Arabic (SA) is the 
dialect firstly acquired by native speakers of Arabic, is the mother tongue of all 
native speakers of Arabic all over the world and is used for oral and informal 
communication in everyday conversations. Literary Arabic (LA, also referred to 
as Modern Standard Arabic, MSA (Saiegh-Haddad, 2004), referred to also as StA 
for “Standard Arabic” (Schiff & Saiegh-Haddad, 2018) is a recent variety of the 
classical Arabic, and used by literate individuals in formal settings such as in 
official media, for speeches and religious sermons. LA is learned through formal 
education and is the medium for written language—reading and writing (Zug-
houl, 1980; Ibrahim, Eviatar et al., 2002; Saiegh-Haddad, 2005). While LA is the 
same language throughout the entire Arabic-speaking world, the spoken verna-
cular Arabic forms vary considerably between the world’s different geographical 
regions (Saiegh-Haddad, 2003; Saiegh-Haddad, 2004). 

Because of these various unique characteristics of the Arabic language, au-
thors consider that reading and writing acquisition in Arabic is a very challeng-
ing task (Saiegh-Haddad, 2003, 2005; Ibrahim, 2009). The combination of these 
characteristics is thus thought to explain the poor achievements of students in all 
Arabic-speaking countries in international reading tests (Kashti, 2013). In this 
respect, the scientific literature is very also rich in studies that investigated the 
influence of the particular characteristics of the orthographic system on word 
recognition (Ibrahim, Eviatar et al., 2002; Abdelhadi, Ibrahim et al., 2011; Taha, 
Ibrahim et al., 2013; Asadi, Khateb et al., 2017) and of the diglossia on reading 
performance and on linguistic skills more generally (Saiegh-Haddad, 2004; 

 

 

1An abjad is a type of writing system where each symbol always/or usually stands for a consonant, 
leaving the reader to supply the appropriate vowels. This system is suited to the Arabic root and 
word pattern morphological structure, where the most basic semantic meaning is carried by the 
consonantal root and where vowel information may be recovered from the vocalic word pattern 
(Saiegh-Haddad & Joshi, 2014). 
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Saiegh-Haddad, Levin et al., 2011). For instance, it had been shown that skilled 
native Arabic speakers are slower in reading Arabic (words and texts) than 
reading Hebrew and English (Abu-Rabia, 2001; Ibrahim & Eviatar 2012; Eviatar, 
Ibrahim et al., 2019).  

Regarding the diglossic issue more specifically, psycholinguistic studies have 
shown that the linguistic distance between SA and LA impacts a variety of lin-
guistic processing skills in LA (For a review see, Saiegh-Haddad, 2018). SA and 
LA present differences at the phonological, semantic, morphological and syntac-
tic levels (Abu-Rabia, 2000; Saiegh-Haddad, 2003; Saiegh-Haddad, 2020). To 
give some examples specifically related to the purpose of this study, at the lexical 
semantic level, although SA and LA share many words in common (despite cer-
tain phonological nuances), SA and LA also have different specific words for the 
same referents. To illustrate this fact, Saiegh-Haddad and Spolsky (Saiegh-Haddad 
& Spolsky, 2014) analyzed a lexical corpus collected from five-year-old children’s 
oral language and found that 40% of the words consist of nonstandard words 
(non-MSA) that have no conventional written form, another 40% consisting of 
SA-LA cognates (with varying phonological nuances) and only 20% of the words 
had identical forms in the SA and LA varieties. The phonological systems of LA 
and SA thus are quite different to the extent that some LA phonemes are even 
absent in certain SA dialects. Accordingly, the phonological distance between SA 
and LA words had been proposed to underlie the difficulties in reading acquisi-
tion among children (Saiegh-Haddad, 2007). For example, previous research had 
suggested that the children’s recognition of LA phonemes is poorer than that of 
SA ones (Saiegh-Haddad, Levin et al., 2011), attesting of the difficulty to con-
struct phonological representations for LA words, to which children are gener-
ally exposed for the first time2 at the moment of their entry to school (see also 
Saiegh-Haddad, 2003; Saiegh-Haddad, 2007; Saiegh-Haddad & Schiff, 2016). 
Supporting the claim that diglossia might be at the origin of difficulties in read-
ing acquisition among Arabic children, previous studies (Feitelson, Goldstein et 
al., 1993; Abu-Rabia, 2000) have also suggested that early exposure to LA might 
improve children’s reading abilities in the early grades. 

On the other hand, other research based on classical studies on bilingualism 
have attempted to assess the extent to which SA and LA might cognitively be-
have as L1 and L2 in the brain of literate Arabic speakers. Ibrahim and Aha-
ron-Peretz (2005) have proposed on the basis of a series of studies using seman-
tic priming tasks, despite their common origin and the wide use of SA and LA 
by adults’ native Arabic speakers, the two varieties function as first and second 
language. In these studies using lexical decision in the auditory modality, the 
authors showed a pattern of language dominance for SA over LA and Hebrew, 
where the latter two seemed to behave both as second languages (see also Eviatar 

 

 

2Although the formal exposure to LA occurs at the entry of children to school, they are still however 
exposed to LA through media and TV programs for children and through oral storytelling by par-
ents and educators at home and in kindergartens (see discussion in Saiegh-Haddad & Spolsky, 
2014). 
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& Ibrahim, 2000; Ibrahim, Eviatar et al., 2002; Ibrahim & Aharon-Peretz, 2005; 
Ibrahim, 2009). In another line of research, Eviatar & Ibrahim (2000) have 
shown that Arabic-speaking children, who have been exposed relatively early to 
LA, behaved as bilingual children on tests of metalinguistic awareness, and dif-
fered from monolinguals. The conclusions raised by these authors in the audito-
ry modality appeared quite reasonable given the history of acquisition and pat-
terns of use of the two varieties of Arabic. In fact, few studies had used the visual 
modality to compare word recognition and reading in LA and SA. The lack of 
such experimental studies stems from the fact that SA is generally considered as 
an oral language that has no consensually agreed upon written form, hence more 
studies relied on auditory paradigms. However, in one early study using the vis-
ual word presentations, Bentin and Ibrahim (1996), examined written LA and 
SA words’ recognition (with non-words in a lexical decision task) and reading 
aloud (in a word naming task). The authors reported that LA words were 
processed more rapidly than SA ones, with the latter functioning as low fre-
quency LA words. Their results suggested that word recognition in SA was more 
mediated by phonological processes than LA ones. From this latter study in the 
visual modality and others in the auditory modality, it had recently been sug-
gested that the status of SA and LA in terms of dominance is modality-dependent: 
SA being the dominant variety in the auditory modality and LA being the do-
minant one in the visual modality (Nevat, Khateb et al., 2014). Recent data have 
indeed confirmed that response times (reaction times: RTs) to words in the au-
ditory modality are faster for SA than for LA words  while in the visual written 
modality the responses to LA words are faster and more accurate (see also Kha-
teb & Ibrahim, 2020).  

Although at the behavioral level, the response to the dominance question ap-
pears intuitively done, one can ask how these two varieties of Arabic are represented 
in the brain. The question of brain representation of the two Arabic varieties, 
relying on such behavioral studies does not give enough answers to understand 
the neurofunctional bases of the diglossic situation. Indeed, unlike neurocogni-
tive studies in the field of bilingualism that sought to provide answers to the 
question of the bilinguals’ languages representation in the brain, (Keatley, Spinks 
et al., 1994; Kim, Relkin et al., 1997; Fabbro, 2001; Perani & Abutalebi, 2005; 
Hull & Vaid, 2006; Emmorey, Giezen et al., 2016; Miller, Bayram et al., 2018), 
the diglossic question has up to now barely been investigated using neurofunc-
tional methods (Khamis-Dakwar & Froud, 2007; Ahmed, 2012; Nevat, Khateb et 
al., 2014). Of particular interest to this question is the study Krayem Abu Ahmed 
(2012) that analyzed event-related potentials (ERP) during an auditory lexical 
decision task that compared brain responses to SA, LA and Hebrew words. Not 
only RTs were shown to be faster to SA words (than to LA and Hebrew ones), 
ERPs displayed early response differences between SA and the two other lan-
guage conditions, supporting the dominant status of SA variety. In a subsequent 
study by Andria (Andria, 2016), ERPs were analyzed during a visual lexical deci-
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sion task using LA high frequency (LA-HF), low frequency (LA-LF) and SA high 
frequency SA-HF words. Together with the fact that RTs showed here that the 
shortest responses were obtained after LA-HF words, ERP analysis indicated that 
both at the level of the N170, and the late P6, a higher response amplitude was 
observed after LA-HF in comparison to LA-LF and SA-HF, with no differences 
between the two other conditions. These findings provided also support to the 
assumption of LA holding the status of the dominant variety in the visual mod-
ality. In line with these findings, the study by Nevat, Khateb and Prior (2014) 
analyzed fMRI responses during the processing of LA, SA and Hebrew written 
words in a semantic categorization task. Here again, the behavioral measures 
showed that decisions for SA were slower and less accurate than for words for 
LA ones. More importantly, the functional responses in the left inferior frontal, 
precentral, parietal and occipito-temporal regions showed stronger activation to 
SA than LA, a pattern of difference that mimicked to some extent those reported 
by L2 vs. L1 comparisons in previous studies (Chee, Hon et al., 2001). The au-
thors interpreted these findings in terms of differences in the exposure (and 
subjective familiarity) to the written forms of SA vs. LA. Altogether, while pro-
viding support to the view that the question of dominance in diglossia is modal-
ity-dependent, these previous findings from ERP and fMRI studies call for a 
combination of behavioral and brain functional measures in order to provide 
new insights into the question of the status of SA and LA in the brain of native 
Arabic speakers.  

In continuity with this vision, and given the fact that each neuroimaging me-
thod might have its characteristics that may present drawbacks and limitations 
in the study brain activity, the present study sought to employ functional near-infra 
read spectroscopy (fNIRS) to further investigate the question of diglossia in 
Arabic. fNIRS is an optical imaging technique that allows the non-invasive mea-
surement of changes in the concentration of oxygenated (oxyHb) and deoxyge-
nated (deoxyHb) hemoglobin (Sela, Izzetoglu et al., 2012). Regional brain activa-
tion is known to be accompanied by increases in regional cerebral blood flow 
and in the regional cerebral oxygen metabolic rate. When the degree of increase 
in regional cerebral blood flow exceeds the degree of increase in the regional ce-
rebral oxygen metabolic rate (Fox & Raichle, 1986), the result is a decrease in 
deoxyHb in venous blood. Hence, under NIRS measurements, an increase in 
oxyHb and a decrease in deoxyHb are interpreted as indicating activated areas 
(Hoshi & Michael, 2005). Of note is the fact that NIRS enables the measurement 
of Hb concentration changes in the cortex immediately beneath the probes, but 
with a relatively poor spatial resolution. During the last two decades, fNIRS has 
been used in several language studies conducted with infants, children (Horovitz 
& Gore, 2004; Minagawa-Kawai, Mori et al., 2008; Gervain, Mehler et al., 2011; 
Sugiura, Ojima et al., 2011; Jasinska & Petitto, 2013; Ludyga, Mücke et al., 2019) 
and adults (for a review see Feitelson, Goldstein et al., 1993; Ferrari & Quaresi-
ma, 2012; Quaresima, Bisconti et al., 2012; Vanderwert & Nelson, 2014). fNIRS 
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has also been used to study neural correlates of linguistic and non-linguistic 
processing in native and non-native languages (Telkemeyer, Rossi et al., 2009; 
Arimitsu, Uchida-Ota et al., 2011; Plichta, Gerdes et al., 2011; Jasińska & Petitto, 
2014; Vannasing, Florea et al., 2016). 

Relevant to the present purpose, a previous study was conducted on 484 ele-
mentary school children (6 - 10 years) who performed word repetition tasks in 
their native language (L1 Japanese) and a second language (L2-English) while 
investigating three factors: language (L1/L2), word frequency (high/low), and 
hemispheric laterality (left/right). The study revealed that the cortical activation 
pattern associated with language processing in elementary school children in-
volved a bilateral network of regions in the frontal, temporal, and parietal lobes. 
One of the major finding was, L1 words elicited significantly greater brain acti-
vation than L2 words, regardless of semantic knowledge, particularly in the su-
perior/middle temporal and inferior parietal regions while L2 unfamiliar words 
were processed like non-words auditory stimuli in the brain as indicated by 
lower activation than that elicited by L1 words in the superior/middle temporal 
and inferior parietal regions. Moreover, low-frequency words elicited more 
right-hemispheric activation (particularly in the supramarginal gyrus) and high- 
frequency words elicited more left-hemispheric activation (Sugiura, Ojima, Ma- 
tsuba-Kurita, Dan, Tsuzuki, Katura, & Hagiwara, 2011). In another study, Kah-
laoui and her colleagues (2007) examined the hemispheric dynamics during lex-
ical decision task among 10 younger adults (age range 25 - 35) and 10 older 
adults (age range 65 - 84) participants. The results showed significant hemis-
pheric differences between the word and pseudo-word conditions with increased 
blood oxygenation patterns observed in pseudo-word conditions across both 
hemispheres. In another study that investigated the role of the dorsolateral pre-
frontal cortex (PFC) in semantic processing in bilingual adults, the participants 
performed a semantic judgment task. Their results suggested that bilinguals had 
significantly higher activation than the monolinguals in the left dorsolateral pre-
frontal cortex for correct answers (Oi, Saito et al., 2010). Another study con-
ducted on French adults who were asked to perform a lexical decision task 
showed increasing tHB when participants started reading and with a return to 
baseline level once they stopped reading (Safi, Lassonde et al., 2012). In line with 
these studies, Quaresima, Ferrari, Van der Sluijs (2002) asked participants to 
translate aloud from their L1 (Dutch) into English L2 and vice versa. The results 
showed an increase in oxygenated hemoglobin accompanied with delayed and 
smaller decrease in deoxygenated hemoglobin over Broca’s and interior tempor-
al areas. Taken together, these examples suggest that fNIRS method might be a 
useful tool to investigate reading processes and to understand the differences 
that might arise in the brain activity between LA and SA words.  

The current study sought to investigate differences in fNIRS responses during 
the processing of LA and SA words. Up to date, no studies have used fNIRS 
among native Arabic speakers to assess the neural basis of diglossia. For this 
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purpose, we collected behavioral and fNIRS data from Arabic speaking adult 
participants during the performance of a semantic categorization task. Based on 
previous fMRI results by Nevat et al. (2014) which showed difference between 
the processing of SA and LA words, this study capitalized on the differences pre-
viously found between high-frequency SA words and high-frequency LA words. 
Hence, we hypothesized that reaction times (RTs) and accuracy will show sig-
nificant differences between written SA and LA words with LA ones being 
processed faster and more accurately. Also, we predicted that a modulation of 
fNIRS responses will be in left frontal areas (inferior frontal gyrus, Broca’s area) 
together with other more posterior areas. 

2. Materials and Methods  
2.1. Participants  

Thirty native literate Arabic speakers were recruited from the University of Hai-
fa (15 men, 15 women, aged 18 - 30; M = 24.3 y, SD = 4.25 y). All participants 
were right-handed (mean laterality index = 0.92, SD = 0.08, according to the 
Edinburg inventory, Oldfield 1971) and had Arabic as their mother language. All 
had been exposed to formal instruction of LA since first grade. All participants 
were healthy with no history of neurological/psychiatric diseases or learning 
disabilities and had normal or corrected to normal vision. They were all asked to 
sign a written consent form prior to their participation in the study and were all 
paid for their participation. The study protocol was approved by the ethics 
committee of the Faculty of Education at the University of Haifa. 

2.2. Stimuli 

All participants performed a semantic categorization task (based on Seghier, La-
zeyras et al., 2004; Nevat, Khateb et al., 2014) in a block design paradigm that al-
ternated between blocks of word pairs (hereafter Activation condition) and blocks 
of symbol string pairs (hereafter Control condition). The word stimulus list in-
cluded 72 pairs of SA high frequency words (SA-HF), 72 pairs of LA high fre-
quency words (LA-HF) and 72 pairs of LA low frequency words (LA-LF). All 
words were concrete imaginable nouns. The word pairs from each sub-list were 
presented in blocks of 12 pairs each, providing thus for all word pairs a total of 
18 distinct blocks (6 for SA-HF, 6 for LA-HF and 6 for LA-LF). The words in 
each pair were either categorically related (i.e., two words were exemplars of the 
same semantic category, 2/3 of the pairs) or semantically unrelated (i.e., the two 
words belonged to two different semantic categories, 1/3 of the pairs). The par-
ticipants were asked to respond after the presentation of each pairs if the words 
are related or not (see Table 1 for examples). The selection of the words was 
based on a questionnaire which was presented filled by 18 young native Arabic 
speaking participants (who did not participate in the experiment, mean age M = 
24.25, SD = 4.95) who were asked to rate the frequency/familiarity of 200 words 
in each language variety on a scale from 1 to 5 (1 least frequent/familiar, 5 most  
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Table 1. Examples of the different experimental conditions. The whole data was com-
posed of 216 word pairs distributed equally in three conditions.  

 LAHF LALF SAHF 

Related words  أمطار – غیوم 
(e.g. rain—clouds) 

 ماس – زمرد
(e.g. diamonds—emerald) 

 جزدان – شنطة
(e.g. wallet—bag) 

 طاولھ – كرسي 
(e.g. table—chair) 

 شراع – مرساة
(e.g. sail—anchor) 

 سیخ – زلفھ
(e.g. knife—spoon) 

Unrelated words  قلم – صحن 
(e.g. pen—plate/dish) 

 درّاجھ – حساء
(e.g. bicycle—soup) 

 كریك – ترین
(e.g. shovel – train) 

 
 قندیل – عصفور

(e.g. lamp—bird) 
 مُجلد – مُربى

(e.g. volume—butter) 
 خرخشیة – سكملا

(e.g. rattle—stool) 

 
frequent/familiar). In the second step, the most frequent 180 words were ar-
ranged to form pairs with LA-HF words (M = 4.896, SD = 0.28), LA-LF words 
(M = 1.567, SD = 0.292) and with SA-HF words (M = 4.894, SD = 0.145). 
Another questionnaire was presented to another group of native Arabic speakers 
who were requested to rate the semantic relationship within each of the pairs 
from 1 to 5. The average relatedness in each language condition was above 4 for 
the related words pairs in LA-HF (M = 4.98, SD = 0.08), in LA-LF (M = 4.97, SD 
= 0.20) and in SA-HF (M = 4.99, SD = 0.14, see Table 1 for examples). 

The Control condition used pairs of Greek letter strings (unfamiliar visual 
stimuli in this population) that were either visually identical or not, i.e., the same 
string was presented twice or one string differed from the other by one or more 
character. The participants had to decide whether the two strings in each pair 
are visually the same or not. Each experimental run contained 6 blocks of the ac-
tivation condition (word pairs) and 6 blocks of the control conditions (string 
pairs), yielding thus a total run duration of 4.8 minutes. All participants under-
went three experimental runs (for LA-HF, LA-LF and SA-HF), the order of 
which was balanced over participants. Finally, in order to ensure that the tasks 
were correctly understood, all participants were provided with detailed instruc-
tions before starting the recording (see Figure 1 for a schematic presentation of 
the bloc design). 

2.3. Procedure 

The experiment was carried out in a sound isolated room at the laboratory of the 
Edmond J. Safra Brain Research Center for the Study of Learning Disabilities 
(University of Haifa). Participants underwent one session of fNIRS recording. 
Each trial (both in the activation and the control blocks) was of ~2 seconds du-
ration and started with a 500 ms fixation cross, then followed by the stimulus 
pair which appeared on the screen for 600 ms. An additional blank screen ap-
peared for 890 ms to allow for the participants’ response (yielding thus a total of 
1.5 s for the response from stimulus onset, see Figure 2). In the activation blocs, 
the stimulus consisted of two words presented one below the other. In the control  
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Figure 1. (A) Schematic presentation of the bloc design (for LA-HF, LA-LF and SA-HF) 
used for the fNIRS experiment. For other methodological details see text. TR refers to the 
duration of one trial such that each bloc (24 s) contained 12 stimulus pairs. (B) Schematic 
presentation of the activation and control conditions in the Semantic categorization task. 
In both the activation and control blocs, the “yes” trials represented 2/3 and the “no” tri-
als represented 1/3. 
 
condition blocs, the stimulus consisted of two Greek letter strings presented one 
below the other (see Figure 1). The participants were instructed to give their 
responses (semantic judgment for words and visual judgment for letter strings) 
as quickly and accurately as possible using one of two response buttons by using 
their right-hand middle and index fingers. During fNIRS measurement, partici-
pants were seated at about 120 cm from the screen and instructed to look at a 
fixation point. In order to minimize head motion, subjects were asked to avoid 
movements as much as possible during the tasks. 
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Figure 2. (A) Schema of fNIRS probe array. (B-D) Illustration of the 10 channels in which the major dif-
ferences between the two conditions (black traces for activation and read traces for control condition) were 
seen in the grand data and confirmed by statistical analysis in LA-HF (B), LA-LF (C) and SA-HF (D). The 
first time window analyzed was between 7 - 13 s (green) and the second time window between 17 - 13 s 
(blue). Significant differences are indicated by * for p < 0.05, ** for p < 0.01 and *** for p < 0.001. Insets in 
B-D show the location of significant differences (in red for Red p values refer to Activation > Control, in 
blue Control > Activation). 
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2.4. Data Collection and Analysis  

The data was collected using a 22 channel spectrometer fNIRS device (Optical 
Topography System ETG-4000—Hitachi Medical Corporation,  
https://www.hitachi-medical.com.sg/solutions/etg-4100). A computer was placed 
in the adjacent room to present the task stimuli using E-Prime 2.0 software 
(Psychology Software Tools, Inc. 
http://www.pstnet.com, PA, USA) and to collect participants’ responses (accu-
racy) and reaction times (RTs).  

Cerebral oxygenation changes were sampled by fNIRS device. The system is a 
continuous wave device which measures changes in attenuation at 2 wave-
lengths: 695 nm, ±20 nm (sensitive to HbR concentration changes) and 830 nm 
± 20 nm (sensitive to HbO concentration changes), hence allows for the diffe-
rentiation of two dynamic absorbers (oxy-Hb and deoxy-Hb). The fNIRS data 
was recorded at 10 Hz and high-pass filtered at 0.5 Hz to remove physiological 
noise (especially heart rate). A 3 × 5 array of 8 laser diodes and 7 light detectors 
was applied, resulting in 22 channels placed over the left side of the participant’s 
head (see Schema in Figure 2(A)). Two different helmet sizes were used (57 and 
59 cm) depending on the head circumference of the participants. The probe ar-
ray was positioned on the subject’s head with the medial detector of the lowest 
optodes row between FT9-T9 according to the extended 10 - 20 system (Fisch, 
1991) as illustrated in Figure 2(A) (here 20 - 21). The name 10 - 20 refers to the 
fact that electrodes in this system are placed at sites 10% and 20% from four 
anatomical landmarks: in the front, the nasion  is used, in the rear of the head, 
the inion, and the midpoint of the distance between the two ears of the subject. 
Hair around sources and detectors was parted to avoid interference with light 
emission and detection. All sources and detectors were placed over the left he-
misphere, on cerebral regions classically involved in reading processes: Broca’s 
(around F3, FC3, F5, and FC5: here channels 5, 6, 10, 11), Wernicke’s (around 
P5, CP5-CP7: channels 12, 13, 17) and occipito-temporal areas (visual word 
form area: T9-P9 here channels 21 - 22). The source-detector distance was 3 cm 
one from each other.  

Behavioral Data analysis: the mean reaction time (RT) for correct responses 
and accuracy (%) were computed separately for each condition and participant. 
Statistical analysis were afterwards performed on these measures using 3 × 2 re-
peated measures analyses of variances (ANOVA) with language condition 
(LA-HF, LA-LF and SA-HF) and condition (activation vs. control) as a within 
subject factor. 

fNIRS data Analysis: since HbO signal is a more sensitive indicator of changes 
in blood flow (Strangman, Culver et al., 2002), only oxyhemoglobin [oxy-Hb] 
data were processed off-line using Matlab software. The data were filtered to 
remove respiration, cardiac variations and high-frequency noise (mainly due to 
head motion and reduction of the grip of the optic fibers on the hairy areas). A 
low-pass filter with a cut off frequency of 0.14 Hz was used. In a second step, 
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data were converted to measurements of oxy-Hb, arranged into epochs for the 
different blocks (from −5 s pre-block to 23.5 s post block). An average time 
course was then computed for each participant and each channel in each condi-
tion (activation and control conditions). Individual data were then averaged to 
generate grand means for visualization and illustration purposes. Based on the 
visual inspection of the time course of the grand average signals, two time win-
dows appeared to display signal differences between activation and control con-
ditions. The mean signal for each channel and condition in each participant was 
computed in the period between 7 - 13 s after the beginning of each block for the 
first time window, and between 17 - 23 s for the second time window (see Figure 
2 hereafter). A repeated measure analysis of variance (ANOVA) was then con-
ducted on the individual mean [oxy-Hb] signal in each of the two time windows 
with language variety, condition and channels as within-subject factors.  

3. Results 
3.1. Behavioral Results 

The means and standard deviation of the behavioral measures (accuracy and 
RTs) for the activation and control blocks in the three language conditions are 
presented in Table 2. The accuracy was computed as the percentage of correct 
responses (for yes and no together, 72 trials) in the activation and control blocks. 
The 3 × 2 repeated measures analyses of variance (ANOVA) with language va-
riety (LA-HF, LA-LF and SA-HF) and condition (activation vs. control) as a 
within subject factor showed a significant main effect for language variety (F (2, 
58) = 5.552, p < 0.01, η2 = 0.160) and for condition (F (1, 29) = 204.153, p < 
0.001, η2 = 0.876). The language effect was due to higher accuracy in LA-HF (M 
= 78%) than for LA-LF (M = 76%) and SA-HF (M = 74%). The condition effect 
was due to the fact that accuracy was higher in the control (M = 86%) than in the 
activation condition (M = 66%). There was also a highly significant interaction 
between the two factors (F (2, 58) = 10.924, p < 0.001, η2 = 0.274). This interac-
tion was due to the fact that condition effect, although significant in all language 
varieties, was smaller in LA-HF (see Table 2 for details). 

The ANOVA conducted on the participants RTs showed no significant main  
 
Table 2. Accuracy and RTs (±Standard Deviation) on semantic categorization and con-
trol tasks by language. 

 Mean Accuracy in % Mean RT in ms (SD) 

LA-HF activation 71.00 (24) 682.73 (167.99) 

LA-LF activation 64.30 (20) 695.88 (235.83) 

SA-HF activation 62.73 (13) 710.17 (230.01) 

LA-HF control 85.92 (19) 529.17 (95.14) 

LA-LF control 88.20 (17) 521.32 (92.45) 

SA-HF control 85.70 (21) 534.62 (107.92) 
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effect of language variety (LA-HF, LA-LF and SA-HF; F (2, 58) = 1.185, p = 
0.313, η2 = 0.039). Less of our interest, a highly significant main effect was found 
for condition (F (1, 29) = 51.786, p < 0.001, η2 = 0.641) due to shorter times in 
the control blocks (M = 528 ms) than in the activation blocks (M = 696 ms). In 
order to further assess the difference in terms of response speed in the three 
language varieties, the individual standard deviation of the participants’ res-
ponses in each language condition was subjected to a one-way ANOVA. This 
analysis showed a significant effect of language variety (F (2, 58) = 4.75, p = 
0.012, η2 = 0.141) due to the fact that the larger variance was found in SA-HF (M 
= 242 ms) and lowest in LA-HF (M = 186 ms), with LA-LF in between (M = 208 
ms) and LA.  

3.2. fNIRS Results  

Figure 2 illustrates the superposition of the grand-average (across subjects) 
oxygenation for the activation (black traces) and control (red traces) conditions 
in each language variety (panels B-D) on a subset of fNIRS channels that best 
exhibited response differences between conditions. The traces show the time 
course of the response from 5s before the onset of the blocks to 23.5. The trans-
parent rectangular green and blue boxes define the two time windows of interest. 
Statistical analysis was then conducted on the mean signal of individual res-
ponses, separately for each time period.  

Analysis for the time window 7 - 13 s: The first 3-way ANOVA was conducted 
on the individual oxygenation mean signal in the first time window using lan-
guage variety (LA-HF, LA-LF and SA-HF), condition (activation vs control) and 
channel as within-subject factors This analysis showed a highly two-way interac-
tion between condition and channels (F (21, 609) = 3.907, p < 0.001, η2 = 0.119). 
There was also a small but still significant three-way interaction between the 
three analysis factors (F (42, 1218) = 1.505, p = 0.021, η2 = 0.049). In order to 
better understand these interactions, separate ANOVAs were conducted for each 
language variety with condition (activation vs. control) and channel (22) as with-
in-subject factors.  

In LA-HF, there was a highly significant interaction between the factors con-
dition and channel (F (21, 609) = 2.488, p < 0.001, η2 = 0.079). Post-hoc Fisher’s 
LSD test showed that this effect was due to the fact that five channels showed a 
difference between conditions (activation vs. control: see details in Table 3), with 
three temporal and parietal channels showing higher oxygenation in activation 
condition and two frontal channels showing higher oxygenation in the control 
condition (Figure 2(B)).  

In LA-LF, although the interaction between condition (activation vs. control) 
and channels failed to reach significance (F (21, 609) = 1.201, p = 0.243, η2 = 
0.039), post-hoc tests revealed here that three channels showed significant dif-
ferences between conditions (activation vs. control, see Table 3). These included 
one frontal and two temporo-parietal channels with higher oxygenation in acti-
vation than in control (see Figure 2(C)). 
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Table 3. Summary of the statistical differences (in the three language conditions in the 
two time windows). For the 10 channels exhibiting signal difference between the Activa-
tion and Control conditions (see Figure 2). 

 LA-HF LA-LF SA-HF 

 
Time 

7 - 13 s 
Time 

17 - 23 s 
Time 

7 - 13 s 
Time 

17 - 23 s 
Time 

7 - 13 s 
Time 

17 - 23 s 

(6) FC3   0.015    

(7) C3     0.002  

(10) F5  0.006     

(14) F7 0.009 0.0004   0.000 0.0003 

(15) FT7  0.000     

(16) T7 0.013      

(18) P7 0.0004  0.019  0.000  

(19) F9 0.007 0.000  0.003 0.000 0.0005 

(21) T9 0.003  0.041    

(22) P9     0.002  

 
As for SA-HF, there was a significant interaction between the condition and 

channels (F (21, 609) = 4.755, p < 0.001, η2 = 0.141). Post-hoc test showed that 
five channels differentiated conditions (see Table 3). Of these, two parietal chan-
nels showed higher signal in activation and three frontal channels displayed 
higher oxygenation in control condition (Figure 2(D)). 

Analysis for the time window 17 - 23 s: the 3-way ANOVA performed on the 
individual oxygenation mean signal in this second time window revealed a high-
ly two-way interaction between condition and channels (F (21, 609) = 2.883, p = 
0.001, η2 = 0.09). Although the three-way interaction was not significant (F (21, 
609) = 0.739, p = 0.890, ns), separate ANOVAs were again conducted for each 
language variety with condition (activation vs. control) and channel as with-
in-subject factors. 

In LA-HF language condition, there was a highly significant interaction be-
tween the two factors (F (21, 609) = 2.542, p < 0.001, η2 = 0.081). Post-hoc Fish-
er’s LSD tests showed that this was due to the fact that four (out of 22) channels 
showed a higher values during the control condition than in the activation con-
dition (see details in Table 3). 

In LA-LF, there was neither significant main effects of condition and channel, 
nor an interaction between the two factors (F (21, 609) = 0.804, p = 0.716, ns). 
However, post-hoc LSD tests showed significant difference in one frontal chan-
nel due to larger response in the control than in the activation condition (see 
Table 3). 

Regarding SA-HF, the ANOVA showed a significant interaction between the 
two factors (F (21, 609) = 1.586, p < 0.05, η2 = 0.052). Post-hoc tests showed sig-
nificant differences only in two frontal channels (see Table 3) due to higher re-
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sponse in the control relative to the activation condition.  

4. Discussion 

This study aimed to examine whether or not the visual processing of LA words 
and SA words induce detectable differences in fNIRS responses, while manipu-
lating word frequency in LA among Arabic native speakers. For this proposal, a 
semantic categorization task was used with LA and SA written words in an 
fNIRS paradigm. This block-design paradigm had previously been used to map 
left hemisphere language areas (Seghier et al., 2004) and had recently been used 
in Arabic to assess fMRI differences between SA and LA (Nevat et al., 2014). Up 
to now, several studies have investigated the diglossic issue in Arabic, but very 
few have used brain imaging to characterize the neural basis of diglossia in the 
brain of Arabic native speakers.  

At the behavioral level, the analysis of RTs showed an effect of language va-
riety only in the analysis of the individual response variance but not in the par-
ticipants’ individual averaged RTs. Accuracy showed as expected a higher rate in 
LA-HF (M = 78%) than in LA-LF (M = 76%) and SA-HF (M = 74%). These dif-
ferences between LA-HF and SA-HF are in accordance with previous results us-
ing the same paradigm (Nevat et al., 2014). The absence of language effect in the 
RTs measure contrasts with the previous observation by Nevat et al. (2014). Al-
though difference in paradigm does possibly not explain this lack of difference in 
RTs, still have to emphasize that this study alternated between three Arabic lan-
guage conditions while in Nevat et al.’s fMRI study Arabic blocs alternated with 
Hebrew blocks. Also, possibly as a consequence of the particularity of the para-
digm used here that for an unknown reason made it more difficult here, the 
global accuracy obtained in activation conditions appeared slightly lower here in 
the fNIRS than in the fMRI study. 

In terms of fNIRS responses, we took the option in this study to analyze the 
oxygenation measure which reflects the difference between oxyhemoglobin and 
deoxyhemoglobin (oxy-Hb—deoxy-Hb) and this was done separately for the ac-
tivation and the control conditions. The analyses in all language varieties, con-
ducted to assess the differences in terms of activation, were performed in 
two-time windows on all channels. The option to use two windows aimed at 
avoiding missing effects because of possible differences in the time course of the 
responses. Hence, we expected that whenever differences were found in one of 
the two-time windows, the direction of the effect will be the same as shown for 
instance in F7 and F9 channels.  

In terms of increased activation, our fNIRS analyses (summarized in Table 3 
at the end of the results) showed that for instance when comparing the effects 
obtained for LA-HF and LA-LF, of the three channels showing an increase in 
oxygenation in LA-HF, there were two (T9 and P7) which showed the same ef-
fect in LA-LF, and which are localized postero-anteriorily along the occipito-to 
inferior temporal areas. The additional channel that in LA-HF showed increased 
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oxygenation was T7 (around the middle-to superior-temporal region), while in 
LA-LF the additional channel was FC3, which is localized at the lateral dorsal 
frontal cortex. This observation would suggest that while LA-HF involved more 
middle-to-suepiror temporal areas, LA-LF involved more the lateral dorsal 
frontal cortex. When considering SA-HF in comparison with LA-HF, the only 
channel showing increased oxygenation (in both conditions) was P7 which lo-
cated posteriorily and involved probably only the posterior occipito-temporal 
region. Along the same location, SA-HF showed an additional significant in-
crease in P9, a little more posteriorily and more ventrally. The location of these 
channels, which might partly coincide with the location of visual word form 
area, would suggest that SA-LF showed more activation in this region. A similar 
finding was interpreted in fMRI results due to the relatively low familiarity of SA 
word patterns than LA ones, and to the fact that decoding SA necessitated more 
computation in this region (Nevat et al., 2014).  

Taken together, these differences in terms of increased activation would sug-
gest that the fNIRS oxygenation measure was quite sensitive to assess the differ-
ences in processing the three varieties of Arabic. Here, fNIRS analysis could 
show effects that were not visible in RT measures. One should however be care-
ful about such interpretation of the differences found only in an isolated chan-
nel. Actually, as long as the placing of the fNIRS recording channels relies on 
approximate location, small differences between conditions might also be par-
tially due to small variations in the effects where is some instance small effects 
just failed to reach significance. A more correct/conservative/careful approach 
would be to use a cluster of channels (that show differences) as a region of inter-
est in order to avoid effects on simply separate channels. A pre-requisite for the 
use of such analysis approach would be the need to verify that the direction of 
the effect in these channels is the same (see for instance channels P7, T7 and P9 
[corresponding to channels 16, 18, 22] in Figure 2). In the meantime, having ef-
fects on single separated channels would be an inherent feature of fNIRS re-
cordings as reported here because of the small number of channels and of the 
very low spatial resolution (more than 2.5 cm between two successive channels). 
Conducting similar studies with more dense channel distribution would defi-
nitely allow avoiding such hesitation about the interpretation and in the same 
time facilitate the interpretation of the differences thanks to the higher spatial 
resolution. Also, future studies using this technology should also use sensors po-
sitioned not only to sample left hemisphere but also right hemisphere activity.  

As for channels showing decrease in oxygenation, channel F9 which is located 
at the anterior superior part of the temporal gyrus was consistent in all condi-
tions. Together with F9, there were three other frontal channels which showed 
decrease in activation in LA-HF. All these channels together (with F9) form a 
region of frontal channels with similar pattern of decreased activation (F5, F7, 
F9 and FT7) that extended antero-posteriorily along the inferior frontal/superior 
temporal areas). In LA-LF, there was no other than the F9 channel. In SA-HF, 
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together with F9 there was an additional decrease in F7 (as in LA-HF) but also in 
C3 (around the motor areas). As to the functional significance of these effects, 
one should again highlight the fact that these differences attest of difference in 
the processing demands for the three language varieties. LA-HF is the condition 
which showed the highest level of decrease in frontal region while LA-LF showed 
the lowest level of decrease (with SA-HF in between). If one considers decrease 
in activation in these frontal areas as an index of a lower activation demands, 
then it appears reasonable to say that LA-HF was the condition that necessitated 
these frontal areas the less to perform the task, followed by SA-HF and then by 
LA-LF. Finally, as for the fact that SA-HF seemed to necessitate less activation in 
C3, one might speculate that this is probably due to the fact that SA words de-
mands in terms of motor-articulatory efforts are lower, hence less activation/more 
deactivation was observed in these motor areas. 

As for the question of diglossia, the only study that investigated the neural ba-
sis of diglossia using fMRI and visual presentation of SA and LA words was that 
reported by Nevat et al. (2014). Actually, two other studies using fMRI were 
conducted to assess brain activity during picture naming in SA and LA (Ab-
ou-Ghazaleh, Khateb et al., 2018) and to investigate language control mechan-
isms during the use of SA and LA (Abou-Ghazaleh, Khateb et al., 2020). As for 
our purpose, building on previous observations by Nevat et al. (2014), it was 
predicted that, since LA is the formal written language, it will be processed faster 
and more accurate than SA (which usually not encountered in the written form). 
Furthermore, due to the fact that LA is the first acquired written form and fre-
quently used by Arabic native speakers it would show faster and accurate res-
ponses than LA-LF which is not used daily. In accordance with the behavioral 
hypotheses, it was expected that responses in left frontal areas (inferior frontal 
gyrus, Broca’s area) will be modulated by the language conditions, with LA-HF 
words inducing the smallest responses and SA-HF and LA-LF showing no or lit-
tle differences. The behavioral results, while contrasting with other suggesting 
that SA and LA function cognitively L1 and L2 (Ibrahim & Eviatar, 2009), are in 
accordance this Nevat et al. (2014) and Bentin & Ibrahim (1996) showing an ad-
vantage for LA in the visual modality. The results observed in terms of decrease 
in activation seem to suggest that responses in left frontal areas (inferior frontal 
gyrus, Broca’s area) are indeed modulated by the language conditions, with 
words of the most dominant LA-HF inducing the smallest responses.  

The neurocognitive outcomes of the present study indicate, as in previous 
studies (Safi et al., 2012), that fNIRS technology might be useful tool to investi-
gate reading processes and understanding the differences that might be reflected 
in the brain activity. As expected, high activation was observed in the left he-
misphere, in regions classically involved in reading processes. Consistent with 
the behavioral measures, brain oxygenation signals during word condition (ac-
tivation) showed higher values in the language and reading areas compared to 
symbol condition (control). As for activation in Broca’s area, although no direct 
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comparison was made between the different language conditions, the pattern of 
responses (e.g., more deactivation in LA-HF) observed here seems to be in ac-
cordance with previous studies’ results. In an fMRI study by Joubert et al. (2004), 
participants were asked to silently read, high-frequency, and low-frequency words 
together with nonwords. They authors showed that nonwords and low-frequency 
relative to high-frequency words, elicited a significantly higher activation in bi-
lateral inferior frontal gyrus.  

The activation observed in occipito-temporal areas (visual word form area) 
indicates higher oxygen concentrations in activation than in control. This can be 
explained by the fact that word recognition shows higher activation than visual 
recognition (symbols) (Dehaene & Cohen, 2011). The review of Mechelli And-
rea, Gorno-Tempini, and Price (2003) of nine studies with a comparison of 
words and pseudowords listed six studies with higher activation for pseudo-
words than words in areas corresponding to or near to the visual word form 
area. However, two recent studies used lexical decision instead of reading found 
the opposite, that is, higher activation for words than pseudowords (Kronbichler 
et al., 2004; Binder et al., 2003; Fiebach et al., 2002). 

To summarize, the behavioral and functional results suggested the presence of 
response differences between the processing of LA-HF, LA-LF and SA-HF, al-
though no direct comparison was made here for three language conditions. The 
current study showed that some areas’s activation/deactivation (word form area 
and Broca’s area) were modulated by language condition. In continuity with 
previous investigations, the results of this study (behavioral measures and deac-
tivation in the frontal areas) suggested that the status of SA and LA is modali-
ty-dependent, with LA appearing as the dominant variety in the visual modality. 
This is the first fNIRS study to investigate the diglossic issue. Future studies 
should probably use other types of analysis in order to better assess the neuro-
functional differences between conditions. Also, the use of other systems with 
more recording channels should definitely improve the spatial resolution. A bet-
ter control on the stimulus list or the experiment timing parameters should also 
allow understanding why in this, compared to previous experiments, there were 
no RTs differences. 
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