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ABSTRACT
Dual-language use from early stages in life is the experience of over half of the world’s population.
This experience is becoming more prevalent worldwide, even in countries that predominantly use
one language as the official method of communication. Yet, little is known about whether this
lifelong experience with two languages rather than one modulates the neurofunctional foundations
that support language, including written language. Of particular interest from the perspectives of
neurodevelopment and learning is to better understand the functional brain bases of reading in the
context of bilingualism and biliteracy. Specifically, while there has been substantial research into
characterizing the brain regions involved in reading, this work has largely been limited to
monolinguals. These studies have shown that word reading is predominantly supported by a
functional brain system formed by the occipito-temporal, temporo-parietal, and inferior frontal
cortices in the left hemisphere. Further, some studies have shown that activity in these areas is
modulated by language experience, specifically bilingual versus monolingual backgrounds; and,
other studies have focused on the influence of languages with different orthographic depth.
Therefore, the first study examined whether bilingual experience modulates the brain system for
English word reading, by comparing bilinguals to monolinguals. The second study addressed
whether English versus Spanish word reading, given their differences in orthographic depth, rely
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on different functional systems in bilinguals. Brain activity, functional connectivity, and spatially
distributed activity patterns were measured with functional magnetic resonance imaging during
single-word reading in Spanish-English bilingual and English monolingual adults. In the first
study, it was revealed that while bilingual experience does not have an effect on local activity
during English word reading, it does modulate functional connectivity. In the second study, we
found that while reading in two languages with different orthographic depth does not require
different local activity and functional connectivity between regions of the brain system for reading,
there were distinct patterns of neural representations for English and Spanish. Taken together, the
results demonstrated the influence of lifelong bilingual experience on the neurofunctional
intercommunication supporting English word reading, and the bilingual brain’s representation of
two languages differing in orthographic depth.
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CHAPTER I

GENERAL INTRODUCTION

INTRODUCTION
Worldwide, over 50% of the population uses two or more languages to communicate every day
(European Commission Special Eurobarometer, Europeans and their languages, 2012; Grosjean,
2010). In the United States, approximately 22% of the population is bilingual, and of these
individuals about 64% are Spanish-English bilinguals (Rumbaut & Massey, 2013; U.S. Census
Bureau, 2017). However, there is a paucity of research on bilingualism (Garcia, 2005), especially
on the neural bases of reading, limiting our understanding of the brain’s functional organization
for biliteracy. This information would not only enrich models of the reading brain, but could also
provide an important stepping stone by which to understand reading ability differences (e.g.,
developmental dyslexia) in Spanish-English bilinguals.
In modern societies, reading acquisition has become a necessary skill to achieve success,
both personally and professionally. Therefore, investigations have tried to shed light on the
abilities that support reading, as well as the brain regions that are used during word processing.
Behavioral studies have shown that grapheme-to-phoneme (letter-to-sound) conversion is used to
read infrequently encountered words, whereas direct mapping allows the recognition of familiar
and frequently encountered words (Badian, 1994; Badian, 2001; Coltheart et al., 1993; Harm &
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Seidenberg, 1999; Seidenberg & McClelland, 1989; Wagner & Torgesen, 1987). Based on this
evidence, word reading has been framed in a dual-route model (Coltheart et al., 2001; Coltheart et
al., 1993; Paap & Noel, 1991; Warrington & Shallice, 1980). Specifically, the indirect, sublexical
route allows visual words to be transformed into their auditory counterparts (i.e., grapheme-tophoneme), and a direct, lexico-semantic route relies on the direct mapping between the visual
word-forms (orthography) and their meanings.
The functional brain system for word reading in typical monolinguals, predominantly
English speakers, has been studied in great detail using functional magnetic resonance imaging
(fMRI), as well as other imaging modalities. These studies have led to a prominent brain-based
model (Pugh et al., 2001) that designates left-hemisphere occipito-temporal cortex (OTC) for
orthographic (letter/word) processing (Cohen et al., 2000; Dehaene & Cohen, 2011; Dehaene et
al., 2002), temporo-parietal cortex (TPC) for grapheme-to-phoneme conversion (Richlan, 2012,
2014), and inferior frontal cortex (IFC) for semantic and phonological processing (Bookheimer,
2002; Cutting et al., 2006; Price, 2012; Pugh et al., 2001). Although seen as the quintessential
brain model for reading, it has not been sufficiently examined in the context of (1) individuals with
a bilingual background and (2) reading in different languages. In fact, there is some evidence to
suggest that the reading ability and its functional brain bases are modulated by early bilingual
experience (Rodriguez-Fornells et al., 2002; Kovelman, Baker, & Petitto, 2008a; Jasińska &
Petitto, 2014; Kremin et al., 2019), as well as by orthographic depth (i.e., the consistency of
grapheme-to-phoneme conversion; Frost, Katz, & Bentin, 1987; Paulesu et al., 2000; Seymour,
Aro, & Erskine, 2003; Share, 2008; Schmalz et al., 2015). However, the specific modulatory roles
of these factors on the brain’s functional organization for reading are unknown.
Therefore, this doctoral work aimed to go beyond monolingual-centric studies, taking a
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step forward to study the neurobiological underpinnings of word reading in bilingual-biliterate
adults. The first aim of this research examined whether language background (bilingual vs.
monolingual) has an effect on the functional brain system for English word reading, comparing
Spanish-English bilingual and English monolingual adults. The second aim of this research tested
whether orthographic depth (deep vs. shallow) has an effect on the functional brain system for
word reading in bilinguals of alphabetic languages with different grapheme-to-phoneme
consistency (i.e., English and Spanish). The overarching hypothesis posits that there are shared as
well distinct functional neural systems during word reading in bilinguals, compared to the
monolingual experience and depending on the language they are reading in, reflecting the
coordinated cognitive processes uniquely required for dual-language neurodevelopment.
The bilingual participants recruited for these studies had learned English and Spanish by
or before age 6 (i.e., early bilinguals) and were equally proficient (i.e., oral and written
comprehension skills were balanced between the two languages). Furthermore, they were cultural
bilinguals, meaning that they acquired both languages from their parents and their environment
(including formal instruction), rather than being cultural monolinguals that excelled at learning a
second language. All participants, bi- and monolingual, received a battery of psychoeducational
tests to measure their reading, math, and intellectual abilities. They also performed a single-word
reading task inside the fMRI scanner.

For the bilinguals, additional comparable tests

(psychoeducational tests and fMRI tasks) were given in Spanish to evaluate reading performance
and assess brain function. To address our two aims, we performed classical univariate analyses to
measure brain activity, as well as functional connectivity (i.e., task-derived time series correlation)
and multivariate pattern (MVPA) (i.e., spatially distributed activation) analyses. These analyses
involved both between-group (English in bilingual vs. monolingual) and within-group (English vs.
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Spanish in bilinguals) comparisons, depending on the study question.
In the first study, Chapter II, we tested whether bilingual experience has an effect on the
neurofunctional bases of English word reading, both at the local activation and the network levels.
To address this question, we compared a bilingual group users of English and Spanish and a
monolingual group users of English while performing a single-word processing task with English
stimuli. Specifically, we measured brain local activity, as others have done in similar but different
cohorts than ours (Rodriguez-Fornells et al., 2002; Jasińska & Petitto, 2014). Moreover, we
compared their functional connectivity, which has not been examined between these two
populations before in the context of reading. First, consistent with the limited but similar available
evidence (Rodriguez-Fornells et al., 2002; Jasińska & Petitto, 2014), we expected to observe
greater engagement of regions in the IFC and TPC in bilinguals compared to monolinguals.
Second, we predicted stronger intercommunication between reading-associated regions in the IFC
and TPC, as well as between reading- and executive function-associated regions within the frontal
cortex in bilinguals compared to monolinguals. we did not expect any results for either analyses
in the reverse comparison (i.e., monolinguals compared to bilinguals).
For the second study, Chapter III, we examined whether orthographic depth has an effect
on the brain’s function at the local level (mean activity), consistent with previous similar studies
(Meschyan & Hernandez, 2006; Jamal et al., 2012; Hernandez, Woods, & Bradley, 2015), as well
as at the network level (functional connectivity), tested by the first time within early speakers and
readers of English and Spanish in the context of reading. We also tested for spatially distributed
patterns of activity distinguishing between the two languages. Consistent with the previous similar
study from my laboratory (Jamal et al., 2012), during English word reading (compared to Spanish),
we expected greater activity in regions of the indirect/sublexical route (i.e., TPC and IFC), and
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thus stronger positive functional connectivity between them. On the other hand, we predicted
greater activity in regions of the direct/lexico-semantic route (i.e., OTC and IFC) and stronger
positive functional connectivity between them during Spanish word reading (compared to
English). We recognized, however, that the exact opposite could be observed, as in Meschyan &
Hernandez (2006), or that I find no differences at all, as in Hernandez, Woods, & Bradley (2015).
Lastly, we also expected to find spatially distributed patterns of brain activity in regions of the left
OTC, TPC, and/or IFC differentiating between these two orthographies.
With my dissertation work, we aimed to provide the first investigation that simultaneously
characterizes the functional specialization of the brain system for word reading in the context of
language background (bilingual vs. monolingual) and orthographic depth (deep vs. shallow) using
the same methods and participants. Although assessing brain structure helps to better understand
the architecture of language systems, studying brain function allows us to tease apart the extent to
which language systems are assembled across different factors, such as language proprieties and
individuals’ experience. Importantly, the analysis tools employed in this work should improve the
descriptive power of the current models of reading. Moreover, this research is laying the
foundations for future studies on reading difficulties in bilinguals.
In light of establishing a comprehensive scientific scaffolding to better understand the
findings of these two studies, we will review the background literature relevant to reading and
bilingualism in the remainder of this chapter. First, we will describe the fundaments of reading
from behavior and its neurobiological underpinnings. Subsequently, we will integrate what we
know of reading across different linguistic experiences and languages, ultimately in the context of
the bilingual brain.
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BEHAVIORAL STUDIES OF READING
Given societies’ regard for reading as a critical skill for academic and personal success, substantial
work has focused on understanding the skills that support reading acquisition. Successful reading
involves the coordination of multiple linguistics processes together with sensorimotor systems to
ultimately integrate and extract orthography, phonology, and semantic information. Accurate and
fluent reading relies on strong abilities for orthographic representation processing and
phonological decoding (Cunningham, Perry, & Stanovich, 2001; Parrila, Kirby, & McQuarrie,
2004). It is widely accepted that grapheme-to-phoneme conversion, facilitated by phonological
coding, is critical for reading novel words (Wagner & Torgesen, 1987). In parallel, recognition of
familiar and frequently encountered written words becomes automatized through orthographic
awareness (Badian, 1994; Badian, 2001). Hence, reading is a higher-level cognitive process that
requires automatization of the cognitive subskills supporting it.
Nonetheless, reading acquisition is not exclusively supported by written languageassociated abilities; specifically, spoken language abilities are the scaffolding of later written
language development (Scarborough, 2001). The foundations of reading abilities development
take place much earlier than formal instruction begins. Spoken language (comprehension and
production) as well as exposure to written language significantly support typical development of
basic reading and overall knowledge acquisition (Hindman et al., 2008; Katims, 2001; Levy et al.,
2006; Sénéchal & LeFevre, 2002). Therefore, early exposure to literacy activities, such as childcaregiver shared reading and manual/writing-associated exercises, promote stronger reading
abilities acquisition (Burgess, Hecht, & Lonigan, 2002; Phillips & Lonigan, 2009).
Various models of cognition have attempted to explain the different ways/routes in which
successful reading can be achieved depending on the visual word-form qualities (e.g., regularity).
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One of the earliest proposals was the Dual-Route Cascade (DRC) Model, which posits that word
reading can be achieved by two distinct routes: the indirect and the direct (Coltheart et al., 2001;
Coltheart et al., 1993; Paap & Noel, 1991; Warrington & Shallice, 1980). The indirect, or
sublexical, route requires visual words to be transformed into their auditory counterparts (i.e.,
grapheme-to-phoneme conversion), making their meaning accessible after the pronunciation of
words has been available. The direct, or lexico-semantic, route relies on the direct mapping
between the visual word-forms (similar to images processing) and their meanings. Both routes
support the reading of regular words; yet, they also have distinct functions. The sublexical route
is necessary for reading novel words (or pseudowords), since it processes grapheme-to-phoneme
conversion rules (i.e., mapping of a letter or combinations of letters to a single sound). The lexicosemantic route is utilized for accessing phonology and semantics directly from memory-based
word-form recognition, particularly critical when reading “inconsistent” words, such as pint
(compared to mint) or words that do not follow the rules of pronunciation, such as yacht.
Similar but different to the DRC Model was the Triangle Model of Reading (Plaut et al.,
1996; Harm & Seidenberg, 2004), involving reciprocal intercommunication between the three
main components of word reading (orthography, phonology, and semantics) depending on the
context (i.e., word type). It posits that there are two routes for word (and pseudoword) reading:
one that directly converts graphemes to phonemes, and one that converts graphemes to phonemes
through semantic access. On one end, the direct orthography-phonology route entrains accurate
grapheme-to-phoneme conversion by initial association (correct or wrong) of written forms with
their sounds, and ultimately learning the correct mapping based on feedback. On the other end,
the semantic support of the orthography-semantic-phonology route is essential for reading
infrequently encountered word-forms, difficult to decode by one-to-one letter-sound mapping in
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the other route. These routes, however, interact; therefore, they support relatively different
functions depending on the word type, but they are not entirely discrete, meaning they are not
totally separable routes.
Another renown model of reading is the Connectionist Dual-Process (Perry, Ziegler, &
Zorzi, 2010; Zorzi, Houghton, & Butterworth, 1998), which contains a lexico-semantic route
identical to that of the DRC model. The sublexical route, however, is not uniquely engaged for
one-to-one grapheme-to-phoneme conversion. It predominantly learns common orthographyphonology mappings, but has limited capacity to learn inconsistent grapheme-to-phoneme
conversions for the same combination of letters (i.e., multiple phonemes can be activated for the
same grapheme(s) in some languages, as ive for give versus hive in English). Therefore, this route
does not learn well. Ultimately, in the Connectionist Dual-Process Model of Reading, the
sublexical route is necessary for accurate reading of regular and novel words, whereas the lexicosemantic route is necessary for accurate reading of inconsistent words, both being parallelly
activated by all visual word-form stimuli, but used differently.

NEUROBIOLOGICAL FOUNDATIONS OF READING
Since the late 1980s, studies using imaging modalities have aimed to unveil the brain bases of
reading (Posner et al., 1988). Specifically, these investigations have tried to show what is the brain
system uniquely engaged during reading, beyond what is shared with other more innate language
processes, such as auditory word processing or visual object naming. Since then, a large corpus
of investigations have revealed specific brain regions in the left hemisphere as uniquely engaged
during reading: occipito-temporal cortex, which functionally contains the “visual word form area”
(VWFA) (Kiyosawa et al., 1995; Madden et al., 1996; Cohen et al., 2000; Dehaene et al., 2002;
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Turkeltaub et al., 2002; Price & Devlin, 2003; Cohen & Dehaene, 2004; Flowers et al., 2004);
middle and superior temporal gyri (Graves et al., 2010; Jobard, Crivello, & Tzourio-Mazoyer,
2003; Menard et al., 1996; Pugh et al., 1996); and, inferior parietal lobule/inferior parietal sulcus
(angular and supramarginal gyri) (Behrmann, Geng, & Shomstein, 2004; Cabeza, Ciaramelli, &
Moscovitch, 2012; Howard et al., 1992; Rosazza et al., 2009; Small et al., 1996; Wager, Jonides,
& Reading, 2004). Additionally, in the attempt to dissociate neural pathways for converting
orthography to phonology via either sublexical or lexico-semantic processing, the left inferior
frontal gyrus was reported to be engaged during reading tasks, having subparts associated with
semantics, phonology, and articulation (Bookheimer, 2002; Cutting et al., 2006; Evans, Flowers,
Luetje, Napoliello, & Eden, 2016; Fiez, 1997; Martin, Schurz, Kronbichler, & Richlan, 2015;
Poldrack et al., 1999; Cathy J. Price, 2012; Kenneth R Pugh et al., 2001; Turkeltaub, Gareau,
Flowers, Zeffiro, & Eden, 2003).
In the early 2000s, Pugh et al., (2000, 2001) brought together the evidence so far and
proposed a brain-based model for reading, with dual routes raising from the left OTC (middle
temporal, inferior temporal, fusiform, inferior occipital, and middle occipital).

The

sublexical/indirect route involved in integrating orthography with phonological and semantic
features of written words is accessed through the left TPC (superior temporal and inferior parietal
[angular and supramarginal]). In contrast, the lexico-semantic/direct route involved in sustaining
fast, fluent visual word recognition is accessed through the left IFC (inferior frontal and middle
frontal). A revised version of this original brain-based model was proposed by Sandak et al.
(2004), who argued that new findings in neuroimaging show that both the IFC as well as the OTC
are tuned for phonological processing. Specifically, their newer findings revealed that regions in
these two cortices (inferior frontal gyrus and VWFA, respectively) are engaged during pseudoword
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processing compared to words, phonological priming, and repetition-related reductions in
phonologically analytic training. Of note, they highlighted the “new” role of the VWFA for
phonological processing as logical, since individuals that struggle with reading fail to adequately
develop this posterior ventral system in correlation with phonological deficits. In contrast, Sandak
et al. (2004) posited that regions of the OTC (middle and inferior temporal gyri) and TPC (angular
gyrus) are more activated during lexico-semantic processing. Moreover, some reports showed that
the brain system for reading also takes “routes” through right-hemisphere homologues of these
cortices, mainly for languages with more pictorial-like features like Chinese (Hart et al., 2000;
Mayall et al., 2001; Pugh et al., 1997; Tan, Feng et al., 2001; Tan et al., 2001). Altogether, this
brain-based model aligned well with cognitive models of reading, proposing that different neural
pathways are utilized when processing word-like stimuli depending on qualities, such as
familiarity and grapheme-to-phoneme conversion consistency.
Expanding on the brain-based model for reading proposed by Pugh et al. (2000, 2001),
others have advanced theories that address the mechanisms by which the brain acquires reading.
Notably, the Neuronal Recycling Theory by Dehaene & Cohen (2007) posits that the brain
“recycles” regions that evolutionarily existed for older, more basic functions, such as lines
orientation, to account for recent culturally invented practices, mainly reading (and math)
(Dehaene, 2014; Dehaene & Cohen, 2007; Dehaene & Dehaene-Lambertz, 2016). In this regard,
reading is conceived as an integration of sights (orthography) and sounds (phonology), adapting
from the older, spoken domain to the newer, written domain. Specifically, the processing of
written words involves combining a visual object (e.g., letter) with a sound (e.g., phoneme).
Overtime, this practice leads to entrainment of the OTC, specifically the VWFA, which is part of
the innate object recognition system that, among other functions, evolved for face recognition.
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Thus, the VWFA adapts to capture semantics (meaning) from visual word-forms. In sum, the
Neuronal Recycling Theory argues that this “recycling” happens as a function of experience, and
consequently the brain system for reading is shaped as we learn to read from early childhood to
adulthood.
Building on this theory, Schlaggar & McCandliss (2007) proposed the Interactive
Specialization (IS) conceptual framework, originally posited by Johnson (2000, 2011), as a way
to understand the neurofunctional foundations of reading. In their view, the IS framework notes
that functional specialization arises when a particular cortical pathway becomes more adept than
another for processing a specific category of stimuli (e.g., visual word-forms), to characterize
reading development. They proposed that children have well-established visual and language
systems by the time they are exposed to reading, but that these two systems are not integrated to
the extent that will automatically support reading abilities. Therefore, it is the highly demanding,
interactive process of learning to read that promotes an integration of brain circuits originally
involved in object processing and phonological processing. Moreover, this integration does not
only happen at the local activation level, but also at the network level; specifically, the brain
regions in these systems get functionally connected over time as the reading abilities get well
developed. Taken together, reading development occurs through experience and maturation of
relevant circuits, and the brain system for reading becomes tuned to work efficiently, ultimately
engaging more of the VWFA/lexico-semantic route and less of the sublexical route.
One of the most recent accounts relevant to understanding the neural underpinnings of
reading closely relates to the IS framework; the “Neuroemergentism” synthesis presented by
Hernandez et al. (2019).

Neuroemergentism (i.e., Neurocomputational Emergentism) is an

integration of four main theories of higher-level cognition, Neuronal Recycling, Neural Reuse,

11

Language as Shaped by the Brain, and Neuroconstructivism, that aims to better understand the
human brain bases of cognition. Uniquely, it proposes to integrate brain-based modeling, as well
as brain imaging and genetics data, to transform the many subfields of cognitive neuroscience,
including reading acquisition. Hernandez et al. (2019) proposed that the Neuroemergentism
hypothesis could uniquely explain higher-level cognitive functions that develop slowly over time,
such as language, which emerges from older, simpler functions and becomes a more complex
cognitive process in a highly plastic brain (i.e., childhood to adulthood).

SIGNATURES OF READING ACROSS LANGUAGE BACKGROUNDS
Investigating reading in bilinguals (as opposed to the study by Paulesu et al. (2000) in two
groups of monolinguals) introduces another factor, namely the bilingual experience. Based on
behavioral evidence, it has been argued that being bilingual affords benefits outside of language,
specifically in executive functions (e.g., inhibitory control, task switching, working memory, selfmonitoring, problem solving). Specifically, studies assessing executive function abilities between
bilinguals and monolinguals have shown that the former group has an advantage over the latter
group (Bialystok, Craik, & Luk, 2012). For example, Carlson & Meltzoff (2008) reported that
Spanish-English bilingual children have higher scores on a composite (mean accuracy) of
executive function tasks, and especially in a task involving conflict monitoring, than English
monolingual children. Similarly, Bialystok et al. (2004) reported that Tamil-English bilingual
adults outperformed English monolingual adults in tasks involving interference/conflict resolution.
In detail, bilinguals had smaller Simon effect (i.e., greater accuracy and shorter reaction time for
incongruent vs. congruent trials), which measures conflict (or interference) between a goaldirected dimension (e.g., the color of the square: blue/red) and a non-goal-directed dimension (e.g.,
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the location of the square: left/right). Overall, these pieces of evidence have led some to strongly
advocate for a “bilingual advantage”, driven by the lifelong experience of managing two
languages.
Neuroimaging studies involving executive function tasks have shown that these higherlevel cognitive abilities are subserved by frontal and parietal brain regions (Kroll & Bialystok,
2013). However, our current knowledge on how the bilingual brain compares to the monolingual
brain when it comes to managing cognitive processes, including reading, is limited. As described
in previous sections, it has been shown that anatomically and functionally the brain reorganizes as
a consequence of reading acquisition (e.g., Carreiras et al., 2009; Turkeltaub et al., 2003); yet, it
is not clear how dual-language literacy is organized in the brain. Current evidence suggests that
there is a significant impact of bilingualism on the brain system for word reading; however, the
reports are few. Several neuroimaging studies have shown that the brain’s activity and functional
connectivity differ between monolinguals and bilinguals. For example, investigations examining
local activation have shown that bilinguals engage regions in the IFC and TPC to a greater extent
than monolinguals during language processing, including reading-related tasks (syntactic
judgment: Kovelman, Baker, & Petitto, 2008; picture naming and reading aloud: Parker Jones et
al., 2012). In the context of word reading, greater activation has been observed in regions of the
left IFC and TPC during Spanish word reading in Spanish-Catalan bilingual compared to Spanish
monolingual adults (Rodriguez-Fornells et al., 2002), and of the left IFC and bilateral TPC during
English word reading in bilingual compared to monolingual adults (Jasińska & Petitto, 2014).
Together, this scarce but informative evidence proposes a role for the IFC in interplay with regions
in the TPC for cognitive control during reading, as for bilinguals to be able to block stimuli (words)
in the non-target language. In addition, recent evidence shows that early bilingual adults have
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greater functional connectivity in non-language networks (executive control and default mode)
compared to monolinguals (Grady, Luk, Craik, & Bialystok, 2015), suggesting that early
acquisition of two languages influences the brain’s connectivity in the context of language and
beyond language processing per se.
A number of theoretical frameworks have tried to explain why and how the bilingual brain
functions different than the monolingual brain. In the context of word reading, Dijkstra & Heuven
(2002) proposed a revised version of their original Bilingual Interactive Activation (BIA) model
(Dijkstra & van Heuven, 1998), the BIA+, which posits that bilinguals’ lexicon is integrated across
languages and accessed in a language non-selective manner, processing orthographic
representations to phonological and semantic representations. Specifically, word reading in the
bilingual brain is not only influenced by orthographic similarities across both languages, but also
by phonological and semantic overlap.
In the broader context of cognition and a dual-language experience, many more models
have been proposed. One of the most well-known is the Adaptive Control Hypothesis proposed
by Green & Abutalebi (2013), establishing that using two languages involves greater use of the
executive function brain system than using one language. Bilinguals are able to adapt their
cognitive control processes and to tune executive function systems depending on the linguistic
context: single language, dual language, or dense code-switching. Similarly, Stocco et al. (2014)
proposed that dual-language use “may train the brain to perform better under conditions of
competitive selection during information transfer, thus enabling earlier and improved executive
function in bilingual individuals”. Their Bilingual Brain Training model argues that this training
is supported by fronto-striatal connections that are necessary for language control as well as for
executive function. Additionally, Petitto et al. (2012) presented the bilinguals’ Perceptual Wedge
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Hypothesis, where greater exposure to more than one language promotes the brain’s flexibility for
learning in a longer period of time than when exposed to just one. The rationale supporting this
hypothesis is that exposure to multiple languages increases neurofunctional demands, and thus
strengthen language analyses, including stimulus’ phonology and morphology. This process
promotes agile linguistic abilities that are shared by the bilinguals’ languages.

Moreover,

Hernandez et al. (2019) proposed their recently-coined Neuroemergentist approach to better
understand the neurobiological foundations of bilingualism and its potential effects on executive
function. Specifically, they argued that dual-language use potential effects may not be reflected
in a linear fashion, and thus it is critical to take into account individual factors, such as genetic
background. In synthesis, as new empirical knowledge about brain-behavior relationships in
bilinguals compared to monolinguals gets unveiled, these frameworks will get refined and thus
expand our understanding about how dual-language experience shapes the functional bases of
reading.

SIGNATURES OF READING ACROSS ALPHABETIC WRITTEN LANGUAGES
Alphabetic written languages have different grapheme-to-phoneme conversion consistencies, or
transparencies, a property that is called “orthographic depth” as a linguistics concept (Frost, Katz,
& Bentin, 1987; Schmalz et al., 2015). Studies of reading across different languages have reported
that the easiness to read a word greatly depends on the language’s grapheme-to-phoneme
conversion consistency (Ziegler et al., 2010; Ziegler & Goswami, 2005). Critically, many have
shown that the time at which successful reading is achieved varies across languages, comparing
populations of countries with different languages (Wimmer & Goswami, 1994; Frith, Wimmer, &
Landerl, 1998; Landerl, 2000; Seymour, Aro, & Erskine, 2003). A shallow orthography (e.g.,
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Italian, Spanish, German) is characterized by consistent one-to-one grapheme-to-phoneme
conversion, since there is one single correspondence of each letter to a sound. In contrast, a deep
orthography (e.g., English, French) is characterized by many-to-many grapheme-to-phoneme
conversion due to its multi-letter graphemes, context-dependent rules, and morphological effects.
Specifically, children learning to read in a shallow orthography show more advanced word and
pseudoword reading abilities than children learning to read in a deep orthography (Aro & Wimmer,
2003; Bergmann & Wimmer, 2008; Cossu, Gugliotta, & Marshall, 1995; Frith et al., 1998;
Georgiou et al., 2012; Seymour, Aro, & Erskine, 2003; Wimmer & Goswami, 1994; Zoccolotti et
al., 2009).

For example, Seymour et al. (2003) reported that the rate of reading abilities

development in English takes twice the time that it takes to become a fluent reader in a European
language with shallow orthography. This difference in reading acquisition rate speaks of the many
difficulties in remembering conversions from orthography to phonology that a child experience
when learning to read in a deep orthography, given the number of possible spelling--sound
correspondences. In sum, orthographic depth has been identified as one of the most important
factors influencing reading acquisition (Karin Landerl et al., 2013; Seymour et al., 2003).
Beyond behavior, whether and how orthographic depth manifests on the brain’s signature
for reading is of immediate interest, since it can contribute to better understanding universal versus
orthography-specific neurobiological manifestations of typical reading development and its
differences (Frost, Katz, & Bentin, 1987). Cross-linguistic neuroimaging studies are laborious and
difficult to conduct due to logistical and methodological factors, such as availability and
comparability of assessment tools in multiple languages, differences in the school systems,
matching of experimental stimuli, and data acquisition protocols. Consequently, it is not surprising
that only few cross-linguistic neuroimaging studies have been conducted. The approaches used to
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study the functional brain bases of reading in alphabetic written languages with different
orthographic depth (deep vs. shallow) have involved (1) a between-group design of two
monolingual groups (English readers vs. Italian readers: Paulesu et al., 2000), (2) a within-group
design of one early bilingual group (English words vs. Spanish words: Meschyan & Hernandez,
2006; Jamal et al., 2012; Hernandez, Woods, & Bradley (2015), (3) and a between-group design
of two late bilingual groups (Spanish-English while reading words in English vs. Spanish-Basque
while reading words in Basque: Oliver, Carreiras, & Paz-Alonso, 2016).
The study by Paulesu et al. (2000) used real word and pseudoword stimuli and found that
monolingual readers of English (deep) engage relatively more regions in the left OTC and IFC
during pseudoword reading, whereas monolingual readers of Italian (shallow) engage relatively
more regions in the left TPC during word and pseudoword reading. The authors argued that
English readers make more use of the visual word-form representations in the OTC and sematic
representations in the IFC, presumably because of the orthography (the inconsistent mapping)
demands it, while Italian readers make more use of the left TPC for phonological decoding. Two
studies that followed this first investigation, but within Spanish-English bilingual adults, found
some similar but predominantly different observations to those reported by Paulesu et al. (2000).
Meschyan & Hernandez (2006) showed that English (deep) word reading makes greater use of the
left parietal-occipital junction and the right TPC (inferior parietal lobule), while Spanish (shallow)
word reading makes greater use of the left TPC (superior temporal gyrus). Jamal et al. (2012)
reported that regions in the left IFC extending to the superior frontal cortex have greater activation
during English (deep) word reading, whereas regions in the left OTC exhibit greater activation
during Spanish (shallow) word reading. A recent study by Hernandez, Woods, & Bradley (2015),
however, showed no differences in brain activation between English and Spanish word reading in
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a similar population. In sum, four studies tested for an effect of orthographic depth on whole-brain
activation in the context of alphabetic written languages, and reached different findings; therefore,
further investigations are needed to clarify this inconsistency.
Importantly, reading relies on a network of brain regions working together throughout the
process; therefore, functional connectivity (Biswal et al., 1995; Friston, 1994, 2011) has become
a methodological approach to better understand factors modulating reading neurofunctional
foundations. In the context of orthographic depth, there is not much knowledge about whether it
is represented at the network level. A recent report attempted to test this question by comparing
adult native speakers of Spanish that were late bilinguals of either English (deep) or Basque
(shallow) (Oliver, Carreiras, & Paz-Alonso, 2016). They found that Spanish-English (shallowdeep) bilinguals have stronger coupling between the left OTC and regions in the lexico-semantic
route (the specific regions were not reported) during English word reading compared to Basque in
the Spanish-Basque (shallow-shallow) bilinguals group. On the other hand, this latter group
showed stronger positive functional connectivity between the left OTC and regions in the
sublexical route (again, the regions were not specified) during Basque word reading compared to
English in the Spanish-English bilinguals group.

Despite these findings observed between

bilinguals, there is little understanding on whether orthographic depth modulates the functional
connectivity of the brain system for word reading within bilingual adults that speak and read two
alphabetic languages with different orthographic depth (deep vs. shallow) and acquired both
languages early in life. Beyond understanding whether the languages’ letter-to-sound consistency
modulates brain activity, it is critical to clarify whether this potential modulatory effect is observed
at the network level during word reading (Price, 2012), as this cognitive process relies on a
cohesive functionally connected brain system rather than a collection of unrelated brain regions
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working independently.
Moreover, a recent approach to tease apart whether orthographic depth has a modulatory
role at some level in the brain system for word reading has been performing different kinds of
multivariate pattern analyses (MVPA), such as classification (Haxby, 2012; Haxby et al., 2001;
Haynes & Rees, 2005; Kamitani & Tong, 2005; Tong & Pratte, 2011). This specific kind of
MVPA on brain imaging data extracts the signal that is present in the pattern of activation across
multiple voxels. Classification-based MVPA tests whether two (or more) experimental stimuli
can be distinguished from one another on the basis of the activation patterns observed in a set of
voxels. Importantly, it can also distinguish the activation patterns for two different kind of stimuli
(e.g., deep vs. shallow orthography) of interest, even if the average level of activity does not differ
between these stimuli. Currently, there is not an investigation testing whether there are different
representations for two alphabetic languages. A recent study in alphabetic and logographic
languages, however, tested whether word reading in the first-language exhibits distinct neural
representations to that of reading in the second-language in late Chinese-English bilinguals, using
MVPA (Xu et al., 2017). The authors found spatially distributed patterns of activity in readingrelated regions distinguishing between Chinese and English.
The shown modulatory role of orthographic depth, however, has been questioned by others.
Some have proposed that there is a “universal signature” for reading (and language in general),
even in bilinguals, mainly if both languages were acquired simultaneously or early in life and
learned equally balanced (Rueckl et al., 2015; Cao et al., 2014; Pugh, 2006). For example, Rueckl
et al. (2015) tested whether spoken (word listening) and written (word reading) languages activate
the same brain regions or not across alphabetic and logographic languages. When they first looked
at word reading per se (not contrasted with word listening) across languages, they observed that
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three alphabetic languages (Spanish, English, Hebrew) and one logographic language (Chinese)
do not engage different brain regions related to reading, but exhibit small activation differences in
bilateral postcentral gyrus and cingulate gyrus. In the context of dual language learners, Wong,
Yin, & O’Brien (2016) argued that this idea of a universal brain system for spoken and written
language holds, given that learning two languages will likely engage the same regions used in
single language learning, as supported by numerous reports (Cummine & Boliek, 2013; Grogan et
al., 2009; Leonard et al., 2010; Pugh, 2006). Moreover, they argued that this universal brain
system supporting the two languages of bilinguals interacts with regions not essential for language
processing, but for other higher-level cognitive domains, such as language switching, as shown by
Abutalebi et al. (2012) and Hervais-Adelman, Moser-Mercer, & Golestani (2011).

SUMMARY
The functional brain system for word reading has been exhaustively studied in monolingual
populations (Martin et al., 2015; Cattinelli et al., 2013; Price, 2012; Turkeltaub et al., 2003;
Turkeltaub et al., 2002). Little is known, however, about the neurofunctional bases of reading in
the bilingual brain. Behavioral and neuroimaging studies have shown that bilingual experience
has an effect on executive function and its neural bases, specifically heightened behavior (e.g.,
better inhibitory control) and greater use of the IFC and TPC (fronto-parietal system). To date,
however, it is not well understood whether being bilingual leads to greater engagement of the
fronto-parietal system also during reading, since these two cortices are part of the reading system.
Importantly, there is no study testing whether this potential effect is present at the network level
as well. Moreover, behavioral studies have reported that reading words in languages with
consistent letter-to-sound mappings is easier, and that reading is acquired at different rates in
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different countries due to the variability in each written language’s orthographic depth. A brain
imaging study comparing monolinguals showed that brain activity during pseudoword reading is
modulated by orthographic depth. However, the findings from the few brain activation studies
conducted within bilinguals are inconsistent. Therefore, there is a need to further investigate how
orthographic depth modulates the neurofunctional bases of reading in readers of two languages.
To this end, the present doctoral work tackles this question by using additional analyses tools that
provide an opportunity to examine reading words in English and Spanish and their differences
within bilingual users of these two languages in more detail (local activity, functional connectivity,
and pattern representation). Taken together, this dissertation addressed whether bilingualism per
se has a modulatory role on brain activity and functional connectivity during English word reading
in Spanish-English early bilinguals (Chapter II), and whether orthographic depth (deep/English vs.
shallow/Spanish) has an effect on the neurofunctional bases of word reading in these individuals
(Chapter III), measured at local activity, functional connectivity, and spatially distributed activity
patterns. The results of this research will expand the understanding of the neural bases of reading,
going beyond the monolingual model, and shedding insights on the brain’s functional organization
for adult biliteracy. In the long term, this doctoral work will provide an important foundation for
investigations into reading ability differences in Spanish-English bilinguals.
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CHAPTER II

THE EFFECT OF BILINGUALISM ON THE NEUROFUNCTIONAL SYSTEM
FOR ENGLISH WORD READING IN ADULTS*

INTRODUCTION
More than half of the world’s population has been reported to use two or more languages every
day (European Commission Special Eurobarometer, Europeans and their languages, 2012;
Grosjean, 2010). Dual language instruction is becoming more prevalent worldwide, even in
countries that predominantly use one language as the official method of communication. How the
bilingual brain operates has been a topic of considerable interest, having multiple studies
suggesting that the usage of two languages affords heightened language and non-language skills
to that of using only one language (Kroll & Bialystok, 2013; Kroll, Bobb, & Hoshino, 2014; Kroll,
Bogulski, & McClain, 2012). Of particular interest from the perspective of neurodevelopment and
learning is to better understand the neurofunctional bases of reading in the context of bilingualism
and biliteracy. Specifically, while there has been substantial research into characterizing the brain
regions involved in reading (Martin et al., 2015), this work has largely been limited to monolingual
users of English, thus not recognizing that a person’s bilingual experience may be a modulating

_________________________
*Adapted from Brignoni-Perez E, Jamal NI, and Eden GF. The Effect of Bilingualism on the
Neurofunctional System for English Word Reading in Adults (anticipated submission: July 2019)
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factor on the functional brain system supporting reading.
Little is known about how the functional organization of reading is influenced by
bilingualism. Neuroimaging studies predominantly focused on the monolingual experience led to
the proposal of a brain-based model for reading (Pugh et al., 2001). This model consists of three
cortices in the left hemisphere: the occipito-temporal (OTC) associated with memory-based visual
word form recognition (Cohen et al., 2000; Dehaene & Cohen, 2011; Dehaene et al., 2002); the
temporo-parietal (TPC) involved in grapheme-to-phoneme conversion and overall phonological
processing (Richlan, 2012, 2014); and, the inferior frontal (IFC) related to semantic processing,
phonological decoding, and articulatory recoding of print (Bookheimer, 2002; Cutting et al., 2006;
Price, 2012; Pugh et al., 2001). This model has been observed in meta-analyses across studies of
reading in adults, showing significant activation convergence in these three cortices (Martin et al.,
2015; Turkeltaub et al., 2002).
Do the brain regions involved in reading differ in bilinguals? The rationale behind
suspecting that bilingualism may have a modulatory role on the neurobiology of reading is based
on studies showing differences in executive function between bilinguals and monolinguals. From
the behavioral standpoint, various studies have proposed the existence of a “bilingual advantage”
that spans to non-language domains, mainly executive function. Specifically, it has been shown
that equally-proficient early bilinguals have better conflict resolution, task switching, and
inhibitory control abilities than monolinguals (Bialystok, 2006; Bialystok et al., 2004; Costa,
Hernández, & Sebastián-Gallés, 2008; Luk, Sa, & Bialystok, 2011), likely because of their
constant management (“juggling”) of two languages.
Consistent with this behavioral evidence on differences between groups, neuroimaging
investigations have shown that brain structure, activity, and functional connectivity differ between
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bilinguals and monolinguals (Kroll & Bialystok, 2013; Wong, Yin, & Brien, 2016). For example,
one study showed greater gray matter density in the left inferior parietal lobule (part of the TPC)
in Italian-English early bilingual compared to English monolingual adults (Mechelli et al., 2004).
Similarly, a study from our laboratory found that Spanish-English early bilingual adults exhibit
greater gray matter volume in bilateral frontal cortex (including the IFC and prefrontal cortex)
compared to English monolingual adults (Olulade et al., 2016).
Most relevant to the aforementioned question, however, are studies examining local
activation during language tasks, showing that bilinguals engage regions of the IFC and TPC to a
greater extent than monolinguals while processing language, including reading-related tasks
(syntactic judgment; picture naming and reading aloud) (Kovelman et al., 2008b; Parker Jones et
al., 2012). In addition, it has been reported that early bilingual adults have greater functional
connectivity in non-language networks (fronto-parietal control, salience, and default mode)
compared to monolinguals (Costumero et al., 2015; Grady et al., 2015), supporting the notion that
early acquisition of two languages influences the brain’s connectivity in the context of language
and beyond language processing per se. While not agreed upon by all (Antón, Carreiras, &
Duñabeitia, 2019; Duñabeitia & Carreiras, 2015; Paap, Johnson, & Sawi, 2015), the evidence is
sufficient to be concerned about a potential effect of early bilingualism and biliteracy on the
functional brain system for reading.
Specific to reading, Rodriguez-Fornells et al. (2002) found greater engagement of the left
IFC and TPC during Spanish word reading in Spanish-Catalan early bilingual compared to Spanish
monolingual adults using functional magnetic resonance imaging (fMRI). The authors surmised
from this finding a role of the IFC for cognitive control during word reading; specifically, that
early bilinguals “block” the word stimuli from the non-target language (Catalan) by using a
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sublexical/dorsal route, which maps the graphemes to phonemes prior to lexical/ventral access. A
functional Near Infrared Spectroscopy (fNIRS) study examined word reading in bilingual
(English- and another alphabetic or non-alphabetic language) and monolingual (English) adults
and children (Jasińska & Petitto, 2014). The authors found greater activation in regions of the left
IFC and bilateral TPC during English word reading in bilingual compared to monolingual adults.
Taken together, these two studies demonstrate that early experience with two spoken and written
languages leads to greater use of brain regions in the IFC and TPC for word reading. The present
study sought to extend this work by examining brain activity in Spanish-English early bilingual
adults. In addition, we investigated functional connectivity as a way to gauge the nature of any
differences attributed to bilingualism, given that reading engages a distributed system of brain
regions that have distinct functions but interact with each other.
Investigations on the neurobiology of reading have tested whether the brain regions
involved in reading are functionally connected. Specifically, functional connectivity represents
correlations between measures of neuronal activity, more specifically statistical dependencies
between distant neurophysiological events (Biswal et al., 1995; Karl J. Friston, 1994, 2011). In
monolingual groups, there is evidence showing that the brain regions observed in activation studies
during word reading are positively correlated with other reading-related regions during reading
tasks (Bitan et al., 2006; Hampson et al., 2006; Horwitz et al., 1998; Andrea Mechelli et al., 2005;
Kenneth R. Pugh & Mencl, 2000) and negatively correlated with regions in the default mode
network at rest (Koyama et al., 2011, 2010). To date, however, it is not clear whether bilingual
experience impacts the interactions between the constituents of this brain system, and there are no
functional connectivity studies testing this potential modulator. Therefore, since reading is
supported by a cohesive, functionally connected brain system rather than a collection of brain
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regions working independently (Price, 2012), we sought to go beyond the local activation level
and investigated whether bilingualism modulates the functional connectivity of the reading system.
In the present study, we tested whether bilingual experience has an effect on the brain’s
function at the local level (activity) as well as at the network level (functional connectivity) during
English word reading, given the additional non-language processes (e.g., executive function) that
occur while constantly managing two languages within one brain. Our participants were either
Spanish-English early bilinguals (i.e., both languages were acquired by age 6) with equal
proficiency (i.e., oral and written comprehension skills were balanced between the two languages)
or monolingual users of English. Furthermore, the former group was composed by cultural
bilinguals, meaning that they acquired both languages from their parents and their environment,
rather than being cultural monolinguals that excelled at learning a second language. First,
consistent with the limited but similar available evidence (Jasińska & Petitto, 2014; RodriguezFornells et al., 2002), we expected to observe greater engagement of regions in the IFC and TPC
in bilinguals compared to monolinguals. Second, we predicted stronger intercommunication
between reading-associated regions within the IFC per se, and between the IFC and TPC, as well
as between reading-associated in the IFC and executive function-associated regions within the
frontal cortex in bilinguals compared to monolinguals. We did not expect any effect on either
analysis in the reverse comparison (i.e., monolinguals compared to bilinguals).

MATERIAL AND METHODS
Participants
Sixty-six healthy, young adults participated in the present investigation. Thirty-one participants
were Spanish-English early bilinguals and biliterates (21 females; 10 males), who learned both
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spoken languages by age 6 and their written representation during years of formal studying. These
bilingual participants had no major exposure to languages other than English and Spanish. From
this bilingual cohort, one participant’s data were not analyzed because the brain structural image
was not available, and another participant’s data due to irreparable distortion of the brain functional
images. Additionally, four other participants’ data were excluded from the analyses because of
excessive head motion during the scans of at least one of the two experimental runs in each
language (English and Spanish), since this same group of bilinguals would be subsequently studied
in a separate investigation looking at brain function between their two languages. Therefore, we
had a final cohort of 25 bilingual participants (17 females and 8 males with average age of 22.1
years; Table 1). Thirty-five participants were English-speaking monolinguals (15 females; 20
males) of which two had excessive head motion during the scans of at least one of the two
experimental runs in English, and thus their data were excluded from the all the analyses in the
present study (final cohort: 13 females and 20 males with average age of 22.9 years; Table 1). All
participants held higher education degrees (minimum a Bachelor’s degree) or were in the process
of attaining one and had similar household income-to-needs ratio at the time of the study. These
two factors (i.e., education level and household income) are associated with socioeconomic status,
which has been shown to correlate with reading abilities and brain measures (structure and
function) during development (Noble et al., 2006; Gullick, Demir‐Lira, & Booth, 2016; Romeo et
al., 2018).
This study protocol was approved by the Georgetown University Institutional Review
Board. All participants signed a written informed consent form before starting the experimental
procedures, and none had problems with vision at the time of testing, nor a history of neurological
impairment or learning differences. Some of the bilingual participants’ data have been reported
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for the brain’s local activity during English and Spanish word reading (Jamal et al., 2012) and gray
matter volume differences in comparison with monolinguals (Olulade et al., 2016) in previous studies
from our laboratory. Relevant to this study on brain function (activity and functional connectivity),

10 of the 25 participants were included in the Jamal et al. (2012) study.

Reading Assessments for Study Criteria
To confirm that participants’ English reading abilities were in the typical standard scores (85 or
<), all engaged in psychoeducational testing. We assessed single-word reading using the LetterWord Identification and Word Attack subtests from the Woodcock–Johnson III: Tests of
Achievement (Woodcock et al., 2001). In the bilingual participants, Spanish single-word reading
abilities were assessed with the “Identificación de Letras y Palabras” and “Análisis de Palabras”
subtests from the “Batería III Woodcock-Muñoz: Pruebas de aprovechamiento” (Munoz-Sandoval
et al., 2005), the Spanish equivalents of the English subtests.

fMRI Word Reading Task
To detect reading-derived blood oxygen-level dependent signal, we used the Implicit Reading (IR)
task previously reported by Turkeltaub et al. (2003), Olulade et al. (2013), and Evans et al. (2016),
and adapted from the original work of Price, Wise, & Frackowiak (1996). While laying inside the
MRI scanner, participants had to look at single words in the middle of a screen and press the button
in their right thumb if the word had an ascender, or tall letter, and the button in their left thumb if
the word did not have an ascender (e.g., “beast” [tall letters] or “sauce” [no tall letter]).
In addition to real words, participants were presented with false-font strings, which served
as the active control condition. These false-font strings were formed by symbols derived from real
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letter segments and rearranged with no resemblance to real letters, thus they are void of
orthography, phonology, and semantic. However, false fonts viewing involves low-level processes
that are part of reading as well, including visual processing, attention, motor response, and
response selection, but are controlled for with this condition. Participants had to perform the exact
same action as to that while viewing real words.
The English IR task consisted of 40 words and 40 false-font strings, divided between two
experimental runs (20 items of each stimulus type in each run), having two conditions of interest:
Real Words (RW) and False Fonts (FF). English words were either monosyllabic or disyllabic,
composed by five letters, and categorized as less frequently encountered in text corpus (KuceraFrancis 8.05, SD 6.03, MRC Psycholinguistic Database; Coltheart (1981). False-font equivalents
were matched in length and position of ascenders (e.g., d, h, k), as well as of descenders (e.g., c,
o, v) or hanging letters (e.g., j, q, y). We did not instruct, however, a one-to-one correspondence
between false-font symbols and real letters, to prevent phonemic association with the active control
stimuli (false-font strings).
Before the MRI scan, in a practice room, all participants learned how to perform the IR
task, with a different set of stimuli to those that they would see during the imaging session for both
the RW and the FF conditions. In an fMRI block design paradigm, participants performed the IR
task inside the scanner in two separate experimental runs, each one lasting 4 min, 27 s. Each run
had two blocks of RW condition and two blocks of FF condition with a duration of 42 s per block.
Within each block, there were ten stimuli (1.2 s) divided by fixation crosshair (3.0 s), five with
ascenders and five without ascenders. Words and false-font stings were individually shown in
black Arial font on a white screen. Additionally, RW and FF blocks were divided by three fixation
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crosshair (Fix) blocks (18s) within each run, as well as Fix blocks were present at the beginning
(24 s) and at the end (21 s) of the IR task. English IR run 1 and IR run 2 were counterbalanced
across participants.

In-scanner Task Performance and Post-scanning Stimuli Recognition Test
To confirm that the both groups of participants performed the IR task without difficulties inside
the MRI scanner, we collected responses on task accuracy and response time. Moreover, to ensure
that the participants processed the IR task words, they had to complete a forced-choice pencil-andpaper recognition test right after the scanning session (Turkeltaub et al., 2003). Given that the IR
task implicitly prompts reading, we wanted to corroborate that participants recognize real words
presented during the scan (versus foils) more than the false font stimuli. In the behavioral practice
room, participants were provided with a list of 80 real words and 80 false fonts, half of which had
been presented in the scanner, and had to indicate which stimuli they remember seeing during the
MRI session.

fMRI Data Acquisition and Preprocessing
At the Georgetown University Medical Center’s Center for Functional and Molecular Imaging, we
collected MRI images in a Siemens Vision Magnetom 3.0-Tesla scanner with a circularly polarized
head coil. To align functional images with brain anatomy, we acquired one high-resolution threedimensional T1-weighted image from each participant. Eighty-nine whole-head echo planar
imaging (EPI) volumes were collected for each of the two experimental runs under the following
acquisition parameters: 3.0 s TR, 30 ms TE, 50 contiguous axial slices, 2.8 mm slice thickness (0.2
mm inter-slice gap), 192 mm FOV, 64x64 matrix (3.0 mm cubic voxels). The first five EPI
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volumes, however, were not included in any of the brain imaging data analyses, leaving a final
number of 84 volumes per run.
Using the CONN toolbox v.18.a (https://www.nitrc.org/projects/conn) (Whitfield-Gabrieli
& Nieto-Castanon, 2012), we preprocessed the imaging data following a standard pipeline of slicetime correction, realignment, coregistration to structural image, normalization, and smoothing.
We corrected for differences in timing of slice acquisition, and realigned the functional images to
the first volume of each experimental run under a rigid-body motion transformation approach.
During normalization, structural images were segmented into gray matter, white matter, and
cerebrospinal fluid, and functional images were sampled to 3-mm cubic voxels, all based on the
Montreal Neurological Institute (MNI) stereotaxic space templates (Cocosco et al., 1997). To
detect and control for global mean intensity and motion outliers (scan-to-scan motion greater than
a threshold of 0.75mm, 25% of the voxel size) in the fMRI signal, we used the Artifact Detection
Tools implemented through CONN (ART; https://www.nitrc.org/projects/artifact_detect/). We
regressed out all the identified “bad-scans” (outliers) from the fMRI model and did not include
participants that had 30% or more of outliers in at least one of their two experimental runs in any
analyses. Ultimately, we spatially smoothed the EPI volumes under an 8-mm full width at halfmaximum isotropic Gaussian kernel.

Brain Activity during English Word Reading within Bilinguals and Monolinguals
To examine the brain activity associated with reading, we used the SPM12 toolbox
(https://www.fil.ion.ucl.ac.uk/spm/), constructing and testing the fit of the imaging data to a
general linear model (Friston et al., 1994). Whole-brain activation analysis was chosen over an
ROI-based approach, since other regions outside the IFC and the TPC may be engaged during
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English word reading, including regions of the OTC, and thus the latter approached would be too
constraint for capturing the whole activity associated with reading words in English. For each
group, we created statistical parametric maps that corresponded to the time-courses of the
following contrast: English word reading greater than false fonts (RW>FF). At the first level
analysis, voxel-wise t-maps were constructed for each of the participants. At the second level, we
tested for group effects, using the amplitude maps. A one-sample t-test was performed to test for
whole-brain random effects in this contrast of interest (RW>FF) within each group (bilinguals and
monolinguals). The results from this activation analysis are reported at a height threshold of p <
0.005 and a cluster-size threshold of p < 0.05 with false discovery rate (p-FDR). Using the SPM12
brain template, here we present all group-level activation maps surface-rendered on MNI space.

Brain Activity Differences during English Word Reading between Bilinguals and Monolinguals
To test our first expected outcome, we compared mean brain activity during English word reading
in bilinguals compared to monolinguals, and vice versa (English word reading in monolinguals
compared to bilinguals), using the SPM12 toolbox. At the second-level analysis, we examined
between-group differences using the activation maps of each group (Bilinguals [RW>FF], and
Monolinguals [RW>FF]). Specifically, we carried out a two-sample t-test for this contrast
(RW>FF) with the English word reading data of each group, resulting in the following betweengroup comparisons: Bilinguals [RW>FF] > Monolinguals [RW>FF], and Monolinguals [RW>FF]
> Bilinguals [RW>FF]. Each comparison results are reported at a height threshold of p < 0.005
and a cluster-size threshold of p-FDR < 0.05, and group-level activation maps are presented on
MNI-based surface template.
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Establishing Seed Regions of Interest (ROIs) for Functional Connectivity Analysis
To test for a potential effect of bilingual experience on the functional connectivity of the brain
system for reading, we defined eight seed ROIs in the left hemisphere based on some of the
coordinates reported in two meta-analyses across fMRI studies of reading (Martin et al., 2015;
Bolger, Perfetti, & Schneider, 2005). From Martin et al. (2015) meta-analysis across 20 studies in
alphabetic languages, we extracted seven coordinates to compose the following regions: inferior
temporal gyrus (L-ITG) (x = -48, y = -62, z = -20), inferior occipital gyrus (L-IOG) (x = -44, y = 74, z = -4), and middle occipital gyrus (L-MOG) (x = -42, y = -86, z = -2) in the OTC; intra-parietal
sulcus (L-IPS) (x = -42, y = -48, z = 48) in the TPC; and, inferior frontal gyrus, pars opercularis
(L-IFG,oper) (x = -52, y = 18, z = 14), inferior frontal gyrus, pars triangularis (L-IFG,tri) (x = 52, y = 20, z = 18), and middle frontal gyrus (L-MFG) (x = -42, y = 4, z = 48) in the IFC.
Additionally, from Bolger et al. (2005) meta-analysis across 25 studies in alphabetic languages
(e.g., Italian, German, French, English), we identified an eighth coordinate to form the left superior
temporal gyrus (L-STG) (MNI transformed: x = -54, y = -29, z = 10) in the TPC. We used the
MarsBaR toolbox 0.44 (http://marsbar.sourceforge.net/) to create a spherical seed with a 6-mm
radius for each ROI. The eight functional seed ROIs were located in the left hemisphere (Figure
1), and all brain coordinates throughout the text, as well as in tables and figures, are reported in
MNI atlas space.

Brain Functional Connectivity during English Word Reading within and between Bilinguals and
Monolinguals
In order to address our second prediction, we performed a seed-to-voxel analysis testing whether
bilinguals show functional connectivity during English word reading different to that observed in
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monolinguals. This seed-based analysis examines the temporal correlation between a given ROI
and all the other voxels (brain and cerebellum) across the experimental session (Friston et al.,
1997). Instead of using an ROI-to-ROI approach, we chose ROI/seed-to-voxel analysis to avoid
overlooking clusters of voxels that may be outside the ROIs we defined, but may be relevant to
the neurobiology of reading. To perform our functional connectivity analysis, we used the CONN
toolbox v.18.a, also used to preprocess the fMRI data. We did not band-pass filter (i.e., 0.008-Inf)
the functional data, so we could detect the task-derived correlations. Moreover, white matter and
cerebrospinal fluid signals, as well as their derivatives, were modeled as covariates, as for us to
capture signals coming only from gray matter (CompCor in CONN: Behzadi et al., 2007).
Since our question is addressed in the context of reading/task-derived functional
connectivity, we carried out the generalized form of seed-to-voxel psycho-physiological
interaction (gPPI) analysis. It has been shown that gPPI has greater sensitivity and specificity to
detect functional correlation effects compared to the standard form of PPI, and is more suitable for
analyses of fMRI block designs (Cisler, Bush, & Steele, 2014; McLaren et al., 2012). Additionally,
with gPPI analysis we can estimate the signals derived from the reading task for two or more
conditions (rather than one), creating a single model that accounts for each condition effects and
their interactions rather than calculating a model for each condition separately, without accounting
for potential interaction effects. In our gPPI analysis, we defined eight ROIs as seeds to compare
their signals with that of all the voxels in the brain and the cerebellum, testing for changes in
regional inter-hemispheric correlation within and between groups. At the single-subject level, we
defined a psychological variable representing our two conditions of interest (i.e., main task/RW
and active control task/FF), one physiological variable (i.e., the time course within each seed), and
a PPI term (i.e., the interaction between these two regressors).
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We first looked at the functional connectivity during English word reading within each
group. Then, we ultimately tested our second prediction by examining between-group differences
during reading. All the reported results were observed under a height threshold of p < 0.005 and
a cluster-size threshold of p-FDR < 0.05. We additionally corrected for multiple comparisons
(Bonferroni; 0.05/8 seed ROIs), establishing a more stringent threshold of p < 0.006 (results
surviving this threshold are marked with * in Table 3). Group-based, functional correlation maps
presented in this study are surface-rendered on MNI space, using the brain template available in
the CONN toolbox.

RESULTS
In-scanner Task Performance and Post-scanning Stimuli Recognition Test
There were no statistically significant differences in task performance, thus confirming that any
brain measure results could not be due to between-group performance differences. The difference
of the difference (Bilinguals [RW-FF] vs. Monolinguals [RW-FF]), which parallels the fMRI
analyses (Bilinguals [RW > FF] > Monolinguals [RW > FF], and Monolinguals [RW > FF] >
Bilinguals [RW > FF]), for accuracy and response time were statistically similar for both groups
(p > 0.05) (Table 1).
Also, participants implicitly processed the word stimuli presented inside the scanner, as
confirmed by the pencil-and-paper recognition test. We found that participants significantly
recognized more real words than false fonts (59% accuracy for RW compared to 51% accuracy
for FF in bilinguals (n = 14; 11 participants’ data were not available for analysis); 64% accuracy
for RW compared to 52% accuracy for FF in monolinguals: p < 0.01), similarly to previous
findings (Turkeltaub et al., 2003).
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Brain Activity for English Word Reading within Bilinguals and Monolinguals
Bilinguals:
English word reading yielded statistically significant activation in one cluster on the left inferior
frontal gyrus, pars triangularis extending to pars opercularis (Figure 2; Table 2).
Monolinguals:
English word reading invoked activity in four clusters: left inferior frontal gyrus, pars triangularis;
left middle temporal gyrus; right inferior frontal gyrus, pars triangularis extending to pars
orbitalis; and, right middle temporal gyrus (Figure 2; Table 2).

Brain Activity for English Word Reading between Bilinguals and Monolinguals
Bilinguals > Monolinguals:
Bilinguals compared to monolinguals during English word reading yielded no statistically
significant results (Table 2).
Monolinguals > Bilinguals:
While reading words in English, monolinguals did not show different brain activity relative to
bilinguals (Table 2).

Brain Functional Connectivity during English Word Reading within Bilinguals and Monolinguals
Bilinguals:
Negative correlation was found between the seed in the left middle frontal gyrus (L-MFG) and a
cluster spanning the right and left anterior cingulate cortex during English word reading in
bilinguals. Positive functional connectivity was observed between the seed in the left superior
temporal gyrus (L-STG) and a cluster in the left visual association cortex. Lastly, we also found
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anticorrelation between the seed in the left middle occipital gyrus (L-MOG) and a cluster in the
left postcentral gyrus extending to the left precentral gyrus (Figure 3; Table 3).
Monolinguals:
English word reading in monolinguals engaged negative connectivity between: the seed in the
middle frontal gyrus (L-MFG) and a cluster in the left superior parietal lobule; the seed in the left
inferior frontal gyrus, pars triangularis (L-IFG,tri) and a cluster in the right supramarginal gyrus,
a cluster in the bilateral medial frontal cortex extending to the bilateral paracingulate gyrus, a
cluster in the left supramarginal gyrus, and a cluster in the left middle frontal gyrus; the seed in
the left inferior frontal gyrus, pars opercularis (L-IFG,oper) and a cluster in the right cerebellar
lobule VII crus I; and, the seed in the left inferior temporal gyrus (L-ITG) and a cluster spanning
left and right precentral gyri. They also relied on positive connectivity between: the seed in the
middle frontal gyrus (L-MFG) and a cluster in the left cerebellar lobule VII crus II; the seed in the
intra-parietal sulcus (L-IPS) and a cluster in the right cerebellar lobule VII crus II; and, the seed in
the left middle occipital gyrus (L-MOG) and a cluster in the left inferior frontal gyrus, pars
triangularis (Figure 4; Table 3).

Brain Functional Connectivity during English Word Reading between Bilinguals and
Monolinguals
Bilinguals > Monolinguals:
During English word reading, bilinguals compared to monolinguals had stronger positive
functional connectivity between the seed in the left inferior frontal gyrus, pars triangularis (LIFG,tri) and a cluster spanning the left and right medial frontal cortex extending to the left and
right paracingulate gyri; and, between the seed in the left superior temporal gyrus (L-STG) and a

37

cluster spanning the left visual association cortex. They also had stronger negative correlation
between the seed in the left middle frontal gyrus (L-MFG) and two clusters: one in the left anterior
cingulate cortex extending to the left and right paracingulate gyri, another one in the left cerebellar
lobule VII crus II (Figure 5; Table 3).
Monolinguals > Bilinguals:
Relative to bilinguals during English word reading, monolinguals had no statistically significant
difference in functional connectivity (Table 3).

DISCUSSION
The present investigation addressed whether bilingualism has an effect on the neurofunctional
bases of reading in English, both at the local activation as well as the network levels. We compared
bilingual users of English and Spanish and monolingual users of English while performing a
single-word reading task in English. Specifically, we compared their brain activity, similar to
other studies (Rodriguez-Fornells et al., 2002; Jasińska & Petitto, 2014), and extended this prior
work by examining functional connectivity.
At the local activation level, we found that both groups engage regions typically associated
with reading, specifically of the left IFC; additionally, monolinguals engaged regions of the left
OTC and right-hemisphere homologues of the IFC and OTC. This brain activity was derived from
processing words in English (RW) contrasted to an active processing condition (FF), commonly
used in previous studies of word reading (e.g., Price et al., 1996; Turkeltaub et al., 2003; Olulade
et al., 2013). When directly comparing the two groups, we did not observe any statistically
significant differences.

At the network level, we observed functional correlations between

reading-related regions, as well as between reading-related regions and regions not associated with
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word reading, within both groups. Moreover, bilinguals showed relatively stronger positive
functional connectivity between regions of the left IFC and the prefrontal cortex and cerebellum,
as well as between regions of the left TPC and the visual association cortex, when compared to
monolinguals. The monolinguals did not show any stronger correlations or anticorrelations during
reading in comparison to the bilinguals.

Brain Activity during English Word Reading within and between Bilinguals and Monolinguals
During English word reading, we observed that both groups make use of regions typically
associated with reading. Bilinguals engaged a region of the left IFC (inferior frontal gyrus);
similarly did the monolinguals. Additionally, this latter group engaged a region of the right IFC
(inferior frontal gyrus), as well as a region of the left TPC (middle temporal gyrus) and a region
of the right TPC (middle temporal gyrus).
In frontal cortical areas, many have shown that the inferior frontal gyrus is involved in
phonological decoding, semantic assembly, orthographic processing, and articulatory recoding of
print (Bookheimer, 2002; Cutting et al., 2006; Evans et al., 2016; Fiez, 1997; Martin et al., 2015;
Poldrack et al., 1999; Price, 2012; Pugh et al., 2001; Turkeltaub et al., 2003). In the context of
both spoken (Démonet et al., 1992; Graves et al, 2008) and written (Graves et al., 2010; Jobard,
Crivello, & Tzourio-Mazoyer, 2003; Pugh et al., 1996) language, the middle temporal gyrus
(sometimes left lateralized and sometimes bilateral) has been associated with semantic processing.
These regions previously shown to have a role in reading were observed during English word
reading in both groups.
When directly testing our first prediction, by comparing local brain activation during
reading between bilinguals and monolinguals, we did not observe any significant differences. Our
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results are not consistent with studies previously reporting differences in brain activity during word
reading in bilinguals compared to monolinguals. During Spanish word reading in Spanish-Catalan
bilinguals (Rodriguez-Fornells et al., 2002) and English word reading in English-[another
language] bilinguals (Jasińska & Petitto, 2014), it has been shown that bilinguals engage regions
of the IFC and TPC to a greater extent than monolinguals. Rodriguez-Fornells et al. (2002) argued
that this effect speaks about the neurobiological foundation of inhibiting the non-target language
through the indirect/sublexical route while processing the target language. Similarly but not
exactly the same interpretation, Jasińska & Petitto (2014) proposed that bilinguals greater
engagement of regions in the left IFC and TPC, as well as in the right TPC, reflects their need to
exercise to a greater extent their phonological system, having two languages instead of one. The
authors claimed these findings prove that [early] bilingual experience modifies the languagerelated brain systems that support reading abilities.
These two studies, however, differ in the experimental design from the present study in
ways that may explain why we did not observe similar findings in mean brain activity. RodriguezFornells et al. (2002) employed a single-word processing task based on Go/No-go actions.
Specifically, participants were presented with Spanish words, Catalan words, and pseudowords
(half/half derived from Spanish/Catalan). They had to make a discriminative response for Spanish
words (press a button on the left or right hand, if the first letter is a vowel or consonant,
respectively) (Go condition) and withhold any responses for Catalan words and pseudowords (Nogo conditions). fMRI data derived from the Spanish words (Go) condition were contrasted to those
from a consonant strings-based baseline control condition (it is not clear what the participants were
doing while looking at these consonant strings, but could not be the same vowel/consonant-based
discriminative process as in the Spanish words, since all baseline stimuli were consonants).
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Therefore, this word processing task involved some level of inhibitory control that it is not
controlled for with the baseline condition. Jasińska & Petitto (2014) used a single-word reading
task that required the participants to read the word stimuli aloud into a microphone and did not
involve any actions with their hands; although unlikely to drive major differences, it is an aspect
to consider for experimental design comparisons. In terms of statistical approaches, there are also
differences between these studies and the present. Rodriguez-Fornells et al. (2002) used a lenient
statistical approach, specifically uncorrected threshold of p < 0.001 and clusters of only 10
contiguous voxels. On the other hand, Jasińska & Petitto (2014) used fNIRS, which measures a
slightly different signal than that observed in fMRI and hence the analyses are different from those
performed with fMRI data.

Finally, group sizes were considerably small in both studies,

Rodriguez-Fornells et al. (2002) having 7 participants per group (bilinguals and monolinguals) and
Jasińska & Petitto (2014) 8 per group. Also worth considering is that both of these investigations
tested for an effect of bilingualism on the functional brain system for reading in different
languages. Rodriguez-Fornells et al. (2002) examined Spanish word reading, a Romance language
(and paired with another Romance language, Catalan) and Jasińska & Petitto (2014) examined
English word reading, as in the present study; however, the authors did not specify which were the
other languages in the bilingual adults group (they had a mix of English with other alphabetic and
non-alphabetic languages). Putting together the reported findings from these two studies, there is
no consistent pattern about the potential effect of bilingual experience on the neurofunctional bases
of reading.
Of note, it has been argued that being bilingual affords benefits outside of language,
specifically in executive functions subserved by frontal and temporo-parietal brain regions
(Bialystok et al., 2012; Kroll & Bialystok, 2013). For example, Tao, Taft, & Gollan (2015) found
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that Spanish-English bilinguals were better at task switching than English monolinguals, even
when controlling for externally modulating factor, such as socioeconomic status. At the brain
level, Luk et al. (2011) showed that bilinguals, specifically while switching between their
languages, engage the left inferior frontal gyrus, left middle frontal gyrus, left middle temporal
gyrus, right precentral gyrus, right superior temporal gyrus, among other regions, in a quantitative
meta-analysis across 128 publications. The authors interpreted these results as being consistent
with the fronto-parietal and fronto-subcortical systems for bilingual control proposed by Abutalebi
& Green (2008). Our null result in local activation suggests that these effects on brain function
associated with executive function do not generalize to reading under the task conditions used in
this study. At the same time, the so-called “bilingual advantage” has been called into question.
Recently, some have argued that these reported effects on behavior and brain function between
bilinguals and monolinguals are likely due to small group sizes, inconsistent and lenient statistical
approaches, and differences across executive function tasks (Antón et al., 2019; Dick, 2018;
Duñabeitia & Carreiras, 2015; Paap et al., 2015). Therefore, it should perhaps not be all that
surprising that we did not observe between-group differences, even with our large group sizes (25
bilinguals and 33 monolinguals) and rigorous statistical approaches (FDR-corrected for cluster
extent). Moreover, the present investigation addressed this question in a very specific bilingual
population comprised by early users of English and Spanish, who were equally proficient in both
languages. In sum, our study suggests that early dual-language exposure does not modulate the
functional foundations of reading in English at the local activation level.
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Brain Functional Connectivity during English Word Reading within and between Bilinguals and
Monolinguals
When looking at the functional connectivity during English word reading in bilinguals, we found
anticorrelations between the left IFC (middle frontal gyrus) and bilateral anterior cingulate cortex,
as well as between the left OTC (middle occipital gyrus) and left post- and precentral gyri. They
also showed positive functional connectivity between the left TPC (superior temporal gyrus) and
the left visual association cortex. Similarly, while reading words in English, monolinguals had
several anticorrelations between the left IFC (middle frontal gyrus, inferior frontal gyrus, pars
triangularis, inferior frontal gyrus, pars opercularis) and other reading-related regions of the TPC
and IFC (left and right supramarginal gyri), as well as regions that are not primarily associated
with word reading, including the left superior parietal lobule, bilateral medial frontal cortex,
bilateral precentral gyrus, and right cerebellum. On the other hand, they had positive functional
connectivity between regions of the left IFC (middle frontal gyrus) and the left TPC (intra-parietal
sulcus) and left and right cerebellar lobules, displaying functional connections between readingrelated regions and visual processing, as well as working memory and mental rotation-related
regions. Additionally, there was correlation between the left OTC (middle occipital gyrus) and
the left IFC (inferior frontal gyrus), as reported by others (Bokde et al., 2001; Mechelli et al., 2005;
Perrone-Bertolotti et al., 2017).
During reading-related tasks (Bitan et al., 2006; Hampson et al., 2006; Horwitz et al., 1998;
Mechelli et al., 2005; Pugh et al., 2000), as well as during rest (Koyama et al., 2011, 2010), it has
been shown that the IFC, TPC, and OTC are functionally correlated. For example, Horwitz et al.,
(1998) and Pugh et al. (2000) showed functional connectivity between occipito-temporal and
temporo-parietal regions during word reading. Connectivity between regions of the direct, lexico-
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semantic route (OTC and IFC) during reading has been reported by Bokde et al. (2001), Mechelli
et al. (2005), and Perrone-Bertolotti et al. (2017). Even at rest, Koyama et al. (2010) showed that
brain regions involved in reading are correlated, reflecting their strong cohesiveness as a function
of long-term reading experience. In the present study, we observed functional connectivity within
each group that is congruent with that reported in prior studies of reading.
However, when comparing the two groups to test whether there are differences in
functional connectivity associated with language background (bilingual vs. monolingual), we
observed that bilinguals show stronger positive functional connectivity between various readingand executive function-related regions, as well as reading- and complex visual stimuli processingrelated regions, during English word reading compared to monolinguals. Mostly aligned with our
expected outcomes, we found that bilinguals have stronger coupling between the left IFC (inferior
frontal gyrus) and bilateral medial frontal cortex. Surprisingly but interestingly, we also observed
stronger functional anticorrelation between the left IFC (middle frontal gyrus) and the left anterior
cingulate cortex, as well as the left cerebellum. Additionally, bilinguals had stronger positive
connectivity between the TPC (superior temporal gyrus) and the left visual association cortex
relative to monolinguals. On the other hand, as predicted, monolinguals had no relatively stronger
functional correlations in comparison to bilinguals.
Given these findings at the network level in the absence of differences in local activity
between groups, our results suggest that bilinguals rely on a stronger intercommunication between
regions of the reading system and regions outside it. Specifically, these stronger correlations
include regions known to be involved in executive function, raising the possibility that executive
function plays a more specific role during word reading in Spanish-English bilinguals. One
possible scenario is that two core processes of executive function, inhibitory control and reasoning,
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permeate written language processing, since one language must be suppressed while the other one
is in use, having an interplay of the reading and executive function systems. In support of this
possibility are studies showing that the inferior frontal gyrus, middle frontal gyrus, inferior parietal
lobule, and cingulate gyrus are used during inhibitory control, as well as during reasoning, as
recently demonstrated in a meta-analysis of 346 fMRI experiments of executive function
(inhibitory control = 191 and reasoning = 155; Ardila, Bernal, & Rosselli, 2018). Taken together,
these observations support the notion that early dual-language experience influences the
neurofunctional bases of reading in English, specifically the functional interconnections during a
word processing task, but not the local activation.

Conclusions
The goal of this study was to test whether bilingual experience results in unique brain function
(local activity and functional connectivity) during English word reading. Contrary to the evidence
reported by others in similar studies (Rodriguez-Fornells et al., 2002; Jasińska & Petitto, 2014),
our study revealed that Spanish-English early bilingual adults do not engage different brain regions
during reading compared to English-speaking monolinguals. We did find, however, that bilinguals
have stronger functional connectivity between the left IFC and the bilateral medial frontal cortex,
suggesting an intercommunication between regions involved in reading and executive control, as
predicted. While unexpected, we also observed stronger correlation between the left TPC and the
left visual association cortex, implying that regions involved in reading and complex visual-stimuli
processing work together relatively more in bilinguals than in monolinguals. This study provides
a comprehensive investigation into the effect of bilingualism on the brain bases of English word
reading.
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L
Figure 1. Seed ROIs for the functional connectivity analysis. Eight left-hemisphere seed ROIs
representing brain regions involved in word reading in adults in OTC (L-ITG, L-IOG, and LMOG), TPC (L-STG and L-IPS), and IFC (L-IFG,oper, L-IFG,tri, and L-MFG).
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Monolinguals

L
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Figure 2. Brain activity within groups. English word reading relative to false fonts (RW > FF)
in bilinguals (top) and monolinguals (bottom). Cluster size pFDR < 0.05, height threshold p <
0.005.
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Bilinguals

L-MFG

L-STG
L-MOG

L
Figure 3. Brain functional connectivity within bilinguals. Negative functional connectivity
between seed L-MFG (IFC) and bilateral anterior cingulate cortex; and seed L-MOG (OTC) and
left post- and precentral gyri. Positive functional connectivity between seed L-STG (TPC) and left
visual association cortex during English word reading (left to right). L = left hemisphere. Cluster
size pFDR < 0.05, height threshold p < 0.005.
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Monolinguals

L-IPS

L-MFG

L-MOG

L-MFG
L-IFG,tri

L-IFG,oper
L-ITG

L
Figure 4. Brain functional connectivity within monolinguals. During English word reading,
there was correlation between seed L-MFG (IFC) and left cerebellar lobule VII crus II, seed L-IPS
(TPC) and right cerebellar lobule VII crus II, and seed L-MOG (OTC) and left inferior frontal
gyrus, pars triangularis (left to right; top). There was also anticorrelation between seed L-MFG
(IFC) and left superior parietal lobule, seed L-IFG,tri (IFC) and right supramarginal gyrus/bilateral
medial frontal cortex/left supramarginal gyrus/left middle frontal gyrus, seed L-IFG,oper (IFC)
and right cerebellar lobule VII crus I, and seed L-ITG (OTC) and left and right precentral gyri (left
to right; bottom). L = left hemisphere. Cluster size pFDR < 0.05, height threshold p < 0.005.
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Bilinguals > Monolinguals

L-MFG

L-STG

L-IFG,tri

L
Figure 5. Brain functional connectivity between-group in bilinguals. Stronger positive
functional connectivity between seed L-IFG,tri (IFC) and bilateral medial frontal cortex; stronger
negative functional connectivity between seed L-MFG (IFC) and left anterior cingulate cortex, and
left cerebellar lobule VII crus II; and stronger positive functional connectivity between seed LSTG (TPC) and left visual association cortex (left to right) during English word reading in
bilinguals compared to monolinguals. L = left hemisphere. Cluster size pFDR < 0.05, height
threshold p < 0.005.
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Monolinguals
M (SEM)
33
13/20
22.9 (0.6)
18.7 - 29.2

n.s.
-

p value

Implicit Reading Task (English)
RW/FF Accuracy Difference (%)
0.8 (0.1)
0.2 (0.1)
n.s.
RW/FF Response Time Difference (ms)
-36.3 (12.1)
-32.0 (6.7)
n.s.
Abbreviations: M = mean; SEM = standard error of the mean; n.s. = non-significant (p = or > 0.05).

Table 1
Description of the participants and in-scanner task performance.
Bilinguals
M (SEM)
N
25
Sex (female/male)
17/8
Age (years.month)
22.1 (0.6)
Age range (years.month)
18.4 - 28.5
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n.s.

R middle temporal gyrus
L middle temporal gyrus
R inferior frontal gyrus, triangularis extending to orbitalis
L inferior frontal gyrus, triangularis

L inferior frontal gyrus, triangularis extending to opercularis

Cluster location

n.s.
Abbreviations: L = left hemisphere; R = right hemisphere; n.s. = non-significant (pFDR = or > 0.05).

Monolinguals > Bilinguals

Bilinguals > Monolinguals

Monolinguals

Bilinguals

Group

Table 2
Results of Mean Brain Activity within and between Groups.

70
-54
54
-48

-36 2
-50 16
32 0
30 10

-38 -6 28

MNI
Coordinates
x y z

4.01
3.91
4.89
5.18

3.90

Peak Z

1,265
1,252
579
408

1,124

Voxels
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(-) R and L anterior cingulate cortex extending to L and R paracingulate*
(+) L visual association cortex*
(-) L postcentral gyrus extending to L precentral gyrus*

Cluster location

L-STG

L-IFG,tri
L-MFG

(+) L and R medial frontal cortex extending to L and R paracingulate*
(-) L anterior cingulate cortex extending to L and R paracingulate
(-) L cerebellar lobule VII crus II
(+) L visual association cortex

(+) L cerebellar lobule VII crus II*
(+) R cerebellar lobule VII crus II
(+) L inferior frontal gyrus, triangularis
(-) L superior parietal lobule
(-) R supramarginal gyrus*
(-) L and R medial frontal cortex extending to L and R paracingulate*
(-) L supramarginal gyrus*
(-) L middle frontal gyrus*
L-IFG,oper (-) R cerebellar lobule VII crus I
L-ITG
(-) L and R precentral gyrus

L-MFG
L-IPS
L-MOG
L-MFG
L-IFG,tri

L-MFG
L-STG
L-MOG

Seed ROIs

-4 12 52
-4 40 -2
-14 -86 -42
-12 -72 0

-26 -86 -38
48 -62 -46
-38 34 6
-24 -74 52
68 -16 28
-2 16 54
-66 -42 34
-38 26 28
30 -86 -28
0 -20 72

12 40 -12
-12 -74 0
-46 -20 64

MNI
Coordinates
x y z

n.s.
Abbreviations: L = left hemisphere; R = right hemisphere; (+) = positive FC; (-) = negative FC; * = survived Bonferroni correction p < 0.006.

Monolinguals > Bilinguals

Bilinguals > Monolinguals

Monolinguals

Bilinguals

Group

Table 3
Results of Brain Functional Connectivity within and between Groups.

502
343
301
367

330
227
243
255
462
393
342
282
241
261

647
1,425
480

Voxels

CHAPTER III

AN FMRI STUDY OF ENGLISH AND SPANISH WORD READING
IN BILINGUAL ADULTS*

INTRODCUTION
Reading is a critical skill for academic and personal success. As such, studies have tried to
understand the behavioral skills that support reading acquisition and its neurobiological bases.
From the behavioral standpoint, it is widely accepted that grapheme-to-phoneme, or letter-tosound, conversion (GPC), facilitated by phonological coding, is used to read novel words
(Coltheart et al., 1993; Harm & Seidenberg, 1999; Seidenberg & McClelland, 1989; Wagner &
Torgesen, 1987). The recognition of familiar and frequently encountered word forms, however,
involves more direct mapping, facilitated by orthographic awareness (Badian, 1994; Badian,
2001). Therefore, word reading has been conceptualized under the so-called Dual Route Theory
(Coltheart et al., 2001; Coltheart et al., 1993; Paap & Noel, 1991; Warrington & Shallice, 1980),
involving an indirect, sublexical route that requires visual words to be transformed into their
auditory counterparts (i.e., GPC), and a direct, lexico-semantic route that relies on the direct
mapping between the visual word-forms (orthography) and their meanings. Neuroimaging studies

________________________
*Adapted from Brignoni-Perez E, Jamal NI, and Eden GF. An fMRI Study of English and
Spanish Word Reading in Bilingual Adults, Brain and Language, (under review)
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have led to a brain-based model of word reading (Pugh et al., 2001) composed of three main areas
in the left hemisphere: the occipito-temporal cortex (OTC) for memory-based visual word-form
recognition (Cohen et al., 2000; Dehaene & Cohen, 2011; Dehaene et al., 2002); the temporoparietal cortex (TPC) for GPC (Richlan, 2012, 2014); and, the inferior frontal cortex (IFC) for
semantic processing, phonological decoding, and articulatory recoding of print (Bookheimer,
2002; Cutting et al., 2006; Price, 2012; Pugh et al., 2001). Meta-analyses have shown significant
convergence in these brain areas across studies of reading in adults (Martin et al., 2015; Turkeltaub
et al., 2002).
Orthographic depth is the transparency, or consistency, of the GPC in a written language
(Schmalz et al., 2015). In general, behavioral data have shown that reading words in languages
with consistent GPC is easier (Ziegler et al., 2010; Ziegler & Goswami, 2005), and that reading is
acquired at different rates in different countries due to the variability in each written language’s
orthographic depth (Seymour et al., 2003). Neuroimaging studies have shown that brain activity
during word reading is modulated depending on the language’s orthographic depth. The first study
addressing this question involved two groups of monolinguals that were users of English or Italian
(Paulesu et al., 2000). The authors found relatively greater activation of the left posterior inferior
temporal gyrus and the left anterior inferior frontal gyrus in English (deep orthography) readers
compared to Italian readers. They suggested that this observation may be due to the inconsistent
mapping of English, requiring greater reliance on word-form recognition and lexico-semantic
processing that are associated with the direct route. In contrast, there was relatively greater activity
in the left posterior superior temporal gyrus in Italian (shallow orthography) readers compared to
English readers. Paulesu et al. (2000) proposed that the highly consistent GPC in Italian might
involve more phonological processing, and thus greater use of the indirect route. The study was
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conducted by comparing two groups of monolinguals, raising the question whether the same
observations hold in bilinguals that are biliterate in two alphabetic languages of different
orthographic depth.
This question has been addressed in studies of Spanish-English early bilingual adults
(Meschyan & Hernandez, 2006; Jamal et al., 2012; Hernandez, Woods, & Bradley, 2015).
Meschyan & Hernandez (2006) found that English word reading, relative to Spanish, engaged
more brain regions in the parietal and occipital lobes, potentially due to the visual analysis that is
required given the many exceptions to the GPC rules. In the language with a shallow orthography
(Spanish) relative to the deep, the right supplementary motor area/cingulate, putamen, and insula
as well as the left superior temporal gyrus were more activated. Similar to Paulesu et al. (2000),
the authors concluded that reading in a shallow orthography may be more phonologically driven,
since the phonological forms are easily retrieved. Jamal et al. (2012) showed that English word
reading (relative to Spanish) activated the left middle frontal gyrus extending to the superior frontal
gyrus, whereas Spanish word reading (relative to English) activated the left middle temporal gyrus
extending into the superior temporal sulcus, as well as the inferior colliculus. The authors
interpreted these results as English word reading requiring phonological decoding, given its highly
inconsistent GPC, while Spanish word reading engaging regions related to semantic processing,
given its low demand on letter-sound mapping efforts, thereby casting a different perspective on
the role of orthographic transparency on the brain bases for reading. More recently, Hernandez,
Woods, & Bradley (2015) reported no differences in brain activity between English and Spanish
word reading in Spanish-English bilinguals. Taken together, three studies have investigated
language-specific differences in brain activity attributed to orthographic depth, and reached
different conclusions. This inconsistency underscores the need for further studies.
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There are several reasons that could have led to the discrepancy between these three
studies. One is the participants’ language proficiency; the participants in Meschyan & Hernandez
(2006) and Hernandez, Woods, & Bradley (2015) did not have equal proficiency (oral and written
comprehension) in both languages (less proficient in Spanish), whereas those in Jamal et al. (2012)
were overall equally proficient. This factor, however, does not totally explain the pattern of
inconsistent results. There were also differences in the tasks employed in each study. Meschyan
& Hernandez (2006) used a single-word reading task in which participants were instructed to
silently read single words. Jamal et al. (2012) used an “implicit” single-word reading task, where
participants pressed a button if the word had a tall letter (such as t, l, h) and another button if the
word did not have a tall letter. This feature-detection task has been shown to activate brain regions
associated with reading (Price, Wise, & Frackowiak, 1996; Turkeltaub et al., 2003). Finally,
Hernandez, Woods, & Bradley (2015) used a similar single-word reading task as Meschyan &
Hernandez (2006), but this time participants were instructed to press a button after silently reading
each single word. Moreover, Meschyan & Hernandez (2006) and Jamal et al. (2012) had 12
participants each, while Hernandez, Woods, & Bradley (2015) had 20, the first two studies perhaps
having cohorts too small to draw strong conclusions from. Lastly, each study used different
statistical approaches, with Jamal et al. (2012) using the most liberal parameters. Therefore, it is
difficult to say whether orthographic depth plays a role in the functional brain organization
supporting word reading. This question was tested in the present study, using a larger cohort of
Spanish-English early bilingual adults with equal overall proficiency in both languages (oral and
written comprehension) and using analytical approaches not previously reported in this population,
in addition to using measures of local activity.
Reading engages a distributed system of brain regions that have distinct functions and

57

interact. As such, studies of word reading have benefited from investigations into functional
connectivity, the correlations between distant activity (Biswal et al., 1995; Friston, 1994, 2011).
Functional connectivity between reading-related regions has been shown during various reading
tasks (Bitan et al., 2006; Hampson et al., 2006; Horwitz, Rumsey, & Donohue, 1998; Mechelli et
al., 2005; Pugh & Mencl, 2000). Even at rest, many of the brain regions observed in activation
studies of word reading are positively correlated with each other and negatively correlated with
regions in the default mode network (Koyama et al., 2011, 2010). As reading relies on a cohesive,
functionally connected brain system rather than a collection of brain regions working
independently (Price, 2012), the current study sought to address functional connectivity in the
context of orthographic depth. To date, little is known about how orthographic depth affects the
interactions between the constituents of this network, and there are no functional connectivity
studies investigating orthographic depth in Spanish-English early bilingual adults.

Oliver,

Carreiras, & Paz-Alonso (2016) examined functional connectivity differences associated with
orthographic depth in Spanish-speaking late bilingual adults.

This investigation, however,

compared two groups with their respective second languages differing on orthographic depth:
English (deep) versus Basque (shallow). In the present study, we asked whether the functional
network used for reading words in a deep (English) orthography differs from that used when
reading words in a shallow (Spanish) orthography within the same group of participants.
In addition to examining brain activity with univariate analysis, the current investigation
also examined the spatially distributed patterns of activity with multivariate pattern analysis
(MVPA) (Haxby, 2012; Haxby et al., 2001; Haynes & Rees, 2005; Kamitani & Tong, 2005). This
analysis approach reveals the pattern of activation across multiple voxels. Specifically, we used
MVPA to test whether the two conditions of interest (English word reading vs. Spanish word
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reading) can be distinguished from one another on the basis of the activation patterns that emerge
for a set of voxels. Importantly, one can detect these patterns, even if the average level of activity
does not differ between these two conditions (for a review, Tong & Pratte, 2011). For example,
Hsu, Jacobs, & Conrad (2015) used an MVPA to examine spatially distributed activation patterns
differentiating reading texts in English (L2) versus German (L1) in late bilingual adults. The
primary goal of their study was to test if the emotional response to a passage was the same in L2
as in L1 by varying the emotional content of the presented passages. One of their MVPAs,
however, tested for patterns of activity distinguishing between English and German (without
regard for the emotional content) and found results in cortical and subcortical areas. These
observations were in addition to differences in signal intensity reported between these two
languages using a traditional univariate analysis. Here, in our study of early bilinguals, we
employed MVPA to test whether there are spatially distributed patterns of brain activity that
distinguish between reading words in a deep (English) versus a shallow (Spanish) orthography.
Taken together, we tested whether reading words in languages with different orthographic
depth has an effect on the brain’s function at the local level (activity) as well as at the network
level (functional connectivity) in Spanish-English bilingual adults. We also examined spatially
distributed activity patterns for the two languages. Our participants were early bilinguals (i.e.,
both languages were acquired by age 6) with equal proficiency (i.e., oral (listening) and written
(reading) comprehension skills were balanced between the two languages). Furthermore, they
were cultural bilinguals, meaning that they acquired both languages from their parents and their
environment, rather than being cultural monolinguals that excelled at learning a second language.
Consistent with our prior study (Jamal et al., 2012), during English word reading (compared to
Spanish), we expected to observe greater activity in regions of the indirect/sublexical route (i.e.,
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TPC and IFC), and thus stronger positive functional connectivity between them. On the other
hand, we predicted greater activity in regions of the direct/lexico-semantic route (i.e., OTC and
IFC) and stronger positive functional connectivity between them during Spanish word reading
(compared to English). We recognized, however, that the exact opposite may occur, as in
Meschyan & Hernandez (2006), or that we find no differences at all, like Hernandez, Woods, &
Bradley (2015) did. Lastly, we also expected to find spatially distributed patterns of brain activity
in regions of the OTC, TPC, and/or IFC differentiating between these two orthographies; in other
words, we predicted to observe distinct neural representation for English and Spanish word reading
in regions of some or all of these three cortices.

MATRIAL AND METHODS
Participants
Thirty-one healthy, young adults participated in this study. All participants were Spanish-English
early bilinguals and biliterates (21 females; 10 males), who had acquired both languages orally by
age 6 and via written form during schooling. None of the participants had major exposure to
languages other than English and Spanish. One participant’s data were not analyzed because the
brain structural image was not available, as well as another participant’s data because of corruption
of the brain functional images. Four participants’ data were excluded from the analyses because
of excessive head motion during the scans, thus leaving a final group of 25 participants (17 females
and 8 males with average age of 22.1 years; Table 4). All participants had normal or corrected-tonormal vision, and none of them had a history of neurological impairment or learning differences.
Experimental procedures were approved by the Georgetown University Institutional Review
Board, and written informed consent was secured from all participants at the beginning of this
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study. A subset of these participants’ data have been reported in the context of mean brain activity
during English and Spanish word reading (Jamal et al., 2012) and structural (gray matter volume)
differences compared to monolinguals (Olulade et al., 2016). Specifically, 10 of the 25 final
participants overlap with the Jamal et al. (2012) study.

Behavioral Measures for Study Criteria
All participants engaged in psychoeducational testing to ensure that reading abilities in English
and Spanish were in the typical range (standard score of 85 or above). To assess single-word
reading in English, we used the Letter-Word Identification and Word Attack subtests from the
Woodcock–Johnson III: Tests of Achievement (Woodcock, McGrew, & Mather, 2001). Singleword reading in Spanish was assessed with the “Identificación de Letras y Palabras” and “Análisis
de Palabras” subtests from the “Batería III Woodcock-Muñoz: Pruebas de aprovechamiento”
(Munoz-Sandoval et al., 2005), which are the Spanish equivalents of the two aforementioned
English subtests. All participants completed a language proficiency self-assessment questioner,
as used in Meschyan & Hernandez (2006).

It included questions about oral and written

comprehension proficiency in English and Spanish at the time of the study, as well as language
background (Table 4).

fMRI Word Reading Task
Adapted from the original work of Price, Wise, & Frackowiak (1996) and as reported in previous
studies exploring the functional brain bases of reading (Evans et al., 2016; Olulade et al., 2013;
Turkeltaub et al., 2003), we used an Implicit Reading (IR) Task in a functional magnetic resonance
imaging (fMRI) block design paradigm. Inside the MRI scanner, participants were required to
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view single words in the middle of a screen and press one of two buttons to indicate the presence
(right thumb) or absence (left thumb) of an ascender, or tall letter, in each word (e.g., “wheat” [tall
letters] or “cream” [no tall letter] in English; and, “hebra” [tall letter] or “mueca” [no tall letter] in
Spanish). All word stimuli can be found in Supplemental Table 1. During the active control
condition, participants completed the same task, but this time in response to false-font strings (i.e.,
symbols created from real letter segments and rearranged with no resemblance to real letters). This
task involved visual processing, response selection, and motor response, but not the orthographic,
phonological, or semantic processing that automatically occurs when viewing real words. The
stimulus presentation rate was 1 per 4.2 s (stimulus duration = 1.2 s, interstimulus duration = 3.0
s).
Task stimuli consisted of 80 words (40 English and 40 Spanish) and 80 false-font strings
(40 English equivalents and 40 Spanish equivalents) presented in separate runs according for each
language. For the Real Words (RW) condition, mono- or disyllabic five-letter, low-frequency
(English: KF 8.05, SD 6.03; Spanish: LEXESP 7.95, SD 5.16) words were individually shown in
black Arial font on a white screen. English words were selected from the MRC Psycholinguistic
Database (Coltheart, 1981), and Spanish words were selected from the “BuscaPalabras” database
(Davis & Perea, 2005). To avoid ambiguity, words with the letters i or j and words containing
orthographic accents were not included. Stimuli in the False Fonts (FF) condition were also shown
in black on a white screen. These characters were matched to the RW condition stimuli for length
and position of ascenders (e.g., l, t, b) and descenders, or hanging letters (e.g., y, p, g), in both
languages. There was not, however, a strict correspondence between false-font characters and
letters to avoid the participants assigning phonemes to false-font strings. Although the real word
task does not explicitly demand the participants to process orthography, phonology, and semantic,
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these aspects of reading are processed implicitly, resulting in brain function that is similar to that
published during other types of single-word reading tasks.
All participants were trained on the IR task before the scanning session. Then, each
participant was scanned during four experimental runs (each run duration = 4 min, 27 s), having
two runs per language. English and Spanish runs were counterbalanced across participants. Each
run consisted of two blocks with real words and two blocks with false-font strings, each block
lasting 42 s. In addition, blocks of crosshair fixation occurred between the RW and FF blocks and
lasted 18 s; crosshair fixation blocks were also used at the beginning (24 s) and at the end (21 s)
of each run.

In-scanner Task Performance and Post-scanning Stimuli Recognition Test
While the participants were performing the tasks inside the MRI scanner, we collected responses
on task accuracy (correctly answering whether the real word or false font stimuli had a tall feature
or not) and response time.
Participants also completed a forced-choice pencil-and-paper recognition test in each
language after the scanning session (Turkeltaub et al., 2003). This test measured their ability to
recognize real words presented during the scan (versus foils), with the expectation that real words
would be recognized more often than the false font stimuli. Specifically, participants were
presented with a list of 80 real words and 80 false fonts per language, half of which had been
presented in the scanner, and asked to indicate which ones they had seen during the scan.

63

fMRI Data Acquisition and Preprocessing
MRI images were acquired on a Siemens Vision Magnetom 3.0-Tesla scanner with a circularly
polarized head coil in the Center for Functional and Molecular Imaging at Georgetown University.
For each participant, one high-resolution three-dimensional T1-weighted image was obtained for
alignment of functional images with structure. For each experimental run, 89 whole-head echo
planar imaging volumes were compiled under the following acquisition parameters: 3.0 s TR, 30
ms TE, 192 mm FOV, 50 contiguous axial slices, 2.8 mm slice thickness (0.2 mm inter-slice gap),
64x64 matrix (3.0 mm cubic voxels).
With a total of four runs (two runs per language) per participant, standard preprocessing
steps, including slice-time correction, realignment, coregistration to structural image,
normalization,

and

smoothing,

were

employed

using

the

CONN

toolbox

v.18.a

(https://www.nitrc.org/projects/conn) (Whitfield-Gabrieli & Nieto-Castanon, 2012). Differences
in timing of slice acquisition were corrected and functional images were realigned to the first
volume by means of rigid-body motion transformation. Normalized, bias-corrected T1-weighted
images were generated and segmented into gray matter, white matter, and cerebrospinal fluid.
Templates were based on the Montreal Neurological Institute (MNI) stereotaxic space (Cocosco
et al., 1997), an approximation of Talairach space (Talairach & Tournoux, 1988). During
normalization, the volumes were sampled to 3-mm cubic voxels. Global mean intensity and
motion outliers (i.e., scan-to-scan motion greater than a threshold of 0.75mm, which is 25% of the
voxel size) in the fMRI time series were identified using the Artifact Detection Tools in CONN
(ART; https://www.nitrc.org/projects/artifact_detect/), and all detected outliers were entered as
regressors of no interest in the fMRI model. Moreover, participants that had 30% or more of
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outliers on either run were excluded from all analyses. Functional volumes were spatially
smoothed with an 8-mm full width at half-maximum isotropic Gaussian kernel.

Group Brain Activity for English and Spanish Word Reading
The SPM12 toolbox (https://www.fil.ion.ucl.ac.uk/spm/) was used to construct and test the fit of
the neuroimaging data to a general linear model (Friston et al., 1994). Statistical parametric maps
were created corresponding with the time-courses for the following contrasts: English word
reading greater than false fonts (English RW > English FF); and, Spanish word reading greater
than false fonts (Spanish RW > Spanish FF). Voxel-wise t-maps were constructed for each of the
participants as a first-level analysis and the amplitude maps were then carried to a second-level
analysis to test for significant group effects. Whole-brain random-effects analyses for each
contrast were conducted by performing one-sample t-tests on the individual contrast images. Each
of the contrasts are reported at a height threshold of p < 0.005 and a cluster-size threshold of p <
0.05 with false discovery rate (p-FDR). Group-level activation maps were surface-rendered on the
standardized MNI brain template in SPM12.

Brain Activity Common to English and Spanish Word Reading
To test whether there is brain activity shared while reading in each of these two languages, similar
to one analysis reported in Hernandez, Woods, & Bradley (2015), we performed a standard
conjunction analysis using the approach described by Nichols et al. (2005). We carried out a oneway analysis of variance at the group level with the English word reading map (English RW >
English FF) of each participant as one cell and the Spanish word reading map (Spanish RW >
Spanish FF) of each participant as another cell. Then, both group activation maps (English RW >
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English FF, and Spanish RW > Spanish FF) were selected (i.e., conjunction) to look at the local
activation common to both languages. The statistical parametric maps are reported at a height
threshold of p < 0.005 and a cluster-size threshold of p-FDR < 0.05.

Brain Activity Differences between English and Spanish Word Reading
To address our first prediction, we compared mean brain activity during English word reading
greater than Spanish word reading, and vice versa (Spanish word reading greater than English
word reading). Using the SPM12 toolbox (https://www.fil.ion.ucl.ac.uk/spm/), the activation
maps from the within-language analysis (English RW > English FF, and Spanish RW > Spanish
FF) were carried to a second-level analysis to test for between-language differences.

We

performed a paired t-test with English word reading (English RW > English FF) and Spanish word
reading (Spanish RW > Spanish FF) contrasts being compared per participant, resulting in the
following between-language comparisons: English [RW > FF] > Spanish [RW > FF]; and, Spanish
[RW > FF] > English [RW > FF]. Each of the contrasts are reported at a height threshold of p <
0.005 and a cluster-size threshold of p-FDR < 0.05. Group-level activation maps were surfacerendered on the standardized MNI brain template in SPM12.

Establishing Seed Regions of Interest (ROIs) for Functional Connectivity Analysis
In order to test whether reading languages with different orthographic depth influences the
functional connectivity between the brain regions involved in word reading within bilinguals, we
selected a total of eight seed ROIs on the basis of two meta-analyses of reading in alphabetic
written languages (Bolger, Perfetti, & Schneider, 2005; Martin et al., 2015). First, using the
coordinates reported by the most recent meta-analysis (Martin et al., 2015), we identified seven
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brain regions in the left hemisphere that are part of the OTC, TPC, and IFC: inferior temporal
gyrus (L-ITG) (x = -48, y = -62, z = -20), inferior occipital gyrus (L-IOG) (x = -44, y = -74, z = 4), and middle occipital gyrus (L-MOG) (x = -42, y = -86, z = -2) in the OTC; intra-parietal sulcus
(L-IPS) (x = -42, y = -48, z = 48) in the TPC; and, inferior frontal gyrus, pars opercularis (LIFG,oper) (x = -52, y = 18, z = 14), inferior frontal gyrus, pars triangularis (L-IFG,tri) (x = -52, y
= 20, z = 18), and middle frontal gyrus (L-MFG) (x = -42, y = 4, z = 48) in the IFC. Second, we
added an eighth ROI located in the posterior portion of the left superior temporal gyrus (L-STG)
(MNI transformed: x = -54, y = -29, z = 10) in the TPC, reported in Bolger, Perfetti, & Schneider
(2005) meta-analysis across 25 studies of reading in alphabetic languages (e.g., English, French,
Italian, German), in light of the evidence that the left posterior STG is involved in GPC (for a
review, van Atteveldt & Ansari, 2014). Note that Martin et al. (2015) meta-analysis included 17
studies in deep orthographies and 3 in shallow orthographies, but did not report significant
convergence of activation across these studies in the left STG, potentially biased by the unbalanced
deep-to-shallow ratio. For each ROI, we created a spherical seed with a 6-mm radius using the
MarsBaR toolbox 0.44 (http://marsbar.sourceforge.net/).

A brain map overlaying the eight

functional seed ROIs with anatomy is found in Chapter II, Figure 1, all surface-rendered in MNI
space.

Brain Functional Connectivity Differences between English and Spanish Word Reading
To test whether the functional network engaged during word reading is influenced by the
languages’ orthographic depth (deep versus shallow), we performed a seed-to-voxel analysis. This
method measures the temporal correlation between the seed ROIs and all the other voxels (brain
and cerebellum) after accounting for the common driving influence of task-derived activity on
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both a given ROI and a target voxel (Friston et al., 1997). This approach was chosen over an ROIto-ROI analysis to ensure no regions were overlooked, since regions other than those eight defined
a priori could also support word reading, depending upon key modulatory factors, such as
differences in GPC consistency between two languages. Using the CONN toolbox v.18.a, taskbased fMRI data were not band-pass filtered (0.008-Inf), so as to capture task-derived signals. For
all data, we modeled nuisance covariates that include white matter and cerebrospinal fluid signals
and their derivatives (CompCor in CONN: Behzadi et al., 2007).
We performed a generalized form of seed-to-voxel psycho-physiological interaction (gPPI)
analysis for its sensitivity and specificity in detecting functional connectivity effects, compared to
the standard PPI implementation in SPM, and its suitability to block designs (Cisler, Bush, &
Steele, 2014; McLaren et al., 2012). The gPPI analysis allows the estimation of task-derived
functional connectivity for more than one task condition, modelling all condition effects and
interactions simultaneously in the same model instead of using a different model for every single
condition. For our gPPI analysis, we imported eight ROIs into the CONN toolbox as seeds to test
for changes in regional inter-hemispheric functional connectivity between task conditions (i.e.,
English versus Spanish word reading). At the first-level (individual) analysis, we included a
psychological variable representing the two types of conditions (i.e., English RW and Spanish
RW), one physiological variable (i.e., the time course in each of the seed ROIs), and a PPI term
(i.e., the interaction between these two regressors). Statistical significance was determined under
a height threshold of p < 0.005 and a cluster-size threshold of p-FDR < 0.05; after a Bonferroni
correction for multiple comparisons (i.e., 0.05/8 seed ROIs), the threshold was p < 0.006. The
results that survived this more stringent threshold are marked with an asterisk (*) in Table 6.
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Group-level, seed-to-voxel statistical maps of correlation were surface-rendered on the
standardized MNI brain template in CONN.

Spatially Distributed Brain Activity Patterns Differentiating between English and Spanish Word
Reading
To test for the differentiation of English and Spanish word reading at the level of spatially
distributed activation patterns, an MVPA was executed using The Decoding Toolbox (Hebart,
Görgen, & Haynes, 2015). We performed a linear support vector machine classifier (Cortes &
Vapnik, 1995) using the leave-one-run-out cross-validation procedure (Mahmoudi et al., 2012).
Taking the unsmoothed functional data, the first run of the English and the Spanish IR tasks were
concatenated, and same was done for the second runs of each task (English IR2 and Spanish IR2).
The classification analysis was performed on the RW blocks of each language; therefore,
concatenated runs 1 of the IR task (containing both English and Spanish RW blocks) were used to
train the classifier, and the concatenated runs 2 containing RW block of both languages were used
to test it. The same procedure was repeated, but the opposite way (i.e., train in IR2 and test in
IR1), and ultimately the average of these two analyses was obtained. A 4-mm radius spherical
“searchlight” moved across the entire brain, taking each voxel in the volume as the searchlight
center. Maps of statistically significant voxel-wise accuracies against a chance-level accuracy of
50% are shown under a height threshold of p < 0.005 and a cluster-size threshold of p-FDR < 0.05.
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RESULTS
In-scanner Task Performance and Post-scanning Stimuli Recognition Test
When looking at the difference of the difference (English [RW-FF] vs. Spanish [RW-FF]) for inscanner performance accuracy that parallels the fMRI analyses (English [RW > FF] > Spanish
[RW > FF], and Spanish [RW > FF] > English [RW > FF]), there was no statistically significant
difference (p > 0.05), as shown in Table 4. For response time, there was a small but significant
difference when comparing the difference of the difference, which can be attributed to the larger
discrepancy during the FF condition in the English IR task (i.e., participants took longer to respond
to false fonts than to real words).
The pencil-and-paper recognition test results showed that participants implicitly processed
the word stimuli shown inside the scanner: real words discrimination was significantly more
accurate than false-font strings in each language (59% accuracy for English RW compared to 51%
accuracy for English FF (n = 14; 11 participants’ data were not available for analysis); 67%
accuracy for Spanish RW compared to 59% accuracy for Spanish FF (n = 22; 3 participants’ data
were not available for analysis): p < 0.01), similarly to previous findings from our laboratory
(Turkeltaub et al., 2003).

Brain Activity within English and Spanish Word Reading
English:
English word reading invoked activity in one cluster on the left inferior frontal gyrus, pars
triangularis extending to pars opercularis (Figure 6; Table 5).
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Spanish:
Spanish word reading revealed brain activity in two left-hemisphere clusters: the inferior frontal
gyrus, pars orbitalis extending to pars triangularis; and, the middle temporal gyrus (Figure 6;
Table 5).

Brain Activity Common to English and Spanish Word Reading
U

English

Spanish:

Significant common activity for English and Spanish word reading was found in the left inferior
frontal gyrus, pars orbitalis extending to pars triangularis and pars opercularis (Figure 7; Table
5).

Brain Activity Differences between English and Spanish Word Reading
English > Spanish:
The comparison of English word reading relative to Spanish revealed no significantly greater
activity (Table 5).
Spanish > English:
Spanish word reading relative to English also yielded no statistically significant results (Table 5).

Brain Functional Connectivity during English and Spanish Word Reading
English:
There was a negative correlation between the seed in the left inferior frontal gyrus, pars
triangularis (L-IFG,tri) and a cluster in the left cerebellar lobule VI extending to crus I (Figure 8;
Table 6).
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Spanish:
Several negative correlations were found: between the seed in the left middle occipital gyrus (LMOG) and a cluster in the right thalamus extending to the left thalamus, as well as a cluster in the
left supplementary motor area extending to the right supplementary motor area; between the seed
in the left intra-parietal sulcus (L-IPS) and a cluster in the left postcentral gyrus extending to the
left superior parietal lobule; and, between the seed in the left inferior frontal gyrus, pars
opercularis (L-IFG,oper) and a cluster in the left posterior cingulate cortex extending to the left
anterior cingulate cortex (Figure 8; Table 6).

Brain Functional Connectivity Differences between English and Spanish Word Reading
English > Spanish:
Relative to Spanish, English word reading had stronger positive correlations between: the seed in
the left middle occipital gyrus (L-MOG) and a cluster in the right lingual gyrus extending to the
left lingual gyrus and right cerebellar lobule VI-V; and, the seed in the left intra-parietal sulcus (LIPS) and a cluster in the left superior parietal lobule (Figure 9; Table 6).
Spanish > English:
During Spanish word reading compared to English, there was relatively stronger positive
correlation between the seed in the left inferior frontal gyrus, pars triangularis (L-IFG,tri) and a
cluster in the left cerebellar lobule VI; and, between the seed in the left superior temporal gyrus
(L-STG) and a cluster in the left posterior cingulate cortex extending to the left precuneus (Figure
9; Table 6).
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Spatially Distributed Brain Activity Patterns Differentiating between English and Spanish Word
Reading
English vs. Spanish:
There were spatially distributed patterns of brain activity that distinguish between English and
Spanish word reading in four clusters: left cerebellar lobule VI extending to left fusiform gyrus,
right middle occipital gyrus, and right cerebellar lobule VI; left inferior frontal gyrus, pars
orbitalis; left medial frontal gyrus; and, left superior occipital gyrus (Figure 10; Table 7).

DISCUSSION
The goal of this study was to test whether reading words in languages with different orthographic
depth has an effect on the functional brain bases of reading in Spanish-English early bilinguals.
We examined and compared brain activity during single-word reading in a deep (English) and a
shallow (Spanish) orthography, similar to prior neuroimaging studies (Meschyan & Hernandez,
2006; Jamal et al., 2012; Hernandez, Woods, & Bradley, 2015). A novel aspect of our study was
the use of functional connectivity associated with processing words in a deep versus a shallow
orthography and the application of MVPA to examine spatially distributed patterns of brain
activity that distinguish these two languages.
During English word reading, we observed engagement of the left inferior frontal gyrus,
and during Spanish word reading, the left inferior frontal and middle temporal gyri. A conjunction
analysis across these two languages with varying GPC consistencies (one deep and one shallow)
revealed shared activity in the left inferior frontal gyrus.

Between-language comparisons,

however, revealed no differences in local activity. At the network level, we found relatively
stronger positive functional connectivity between the left middle occipital gyrus and bilateral
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lingual gyri, and between the left intra-parietal sulcus and the left superior parietal lobule, for the
deep orthography (English). On the other hand, the shallow orthography (Spanish) had relatively
stronger positive functional connectivity between the left inferior frontal gyrus and the left
cerebellar lobule VI, and between the left superior temporal gyrus and bilateral dorsal posterior
cingulate cortex. When examining spatially distributed activity patterns, we found clusters that
distinguish between English and Spanish word reading in left cerebellum/inferior posterior
temporal, inferior frontal, medial frontal, and superior occipital gyri, and right cerebellum.

Brain Activity underlying Word Reading in English and Spanish
Activity in the left inferior frontal gyrus, observed for each language separately and also when
testing for overlap between them, is consistent with our own previous study (Jamal et al., 2012)
that shared 10 participants with the present study. It is also consistent with the most recent study
of English and Spanish word reading in Spanish-English bilinguals (Hernandez, Woods, &
Bradley, 2015). Despite this latter study was primarily focused on bilingual adults versus children
(reading in English and Spanish), when examining brain activity for each language in adults, the
authors found engagement of the left inferior frontal gyrus (with extension into putamen and
thalamus) for both English and Spanish word reading. However, the earlier study in SpanishEnglish bilinguals from the same research team did not report activity in the left inferior frontal
gyrus for either language, despite similarities in the study design (Meschyan & Hernandez, 2006).
The inferior frontal gyrus has been shown to be involved in semantic processing, phonological
decoding, orthographic processing, and articulatory recoding of print (Bookheimer, 2002; Cutting
et al., 2006; Fiez, 1997; Poldrack et al., 1999; Price, 2012; Pugh et al., 2001). Of note, our task is
not designed to tease apart orthography, phonology, and semantics; rather all three processes
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occur. While it is not surprising that we found brain activity during both English and Spanish
word reading in the left inferior frontal gyrus, we cannot say whether these activations are due to
orthographic, phonological, or sematic processing. In previous studies from our laboratory using
this task, we reported activation of the left inferior frontal gryus in typically reading adults and
children (Evans et al., 2016; Turkeltaub et al., 2003). In one of these studies, activation of the
same subregion of the left inferior frontal gyrus identified here as shared by English and Spanish
(pars orbitalis) was also positively correlated with the ability to manipulate phonemes measured
outside of the scanner (Turkeltaub et al., 2003).
Not surprisingly, our finding in the left middle temporal gyrus for Spanish word reading
was also reported in our earlier study by Jamal et al. (2012), where it was identified during Spanish,
but not English, word processing, as in the present study. In Hernandez, Woods, & Bradley (2015),
however, activation of the left middle temporal gyrus was observed for both English and Spanish
word reading in bilingual adults, although it was located significantly more posterior and less
lateral than the region reported for Spanish in the present study. None of these regions were
reported in the study by Meschyan and Hernandez (2006), although they found activity in the left
superior temporal gyrus during Spanish word reading compared to English.
Despite these apparent differences in the within-language maps, when directly comparing
local activity between English and Spanish word reading, there were no differences. While this
result was unexpected and inconsistent with two previous studies (Meschyan & Hernandez, 2006;
Jamal et al., 2012), it aligns with the recent report by Hernandez, Woods, & Bradley (2015) that
also did not show differences. Specifically, despite having a larger cohort (N = 20) than either of
the two earlier studies (N = 12 for each study), it revealed no differences in activation between
English and Spanish during a single-word reading task in early bilingual adults. Similarly, the
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present study, with 25 participants, also revealed no differences between the two languages,
leaving us to conclude that there is no modulatory role of reading in languages with different
orthographic depth on local brain fMRI signal intensity within bilinguals.
While all of these studies were conducted in Spanish-English early bilinguals, they were
motivated by a landmark study on the role of orthographic depth conducted in monolingual
speakers of English compared to monolingual speakers of Italian. This study revealed that the
deep orthography (English) made relatively greater use of the OTC and IFC, while the shallow
orthography (Italian) engaged to a greater degree the left TPC (Paulesu et al., 2000). One caveat
with this study, however, is that the findings associated with the deep orthography were observed
only during pseudoword reading (which involves phonological processing and is void of
semantics) and not during real word reading, while the findings associated with the shallow
orthography were observed for both pseudoword and real word reading. The authors concluded
that the deep orthography relies more on semantic and orthographic processing; yet, this
suggestion raises the question of why there were no differences observed for real word processing.
Future studies will need to combine the study of two monolingual groups using languages of
different orthographic depth with the study of a group that is bilingual in the same two languages
to better determine the role of the orthographies’ transparencies. A relative difference between
two monolingual groups raises the possibility that there were between-group differences other than
orthographic depth that could account for the results. Regardless, taken at face value, the findings
in monolingual speakers of English and Italian do not extend to Spanish-English early bilingual
adults reading real words, based on the current study and that by Hernandez, Woods, & Bradley
(2015). In fact, both of these studies indicate that the left inferior frontal gyrus is equally activated
during English and Spanish word reading.

76

Despite some studies supporting an effect of orthographic depth on the functional brain
bases of word reading in alphabetic languages (Jamal et al., 2012; Meschyan & Hernandez, 2006;
Oliver et al., 2016; Paulesu et al., 2000), others have argued that there is a universal brain signature
for reading (Rueckl et al., 2015). Rueckl et al. (2015) examined whether spoken (word listening)
and written (word reading) language activate the same brain regions across alphabetic (and
logographic) languages. Among other findings, they revealed that word reading across three
alphabetic languages (English, Spanish, Hebrew) and one logographic language (Chinese) engages
largely similar brain regions. This study was performed in groups of participants that were native
speakers of either English, Spanish, Hebrew, or Chinese, and included monolinguals, bilinguals,
and multilinguals. The result from this analysis is consistent with the notion that there are more
similarities than differences for word reading in languages with differing orthographic depth
(Ziegler et al., 2010). In the context of bilinguals, however, differential properties of alphabetic
languages, such as GPC consistency, may not manifest at the level of local mean activation.
Moreover, the fact that word reading might utilize the same brain regions across languages does
not directly imply that identical computations are used (Rueckl et al., 2015). Therefore, we
ultimately extended this investigation of signal intensity to the level of voxel-wise activation
patterns, as will be discussed later.

Brain Functional Connectivity underlying Word Reading in English and Spanish
While there were no differences in local activity, we found English and Spanish word reading to
exhibit correlations between some of our seed regions and other brain regions, but these
correlations were all negative. Similar to studies examining the functional organization of reading
at the network level, both during task (Bitan et al., 2006; Hampson et al., 2006; Horwitz, Rumsey,
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& Donohue, 1998; Mechelli et al., 2005; Pugh & Mencl, 2000) as well as at rest (Koyama et al.,
2011, 2010), these negative correlations were with brain regions outside of those typically
associated with reading. Specifically, English word reading showed decoupling between the left
inferior frontal gyrus, pars triangularis and the left cerebellum. Reading words in Spanish elicited
decoupling between the left middle occipital gyrus and cortical and subcortical regions associated
with motor control; between the left intra-parietal sulcus and cortical regions engaged in sensory
processing as well as information integration and attention; and, between the left inferior frontal
gyrus, pars opercularis and regions associated with executive function.
When directly comparing functional connectivity during English versus Spanish word
reading, we found differences, but the target regions identified to correlate with our seed regions
were not as expected. English word reading compared to Spanish revealed stronger positive
connectivity between the left middle occipital gyrus and an area spanning right lingual gyrus, left
lingual gyrus, and right cerebellar lobule VI-V; and, between the left intra-parietal sulcus and the
left superior parietal lobule. The lingual gyrus has been proposed to be involved in visual-word
processing, mainly when participants are engaged in a stimulus-specific response (for a review,
Mechelli et al., 2000). In the context of our task, participants may not only have stronger coupling
between nearby visual regions during English word reading given the potential greater reliance on
orthographic processing (Paulesu et al., 2000), but also due to the feature-detection demand. The
left dorsal inferior parietal lobule/intra-parietal sulcus has been suggested to subserve serial
decoding (Richlan, 2014), given its engagement in letter-to-letter shifting attention within a string
(Behrmann, Geng, & Shomstein, 2004; Cabeza, Ciaramelli, & Moscovitch, 2012; Rosazza et al.,
2009; Wager, Jonides, & Reading, 2004). Moreover, the superior parietal lobule has been
associated with multiple cognitive processes, including visuospatial attention, which is important
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for reading (for a review, Wang et al., 2015). However, further studies are needed to confirm and
better understand these two sets of short range functional connections within the OTC and TPC
during English word reading compared to Spanish, especially since these connections are not
found in the connectivity map for English word reading.
For the reverse comparison, we observed stronger coupling between the left inferior frontal
gyrus, pars triangularis and the left cerebellar lobule VI during Spanish word reading compared
to English. Evidence of anatomical connectivity in humans (McTavish & Franz, 2015) shows
interconnections between inferior frontal regions and the cerebellum (for a review, Buckner,
2013). However, whether these two areas are functionally connected during word reading it is not
clear yet. Nevertheless, given that the pars triangularis is associated with lexico-semantic
processing, it is noteworthy that some studies have shown that the cerebellum is important for
several aspects of language processing, including semantic judgement and explicit memory
retrieval (Fulbright et al., 1999; Desmond & Fiez, 1998; Ben-Yehudah & Fiez, 2008; Stoodley &
Schmahmann, 2009). The role of the cerebellum on language-related tasks, however, has been
predominantly observed in the right hemisphere. Spanish word reading compared to English also
engaged stronger coupling between the left posterior superior temporal gyrus and the posterior
cingulate cortex. Despite the evidence associating this latter region with other regions in the socalled default mode network, a system mostly associated with “mind-wondering” (unconstrained
rest), its specific function is still unclear (for a review, Leech & Sharp, 2014). Together, the
findings from this analysis were unexpected and provided no evidence to support the notion that
English and Spanish differ in their functional connections between regions of the direct and
indirect routes associated with word reading due to their differences in orthographic depth.

79

Distinguishing between Deep and Shallow Orthography with Spatially Distributed Patterns of
Brain Activity
In contrast to the univariate analysis of local activity, our MVPA showed spatially distributed
patterns of activation in regions of the left OTC and IFC during English versus Spanish word
reading. This finding suggests that there are clusters of voxels that specialize in distinguishing
between a deep and a shallow alphabetic orthography, even within the same regions involved in
word reading.

Most likely each of these two languages recruit the same but functionally

independent neural populations within the same region(s), a mechanism that would not be revealed
by mean activation. Similar use of MVPA has been made in a study of Dutch-English bilinguals,
where the univariate analysis failed to show between-condition effects on semantic representation
of spoken language, but were revealed by the MVPA (Correia et al., 2014). Moreover, a recent
study in one alphabetic and one logographic language tested whether reading words in Chinese
(L1) versus reading words in English (L2) exhibits distinct neural representations in late ChineseEnglish bilingual adults, using MVPA (Xu et al., 2017). The authors found spatially distributed
patterns of activity in reading-related regions distinguishing between Chinese and English: left
TPC, and bilateral fusiform gyri, occipital cortex, superior and middle temporal gyri, superior
parietal lobule, precuneus, and inferior and middle frontal gyri.
Our MVPA finding supports the existence of regions coding for orthography-specific
knowledge at a fine-grained level between alphabetic languages and they are located in brain
cortices associated with the lexico-semantic route. The fact that we observed patterns of activation
that distinguish between a deep and a shallow orthography in the OTC and IFC raises the
possibility that information about striking linguistic differences between English and Spanish word
reading, such as the letter-to-sound correspondence consistency, is differentially represented in the
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bilingual brain without needing to recruit different regions for each language. In the context our
experimental approach, where stimuli share most of the key modulating linguistic factors (e.g.,
length, frequency, morphological structure/monomorphic) and task-related characteristics (e.g.,
font color, lack of orthographic accent, equal number of words with tall and no tall letters), a salient
difference between these word stimuli is their grapheme-to-phoneme conversion consistency.
Therefore, it is likely that the main factor driving the observed effects is orthograph depth
difference between English and Spanish word reading.
Moreover, some of these representations were located in regions outside of the typical lefthemisphere cortices known to be involved in reading, expanding to the right OTC, right
cerebellum, left medial frontal gyrus, and left superior occipital gyrus (visual association cortex).
Analyses such as MVPA are more sensitive to revealing data/results from processes other than
those required by the main task (i.e., word reading). In the context of our IR task, reading also
involves representations of low-level visual information, spatial attention, and task-monitoring.
Therefore, it is perhaps not surprising that there are spatially distributed patterns of brain activity
distinguishing between English and Spanish word reading that span to regions outside the
traditional reading network, which are associated with complex pattern visual-stimuli processing
(e.g., letter strings) and executive function (e.g., task-monitoring).

Conclusion
We investigated brain function during word reading in a deep versus a shallow orthography within
bilinguals. In Spanish-English early bilingual adults, our study revealed that single-word reading
in both the deep (English) and the shallow (Spanish) orthography engages the left inferior frontal
cortex. There were no differences in local activation and few in functional connectivity between
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the deep and the shallow orthography. English and Spanish word reading, however, were found
to be differently represented in the brain, specifically within the left OTC and IFC, as demonstrated
by the classification analysis. Overall, these results suggest that reading words in languages with
different orthographic depth does not modulate measures of local activity and functional
connectivity in Spanish-English early bilingual adults, but manifests nevertheless as distinct neural
representations.

English

Spanish

L

R

Figure 6. Brain activity within languages. English word reading (deep orthography) relative to
false fonts engaged the left inferior frontal gyrus, pars opercularis extending to pars triangularis
and pars orbitalis (top). Spanish word reading (shallow orthography) relative to false fonts
activated the left inferior frontal gyrus, pars orbitalis extending to pars triangularis and the left
middle temporal gyrus (bottom). Cluster size pFDR < 0.05, height threshold p < 0.005. L = left
hemisphere, R = right hemisphere.
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U

English + Spanish

L

R

Figure 7. Brain activity common to both languages. English (deep orthography) and Spanish
(shallow orthography) word reading relative to false fonts engaged a common area in the left
inferior frontal gyrus, pars orbitalis extending to pars triangularis and pars opercularis, based on
the following contrast: Spanish RW > FF + English RW > FF. Cluster size pFDR < 0.05, height
threshold p < 0.005. L = left hemisphere, R = right hemisphere.
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English

Spanish

L
Figure 8. Brain functional connectivity within languages. English word reading showed
negative connectivity between seed L-IFG,tri (IFC) and left cerebellar lobule VI extending to crus
I (top), and Spanish word reading engaged negative correlation between seed L-MOG (OTC) and
right thalamus extending to left thalamus as well as left supplementary motor area extending to
right supplementary motor area, seed L-IPS (TPC) and left postcentral gyrus extending to left
superior parietal lobule, and seed L-IFG,oper (IFC) and left posterior cingulate cortex extending
to left anterior cingulate cortex (bottom). Cluster size pFDR < 0.05, height threshold p < 0.005. L
= left hemisphere.
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English > Spanish

Spanish > English

L
Figure 9. Brain functional connectivity between languages. Stronger positive functional
connectivity between seed L-MOG (OTC) and right lingual gyrus extending to left lingual gyrus
and right cerebellar lobule VI-V and seed L-IPS (TPC) and left superior parietal lobule during
English word reading compared to Spanish (top), and between seed L-IFG,tri (IFC) and left
cerebellar lobule VI and seed STG (TPC) and left posterior cingulate cortex extending to precuneus
during Spanish word reading compared to English (bottom). Cluster size pFDR < 0.05, height
threshold p < 0.005. L = left hemisphere.
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English vs. Spanish

L

R

Figure 10. Spatially distributed brain activity patterns between languages. Multivariate
pattern analysis revealed differentiation between English and Spanish word reading in four
clusters: left cerebellar lobule VI extending to the left fusiform gyrus, right middle occipital gyrus,
and right cerebellar lobule VI; left inferior frontal gyrus, pars orbitalis; left medial frontal gyrus;
and, left superior occipital gyrus. Cluster size pFDR < 0.05, height threshold p < 0.005. L = left
hemisphere, R = right hemisphere.
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3.3 (0.4)
14.9 (1.1)
72.2 (4.4)

Listening Comprehension
Speaking
Reading Comprehension
Writing
Overall Proficiency
Age of first exposure (years)
Formal study (years)
Currently spoken per day (%)

6.7 (0.1)
6.6 (0.1)
6.6 (0.1)
6.7 (0.1)
6.6 (0.1)

M (SEM)
25
17/8
22.1 (0.6)
18.4 - 28.5

RW/FF Accuracy Difference (% correct)
0.8 (0.1)
RW/FF Response Time Difference (ms)
-36.3 (12.1)
Abbreviations: M = mean; SEM = standard error of the mean; n.s. = non-significant (p = or > 0.05).

Implicit Reading Task

Language Background

N
Sex (female/male)
Age (years)
Age Range (years)
Language Self-assessment
(scale: 1-7; 7 = native-like competence)

English
M (SEM)
-

Table 4
Description of the participants and in-scanner task performance.

-0.9 (0.2)
2.7 (10.6)

0.3 (0.1)
12.0 (1.3)
27.8 (4.4)

6.7 (0.1)
6.4 (0.2)
6.2 (0.2)
6.0 (0.2)
6.3 (0.1)

Spanish
M (SEM)
-

n.s.
< 0.05

< 0.05
n.s.
< 0.05

n.s.
n.s.
n.s.
< 0.05
n.s.

-

p value
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n.s.

L inferior frontal gyrus, orbitalis extending to triangularis and opercularis

L inferior frontal gyrus, orbitalis extending to triangularis
L middle temporal gyrus

L inferior frontal gyrus, triangularis extending to opercularis

Cluster location

n.s.
Abbreviations: L = left hemisphere; n.s. = non-significant (pFDR = or > 0.05).

Spanish > English

English > Spanish

English + Spanish

Spanish

Language
English

Table 5
Results of Mean Brain Activity within, across, and between Languages.

-44 30 -2

-44 26 -6
-62 -34 2

-38 -6 28

MNI
Coordinates
x
y z

3.73

5.05
4.72

3.89

Peak Z

833

3,340
1,554

1,131

Voxels
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L-MOG
L-IPS

L-IPS
L-IFG,oper

(+) R lingual gyrus extending to L lingual gyrus and R cerebellar lobule
VI-V
(+) L superior parietal lobule

(-) R thalamus extending to L thalamus*
(-) L supplementary motor area extending to R supplementary motor
area
(-) L postcentral gyrus extending to superior parietal lobule
(-) L posterior cingulate cortex extending to anterior cingulate cortex*

(-) L cerebellar lobule VI extending to crus I

L-IFG,tri

L-MOG

Cluster location

Seed ROIs

4.06
4.41

-4.65
-5.30
-6.21

-2 -2 52
-30 -26 48
-2 -28 44

12 -50 0
-30 -34 56

-5.34

-5.17

Peak Z

10 -14 6

-40 -48 -40

MNI
Coordinates
x y z

L-IFG,tri
(+) L cerebellar lobule VI*
-34 -48 -30
4.96
L-STG
(+) L posterior cingulate cortex extending to precuneus
-2 -58 36
5.07
Abbreviations: L = left hemisphere; R = right hemisphere; (+) = positive FC; (-) = negative FC; * = survived Bonferroni correction p < 0.006.

Spanish > English

English > Spanish

Spanish

Language
English

Table 6
Results of Brain Functional Connectivity within and between Languages.

610
510

391
374

396
401
831

696

440

Voxels

90

Cluster location

L cerebellar lobule VI extending to L fusiform gyrus,
R cerebellar lobule VI, R middle occipital gyrus
L inferior frontal gyrus, orbitalis
L medial frontal gyrus
L superior occipital gyrus
Abbreviations: L = left hemisphere; R = right hemisphere.

Language
English vs. Spanish

Table 7
Results of Spatially Distributed Brain Activity between Languages.

-18
-36
-8
-14

-54 -16
26 -6
36 56
-92 8

MNI
Coordinates
x
y z

4.62
3.95
4.06
3.80

Peak Z

11,501
1,958
1,300
1,294

Voxels

CHAPTER IV

GENERAL DISCUSSION

OVERVIEW
This dissertation is focused on examining the functional brain bases supporting word reading in
Spanish-English early bilingual adults from the perspective of both their bilingual experience and
their two languages’ different orthographic transparencies. Of concern, little is known about
whether or not lifelong experience with two languages influences brain function (activity and
connectivity) related to word reading. Behavioral and brain imaging studies have reported that
bilingual experience has an effect on executive function and its neural bases, specifically
heightened behavior (e.g., better inhibitory control) and greater use of regions in the IFC and TPC
(fronto-parietal system). To date, however, there is no clear consensus of whether being bilingual
leads to greater engagement of the fronto-parietal system also during English word reading
(Rodriguez-Fornells et al., 2002; Jasińska & Petitto, 2014). Moreover, beyond examining whether
bilinguals make relatively greater use of regions in the IFC and TPC, it is critical to test if these
regions have stronger cohesion during word reading or work independently. Therefore, the first
investigation addressed whether bilingualism has a modulatory role on brain activity (local
activation level) and functional connectivity (network level) during English word reading in
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Spanish-English early bilingual adults (compared to English monolinguals).

Mean activity

analyses of the whole brain and cerebellum revealed no differences between these two groups.
Seed-to-voxel functional connectivity analyses, however, revealed relatively stronger correlation
between a region in the left IFC and bilateral superior frontal medial cortex, as well as between a
region in the left TPC and the left visual association cortex, in bilinguals compared to
monolinguals. Additionally, bilinguals relative to monolinguals, exhibited stronger anticorrelation
between a region in the left IFC and the left middle orbital gyrus, as well as the left cerebellum.
There were no differences for the reverse comparison (monolinguals > bilinguals). Overall, these
findings suggest that the functional intercommunication between brain regions that support word
reading is modulated by lifelong bilingualism.
The second investigation compared brain function between reading words in English
versus reading words in Spanish, as a way to examine the role of orthographic depth in SpanishEnglish early bilingual adults. Three studies have addressed this question within Spanish-English
early bilinguals by measuring local mean activity (Meschyan & Hernandez, 2006; Jamal et al.,
2012; Hernandez, Woods, & Bradley, 2015); inconsistent results, however, have been reported.
In order to build upon these previous investigations, I tested whether reading words in English
versus Spanish results in different brain function measured by functional connectivity and spatially
distributed activity patterns, in addition to local activity, as others have tested. We found local
activity in regions of the left IFC during English word reading and during Spanish word reading,
and this activity statistically overlapped for both languages. During Spanish word reading, we
also observed local activity in a region of the left OTC. There were, however, no differences in
activation between these two languages. Moreover, there were no differences in functional
connectivity between regions within the brain system for word reading (only between some regions
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of the brain system for word reading and other regions outside it) when comparing English and
Spanish word reading.

Yet, there were spatially distributed patterns of brain activity that

differentiate English and Spanish word reading in regions of the left OTC, IFC, and visual
association cortex, and bilateral superior medial frontal cortex. Taken together, we demonstrated
no effect of orthographic depth on local activity nor on functional connectivity between readingassociated regions in Spanish-English early bilinguals, but showed evidence for the bilingual
brain’s ability to distinguish these two alphabetic languages.
The present two studies speak to the modulatory roles of early bilingual experience and
orthographic depth on the neural scaffolding supporting word reading. This research sought to
examine these two key factors in one coordinated and consistent program of research, and thus
assessed the same cohort of bilinguals in both studies. Of note, a primary goal of this work was to
utilize analytical approaches for neuroimaging data that go beyond local brain activation,
recognizing that word reading relies on systems-level coordination. Specifically, it depends on
networks and the interactions of its component members (Schlaggar & McCandliss, 2007). The
rationale is not that there are totally separable brain systems for reading depending on the
individuals’ language experience or the languages’ orthographic depth. Instead, the different brain
regions involved in word reading may interact in a context-specific manner based on the required
cognitive processes associated with these two factors. These attributes can be captured best not
through traditional activation measures of the brain, but rather by measures of functional
connectivity (Biswal et al., 1995; Friston, 1994, 2011). Critically, as Richlan (2014) highlighted,
more hypothesis-driven brain imaging studies that look at differences in functional connectivity
associated with the letter-to-sound consistency of an alphabetic written language are needed to
better understand the neurofunctional architecture of word reading across languages and
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populations. Additionally, the application of MVPA in the present work is an important step
forward to examining the complexity of brain function data acquired through fMRI in more detail.
In summary, the first study had a two-fold goal. One goal was to test whether lifelong
dual-language use (i.e., bilingualism) has an effect on the functional brain system for word reading
in English, since most of our current knowledge about the neurobiological underpinnings
supporting reading comes from studies using monolingual participants, predominantly users of
English, despite that 50-75% of the world's population is bilingual or multilingual. At the same
time, another goal was to reject or confirm the possibility that any potential language-specific
(English > Spanish; Spanish > English) brain function that we may observe within Spanish-English
bilinguals (Study 2) are not due to their bilingual experience, but can indeed be attributed to
differences associated with orthographic depth.
When we compared Study 1 (Chapter II: Bilingual Experience) and Study 2 (Chapter III:
Orthographic Depth), we observed that bilinguals do not have relatively greater local activity for
reading words in English compared to monolinguals (Study 1) and for reading words in either of
their languages (Study 2). In contrast, relative to monolinguals, we found that bilinguals rely on
stronger functional connectivity between reading-related regions and executive function- and
visual processing-related regions (Study 1) while reading words in English.

While these

observations were taken into consideration for the second study comparing English word reading
with Spanish word reading (Study 2), the analyses in Study 2 did not yield findings in those areas
revealed in Study 1. In Study 2, we observed language-specific functional connections, involving
regions within the brain system for reading, as well as regions outside it. These results, however,
specific to English word reading compared to Spanish, were not the same observations during
English word reading in bilinguals compared to monolinguals (Study 1), thus confirming that the
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effects observed in Study 1 were associated to the individuals’ bilingual experience and those in
Study 2 were associated to the language itself. Using an MVPA approach in Study 2, we also
found that bilinguals differentially represent English and Spanish word reading in reading-related
regions, as well as in executive function- and visual processing-related regions. Therefore, when
integrating the results from these two investigations, we conclude that the functional network
engaged during English word reading (measured with functional connectivity) is modulated by the
bilingual experience of Spanish-English early bilingual adults; however, they also rely on some
functional connections during English word reading that are associated to this language per se
relative to their other language (Spanish).

CURRENT LIMITATIONS OF THIS WORK
The present doctoral work aimed to fill critical gaps in our knowledge about the functional brain
bases of reading in bilingual adults, who are literate in alphabetic languages. Nonetheless, it also
has limitations, mainly related to samples availability and methodological constraints. In Chapter
II, we tested for an effect of bilingualism on brain function by comparing fMRI data of English
word reading in bilinguals to that of monolinguals. In Chapter III, we tested for an effect of
orthographic depth on brain function in bilinguals by comparing fMRI data of English word
reading to that of Spanish. This work, however, was limited on its capacity to test whether
bilinguals’ dual-language experience and their two languages’ orthographic depth have interaction
effects on the neurofunctional bases of word reading. Extending this research to examine potential
interactions between these two factors was not possible due to the lack of a Spanish monolingual
group.
In the United States, where English is predominantly used as the language for
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communication, finding a group of only Spanish users is somewhat difficult. Additionally, the
number of individuals that use only Spanish are unlikely to share the same educational level and
household income-to-needs ratio to that of our English monolingual and Spanish-English bilingual
participants. Therefore, comparable language abilities may be different, and thus confounded.
Hence, we were not able to directly test for interaction effects between individuals’ language
background and their languages’ orthographic consistency (i.e., English and Spanish word reading
in monolinguals vs. English and Spanish word reading in bilinguals). Testing this question would
reveal whether there are unique functional systems for word reading depending upon one’s
linguistic experience and the language one is reading in.
Critical to reading acquisition, there is evidence showing that Spanish-English (Kovelman,
Baker, & Petitto (2008) and Italian-English (Kremin et al., 2019; D’angiulli, Siegel, & Serra, 2001)
bilinguals more heavily rely on phonological processing to read words and have overall better
phonological literacy abilities compared to English monolinguals. This evidence implies a
“transfer effect” in which phonological skills developed through a shallow orthography can
facilitate learning to read in a deep orthography (Proctor et al., 2010). Importantly, some theories
of bilingual experience posit that bilinguals have linguistic representations of both of their
languages, even when using only one, meaning both languages are always “active” (Kroll et al.,
2008; Kroll, Bogulski, & McClain, 2012).

Therefore, it could be expected that strong

interdependence between the two languages in bilinguals promotes literacy skills that transfer from
one language (e.g., shallow) to the other (e.g., deep), and/or vice versa.
Given this evidence and these proposals, in the context of the two present investigations,
there is also the possibility that learning to read in two alphabetic languages of different
orthographic depths may alter the way reading in English occurs, depending on the nature of the
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other language (i.e., Spanish). Our focus has been on investigating whether using two languages
(“juggling two languages in the same brain”) starting in early childhood has an effect on the
function of the brain regions supporting word reading in English, given the evidence showing an
effect on brain systems supporting executive function; however, it is possible that word reading in
another language influences the way in which a person reads in English. Additionally, in the
context of the aforementioned dual-route model, if we were able to compare our group of SpanishEnglish bilinguals to English monolinguals and Spanish monolinguals, then perhaps both SpanishEnglish bilinguals and English monolinguals would use both the ventral and the dorsal routes,
whereas the Spanish monolinguals would mainly use the dorsal route. Hence, examining how the
interaction of language background and orthographic depth organizes in the brain would reveal the
neural underpinnings of this potential language-to-language interdependence or “transfer effect”.
Additionally, the present research had some methodological constraints that could limit the
generalizability of its findings to some extent. To prompt blood oxygen level-dependent (BOLD)
signal associated with reading, experiments typically make use of a word reading task
(presentation of either single words or pairs of words) that involves either explicit reading or
implicit processing.

Our design involved an implicit single-word reading task, which has

numerous advantages in the context of fMRI experiments and performance ability differences
across populations (e.g., children vs. adults; individuals with vs. without dyslexia). Specifically,
this task avoids signals derived from mouth movement inside the scanner that could introduce
signal artifacts. Importantly, due to its generalized easiness (i.e., feature detection), this task also
avoids differences in BOLD signal derived from differences in performance, which is more
problematic in younger readers as well as in those who struggle with reading. The implicit word
reading task used in the present investigations is based on seminal work by Price, Wise, &
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Frackowiak (1996) and typically elicits similar brain activity observed during explicit aloud word
reading tasks (Brunswick et al., 1999; Paulesu et al., 2000; Vogel, Petersen, & Schlaggar, 2013)
and explicit silent word reading tasks (Meschyan & Hernandez, 2006; Hernandez, Woods, &
Bradley, 2015). In our laboratory, this implicit reading task has been widely used for fMRI studies
of Reading (e.g., Turkeltaub et al., 2004, 2003; Olulade et al., 2013; Olulade et al., 2015; Evans et
al., 2016).
Any word-based reading task, however, has limitations. Specifically, some have claimed
that using single word (or pairs of words) reading is not an entirely ecological way to understand
the brain system supporting “naturalistic” reading (i.e., sentences and paragraphs). A recent study
by Wang et al. (2015) tested for written language (English and Chinese) by task demands (word
processing and full story reading) potential interactions. First, when looking at brain function
between languages within each task separately, they observed relatively no differences. However,
when testing for language by task interactions effects, the found significant differences in brain
activity. Specifically, during the word processing task (lexical decision) in Chinese compared to
English, the authors found relatively greater activity in the following regions: bilateral fusiform
gyrus, bilateral insula, left middle frontal gyrus, left postcentral gyrus, right precentral gyrus, and
right supramarginal gyrus. In contrast, there was little to no activation during the story reading
task in either language. They also observed that bilateral middle temporal gyrus significantly
deactivated during the word processing task in Chinese, but not as much in English. On the other
hand, it significantly activated during the story reading task in both languages. Therefore, Wang
et al. (2015) argued that task demands (not naturalistic/single or pairs of words vs.
naturalistic/whole paragraphs) influence the observations in cross-linguistics studies of reading,
and thus this effect should be highly considered in further investigations comparing written
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languages.
Regarding the use of English and Spanish word stimuli in Chapter III, we acknowledge
that there are linguistic characteristics of English that are similar to Spanish. One of the main
shared characteristics is Romance (Latin and French) morphology in academic vocabulary.
Specifically, academic materials in English can be up to 90% Latin-based, whereas only about
5% is Germanic-based and 5% of other roots (e.g., Greek). Therefore, one could argue that lack
of between-language differences in local activity that were reported in our second study may be
due to such similarities between English and Spanish. However, only about 31% of our English
real-word stimuli were shared the same root (e.g., “alarm” shares the same root of its Spanish
counterpart, “alarma”). Moreover, our IR task language stimuli were real words in English and
Spanish that were all monomorphic (see Appendix), and thus also did not differ in this other key
linguistic factor, such are morphological structure.
It has to be taken into consideration that our main goal was to test whether orthographic
depth has an effect on brain function in Spanish-English early bilingual adults, but not in
necessarily proving that there is an effect of orthographic depth at all levels of brain function (i.e.,
local activity, functional connectivity, spatially distributed activity). It may be the case that, as
our data showed, the effect of orthographic depth is very salient at the level of neural representation
of these two orthographies, as well as to some extent at the network level, specifically in equallyproficient early users of English and Spanish. Language-specific brain function, however, may
not be modulated at the local activity level, as observed in monolinguals of English and Italian
(Paulesu et al., 2000), who may have different engagement of regions, given that they only focus
their neural resources on one language rather than two from early in life.
The present investigations aimed to expand the understanding of the neural bases of reading
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in the context of bilingualism. We focused on the largest and fastest increasing bilingual group in
the United States, users of English and Spanish. Since there are various factors that significantly
influence language use and its neurobiological foundations, we assessed individuals that formally
learned both languages at an early age and were equally proficient at the time of the study.
Therefore, despite this doctoral work being relevant to our understanding of the neurofunctional
underpinnings supporting word reading in the bilingual brain, its findings should be considered in
the context of this specific population. In other words, the observations reported in the present
work should generalize to equally-proficient Spanish-English early bilingual adults from middleto-high socioeconomic status in the United States. These results, however, may not generalize to
other populations of bilinguals (e.g., Chinese-English, Russian-English, French-English) within
the United States, including sub-groups of Spanish-English bilinguals with different backgrounds
(e.g. lower socio-economic status). Moreover, these findings may not generalize to SpanishEnglish bilingual populations in other countries, since other factors, such as sociolinguistic
environment (e.g., separate dual-language use for different contexts, such as work versus
household, or dense code-switching, such as in bilingual societies) and socioeconomic status also
modulate language use and thus potentially its brain bases.

FUTURE DIRECTIONS
Despite the novel contributions from the present doctoral work, there are additional ways in which
its contributions can be further expanded. As discussed in the General Introduction and throughout
this report, reading is a cultural-invented, uniquely-human skill, and thus its acquisition takes place
over a protracted period of time. Previous neuroimaging studies examining the functional brain
bases of reading at different ages in monolingual populations have reported differences between
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adults and children (Booth et al., 2004; Booth et al., 2008; Chou et al., 2006; Evans et al., 2016;
Olulade et al., 2013; Pugh et al., 2001; Schlaggar et al., 2002; Shaywitz et al., 2002; Turkeltaub et
al., 2003). Therefore, it is critical to test how the two factors investigated in this dissertation,
bilingual experience (bilingual vs. monolingual) and orthographic depth (deep vs. shallow),
interact with age (adult vs. child) on the neurofunctional bases of word reading. To address this
pressing question, we need to compare Spanish-English bilingual and English monolingual adults
and children (i.e., four groups of participants). While we acquired behavioral (reading abilities)
and brain imaging (word reading-associated BOLD signal) data in 23 Spanish-English early
bilingual children as a part of this doctoral work, we have not included these data in the dissertation
due to time constraints. The predictions for this future investigation, however, merit some
discussion.
A recent meta-analysis examined commonalities and differences between adults and
children, first showing commonalities in regions of the left ventral OTC and left IFC (Martin et
al., 2015). In adults, they found greater activation in regions of the bilateral posterior OTC and
cerebellum, left IFC, and left precentral gyrus, compared to children. In children, they found
greater activation in regions of the left TPC and bilateral supplementary motor area, compared to
adults. In terms of maturational effects in the brain system for reading, the authors highlighted the
significance for a developmental trajectory. Specifically, greater activation of the OTC in adults
might reflect their developed visual word-form recognition abilities based on experienced reading,
and the left precentral gyrus may serve as a communication center between functionally connected
systems necessary for reading. In contrast, greater use of the left TPC and frontal cortex regions
in children may support the phonological decoding necessary for the early stages of reading. As
such, these results suggest a shift from TPC and IFC in childhood to OTC in adulthood. The
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authors acknowledged, however, that the traditional brain model for reading should be expanded
(e.g., Richlan, 2014) to account for multiple factors that significantly influence that
neurofunctional foundations of written language (e.g., individuals’ language background;
languages in which the individuals read; learning differences). Although this and other similar
meta-analyses are informative, empirical studies that directly compare brain function between
adults and children in the context of these key modulatory factors are needed. Therefore, it is
imperative to better understand how the functional brain system for reading is differently organized
in adults and children that speak two languages with different orthographic depths compared to
those that only speak one language. Investigating these interactions would reflect the experiential
changes that occur between learning to read and reading to learn across different environments.
In Chapter II, we examined whether bilingual experience per se has an effect on the
functional organization of the brain system for reading, assessed through word processing in
English. Two previous neuroimaging studies have shown greater activation of the left IFC and
TPC during Spanish word reading (Rodriguez-Fornells et al., 2002) and the left IFC and bilateral
TPC during English word reading (Jasińska & Petitto, 2014) in bilingual adults compared to
monolingual adults. There is currently, however, only one study that has tested this question in
adults, as well as in children (Jasińska & Petitto, 2014). In bilingual children (8.5–10 year-old),
Jasińska & Petitto (2014) reported greater use of the left IFC, left OTC, right TPC, and bilateral
prefrontal cortex while reading English regular words, and the left prefrontal cortex and bilateral
IFC while reading English irregular words and nonsense words, compared to English-speaking
monolingual children. When considering the results observed separately in bilingual adults and
children compared to their age-matched monolingual counterparts, the authors concluded that
early bilingual experience may lead to enhanced linguistic and cognitive processing.
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This evidence proposes a key brain system, interplaying regions in the IFC and prefrontal
cortex with regions in the TPC and OTC, potentially supporting heightened cognitive control
during reading, such that bilinguals can block the non-target language while producing the target
language. Whether this lifelong experience is modulated by age is unknown and further studies
are needed to better understand how the literate bilingual brain compares to the monolingual brain
across development. Even though Jasińska & Petitto (2014) study included adults and children,
their investigation did not directly compare groups of bilingual and monolingual adults and
children to test for potential interaction effects.
In Chapter III, we tested whether there is brain function (local activity, functional
connectivity, and spatially distributed activity) during word reading uniquely associated with
either English or Spanish in Spanish-English early bilingual adults. However, similar to the
question addressed in Chapter II, only one empirical study has addressed a similar question
including not only adults but also children (Hernandez, Woods, & Bradley, 2015). In an ROIbased local activation analysis, the authors found greater activation of the left and right middle
temporal gyri during English word reading in Spanish-English bilingual adults compared to
children. Based on these results, Hernandez, Woods, & Bradley (2015) suggested that adults
automatically access semantics in order to facilitate word recognition when reading, a process that
is only achieved with advanced reading skills (i.e., adults). Additionally, they observed greater
activation of the right middle temporal gyrus during Spanish word reading in adults compared to
children; this result was less interpreted. Right-hemisphere homologues of reading-related regions
were utilized more in the bilingual adults compared to bilingual children, who are still acquiring
reading skills.
These observations, however, do not match with previous reports showing that, while
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reading, monolingual children engage regions in the right hemisphere to a greater extent than
monolingual adults (Turkeltaub et al., 2002; Booth et al., 2004). Nonetheless, Hernandez, Woods,
& Bradley (2015) proposed two explanations: (1) reading abilities may dissociate in bilinguals, or
(2) adults that read in two languages make greater use of the right hemisphere for both languages
as a result of their advanced reading abilities (compared to a beginning reader). Based on the study
by Hernandez, Woods, & Bradley (2015), however, we cannot know whether orthographic depth
interacts with age, since the authors only compared local mean activation (1) between English and
Spanish word reading within each group separately (adults and children) in a whole-brain analysis
(discussed in Chapter III) and (2) between adults and children within each language separately
(English and Spanish) in the aforementioned ROI-based analysis.
In light of this knowledge gap, a pressing question remaining to be tested is whether there
is unique brain activity when reading a deep (English) versus a shallow (Spanish) orthography
depending on the individual’s age (adult vs. child). Even though in Chapter III we showed that
there is no difference of whole-brain mean activation between English and Spanish in bilingual
adults, differences may arise in the context of development, where different demands are required
in the process of learning to read, and thus different brain regions. Based on Martin et al. (2015)
meta-analysis findings, in adults compared to children, we could anticipate relatively greater
activity in regions of the OTC and IFC for both English and Spanish word reading, since they are
proficient readers of both languages. In contrast, it could be expected that children use regions of
the TPC to a greater extent than adults during English word reading, because they are learning to
read in a highly demanding letter-to-sound conversion orthography. Expanding on Chapter II and
Chapter III, the ultimate goal is to unveil whether there are shared as well distinct neurofunctional
systems supporting reading in adults and children, based on their language experience and which
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alphabetic orthography they are reading in. This assessment would reveal the coordinated
cognitive processes uniquely required in the interaction of these two factors with
neurodevelopment.
In addition to understanding bilingual experience and orthographic depth in interaction
with age, it is critical to study these factors in the context of learning differences associated to
reading, primarily developmental dyslexia.

Developmental dyslexia is “characterized by

difficulties with accurate and/or fluent word recognition and by poor spelling and decoding
abilities” (Lyon, Shaywitz, & Shaywitz, 2003). Therefore, deficits in reading ability represent a
limitation for both the individual and the society. Substantial research has been devoted to
studying brain function in individuals with developmental dyslexia, mostly characterized in
monolingual speakers and readers of the deepest alphabetic written language, English. This work,
however, has barely extended to bilinguals with developmental dyslexia.

Compared to

monolinguals, these individuals do not only deal with difficulties in reading, but also with the facts
that their two languages have differences in multiple linguistic characteristics, including lettersound mapping consistency, and that they have a higher cognitive load, given their dual-language
experience (Tokowicz, Michael, & Kroll, 2004; Jasińska & Petitto, 2014; Yang, 2017).
When comparing monolinguals with developmental dyslexia, the striking behavioral
differences are that reading in a shallow orthography is characterized by effortful and slow reading,
whereas reading in a deep orthography produces not only effortful and slow, but also more
inaccurate reading due to the inconsistent letter-sound mapping (Barca et al., 2006; Davies, Cuetos,
& Glez-Seijas, 2007; Katzir et al., 2004; Landerl, Wimmer, & Frith, 1997; Wimmer & Schurz,
2010; Ziegler et al., 2003). Therefore, one might consider whether these behavioral differences
across languages between monolinguals with developmental dyslexia have brain-based signatures.
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Martin, Kronbichler, & Richlan (2016) tested this question in a coordinate-based meta-analysis
across 28 fMRI studies of dyslexia that used word reading tasks which examined differences and
similarities between deep and shallow orthographies. Overall, they found consistencies of underand over-activations during reading tasks that are specific to languages with deep or shallow
orthographies in readers with dyslexia compared to typical readers. Although this meta-analysis
shed light on a pressing question, empirical studies are needed to disambiguate the potential
interaction effects between orthographic depth and reading differences on brain function in
bilinguals. To date, very few studies have addressed this consideration in the context of alphabetic
languages. A close attempt was made in the report by Paulesu et al. (2001), who compared brain
activity between three groups of monolingual adults that were readers of English, French, or Italian
and had developmental dyslexia; they found no differences. From these findings, the authors
claimed that dyslexia has a universal brain signature across languages. Paulesu et al. (2001),
however, did not compare these groups with typical readers of the same languages, to test whether
there was an interaction between orthography and reading ability.
Current neuroimaging studies of reading in different orthographies provide a way to
understand proposed brain models of typical reading, but do not characterize the brains of
bilinguals with atypical reading abilities. Moreover, the study of English word reading in
monolingual versus bilingual children with and without developmental dyslexia still needs to be
explored. Such investigation could provide important information on how reading in English is
modulated by the presence of another language in interaction with learning differences. Given the
vast bilingual population worldwide and its increasing prevalence in the United States, this
information could be transformative in shedding light on a pressing societal and educational
health-related issue.
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Understanding the roles of bilingual experience and the grapho-phonemic properties of
written languages on the brain’s functional organization for word reading within bilinguals has a
two-fold relevancy: theoretical and practical. On one hand, it allows us to better understand how
our neurobiology interacts with our environment, such as dual-language education, to ultimately
lead to certain behaviors, such as reading. Since reading is a cultural invention, its acquisition
requires formal instruction. Therefore, learning to read in two languages compared to one may
lead to differences in the neurofunctional scaffolding that supports reading ability. Moreover, it
is reasonable to think that properties of written languages, such as grapheme-to-phoneme
conversion consistency, will develop different representational mechanisms in the bilingual brain.
On the other hand, this knowledge would help us to improve teaching strategies for reading
instruction across languages, especially in bilingual populations. Share (2008) and Ziegler et al.
(2010) emphasized the importance of understanding the behavioral, and thus potentially neuronal,
differences that come with learning to read across different languages, since most of what we know
about the behavioral hallmarks and neurobiological bases of reading is founded on evidence from
English-speaking monolingual populations. Finding useful, reliable brain-based answers to these
questions will be highly valuable with regards to having accurate models of reading that can be
used to study reading difficulties, and ultimately inform education policy with respect to evaluation
metrics and remediation programs.
The results from this doctoral work also reflect the need to incorporate novel computational
methods, such as machine learning approaches, in the study of neuroimaging data. These methods
may help us to thoroughly explore the rich brain data acquired through imaging methods which
potentially better reveal how the human brain works, especially in processes like word reading,
which cannot be studied using animal models. Early analytical approaches in neuroimaging
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focused on estimating brain activity within single regions or voxels, averaged over trials or blocks
and modeled separately in each participant (i.e., mean brain activity). As Cohen et al. (2017)
pointed out, these traditional approaches of fMRI data analysis have “mostly neglected the
distributed nature of neural representations over voxels, the continuous dynamics of neural activity
during tasks, the statistical benefits of performing joint inference over multiple participants, and
the value of using predictive models to constrain analysis”. Using a pattern-based multivariate
analysis of the brain’s activity, some of the work presented in this dissertation is the first to
characterize the functional specialization of the brain system for word reading with regard to
orthographic depth of two alphabetic languages in the early bilingual brain, significantly
improving the descriptive power of the standard brain model of reading. Specifically, it showed
that early users of English and Spanish represent these two languages differently in reading-related
regions, despite not engaging unique regions for each language. Although beyond the scope of
this work, we hope that this investigation will help lay the foundations for future studies on
orthographic depth and learning differences in bilingual populations using more computationally
relevant and statistically sensitive approaches.

SUMMARY
In two studies, this dissertation elucidates the neurofunctional bases of word reading in bilingual
adults with regards to the roles of their bilingual experience and the orthographic complexity of
their languages. The first study addressed whether these individuals’ bilingual experience per se
promotes a different brain system for word reading in English, tested by comparing these bilinguals
to monolingual native users of English. The second investigation examined functional correlates
of word reading in English versus Spanish in equally-proficient bilinguals, who acquired both
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languages early in life. The results revealed two novel pieces of evidence relevant to the literate
bilingual brain. First, brain function in Spanish-English early bilingual adults differs from
monolinguals while reading English words.

Specifically, they rely on relatively stronger

functional connections between reading- and executive function-related regions. Second, SpanishEnglish early bilingual adults do not recruit relatively different brain regions to read in English
and Spanish, and they do not rely on stronger functional connections within the system for reading
for either language. Instead, bilinguals seem to have distinct patterns of neural representations for
each of their two languages in regions of the direct, lexico-semantic route (OTC and IFC), as well
as in regions associated with visual processing (visual association cortex) and executive function
(medial frontal gyrus).
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APPENDIX A

Supplemental Table 1
Word stimuli in the IR tasks.
English

Spanish

alarm
arose
array
beast
carob
caste*
cease*
chess
coble
cozen
cream
dross
fetch
gamma*
gourd
grasp
groom
gypsy
heave
manor
marry
ounce*
parry
pearl*
pulse*
quote
repay
sauce
scout
sewer
snort*
solve*

argot
arroz
babor
basto
caldo
caspa
colmo
cruce
duela
durar
falla
garra
grasa
grupa
hebra
hueso
hulla
lloro
morro
mueca
musgo
negar
notar
panza
parto
pelar
Pesca
preso
quedo
queso
rasgo
rezar
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sprue
squat
stole
stoop
super
verve
vowel
woven

suero
susto
trago
trazo
vagar
venda
yegua
yerno

amuse**
bland**
brood**
crash**
lease**
scoop**
sweep**
wheat**
**Words that were seen and *words that were not seen by 10 bilingual participants of the 25
bilingual participants studied in both investigations.
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