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Abstract
In today’s world bilingualism is increasingly commd{owever, it is still unclear how left-
lateralized dorsal and ventral reading networkg@amed to reading in proficient second
language learners. Here, we investigated differencéunctional regional activation and
connectivity as a function of L1 and L2 reading,dtfhographic depth and task demands.
Thirty-seven late bilinguals with the same L1 aitiex an opaque or transparent L2 performed
perceptual and semantic reading tasks in L1 andurihg fMRI scanning. Results revealed
stronger regional recruitment for L2 versus L1 regdnd stronger connectivity within the
dorsal stream during L1 versus L2 reading. Diffeemnin orthographic depth were associated
with a segregated profile of left ventral occipg&iwiporal (vOT) coactivation with dorsal regions
for the transparent L2 group and with ventral regitor the opaque L2 group. Finally, semantic
versus perceptual demands modulated left vOT emgagie supporting the interactive account
of the contribution of vOT to reading, and wereoassted with stronger coactivation within the
ventral network. Our findings support a divisionlabor between ventral and dorsal reading
networks, elucidating the critical role of the laage used to read, L2 orthographic depth and

task demands on the functional dynamics of bilihgeading.



Over half of the world’s population is already bgual (Grosjean, 2010) and substantial efforts
have been made to implement bilingual educatior@inams in predominantly monolingual
societies. Bilingualism is, thus, both a realitglandesired goal in today’s world. Although we
know that learning to read entails a substant@iganization of the brain (Carreiras et al. 2009),
there are still many unanswered questions conaghilingual reading: What regional and
connectivity patterns among left perisylvian regi@upport reading in the first (L1) and in the
second language (L2)? To what extent does readiggn different neural dynamics as a
function of the orthographic depth of a language?Bhographic depth and reading demands
modulate the recruitment of ventral and dorsal irgadetworks in bilinguals?

Neuroimaging research has shown a differentiallireroent of dorsal and ventral routes
in reading processes in studies with monolinguald@as (Pugh et al. 2001; Schlaggar and
McCandliss 2007). Whereas the dorsal pathway, epassing parietal lobe, superior temporal
gyrus (STG) and inferior frontal gyrus (IF@ars opercularis, is thought to subserve
phonological processing, the ventral pathway, idiclg vOT and anterior IFG regions (i.pars
triangularis and pars obitalis), supports mapping of orthographic-lexical stimarito semantic
representations (Sandak et al. 2004). These fisdwmage also been bolstered by studies looking
at white-matter pathways (Saur et al. 2008; Ro#iress al. 2011; Friederici, 2012). Although
results in studies with monolingual samples shaliffarential engagement of dorsal versus
ventral reading regions, there is limited evideasd¢o what extent similar functional
involvement of these networks is present in bilageading, and which aspects of reading (e.qg.,
direct phonologyersus assembled phonology) modulate their recruitment.

Evidence from the few available neuroimaging stediwestigating bilingual reading has

shown differences in regional activation profilesed on the L2 age-of-acquisition (A0A;



Perani et al. 2003; Wartenburger et al. 2003),aqe proficiency (Meschyan and Hernandez,
2006), and language orthography (Meschyan and iHdaza 2006; Das et al. 2011; Jamal et al.
2012). Overall, results from these studies reveatedxtensive overlap in the language regions
engaged for L1 and L2 reading in early, but ndate bilinguals (Wartenburger et al. 2003). In
late bilinguals, differences for L2 reading havemattributed largely to reduced reading
proficiency in the L2 (Meschyan and Hernandez, 20@&h higher proficiency levels
associated with higher overlap in L1 and L2 readPerani and Abutalebi, 2005). Nevertheless,
there is also evidence for differences in the nexoaelates associated with L2 reading in high-
proficient late bilinguals, which have been atttéulito the greater effort required when reading
in the L2 (Wartenburger et al. 2003). Regardinglaage orthography, several studies have
suggested that orthographic depth may modulatertbagement of regions along the dorsal and
ventral networks. Reading in transparent orthogespWith a strong letter-to-sound
correspondence (e.g., Spanish or Italian) maymalge on phonological processes supported by
dorsal regions, while reading in opaque orthogreple.g., English) may rely more on lexico-
semantic processes supported by the ventral patfReayesu et al. 2000; Meschyan and
Hernandez, 2006; Das et al. 2011; Rueckl et al5p01

Here, we sought to investigate the involvemenegfans along the dorsal and ventral
networks in bilingual reading as a function of tfeive versus non-native language used to read
(i.e., L1, L2) and L2 orthographic depth (i.e., qpa, transparent). To this end, we controlled for
AoA and language proficiency, selecting two groapkte sequential reading bilinguals
composed of native Spanish-speakers who have avithza orthography that is either opaque
(English; Spanish-English group) or transparens(B&; Spanish-Basque group). Both groups

acquired L1 reading first and then L2 reading aftgears of age and have similar high



proficiency levels in their L1 and L2. An additidmaain motivation of the present study was to
examine to what extent the involvement of the daaed ventral networks in bilingual reading
and the recruitment of the left vOT depends ordémands posed by the reading task. Most
reading studies conducted with monolingual anah@ilal populations have used either low-level
(i.e., passive reading) or high-level (i.e., regdior meaning) reading tasks and, to date, no
studies have examined within the same bilingualpdartie influence of reading demands.
Placing perceptual or semantic task demands ofngadocesses can modulate the neural
computations carried out by dorsal and ventralirepdetworks, and especially by the left vOT
within the ventral stream.

The left vOT plays a crucial role in reading ang baen proposed as a critical site for
orthographic processing during visual word recagnitHowever, its functional role is still the
subject of important debate. Some theoretical attsohighlight its involvement in bottom-up
prelexical computation processes of visual wordi®(Dehaene and Cohen 2011), while others
emphasize its implication in integrating visuosplafitatures abstracted from sensory inputs with
higher-level associationgi,a bottom-up and top-down connections (Price and iD&011).
Interestingly, studies supporting a prelexical catapional role of the vOT have mainly used
low-level reading tasks (e.g., passive silent regidCohen et al. 2002; Dehaene et al. 2010;
Pegado et al. 2011) whereas most of the studiesifegvan interactive account of the vOT have
used high-level reading tasks (e.qg., lexical deaisiTwomey et al. 2011; Woollams et al. 2011,
Seghier and Price 2013).

Thus, the present fMRI study is aimed at investiggthe involvement of the main
regions along dorsal and ventral reading netwonkkthe functional dynamics among these

regions in late bilinguals as a function of theivetersus non-native language (L1, L2), L2



orthographic depth (transparent, opaque), ande¢h®edds of the reading task (perceptual,
semantic). To do so, in line with previous neurajmg studies, the reading tasks included
words (orthographically legal pronounceable lesteings that have both semantic and
phonological representations), pseudowords (ordqgcally legal pronounceable letter strings
that have corresponding word-like phonological, tott semantic representations) and consonant
strings (illegal non-pronounceable letter stringsking both semantic and phonological word-
like associations; e.g., Petersen et al. 1990gRti@l. 1996). This stimuli manipulation allows
examination of reading processes that typically ol phonological computations carried out by
regions along the dorsal stream, and on mappimggraphic-lexical stimuli onto semantic
representations supported by regions along thealesiteam (Mechelli et al. 2003; Sandak et al.
2004; Schlaggar and McCandliss 2007).

Based on previous evidence, we expect that |) nggidi L2, the later acquired language,
will show stronger engagement of regions alongditrsal and ventral streams relative to reading
in L1 (e.g., Wartenburger et al. 2003); 1) regaglorthographic depth, whereas the group with a
transparent L2 will exhibit greater reliance onioag along the dorsal (phonologically-tuned)
pathway, the group with an opaque L2 will show sgger recruitment of ventral (lexico-
semantic-tuned) regions (e.g., Das et al., 201 \lith respect to task demands, we will
specifically test if the left vOT will be similarlgecruited across the semantic and perceptual
reading tasks, which would support the prelexicahputational hypothesis (e.g., Dehaene and
Cohen 2011), or if task demands will modulate thgagiement of left vOT, which would
support the interactive account hypothesis (ergceRand Devlin 2011); IV) stimuli will
modulate the engagement of reading networks, watkal regions subserving phonological

processing more strongly recruited for pseudow@ndsch are assumed to lack semantic



information and rely on phonological representag)aelative to words (e.g., Mechelli et al.,
2003).

Additionally, we also expect that V) functional cactivity analyses will reveal different
dynamics among dorsal and ventral regions duringlweading in the same direction as the
hypotheses mentioned above, with the exceptionntbatxpect to observe stronger functional
coupling among regions for reading in L1 relatived¢ading in L2 due to a longer prior history

of coactivations for reading in L1 in late bilindsgHebb 1949).

Methods

Participants
The final study sample consisted of 37 right-handésl bilinguals with Spanish as their L1
(mean age 29.10 * 6.54; 22 females). All participdrad normal or corrected-to-normal vision
and no history of neurological or psychiatric ddens. The sample was divided into two groups
of participants who have an L2 with either an ogagrthography (English; n = 19) or a
transparent orthography (Basque; n =18). All subjacquired the L2 after age 6 and were
highly proficient in their L1 and L2, with minimaixposure to other languages (see Table 1).

Language proficiency was assessed using objeatidesabjective measures. An
adaptation of the Boston Naming Test (Kaplan e1@83) in Basque, English and Spanish,
controlling for cognates across these three langgjagas used as an objective measure of
vocabulary. Participants performed this picture-imgntest, including 77 to-be-named drawings,
in their respective two languages. They also filled language background questionnaire where
they self-rated their proficiency levels in L1 dr@land also rated the percentage of daily

exposure to L1 and L2. Importantly, there were ifi@icences between the groups in terms of



age, AoA of the L2, L1 and L2 proficiency measuasn their overall daily exposure to L1 and
L2 (all ps > .05). At the within-group level, while both ebjive and subjective measures
indicated high proficiency in L1 and L2, proficignand daily exposure were significantly
higher in the L1 than in the L2 and age of acquisitvas of course later in the L2 than in the L1

(ps > .001).

Table 1. Participants’ demographics and linguishiaracteristics by group. Standard deviations

in parentheses.

Spanish-Basque (n= Spanish-English (n = pvalues

18) 19)

Age (years) 31.0(7.8) 27.3(4.5) p=.10
Gender (% female) 66.6 52.6 p=.38
Age of acquisition (years)

L1 0 0

L2 11.2 (7.1) 8.0 (2.1) p=.09
Proficiency (correctly-named pictures)*

L1 76.3 (1.3) 76.7 (0.7) p=.41

L2 63.7 (10.0) 68.2 (7.6) p=.15
Proficiency (self-rated)t

L1 9.5(0.7) 9.6 (0.6) p=.80

L2 8.0 (0.9) 8.2 (0.8) p=.42
Average daily exposure (%)8

L1 68.1 (14.2) 72.2 (11.8) p=.36

L2 22.5(16.1) 26.6 (10.8) p=.38

*Qut of 77 pictures; 8 Average percentage acroading, writing, hearing, and speaking.
p values corresponds to the t-test between groups, excepgefuder where a non-parameter chi-
square test was used

Data from 1 additional participant were excludexhf analysis due to excessive head
motion during imaging (i.e., > 2 mm across therergcan session). Prior to taking part in the
experiment, all participants gave written inforne@shsent in compliance with the ethical

regulations established by the BCBL Ethics Commitiad the guidelines of the Helsinki

Declaration. Participants received monetary comgtés for their participation.



Materials and Experimental Procedure

Participants carried out perceptual (low level) aathantic (high level) Go/No-Go tasks. In both
tasks, subjects were visually presented with défiecharacter strings: words (e@ustain),
pseudowords (e.gcinguda), and consonant strings (e.fgtgklg). Stimuli were visually

presented in the center of the screen. During énegptual task, participants were asked to press
a button any time they saw a colored letter witnstring (e.g.brother). In the semantic task,

they were required to press a button when the wagithe name of an animal (etgrtle).

The number of L1 (Spanish) stimuli presented witaish task included 40 high-
frequency words, 40 low-frequency words, 40 pseuwtds; 40 consonant strings and 13% go
trials. In the L2 (English or Basque), participawesre presented with a similar number of
stimuli and go trials per task as in the L1. Cognabrds across languages were excluded to
eliminate ambiguity. All words, between and witlamguages, were matched on frequency,
number of orthographic neighbors and length (k€3,characters). All pseudowords were
created as a function of the selected words usingg¥/ (Keuleers and Brysbaert 2010).

The study was administered in two separate sesbewed on the language of the
materials: L1 or L2. The order of these L1 or L2s8ens was counterbalanced across
participants. However, to prevent participants gelweng the reading strategy used in the
semantic task to the perceptual task within eadchefanguage sessions, the perceptual task was

always administered first, followed by the sematdik.

fMRI Data Acquisition



Whole-brain fMRI data acquisition was conductedad®T Siemens TRIO whole-body MRI
scanner (Siemens Medical Solutions, Erlangen, Geyjret the Basque Center on Cognition,
Brain and Language (BCBL), using a 32-channel wahalad coil. Snugly fitting headphones
(MR Confon, Magdeburg, Germany) were used to danaeikground scanner noise and to
enable communication with experimenters while i dbanner. Participants viewed stimuli
back-projected onto a screen with a mirror mountethe head coil. To limit head movement,
the area between participants’ heads and the eslpadded with foam and participants were
asked to remain as still as possible.

In each session, functional images were acquirédunseparate runs using a gradient-
echo echo-planar pulse sequence with the followogyisition parameters: TR= 2000 ms, TE=
25 ms, 35 contiguous 3-mm axial slices, 0-mm isteEe gap, flip angle = 90°, Field of view =
218 mm, 64 x 64 matrix Prior to each scan, fouuntds were discarded to allow T1-
Equilibration effects. High-resolution T1-weightadatomical images were also collected.
Within each functional run, the order of the stwdyditions (i.e., words, pseudowords,
consonant strings, go trials) and the inter-tniéivals of variable duration corresponding to the
MR frames that served as baseline or null everds {ixation cross presented in the center of the
screen, 30% of the total collected functional vadginwere determined with an algorithm
designed to maximize the efficiency of the recow&rthe blood oxygen level-dependent

(BOLD) response (Optseq Il; Dale 1999).

fMRI Data Analysis

10



Standard SPM8 (Wellcome Department of Cognitiverdiegy, London) preprocessing routines
and analysis methods were employed. Images wereated for differences in timing of slice
acquisition and were realigned to the first volumyemeans of rigid-body motion transformation.
High-resolution anatomical T1 images and functiormdlmes were then co-registered and
spatially normalized to T1 and echo-planar imadergplates, respectively, to enable anatomical
localization of the activations. Templates weredoiasn the MNI305 stereotaxic space (Cocosco
et al., 1997), an approximation of Talairach spg@@airach and Tourneaux, 1988). The
normalization algorithm used a 12-parameter affiaesformation together with a nonlinear
transformation involving cosine basis functionsribg normalization, the volumes were
sampled to 3-mm cubic voxels. Functional volumeevgpatially smoothed with an 8-mm full
width at half-maximum isotropic Gaussian kernel.

Statistical analyses were performed on individatipipant data using the general linear
model (GLM). fMRI time series data were modeledalseries of impulses convolved with a
canonical hemodynamic response function (HRF).mb&on parameters for translation (i.e., X,
y, z) and rotation (i.e., yaw, pitch, roll) werelnded as covariates of noninterest in the GLM.
Each trial was modeled as an event, time-lockedaamnset of the presentation of each character
string. The resulting functions were used as catesiin a GLM, along with a basic set of cosine
functions that high-pass filtered the data, andwadate for session effects. The least-squares
parameter estimates of the height of the bestdttianonical HRF for each study condition were
used in pairwise contrasts. Contrast images frach sabject were submitted to group analyses.
At the group level, whole-brain contrasts betweenditions were computed by performing one-

samplet tests on these images, treating participants asdom effect. Brain coordinates
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throughout the text, as well as in tables and &guare reported in MNI atlas space (Cocosco et
al. 1997).

Region-of-interest (ROI) analyses were performeith wie MARSBAR toolbox for use
with SPM8 (Brett et al., 2002). Based on previoasrnimaging evidence, we functionally
selected five left-lateralized regions, includpegstriangularis (BA 45; center of mass = -48 27
14; volume = 9776)pars orbitalis (BA 47; center of mass = -40 30 -7; volume = 2t6¢e’),
pars opercularis (BA 44; center of mass = -49 11 18; volume = 648#°), STG (BA 22; center
of mass = -51 -44 7; volume = 783 frand inferior parietal cortex (IPC) (BA 40; centdr
mass = -30 -54 46; volume = 1984 MnAll these regions consisted of active voxelstified
from the whole-brain contrast All > Null across péirticipantsg < .001 false discovery rate
(FDR) corrected.

Given recent evidence emphasizing the strong subject variability in the location of
the left vOT region involved in reading (Glezeaét2009, 2013; Vogel et al. 2012), in the
present study we identified the left vOT followitigee different criteria: Ujterature ROI
(litROI) or ROI identified based on a prior metaagysis of reading studies (Jobard et al. 2003),
building a 5-mm radius ROI sphere centered at 584-15 MNI coordinates; 2) based on the
group activation (gROIs), performing a whole-brain analysis acm@sgarticipants for the
contrast Words > Nullg< .01 FDR; masked with Words > Consonant Stripgs,05
uncorrected) and identifying a) the highest T valughin the fusiform gyrus (FG) and b) the
highest T value within the FG closest to Cohen’s RAMdefinition (x = -43,y =-54, z = -12;
Cohen et al. 2002) to build 5-mm radius sphere R@igered at those values; and 3) based on
individual ROIs (iRQIs), following the same approach describedliergROIs but identifying

each of the local maximas to build the 5-mm ragpisere ROIs for each criteria at the
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individual level and extracting the parameter eatems for each region at the single-subject level.
The thresholding for these ROIs were Words > Nwk (05 FDR; masked with Words >
Consonant Stringy < .01 uncorrected).

Thus, for theggROI andiROI approaches, masking the Word > Null contrast Witrds
> Consonant Strings allowed us to seek for activatin the left vOT that were related to
identifying series of familiar strings. Moreoveoy thegROI andiROI approaches, we also
sought to examine whether the manner in whichdbalImaxima within the left vOT is selected
can determine the pattern of observed resultsigagkt T value within the FG; and, b) highest T
value within the FG closest to Cohen’s VWFA defunit

We assessed functional connectiwitg the beta correlation method (Rissman et al.,
2004), implemented in SPM8 with custom Matlab dgstiphe canonical HRF in SPM was fit to
each occurrence of each condition and the resysmgmeter estimates (i.e., beta values) were
sorted according to the study conditions to producendition-specific beta series for each
voxel. Two different functional connectivity anadgwere performed: 1) pairwise connectivity
between regions of interest within the ventral dadsal reading networks; and 2) whole-brain
functional connectivity with a left vOT seed region

First, for the pairwise analysis we calculated tssdes correlation values for each pair
of ROIs, participant and condition. Since the datien coefficient is inherently restricted to
range from -1 to +1, an arc-hyperbolic tangentdfarm (Fisher 1921) was applied to these beta-
series correlation values to make its null hypathsampling distribution approach that of the
normal distribution. Then, with the aim of testifog dorsal versus ventral differences in
functional connectivity strength as a function af experimental design, these Fisher's Z

normally distributed values were submitted to aedinodel analysis of variance (ANOVA)
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including Group (Spanish-English vs. Spanish-Basgee between-subjects factor and
Network (ventral vs. dorsal), Language (L1 vs. [P3sk (perceptual vs. semantic) and Stimuli
(words, pseudowords and consonant strings) asnagthibject factors. The selected ROIs for
these functional connectivity analyses includedpieviously-described left-lateralized regions
identified at the group level (i.garsorbitalis, triangularis, opercularis, STG, IPC) and the
individually identified left vOT iROls based on theghest T value within the FG. To ensure that
differences between dorsal and ventral networksauchyos were not determined by differences in
the cluster size of the functionally defined RQg, used 5-mm radius spheres centered at the
highest local maxima for all the ROls.

Second, for the whole-brain functional connectiahalysis, the beta series associated
with the left vOT IlitROI seed were correlated witbixels across the brain to produce beta
correlation images. Contrasts between beta coiwalahages were also subjected to an arc-
hyperbolic tangent transform to allow for statiatimference based on the correlation
magnitudes. Group-level and two-sample t-tests wertormed on the resulting subject contrast

images to produce group correlation contrast maps.

Results
Behavioral and fMRI results
Participants responded to the go trials during®hiel task with an overall percentage of
90.18%, indicating that they paid attention to tdek.Both groups responded to the same go
trials across conditions. We performed two sepayateway ANOVAs with Group (Spanish-
Basque bilinguals, Spanish-English bilinguals)reskietween-subjects factor, with accuracy and

the average RTs on the in-scanner go trials adgpendent measures. These analyses did not
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reveal any effect of the factor Group either focwaacy, F(1, 34) =.74p = .40,/7|o2 =.03), or
for the reaction timeR(1, 34) = 1.13p = .30,7,”° = .04) measures.

To identify brain regions associated with readingcpsses across all participants and
factors in the experimental fMRI design, we comgudevhole-brain contrast for All trials >
Null (see Figure A). Consistent with prior neuroimaging evidence .(d.gu et al. 2008), this
contrast revealed the involvement of a predominydatt-lateralized set of regions including
parstriangularis (BA 45), parsorbitalis (BA 47),pars opercularis (BA 44), STG (BA 22), IPC

(BA 40), and vOT (BA 37).

Whole-Brain Contrast: All > Null

Selected ROIs

N' APC

= f:’,
E V \‘STG;
Orb‘ ‘J/ ‘vO{'fl

P

Figure 1. Brain renderings showind\) activations for the All > Null whole-brain consita

across all subjects at a statistical threshold ©f@01 FDR-corrected and z-axis slice section for
vOT cortex, andg) location of the selected left-hemisphere ROIdinithe ventral reading
network (yellow shades), includin@grstriangularis, parsorbitalisand vOT, and within the
dorsal reading network (green shades), inclugerg opercularis, STG y IPC for the dorsal
reading network. Tri. parstriangularis, Orb. =parsorbitalis; vOT = ventral occipitotemporal
cortex; Oper. Fparsopercularis; STG = superior temporal gyrus; IPC = inferioriptal cortex.
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ROI analyses

We conducted ROI analyses to characterize theadiivprofile of regions o priori interest

for the main experimental conditions: Group (Splatisglish vs. Spanish-Basque), Language
(L1 vs. L2), Task (perceptual vs. semantic), anoh@t, (words, pseudowords and consonant
strings). To avoid potential biases in the pattefresctivation observed in these ROI analyses,
these regions were selected from the general whralie- All > Null contrast across all subjects,
g < .001 FDR corrected, which yielded activationsnost of the left-lateralized key regions
involved in reading processes: IFG, posterior Sinyior parietal cortex and vOT (see Figure
1B). Also, given the importance for the present stafithe differential involvement of left IFG
subregions in reading processes and evidence tirdjdaatpars opercularisis part of the

dorsal reading network and thars orbitalis andtriangularis are part of the ventral reading
network, we sought to separately examine the patteactivation within these IFG regions.
Thus, we extracted fMRI parameter estimates froes¢tROIls and conducted hypothesis-driven
analyses based on 2 (Group: Spanish-Basque, Sganggish) X 2 (Language: L1, L2) X 2
(Task: perceptual, semantic) x 3 (Stimuli: wordseydowords, consonant strings) mixed-model
ANOVASs, with the last three factors varied withinkgects. Here, we just describe the ROI
results for the higher order interactions spedifyaalated to the main study hypotheses. Table 2

summarizes all the significant main and interacéffects that emerged in these analyses.

16



Table 2. Summary of the statistically significaffeets observed in the ROI analyses of regions

along the dorsal and ventral reading streams.

Coordinates Main effects and

Region-of-interest (ROIS) (center of mass) interactions p values
X oy z
Dor sal-stream regions
Left pars opercularis (BA 44) -49 11 18 Group p<.05
Language p<.05
Stimuli p <.001
Group X Stimuli  p<.01
Language X
Stimuli p <.001
Task X Stimuli p<.01
Left superior temporal gyrus (STG; BA 22) -544- 7 Group p<.01
Language p<.05
Stimuli p <.001
Group X Stimuli p<.01
Language X
Stimuli p<.01
Left inferior parietal cortex (IPC; BA 40) -3054 46 Language p <.001

Group X Stimuli  p<.05
Ventral-stream regions

Leftparstriangularis (BA 45) -48 27 14 Stimuli p <.001
Language X
Stimuli p<.05
Task X Stimuli p<.05
Leftparsorbitalis (BA 47) -40 30 -7 Language p<.05
Stimuli p <.001
Language X
Stimuli p<.01
Left vOT (BA 37)* -44 -58 -15 Language p<.01
Stimuli p <.001
Language X
Stimuli p<.01

Task X Stimuli p<.01

* Left vOT was localized using different approacliies., litROI / groupROI/ iROI). Here the
reported coordinates correspond to the litROI. Resvere similar across the approaches used to
define this region.
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Dorsal regions

Left pars opercularis. The ANOVA for this region revealed Group X StimyF(2, 66) =
5.25,p < .01,77,° = .14) and Language X StimuF(2, 66) = 11.30p < .001,7,> = .25)
statistically significant interactions (see Fig@)e Post-hoc analyses showed that@neup X
Simuli interaction was due to a stronger engagemeniofeigion for pseudowords by the
group with transparent L1 and L2 (i.e., Spanishefdia3 relative to the group with transparent L1
and opaque L2 (i.e., Spanish-Engligh)}(.05), in line with hypothesis II. With respeotthe
Language X Stimuli interaction, simple-effect analyses also revegledter activation for L2
words than L1 wordgx(< .001), confirming hypothesis I. Also, consisteiith our prediction
(hypothesis 1V), this region was more strongly eyeghfor pseudowords than words in L1

reading p < .001).

Dorsal Regions . Ventral Regions

L1
W2

Pars Triangularis (BA 45) Pars Orbitalis (BA 47)

Language X Stimuli

Figure 2. ROI analyses for left-lateralized regions witthie dorsal and ventral reading network.
A) Dorsal regions showed Group X Stimuli and LargguX Stimuli interactions ipars
opercularis (-49 11 18; BA 44) and STG (-51 -44 7; BA 22), d&aaup X Stimuli interaction in
IPC (-30 -54 46; BA 40). B) Ventral regions withime left IFG, includingpars triangularis (-48

27 14; BA 45)parsorbitalis (-40 30 -7; BA 47), showed Language X Stimuli ratgions. Bar
graphs show averaged parameter estimates (% sigaage) for these interactions as a function
of Group/Language and Stimuli. Asterisks within geaiphs indicate comparisons that showed
statistically significant differences in % signalange s < .05). Consts. = consonant strings;
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Oper. =parsopercularis, STG = superior temporal gyrus; IPC = inferioriptal cortex; Tri. =
parstriangularis, Orb. =pars orbitalis.

Left STG. Results for this region revealed statisticallyngigant Group X Stimuli (2, 64) =
6.72p < .01,77,° = .17) and Language X StimuF(2, 64) = 4.8 < .01,7,° = .13) interactions
(see Figure 2). Post-hoc comparisons forGheup X Simuli interaction revealed that the group
with transparent L1 and L2 (i.e., Spanish-Basqghejv&d a stronger activation for words and
pseudowords than the Spanish-English group, wherie transparent and L2 is opaqgpe<(

.05). Simple-effect analyses for thanguage X Stimuli interaction showed greater activation for
L2 words than L1 words, and no other significarfiteslence between L1 and L2 for the other
Stimuli conditions s > .05). Additionally, within the L1, pseudowordsa#ied higher activation
than words§ < .001). These results are consistent with hysaé and 11, and qualified our
prediction of stronger engagement of this regiorpisudowords relative to words, which was
observed only for L1 reading (hypothesis V).

Left IPC. The ANOVA for this region revealed a statisticadignificantGroup X Stimuli
interaction F(2, 58) = 3.60p < .05,/7p2 =.11; Figure 2). Simple-effects analyses showead t
consistent with hypothesis Il, this interaction wdag to a stronger recruitment of this region for
words and pseudowords than for consonant strinysimthe group of Spanish-Basque

bilinguals ¢ < .05).

Ventral regions
Left parstriangularis. ROI results for thisegion revealed a statistically significant
Language X Simuli (F(2, 56) = 6.26p < .05,l7p2 = .18) interaction. Simple-effect analyses

revealed that this interaction was due to stroagévation for L2 words than L1 wordp €
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.001; Figure 2), in line with hypothesis I. In cadt, no differences between L1 and L2 were
found for the other Stimuli conditionpg> .05). Moreover, lefparstriangularis was more
strongly engaged for words than pseudowords il.eh@ < .01). These differences were not
observed in the L1p(= .20).

Left parsorbitalis. The ANOVA for leftparsorbitalis also showed hanguage X Stimuli
statistically significant interactior=(2, 46) = 5.76p < .01,/7p2 = .20; see Figure 2). Simple-
effect analyses revealed that this interaction dvaesto a stronger recruitment of this region for
words in the L2 relative to words in the Ld < .001), confirming hypothesis |. No other stimuli
conditions showed differential engagement for L2l\s Also, L2 words showed greater
activation than L2 pseudowords< .01). In contrast, the L1 pseudowords elicitesbggr
activation than L1 word9(< .01).

Left vOT. Due to recent evidence emphasizing the strong-gubject variability in the
location of the left vOT (Glezer et al. 2009, 20139re we used three different criteria to
identify this region: 1)itROI; 2) gROIs, identifying the a) highest T value within the B&d the
b) highest T value within the FG closest to Coh&f/¢FA definition (Cohen et al. 2002); and,
3) iROIs, following the same approach describedtiegROIs but identifying each of the local
maxima to build the ROIs at the individual levetaxtracting the parameter estimates for each
region at the single subject level (9éethods section for further details).

The ANOVA carried out for th&tROI revealed statistically significant Language X
Stimuli (F(2, 62) = 6.29p < .01,77," = .17) and Task X StimulF(2, 62) = 5.50p < .01,7,° =
.15) interactions (Figure 3). Post-hoc analysedhfetanguage X Stimuli interaction revealed
that this region was more strongly engaged for wamttl consonant strings in L2 than in p$ (

<.05), in line with hypothesis I. This Languagéeet was not observed for pseudowords.
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Additionally, L1 pseudowords recruited this regrmore strongly than L1 wordg € .01); an
effect that was not present in 2% .30).

Regarding th&ask X Simuli interaction, this left vOTitROI showed the Task effécior
stronger activation for words in the semantic-tiwn in the perceptual-tagi € .001), in line
with hypothesis Ill. This effect was not observedpseudowords and consonant strings (
.20). Moreover, words also showed higher activatian consonant strings only in the semantic-
task p <.001), an effect that was not observed in threggaual taskg = .60).

Four separate ANOVAs for thgRROIs andiROls identified based on the highest T value
within the FG and on the highest T value within Bt closest to Cohen’s VWFA definition
were also conducted. In line with what we obsetivetielitROI analysis, in all these ANOVAs
interactions involving Language X Stimuk(@, 60)> 4.10,ps < .05,/7p2 >.10) and Task X
Stimuli (F(2,60)> 6.50,ps < .05,7,>> .17) emerged.

To test for potential differences between theseR&@ definitions and the selection of
their local maxima, we carried out two separatR@I(approachgROIs vs.iROIs) X 2 (Local
maxima selection: highest T value vs. highest Tiealosest to Cohen’s VWFA) repeated
measures ANOVASs, one for the language effect @eiyation for L2 words minus activation
for L1 words) and one for the task effect (i.etj\ation for words in the semantic task minus
activation for words in the perceptual task). Thasalyses revealed no statistically significant
main effects or interactions for the ROl approaesti Bocal maxima selection factors for the

language effectHq (1, 28)< 4.22,ps > .05,/7p2 <.13), or for the task effect analys&gl(, 28)<

1.35,ps= .26,/7p2 <.05). Figure 3 shows ROI activations §Ols andiROIs where local

! This Task effect for word reading also emergeléfnpars opercularis andtriangularis ROIs (see Table 2). As
indicated at the beginning of tiR®I Analyses section, here we just describe the higher orderagtions related to
our main hypotheses and, therefore, results retatemsk demands are restricted to analysis inmglthe left vOT.
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maxima were selected based on the highest T vathenwhe FG, at the group or at the
individual level, respectively. Thus, regional aation of the left vOT was modulated by
language and task effects. These results werestenly confirmed across the different criteria

used to identify this region, in line with hypotleed and IIl.

Left vOT
ROIs

——

Language X Stimuli

|

e————
B
P
8
g
g
E
o
g
2
=———

ESPerceptual Task
D SemanticTask

Task X Stimuli

""Words Pseudo Consts
litROI

Figure 3. Left vOT ROI analyses based on three differeptragches: Literature-based ROI
(litROI), group-based ROIs (gROIs), and individyalefined ROIs (iROIs). Bar graphs show
averaged parameter estimates (% signal chang#)dse three left vOT ROI definitions as a
function of Language/Task and Stimuli. For gROId &Ols the bar graphs show results for
ROIs where local maximas were selected based omghest T value within the FG, at the
group or at the individual level, respectively. iR$aw. = pseudowords; Consts. = consonant
strings.

Functional connectivity within dorsal and ventral reading networks
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Here, we sought to investigate differences in ta@pwmoupling between nodes within the main
dorsal and ventral reading networks as a functid@roup (Spanish-English vs. Spanish-
Basque), Language (L1 vs. L2), Task (perceptuatesiantic), and Stimuli (words,
pseudowords and consonant strings). To do so, e the beta-series correlation method
(Rissman et al., 2004), building 5-mm-radius spheentered at the highest local maxima within
the previously-described left-lateralized ROIs (S&thods section for further details).

Fisher z-score transformed beta-series correlaatues between all nodes within the
ventral parstriangularis, parsorbitalis, vOT) and dorsalpars opercularis, STG, IPC) reading
networks (Figure A) for each condition in our experimental designevaveraged and submitted
to mixed-model ANOVAs including Group (Spanish-EelQlvs. Spanish-Basque) as a between-
subjects factor and Network (ventral vs. dorsafinguage (L1 vs. L2), and Task (perceptual vs.
semantic) as within-subject factors. Based on mudence supporting differential involvement
of these reading networks as a function of stirtyyde, we carried out three separate ANOVAs
for words, pseudowords and consonant stfirifise ANOVA for word stimuli revealed
statistically significant Network X Languagg((, 35) = 4.19p < .05,/7p2 =.11), and Network
X Task E(1, 35) =8.88p < .01,/7p2 = .20) interactions. In contrast, these interaxgidid not
emerge for the pseudowords({, 35)< 1.01,ps> .30,/7p2 <.03) or the consonant strindgs({,
34)< 1.30,ps> .26, 77,° < .04).

Post-hoc analyses for the Network X Language iotena for word stimuli revealed a

statistically significant decrease in the streraftfunctional coupling in the dorsal network for

2 We also conducted the full ANOVA including Stima a within-subject factor. This analysis reve&letivork
X Language X Stimulif(2, 68) = 4.42p < .05,/7p2 =.12), and Network X Task X StimulF(2, 68) = 7.07p < .01,
/7p2 =.17) as the highest order interactions. Theseltialso support carrying out separate ANOVAsefach
stimuli type.
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reading words in L2 relative to Lp € .001; see FigureAdl). This effect was not observed in
the ventral network, which showed similar connattistrength for word reading in the L1 and
L2 (p =.10). The Network X Task interaction for wordhaili was due to a statistically
significant increase in the coupling strength betmveodes within the ventral network for the
semantic task relative to the perceptual tgsk (01; Figure A.2). This Task effect was not
observed in the dorsal network£ .75). Thus, whereas functional connectivity egw regions
within the dorsal network was modulated by Languagewing stronger coupling for reading
words in L1 than in L2, functional connectivity leten regions within the ventral network was
modulated by Task demands, with stronger couplbggoved for the semantic than for the
perceptual task.

These results confirmed and qualified our predicioypothesis V), showing a stronger
functional coupling for L1 relative to L2 only ihé dorsal network and stronger connectivity

among regions along the ventral network for semargrsus perceptual word reading.

A. Average coupling strength within reading networks B. Whole-brain functional connectivity with left vOT

B.1 Within-groups I Spanish-Basque

Spanish-Basque Il Spanish-English

B.2 Between-groups

1.10

A1 Network X Language A.2 Network X Task

Ventral

——Dorsal - Spanish-Basque >
L Spanish-English

Spanish-English >
- Spanish-Basque

Perceptual Task Semantic Task
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Figure 4. Functional connectivity analyses for ventral dodsal reading networks. (A) A
schematic sagittal view of the regions within db{geeen) and ventral (yellow) reading
networks and the pairwise connections among thamabre submitted to functional
connectivity analyses. All nodes correspond to 5-radius spheres centered at the highest local
maxima for left-lateralized regions identified bhetgroup level (i.eparsorbitalis, triangularis,
opercularis, STG, IPC) and at the individual level (iROIs) toe left vOT, based on the highest
T value within the FG. Line graphs show averagepting strength (i.e., mean z-transformed
values of the beta-series correlation) for procegsiord stimuli for the (A.1) Network X
Language and (A.2) Network X Task interactions.efisks indicate comparisons that showed
statistically significant differences in averagesgth of functional connectivityp$ < .05). (B)
Left-hemisphere brain renderings showing wholefbfanctional connectivity maps with left
vOT for the contrast Words > Null (B.1) separatelythe Spanish-Basque (in green) and
Spanish-English (in yellow) groups at a FDR-cordditatistical threshold gf< .0001 (top
panel) and (B.2) between-group Spanish-Basque riSp&nglish (in green) and Spanish-
English > Spanish-Basque (in yellow) comparisors BDR-corrected statistical thresholdjof

< .05 (bottom panel). Tri. parstriangularis; Orb. =parsorbitalis, vOT = ventral
occipitotemporal cortex; Oper.parsopercularis, STG = superior temporal gyrus; IPC =
inferior parietal cortex.

Whole-brain functional connectivity with left vOT

The implementation of additional phonological arthantic processes supporting reading in
transparent and opaque orthographies (e.g., Paetedu2000) depends upon initial stages of
visual word recognition thought to be carried oytddt vOT (Twomey et al. 2011). Therefore,
we sought to use whole-brain functional connegtisethods to identify brain regions that were
recruited in concert with left vOT during word réaglas a function of L2 orthographic depth.
To do so, the beta series associated with the@TtlitROI were correlated with voxels across
the brain to produce beta correlation images. Gteuel t-tests were performed on the resulting
subject contrast images to produce group correlaimtrast maps for reading words relative to
baseline, separately for the group of bilingualghwi transparent L2 (i.e., Spanish-Basque) and
for the group with an opaque L2 (i.e., Spanish-i&mjlat a statistical threshold gk .0001

FDR-corrected.
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The analysis for the group with a transparent v2aéed coactivations extending
anteriorly from left vOT to lateral temporal corté7 voxels in superior temporal gyrus, BA 22;
26 voxels in middle temporal gyrus, BA 21), as veallcoactivated clusters in left parietal cortex
(76 voxels in IPC, BA 40; 30 voxels in supramargigaus, BA 40), IFG (37 voxels ipars
opercularis, BA 44) and middle frontal gyrus (10 voxels, BA8] see FigureB1). In contrast,
the analysis for the group with an opaque L2 reagtaktended coactivations anteriorly from the
left vOT to posterior lateral temporal cortex (3¥els in middle temporal gyrus, BA 21; 35
voxels in inferior temporal gyrus, BA 22), as wadl coactivated clusters in left IFG (81 voxels
in parstriangularis, BA 45) and middle frontal gyrus (23 voxels, BAI6). Thus, as expected,
whereas regions along the dorsal reading netwaresd tight coupling with left vOT for the
group with a transparent L2, regions along thena¢mnéading network were strongly coactivated
with left vOT for the group with an opaque L2. Innfamtly, this pattern of coupling dynamics
with left vOT as a function of L2 orthographic dejatiso holds for the contrast involving reading
L2 words versus resting baseline (at a slightlydostatistical threshold @f< .005 FDR-
corrected due to the lower number of observatiortkis analysis) but this was not the case for
the contrast involving reading L1 words versus baseThese results strongly support our
predictions (hypothesis V, in line with hypothel)sshowing a clearly segregated profile of
coactivations during L2 word reading along the dbpathway for the group with a transparent

L2 and along the ventral pathway for the group vathopaque L2.

Finally, we conducted a two-sample t-test comparieo the whole-brain functional
connectivity with left vOT for reading words rehatito baseline, which confirmed significant
between-group differenceg € .05 FDR-corrected) in the coupling strengthhef keft vOT with

regions along the dorsal stream for the compar&umamish-Basque > Spanish-English and along
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the ventral reading pathway for the comparison §paBnglish > Spanish-Basque (Figure

4B.2).
Discussion

The present study aimed to investigate bilinguatinreg and the contributions of the native
versus non-native language (L1, L2), L2 orthogramglapth (transparent, opaque), task demands
(perceptual, semantic) and stimuli type (wordsups&ords, consonant strings) to the regional
activation and functional connectivity of areashimtdorsal and ventral reading networks. To
this end, we tested two groups of late bilinguadgahed in terms of their L1 and L2 proficiency
levels, daily exposure to their L1 and L2, ageafuasition of their L2 and minimal exposure to
other languages, and differentiated in terms ofbtfileographic depth of their L2 (transparent vs
opaque).

Our findings support a division of labor betweemtral and dorsal reading networks in
bilingual reading. In line with our main hypothese® found evidence from both regional and
functional connectivity analyses indicating 1) effeof the native versus non-native language
(i.e., factor Language: L1 vs. L2) with strongesrtetment of regions for word reading in L2
relative to L1, as well as stronger pairwise fumgél coactivation among regions within the
dorsal reading network for word reading in L1 ver&2; 2) L2 orthographic depth (i.e., factor
Group: Spanish-Basque vs. Spanish-English) wasi@adsed with differential engagement of
areas along the dorsal pathway across languagdssihdemands, being more strongly engaged
for participants in the Spanish-Basque group tloamparticipants in the Spanish-English group,
as well as stronger whole-brain functional conntgtiduring L2 word reading between the left
vOT and the dorsal regions for the group with agparent L2 and between the left vOT and

ventral regions for the group with an opaque L2s&nantic reading demands relative to
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perceptual reading demands (i.e., factor Task: saoas. perceptual) elicited stronger
recruitment of the left vOT across the several méttogical approaches used to identify this
region, as well as stronger pairwise functionalraativity between regions within the ventral
reading network; and, 4) stronger activation fazymowords relative to words (i.e., factor
Stimuli: words, pseudowords, consonant strings$gfinpars opercularis and left STGdorsal
regions during L1 reading, in line with evidencewing the involvement of dorsal stream
regions on reading processes that rely on phormdbgomputations. These main findings are
discussed below in four sections related to thenrhgpotheses and factors manipulated in the
study: Language being read (i.e., Language), Ll2ographic depth (i.e., Group), task demands
(i.e., Task), and stimuli type (i.e., Stimuli). Hythesis V (relating to functional connectivity) is
discussed throughout the four sections wheneveintmgs from the functional connectivity

analysis are relevant to the factor in question.

Language effects (L2 > L1) across ventral and dorsal regions and strengthened coupling within

the dorsal stream for L1 reading

L1 and L2 word reading differentially activated i@ts across both ventral and dorsal
streams. As predicted by hypothesis I, all IFGaorgj STG, and vOT showed greater regional
activation for reading words in L2 than in L1. Tleifect is thought to be determined by the
increased effort required to read in L2 in laténigilials (Yetkin et al. 1996; Wartenburger et al.
2003) and is consistent with the linguistic problieour participants, whose L2 proficiency level
is high but still lower than their L1 proficiendgegarding the effects on left vOT of the
language used to read, previous reading studiégsmonolingual samples suggested that

activation in this region can be tuned by languaxaerience (Xue et al. 2006; Song et al. 2010;
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Xue et al. 2010). Our results suggest that this s¢ems to be the case in late bilinguals who
showed stronger left vOT engagement for readingla/or the L2 relative to the L1 across all

the ROI approaches used to identify this region.

Our functional connectivity results support andliyanferences from the regional
activation data regarding language effects, in\Wwitd hypothesis V. Functional co-activation
between regions within dorsal and ventral netwevls similar for L1 word reading, but it
decreased significantly for L2 relative to L1 irettiorsal stream. Stronger coactivation for L1
relative to L2 reading can be explained based erptlor history of coactivation among these
brain regions, in line with a Hebbian-like learninde (Hebb 1949; Harmelech et al. 2013). This
is especially plausible for a cognitive functiorckias reading that we train on a daily basis and
for comparisons involving L1 versus L2 in late bguals. Nevertheless, our data showed that
this difference in the coactivation among regiamsréading words in L2 relative to L1 was only

statistically significant in the dorsal stream.

Prior research suggests that L2 is acquired throliglsame neural pathways responsible
for L1 acquisition (Perani and Abutalebi 2005). Ating to Pugh et al.’s (2001) brain model of
reading, when new words are read they are initeglsigned to the dorsal pathway for the correct
integration of semantic, orthographical, lexicadl gahonological processes. Then, once they are
learnt, words are mainly read by means of the aéptathway for rapid word identification,
which is the main process involved in reading. Thioe use of the available neural scaffolding
from the L1 may contribute to making reading inle&s dependent on the specific computations

carried out between all the nodes within the donsalvork.
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L2 Orthographic depth modulates regional activation and functional connectivity along the

dorsal and ventral reading networks

Consistent with hypothesis Il, all regions along tlorsal pathway showed greater activation for
the group with a transparent L2 relative to theugravith an opaque L2. Neuroimaging studies
on reading have previously suggested that theadativin the dorsal areas examined here is
strongly related to phonological processing (Buelsh and D’Esposito 2008; Graves et al.
2008). Specifically, the IPC has been previousliidd to the phonological loop (Paulesu et al.
1993). In fact, in prior studies using bilinguaihgaes, second-language phonological contrast
has also shown parietal cortex engagement (Catlah 2003; Das et al. 2011). With respect to
the STG, Meschyan and Hernandez (2006) found hiateégion was more strongly engaged for
reading in a transparent (Spanish) than in an apadghography (English). However, this
finding included both the effects of language tparency and native versus non-native
language, since Meschyan and Hernandez’s (2006Y staluded only one group of participants
with a transparent L1 and an opaque L2. In thegotestudy, we varied the orthographic depth
of the L2 between groups, while controlling for ficncy and language (L1, L2) exposure. Our
results of stronger engagement of dorsal regionthéogroup with both transparent languages
(i.e., Spanish-Basque) reflect the sensitivityagfions within this network to sublexical
orthography-to-phonology conversions, probably @uthe more consistent grapheme-to-

phoneme mapping of orthographically transparergdages (Paulesu et al. 2000).

Nevertheless, it is important to note that resoftthe present study did not fully support
our hypothesis Il in regard to stronger engageroerggions along the ventral network for the
group with an opaque L2 compared to the group @ittansparent L2. Having a group with

mixed (transparent and opaque) orthographies maghice the sensitivity of the design to
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capture this regional modulation in the engageméateas along the ventral network. Prior
studies testing monolinguals with either an opamjue transparent L1 suggest that this may

indeed be the case (e.g., Paulesu et al., 2000).

Given previous evidence suggesting that orthogagépth has an impact on the
semantic and phonological computations neededutmressful reading (e.g., Das et al., 2011)
and that the left vOT is a critical hub for viswadrd recognition (e.g., Twomey et al. 2011), we
considered that the left vOT may be a critical oagio observe differential functional dynamics
with ventral and dorsal reading networks. Thugine with hypothesis V and in contrast to the
connectivity analysis circumscribed to the funcéibcoupling within each of the reading
networks, we conducted whole-brain connectivitylgsia using the left vOT as a seed to
examine the profile of functional coactivation bdea L2 orthographic depth. This analysis
revealed strikingly distinct profiles in the coupdiof left vOT with regions along the ventral
network in the group with an opaque L2, on the loaed, and with regions along the dorsal
network for the group with a transparent L2, ondtieer. Importantly, these results were
observed during word reading, with further analys@cating that this pattern of coactivation

with left vOT holds for word reading in L2, but nfor word reading in L1.

These findings are consistent with evidence suggestat transparent orthographies
with strong letter-to-sound mapping rely more omsdbregions and that opaque orthographies
rely more on lexico-semantic processes carrieguegions along the ventral pathway
(Paulesu 2000; Das et al. 2011). Moreover, thegmtesvidence highlights the importance of
examining not only functional connectivity among thain nodes within the reading networks,

but also with the left vOT.
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Semantic reading demands €licit stronger left vOT engagement and functional connectivity

among regions within the ventral stream.

Within the ventral stream, special attention wasl pathe present study to the left vOT. It has
been suggested that this region is involved ingssing prelexical representations of visual
word forms (Dehaene et al. 2002). However, othewsihave challenged this interpretation,
based on evidence indicating that left vOT alsdigpates in top-down predictions mediated by
feedback connections interacting with bottom-upssepninputs (Price and Devlin, 2011; see
also Carreiras et al. 2014). To further unravelbat extent this region is sensitive to task-
related modulations in bilinguals, in line with lotpesis 11, we manipulated reading demands in
our fMRI experimental design. To our knowledgestisithe first study to examine in bilinguals
whether the activation profile of the vOT differs afunction of perceptual versus semantic
reading tasks using a within-subject manipulatMoreover, based on recent evidence (Glezer
et al. 2009; 2013), here we sought to examinedfgmnal activation of the vOT attending to
different criteria to identify the area: coordirgfeom a prior meta-analysis and activation at the
group and individual subject levels. It has beeggssted that there is a strong inter-subject
variability in the location of this region, probgldue to its rapid re-adaptation to support a
phylogenetically new skill (Dehaene and Cohen 2@bUhali et al. 2014). This variability may
have given rise to the mixed results and interpiceia put forward in previous studies in regard

to the putative role of this region in reading (£Z&eet al. 2013).

Importantly, across the different approaches usdhda present study to identify the left
vOT (i.e., litROI, gROIs and iROIs), our resultsscstently revealed that task effects modulated
its pattern of regional activation. Since experitaéatimuli were carefully matched across both

tasks, this effect cannot be due to purely preadomputation processes. Modulation of vOT
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activation by reading demands suggests that tgismentegrates bottom-up with higher order
information in line with the interactive accountddin et al. 2006; Price and Devlin 2011).
Moreover, the consistency of the effects obseraddft vOT across the different localization
strategies used here provide strong evidencehbagetfindings are not a mere topographic

artifact.

Finally, in line with hypothesis V and previous @snce highlighting the role of the
ventral reading stream in semantic processing, lvgemwed stronger coupling among nodes
within the ventral network for word reading undemantic versus perceptual demands. A
remaining open question is to what extent usingaaing task that further taxes phonological
computations, such as a rhyming reading task @apth et al., 2006; Cao et al., 2013), would
yield stronger coupling among nodes within the dbongetwork relative to a semantic reading
task. Future neuroimaging research on bilingualirepshould further characterize the impact of

reading demands on the dynamics of ventral ancatioFading pathways.

Stronger engagement of pseudowords versus words in dorsal regionsfor L1 reading

The language used to read (L1, L2) interacted stithuli types, revealing relevant results for
comparisons involving words and pseudowords inoregalong the dorsal netwoiRars
opercularisand STG were more strongly recruited for pseudowtndn words in L1 reading,
while this effect was not present in L2 readinge pars opercularisand STG are known for

their involvement in phonological decoding (Zatoeteal. 1992; Simos et al. 2002). As
pseudowords have no stored semantic representati@ysmay activate phonological processes
more strongly because the phonological associatiomtess readily retrieved (Price et al. 1996).

Thus, greater engagement of these regions for pgeards likely reflects phonological decoding
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or examining the correspondence between graphemadeghinemes to compute word and

pseudoword pronunciation.

Additionally, stronger engagement for pseudowoh@s twords during L1 reading was
observed irpars orbitalis. Extensive evidence has linkpdrs orbitalis with increasing demands
on semantic retrieval in the context of conflicg(eBadre and Wagner 2007; Ye and Zhou
2009; Nosarti et al. 2010). Pseudowords may alswilyerecruit related semantic
representations because of a more prolonged sgarttte missing meaning (Mechelli et al.
2003). The fact that this effect in thars opercularis, STG andoars orbitaliswas only present
in L1 reading may be due to further attempts tonahagically decode and retrieve
representations in the native language. Althoughetlts prior evidence showing higher
activation for pseudowords than words in theseoregg{Hagoort et al. 1999; Burton et al. 2005),
this is the first study showing that this effecpiesent in L1 but not in L2 reading. These results

partially confirmed, and qualified, hypothesis IV.

These findings have implications for the teachifigeading in a second language and for
second language acquisition generally, in line witidies that have stressed the importance of
taking into account languages’ specificities, sastorthographic depth (e.g., Ziegler et al.,
2010), in educational reading practices (e.g., §H2008). In transparent languages, most letters
represent one sound and, therefore, it is easiréss letter-sound conversion rules when
teaching transparent L1 and L2 languages. Conwertded strategy might not be the most
optimal for learning to read in opaque languagére the same letter can be associated with
more than one sound, especially when individuath witransparent L1 are taught to read in an
opaque L20ur findings also have implications for currentdhes and debates within the field

of the neurobiology of language, paving the roaddaher examinations of functional
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interactions among dorsal and ventral reading netsvim samples with different language

profiles.

Conclusion

Regional and functional connectivity data reveaetivision of labor between dorsal and ventral
reading networks in a sample of late Spanish-BaagdeSpanish-English bilinguals, both
groups matched in their proficiency and daily expedo L1 and L2. Although reading in L1

and L2 appears to rely on the same neural netwark®bserved stronger overall regional
activation for L2 versus L1 reading and strongarptimg among dorsal regions for L1 versus L2
word reading, suggesting that L2 reading is suggbloly the preexisting L1 architecture but is
more dependent on regional computations and lggndent on the processes carried out by the
dorsal stream. L2 orthographic depth was associaitidstrikingly differentiated profiles of left
vOT coactivation with dorsal regions for the grawigh a transparent L2 and with ventral

regions for the group with an opaque L2. This iaths that the left vOT is critical to further
evince differential functional coactivations invet¥in phonological and semantic computations
required for successful L2 word reading as functblanguage orthography. Results from the
task demand manipulation (semantic versus percieqgaading) supported the interactive account
of left vOT and revealed that reading for meangdytio stronger coactivation between regions
within the ventral network. The present study pdeg novel insights into how the bilingual

brain reads, a matter of growing theoretical angliag interest, especially given that

bilingualism is increasingly common in today’s wbrl
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