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Abstract

Reading has been shown to rely on a dorsal brain circuit involving the temporoparietal cortex
(TPC) for grapheme-to-phoneme conversion of novel words (Pugh et al., 2001), and a ventral
stream involving left occipitotemporal cortex (OTC) (in particular in the so-called “visual word
form area”, VWFA) for visual identification of familiar words. In addition, portions of the inferior
frontal cortex (IFC) have been posited to be an output of the dorsal reading pathway involved in
phonology. While this dorsal versus ventral dichotomy for phonological and orthographic
processing of words is widely accepted, it is not known if these brain areas are actually strictly
sensitive to orthographic or phonological information. Using an fMRI rapid adaptation technique
we probed the selectivity of the TPC, OTC, and IFC to orthographic and phonological features
during single word reading. We found in two independent experiments using different task
conditions in adult normal readers, that the TPC is exclusively sensitive to phonology and the
VWFA in the OTC is exclusively sensitive to orthography. The dorsal IFC (BA 44), however,
showed orthographic but not phonological selectivity. These results support the theory that reading
involves a specific phonological-based temporoparietal region and a specific orthographic-based
ventral occipitotemporal region. The dorsal IFC, however, was not sensitive to phonological
processing, suggesting a more complex role for this region.
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1 Introduction

Much attention and research has been devoted to trying to understand the processes and
neural mechanisms involved in reading (Bolger et al., 2005; Houdé et al., 2010; Jobard et al.,
2003; Martin et al., 2015; Turkeltaub et al., 2002). A widely held theory is that beginning
readers heavily rely on phonological information already acquired through speech and
language development and apply this knowledge for the mapping of phonemes to graphemes
(Bartl-Pokorny et al., 2013; Goswami, 2008; Ziegler and Goswami, 2005). At the
neuroanatomical level a left hemisphere dorsal brain circuit involving the temporoparietal
cortex (TPC) and the dorsal aspect of the inferior frontal cortex (IFC), is thought to subserve
these aspects of phonological analysis and phonological recoding, respectively, allowing the
beginning reader to decode novel words (Pugh et al., 2001; Schlaggar and McCandliss,
2007). As children become skilled readers, they are thought to utilize learned visual
experiences to draw on word representations (orthographic units) in the left ventral
occipitotemporal cortex (OTC), in particular in the so-called “visual word form area”,
VWEFA (Dehaene and Cohen, 2011; McCandliss et al., 2003). This allows for direct, rapid
identification of frequently encountered written words (those represented in the child’s sight
word vocabulary) without the need for phonological decoding. This facilitates reading
fluency, which in turn is thought to lead to increased reading comprehension. A recent meta-
analysis of reading and reading-related tasks demonstrates that studies of adults show more
consistent findings in the OTC than children, supporting the idea of a shift to the OTC in
advanced literacy (Martin et al., 2015). The same meta-analysis also showed relatively
greater consistency across studies in children in left superior temporal gyrus, indicating the
need for beginning readers to use grapheme-to-phoneme mapping.

A key prediction of this theory is that the TPC and dorsal IFC show sensitivity to
phonological features whereas the OTC containing the VWFA holds orthographic
representations and not phonological representations. However, it has been debated, whether
the OTC is part of the grapho-phonological route, processing at the sublexical level
(Warrington and Shallice, 1980). It might also encode or be modulated by non-orthographic
stimuli, in particular phonological information (Price and Devlin, 2011; Twomey et al.,
2011). This brain region has been shown to be modulated by phonological demands, such as
pseudoword over real word reading (Dietz et al., 2005; Hagoort et al., 1999) and
pseudoword over real word rhyming (Xu et al., 2001). These results may reflect local
sensitivity to the phonological aspects of the stimuli, but could also reflect task-dependent
top-down modulations from other brain regions more directly involved in phonological
processing. The topic of orthographic versus phonological selectivity in other brain regions
involved in reading also merits further investigation. Whereas it is largely agreed that the
TPC is an important area for decoding and phonological processing (Fiez and Petersen,
1998; Pugh et al., 2001; Schlaggar and McCandliss, 2007; Turkeltaub et al., 2003), less is
known about the role of the IFC. Both the ventral and dorsal pathways converge onto the
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inferior frontal gyrus (IFG), which has been shown to be active during reading in both
developing and skilled readers (Martin et al., 2015; Turkeltaub et al., 2003). It is thought that
the ventral IFG, which includes the pars orbitalis and the pars triangularis (BA 47 and 45),
subserves semantic processing (Poldrack et al., 1999) and is thought to be important for
mapping orthographic-lexical stimuli onto semantic representations (Sandak et al., 2004).
On the other hand, the dorsal IFG, which includes the pars opercularis (BA 44), is involved
in phonological processing, specifically word decoding (Fiez and Petersen, 1998; Jobard et
al., 2003), phonological access (Wu et al., 2012), phonological decision making (Poldrack et
al., 1999; Rumsey et al., 1997) and phonological output (Taylor et al., 2012).

A problem that has plagued prior studies in determining phonological or orthographic
involvement of these areas during word processing is that written word stimuli are
associated with both phonological and orthographic information, and as such, make it
difficult to identify representations unique to orthography and phonology (Rumsey et al.,
1997).

To resolve this ambiguity and better understand the nature of word representations with
regards to orthographic and phonological selectivity in the OTC, TPC, and IFC, we
conducted two fMRI rapid adaptation (fMRI-RA) experiments (Krekelberg et al., 2006). In
fMRI-RA experiments, two stimuli are presented sequentially in each trial. If the two stimuli
activate overlapping neuronal populations, neurons that are activated by both stimuli show
adaptation on the second presentation (also referred to as repetition-suppression), leading to
a smaller blood oxygenation level dependent (BOLD)-contrast response following the
second stimulus relative to the first (Dehaene et al., 2001, 2004; Grill-Spector et al., 2006).
Specifically, the BOLD-contrast response to the pair is taken to reflect similarity of the
neuronal activation patterns corresponding to the two individual stimuli, with the lowest
response for two stimuli activating identical neuronal populations, and maximum signal if
the two stimuli activate disjoint groups of neurons. Adaptation has also been used to infer if
the BOLD signal is coming from a population of neurons processing a specific attribute of
the stimulus, as opposed to another population tuned to a different attribute (Grill-Spector et
al., 1999). As such fMRI-RA provides a tool for characterizing functional properties of
neural populations (Grill-Spector and Malach, 2001) and has been applied to determine the
specialization of brain areas involved in face (Jiang et al., 2006) and word processing
(Glezer et al., 2009).

We have previously used the fMRI-RA approach to examine neural selectivity to real words
over pseudowords in the VWFA (Glezer et al., 2009), as well as changes in this region
during the learning of new words (Glezer et al., 2015). These results provide evidence that
the VWFA contains neurons highly tuned to familiar words: Two real words (or two
pseudowords learned by the participant,) that differ by just one letter cause as little
adaptation as two words that share no letters at all, suggesting that a high degree of
specificity of tuning exists in the VWFA such that familiar words are represented by disjoint
groups of neurons (Glezer et al., 2009, 2015). Here we extended this work to include words
that are homophones, as a way to examine neuronal selectivity to orthographic versus
phonological properties of words. A pair of homophone words (e.g. rain and reign) has the
same phonology but differ in orthography. Therefore those neurons that code phonological
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information will respond both times, with the presentation of the phonologically identical
second stimulus resulting in an adaptive (lower) signal. However, neurons that are tuned to
the orthography of words would not show adaptation since the second stimulus differs in
orthography, thereby not causing adaptation.

The design of the current study focused on three regions of interest (ROI) that were defined
under separate experimental conditions on a single-subject basis, using functional localizers
of phonological (TPC and IFC) or orthographic (OTC) processing. These ROl were
examined for responses under three types of word pairs. First, consider the sequential
presentation of identical words, such as “bike”-"bike”, which have the exact same
orthography and phonology. Whether a particular ROI contained neurons responsive to
orthographic processing only, phonological processing only, or both, these two stimuli
would repeatedly activate the same neural populations in all three cases, resulting in the
maximum amount of adaptation possible (Glezer et al., 2009). Secondly, consider the other
extreme, that is, the sequential presentation of two completely different words (with no
letters or phonemes in common, e.g., bike-dog). In that case, there should be 0 adaptation
in the BOLD response to the second word in the pair, irrespective of whether the ROI
contained neurons tuned to phonology, orthography or both, as both stimuli are different in
phonology and orthography relative to the first (no repetition suppression). The interesting
case for our study is a third condition, in which the sequentially presented words are
homophone pairs (e.g. rain-reign). Here, the two words share the same phonology, but have
different orthography. For neurons tuned to phonological information, an adaptation
response would ensue at the same level as for identical word pairs, since the same
phonological information is presented twice. In contrast, in an area showing selectivity
exclusively for orthographic information, word pairs that share the same phonology but have
different orthography would be expected to activate different populations of neurons, leading
to a release from adaptation and higher BOLD signal.

We conducted two separate experiments, with each experiment involving different
participants. Both experiments used fMRI-RA with the different kinds of word pairs
described above and both examined three, functionally-defined brain areas known to be
critical in reading (TPC, IFC and OTC) for their specific role in phonological or
orthographic processing of words. Importantly, both experiments used oddball detection
tasks for which the inter-item similarity in an RA stimulus pair was irrelevant (as
participants had to analyze each word equally to determine whether it was an oddball word),
and top-down factors therefore were not expected to vary across different RA conditions.
Indeed, as we have shown previously (Glezer et al., 2009), this produces highly consistent
profiles for release from adaptation for real words even if total response amplitude varies,
e.g., due to variation of attention or task difficulty. In particular, we have previously shown
robust patterns of release from adaptation in the VWFA (compatible with highly selective
tuning for real words) irrespective of whether participants performed a semantic or an
orthographic task. In the current study, the two experiments employed different oddball
tasks, with one experiment using an orthographic, and the other using a phonological task,
allowing us to investigate the robustness of selectivity for orthographic and phonologic
stimulus attributes across the reading system across these different tasks.

Neuroimage. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glezer et al.

Page 5

2 Material and Methods

We conducted two fMRI-RA experiments to probe the nature of the representation in the
TPC, the dorsal IFG in the IFC, and the VWFA. Experiment 1 was conducted in one group
of adults and used a phonological oddball task and Experiment 2 involved another group of
adults and used an orthographic oddball task. Importantly, both experiments presented pairs
of words that had either (i) same orthography and phonology (same word), (ii) different
phonology and different orthography (different words) or (iii) same phonology and different
orthography (homophone).

2.1 Participants

Eleven participants were run in Experiment 1 and 16 in Experiment 2. All participants
were recruited through fliers posted on the university campus. The Georgetown University
Institutional Review Board approved all experimental procedures, and written informed
consent was obtained from each individual prior to testing. All participants were
monolingual English speakers with good reading skills and in good physical health.
Participants were excluded from further analysis if they had excessive head motion (see
Methods) or if they were not able to stay awake for the experimental scanning sessions. The
fMRI data from 1 participant for Experiment 1 and 3 participants for Experiment 2 were
excluded for these reasons. Therefore the results from 10 participants for Experiment 1 and
13 for Experiment 2 are reported here.

2.2 MRI Acquisition

MRI data were acquired at The Center for Functional and Molecular Imaging (CFMI),
Georgetown University Medical Center on a 3T Siemens Trio scanner with a 12-channel
head coil. For both the functional localizers and the fMRI-RA, 35 interleaved axial slices
(4mm thick, no gap; 3.2x3.2mm? in-plane resolution) were acquired for fMRI data using an
echo-planar sequence (flip angle=90°, TR=2.04s, TE=29ms, FOV=205°, 64x64 matrix). For
the event-related fMRI-RA scans, trial order was randomized and counterbalanced using M-
sequences (Bura€as and Boynton, 2002) and the number of presentations was equalized for
all stimuli in each experiment. Stimuli were presented using E-Prime (www.pstnet.com),
back-projected on a screen located at the rear of the scanner, and viewed through a headcoil-
mounted mirror.

2.3 Functional Localizers design, stimuli and individual ROI Selection

For Experiment 1 and 2 functional localizers were used to identify brain regions in the left
hemisphere involved in phonological or orthographic processing on a single subject basis to
create ROI by which to focus the fMRI-RA data analysis. Intersubject variability in the
location and size of such ROI, particularly the VWFA, has been shown to hamper analysis
approaches that do not take individual variability into account (Glezer and Riesenhuber,
2013). Localizer ROl were acquired with a traditional block design fMRI. We were
interested in separately identifying ROI associated specifically with orthographic processing
(VWFA) and also identifying ROI specifically associated with phonological processing (IFC
and TPC). To do this, we needed to include one localizer to identify orthographic regions,
which would comprise stimuli, tasks, and contrasts that would allow us to identify ROI
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associated with orthography (e.g. all written words > fixation) and also separately include
another localizer to identify phonological regions which would include a different set of
stimuli, tasks and contrasts to identify ROl associated with phonological processing (e.g.
rhyming > fixation). Generally speaking, the approaches were similar across both
experiments, with the goal of identifying ROIs in the left hemisphere that were functionally
responsive during phonological (TPC and IFC) and orthographic (VWFA in OTC)
processing. There were minor differences between the localizers employed in the two
experiments, described in detail below. To briefly summarize here, Experiment 1 included
fixation, scrambled images of words, and three conditions with written words in which the
participant needed to perform three different tasks depending on the set of words (matching,
rhyming, meaning). All of these conditions were included in different blocks within each run
of the localizer (two runs were presented in total). In Experiment 2 we conducted separate
orthographic and phonological localizers in different runs. Because of these different designs
between the experiments we needed to define the ROI slightly differently across the
experiments (described below). Yet, results were consistent across both experiments.

2.3.1 Experiment 1 Design and Stimuli—Functional localizers (for phonological and
orthographic regions) were derived from data acquired in two runs. Following an initial
14.28s fixation period, ten pairs of words or ten pairs of visually scrambled words (pixel-
scrambled words, tile size: 2x2 pixels) (Glezer et al., 2009) were presented to participants in
blocks of 30.6s, separated by a 14.28s fixation block. Within each block, each pair of images
were displayed for 1500ms (one above and one below a fixation cross that was located at the
center of screen, followed by a 1560ms blank screen). Each block began with a 2040ms cue,
which instructed participants to perform one of the following tasks in the block: Word
Matching — participants needed to decide whether the two simultaneously presented words
were the same or different; Word Rhyming — participants needed to decide whether the two
words in a pair rhymed with each other; Word Meaning — participants needed to decide
whether the two words in a pair belonged to the same or different semantic category;
Scrambled Words — participants needed to decide whether the two visual patterns (pixel-
scrambled words) in a pair had the same or different contrast. This last condition served as a
visual control.

For the Word Matching task, sixty 3—6 letter high and low frequency words were used and
there were two conditions — 1) same (two words were the same, e.g., desk-desk), and 2)
different (two words differing by one letter, e.g., desk-disk); For the Word Rhyming task,
eighty 3-6 letter, low and high frequency words were used, and there were four conditions —
1) words with the same orthography that rhymed (e.g. cave-save), 2) words with different
orthography that rhymed (e.g. bows-toes), 3) words with the same orthography that did not
rhyme (hose-lose), and 4) words with different orthography that do not rhyme (plow-fear).
For the Word Meaning task, forty high frequency animate and forty high frequency
inanimate words were used, and there were two conditions — both words in a pair belonged
to 1) the same category (Animate vs Inanimate) (e.g., lion-fish, or shoe-book), or 2) different
category (e.g., lion-book). Finally, for the Visual Pattern task, pixel-wise scrambled images
from sixty words were used, and there were two conditions — the two scrambled images
were 1) the same image with the same contrast, or 2) different images with additional 30%
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difference in contrast. Each condition was repeated twice in a pseudorandomized order in
each run with new stimuli not seen before during the scanning session, which lasted for
389.64s, and participants were asked to perform the tasks according to the cues while
keeping their fixation at the center of the screen.

2.3.2 Experiment 1 ROI Selection and Identification—the left hemisphere TPC and
IFC ROI were identified for each participant individually using the contrast of Word
Rhyming > Fixation (p<0.00001, uncorrected) masked by Word Rhyming > Word Matching
(p<0.05, uncorrected). This contrast typically yielded 1-2 ROI in the TPC and 2-3 in the
IFC. ROI in these regions were selected by identifying in each participant the cluster that
was significant at the corrected cluster-level of at least p<0.05 in the TPC and IFC in a
location closest to those regions identified in previous literature as being involved in
phonological processing during reading (Paulesu et al., 2014; Richlan et al., 2011) (these
ROI also show reduced activation in dyslexia). In order to select ROI that were of equivalent
size (Goh et al., 2010; Park et al., 2004) the thresholds were further adjusted in order to
obtain a cluster size that was between 10 and 100 voxels. The VWFA region was identified
for each individual participant independently with the data from the localizer scans, using
the contrast of Word Processing (Word Matching, Word Rhyming and Word Meaning
combined) versus Fixation (p<0.00001, uncorrected) masked by the contrast of Word
Processing (data acquired during Word Matching, Word Rhyming and Word Meaning
combined) versus Visual Pattern (scrambled words task) (p<0.05, uncorrected). This contrast
typically resulted in only 1-2 foci in the left ventral occipitotemporal cortex (p<0.05,
corrected). ROI were selected by identifying in each participant the most anterior cluster that
was significant at the corrected cluster-level of at least p<0.05 in the ventral
occipitotemporal cortex (specifically, the occipitotemporal sulcus/fusiform gyrus region) in a
location closest to the published location of the VWFA, approximate Talairach coordinates
—-43 =54 -12 %5 (Cohen and Dehaene, 2004). Thresholds were adjusted in order to obtain a
cluster that was between 10-50 voxels.

2.3.3 Experiment 2 Design and Stimuli—Two functional localizers (one phonological
and one orthographic) were obtained. Each localizer included two separate
pseudorandomized runs (therefore 4 runs in total were run for localizers). The first localizer
was a phonological localizer used to identify the IFC and TPC. During each of the two runs
for this localizer, following an initial 14.28s fixation period, ten pairs of words or ten pairs
of line drawings were presented to participants in blocks of 20.4s, separated by a 14.28s
fixation block. There were ten trials within each block, and a pair of images (each containing
either a word or a set of lines, see below) was presented sequentially within each trial. Each
trial began with a 100ms fixation, then the first stimulus was presented for 300ms, followed
by a 200ms blank screen, and then the second stimulus for another 300ms, which was
followed by a 1140ms blank screen before the onset of next trial. Each block began with a
2040ms cue, which instructed the participants to perform one of following tasks in the
block: Word Rhyming — participants needed to decide whether the two words in a pair
rhymed; Semantic — participants needed to decide whether the two words in a pair belonged
to the same or different semantic categories (animate vs. inanimate); Line Judgment —
participants needed to decide whether the two sets of line drawings were same or different.
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TPC and IFC regions of interest were defined by contrasting Word Rhyming > Line
Judgment masked by Word Rhyming > Fixation. The Semantic stimuli were not used for
analysis for this study.

The second localizer was an orthographic localizer used to identify the VWFA identical to
prior reports (Glezer and Riesenhuber, 2013; Glezer et al., 2009, 2015). Briefly, participants
passively viewed blocks of images of Written Words (high frequency nouns, >50 per
million, different from those used in the event-related scans), Scrambled Words, Faces, and
Objects. Each block lasted 20.4s (stimuli were displayed for 500ms and were separated by a
100ms blank interval), and stimulus blocks were separated by a 10.2s Fixation block. There
were two pseudorandomized runs for this localizer and each run consisted of 2 blocks of
each stimulus type (words, scrambled words, faces, objects) and 8 fixation blocks. Each
stimulus block contained a new set of stimuli not seen before in the scanning session. ROI
were identified for each individual participant independently by contrasting Written Words
versus Fixation masked by the contrast of Written Words versus Scrambled Words. The
faces and objects stimulus categories were not used for analysis for this study and details on
ROI identification are provided below.

2.3.4 Experiment 2 ROI Selection and Identification—The ROl in the left
hemisphere were again identified for each individual participant independently. This time,
due to different rhyming words than in Experiment 1 (consisting of less difficult rhymes)
and baseline stimuli (lines), we use a slightly different contrast than in Experiment 1 to
identify the TPC and IFC, namely the contrast of Word Rhyming > Line Judgment
(p<0.00001, uncorrected) masked by Word Rhyming > Fixation (p<0.05, corrected). To
identify the VWFA, we used a similar procedure as for Experiment 1, based on the contrast
of Written Words versus Fixation (p<0.00001, uncorrected) masked by the contrast of
Written words versus Scrambled Words (p<0.05, uncorrected), with VWFA ROI selection as
described above in Experiment 1.

Using these criteria for ROI selection, we were able to obtain VWFA ROl in all participants
for both experiments, and we were able to obtain 9/10 and 11/13 TPC ROI and 10/10 and
11/13 IFC ROI for Experiment 1 and 2, respectively. For visualization in Figure 1, ROl and
glass brain were rendered using Blender (http://www.blender.org).

2.4 fMRI-RA Experiment 1

MRI images from four event-related (ER) scans were collected for each participant. Each
run lasted 579.36s and had two 30.6s fixation periods, one at the beginning and the other at
the end. Between the two fixation periods, a total of 127 trials were presented to participants
at a rate of one every 4.08s. During each trial, following a 1000ms fixation, two words were
displayed sequentially (400ms each with a 200ms blank screen in-between), and followed by
a 2080ms blank screen. For each run, there were 25-26 trials each condition. There were
three conditions of interest (making a “triplet”) of varying intra-pair stimulus similarity: 1)
the same target repeated, such as pole-pole (S), 2) a different word from the target, such as
poke-pole (D), and 3) a homophone of the target, such as poll-pole (H). The different word
(D) stimulus always contained the same number of overlapping and repeated letters (i.e.
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matched for identity and position) as the H stimulus. All the words in the triplet were one
syllable and had the same orthographic and phonological length. All lists were matched for
part-of-speech (POS) which was based on the English Lexicon Project (Balota et al., 2007),
and frequency and orthographic neighborhood were based on MCWord (Medler, D.A., &
Binder, 2005). For the POS matching, all words occurred as nouns, verbs or adjectives or a
combination. Word lists were matched based on the most frequently occurring POS for each
word. Trial order was randomized and counterbalanced using M-sequences. To engage
participants’ attention yet avoid potential task-related confounds of the BOLD-contrast
response to the conditions of interest (Grady et al., 1996; Sunaert et al., 2000), participants
were asked to read all words silently and perform an “oddball” detection task (Glezer et al.,
2009; Jiang et al., 2000; Xue et al., 2006) in the scanner. In this experiment, a phonological
oddball task was used and participants were asked to press a button with their right hand
every time they saw a two-syllable word (all experimental stimuli were one-syllable words,
yet there were no differences in word length between target and non-target words). The two-
syllable oddball stimulus appeared as either the first or the second one of the pair of words.

2.5 fMRI-RA Experiment 2

MRI images from four ER scans were collected for each participant. Each run lasted 558.96s
and had two 20.4s fixation periods, one at the beginning and the other at the end. Between
the two fixation periods, a total of 127 trials were presented to participants at a rate of one
every 4.08s. During each trial, two words were displayed sequentially (300ms each with a
400ms blank screen in-between), and followed by a 3080ms blank screen. For each run,
there were 25-26 trials for each condition. There were three conditions of interest of varying
intra-pair stimulus similarity, just as in Experiment 1. All lists were matched and trial order
was randomized as in Experiment 1. The same oddball task was used as in Experiment 1,
however this time an orthographic oddball task was used. Participants were asked to press a
button every time they saw a word in which three letters were replaced with the letter strings,
“abc” or “xyz”.

All stimuli for localizers and fMRI-RA for both experiments were rendered in Courier font
(36 point size, 100 ppi), average letter size ¥ x ¥ inch (25 x 25 pixels), for an approximate
size of 0.5 degrees of visual angle per letter in the scanner.

2.6 General MRI Data Preprocessing and Analysis: MRI data analysis

For both the functional localizers and the fMRI-RA scans, all preprocessing and most
statistical analyses were done using the SPM2 software package (http://
www.fil.ion.ucl.ac.uk/spm/software/spm2/). After discarding the first five acquisitions of
each run, the EPI images were temporally corrected to the middle slice (for event-related
scans only), spatially realigned, resliced to 2 x 2 x 2 mm?3 and normalized to a standard MNI
reference brain in Talairach space. Images were then smoothed with an isotropic 6mm
Gaussian kernel. Participants who had > 1 mm scan-to-scan motion for more than 25% of
the scan were excluded from further analysis. After removing low frequency temporal noise
from the EPI runs with a high pass filter (1/128Hz), fMRI responses were modeled with a
design matrix comprising the onset of trial types and movement parameters as regressors
using a standard canonical hemodynamic response function (HRF). For the fMRI-RA ER
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scans a proportional scaling was applied to remove the effects of global variations (Aguirre
et al., 1998) as we expected differences between the conditions of interest to be small and
limited to local VWFA regions based on previous findings (Glezer et al., 2009). We then
extracted the mean percent signal change of the VWFA, TPC and IFC ROI for each
participant with the MarsBar toolbox (Brett et al., 2002), see below, and conducted statistical
analyses within-subject repeated measures ANOVA with Greenhouse-Geisser correction,
followed by planned t-tests, a=0.05, two-tailed) on the percent signal change.

Locations of the three individually defined ROI of interest (TPC, IFC and VWFA in the
OTC) for all the participants from both experiments are shown in Figure 1. The average
MNI location with standard deviation for the 3 ROI for Experiments 1 and 2, respectively,
were: angular /superior temporal gyri in the TPC (BA 39/22) -57+6 —49+6 1246 and —55+6
—44+9 915; IFC (BA 44) -53+4 8+3 10 +6 and —51+5 13+8 1548, both located in the pars
opercularis, VWFA in the OTC (BA 37) —47+4 —-55+7 —18+4 and —44+5 -61+9 -1645.
There was no significant difference between coordinate location in the x, y, or z planes for
any of the three ROI between the two experiments (p>0.05, one-way ANOVA).

In all ROI for both experiments, we predicted that signal would be lowest in the same (S)
condition, as the two word stimuli were identical and would therefore repeatedly activate the
same neural populations, causing maximum adaptation (Glezer et al., 2009). On the other
hand, we predicted the least amount of adaptation for the different (D) condition because the
two word stimuli differ in orthography and phonology. The second stimulus would therefore
be activating a new subpopulation of neurons. The crucial prediction that differentiates an
orthographic representation from a phonological representation is the response of the
homophone (H) condition: For regions tasked with phonological processing, the averaged
response would be equivalent to that observed for processing of the same words (S) given
the identical phonology of word pairs in the H condition. That is, even though the two words
in an H pair differ in orthography, an ROI tuned to phonology should treat them identically,
leading to maximum adaptation, as in the S condition. In contrast, in brain areas showing
orthographic whole-word selectivity, like the VWFA (Glezer et al., 2009), responses to the H
condition should be identical to the D condition, given the orthographic differences of H
word pairs. Finally, areas that have sensitivity to phonology and orthography should exhibit
a pattern where S < H < D (see Figure 2).

3.1 TPC: Phonological but not orthographic selectivity

As expected, we observed responses modulated by phonology in TPC, with full adaptation
for the H condition in both Experiments 1 and 2. That is, adaptation to H pairs was as
strong as in the S condition — the difference in orthography in H did not lead to a release
from adaptation; instead, only phonological similarity mattered for TPC responses. H was
similar in response to S (the two were not significantly different from each other in both
Experiments 1 and 2; p> 0.153) and both H and S were significantly lower than D in both
Experiment 1 and 2 (Experiment 1, H: p=0.005 and S: p=0.041, Experiment 2, H: p=0.008
and S: p=0.003).
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Further, the mixed-design ANOVA analyses showed similar response profiles between the
two experiments: Condition (F(2,36)=13.281, p<0.001), Experiment (F(1,18)=2.189,
p=0.156), and Condition x Experiment (F(2,36)=0.763, p=0.446). These results indicate that
the TPC is sensitive to phonological features during reading, irrespective of task.

3.2 IFC: Orthographic, but not phonological sensitivity

Unexpectedly, the IFC ROI, even though defined by a phonological localizer, showed no
phonological tuning in both experiments. In fact, its response profile was what one might
expect in a region involved in orthographic processing: S was significantly lower than D and
H (p < 0.022); and D and H were not significantly different (p > 0.44 for both experiments).

Results were consistent for both Experiment 1 and 2, as again the mixed-design ANOVA
analyses revealed no difference between the two experiments: Condition (F(2,38)=18.587,
p<0.001), Experiment (F(1,19)=0.283, p=0.601), and Condition x Experiment
(F(2,38)=0.375, p=0.674). These results suggest that, counter to expectations, this dorsal
portion of the IFC, in the pars opercularis, while responsive to words in phonological tasks
(as used in the localizer), is not tuned to phonology, but instead demonstrated sensitivity to
orthography, irrespective of task.

3.3 VWFA: Orthographic, but not phonological sensitivity

As expected, the response in the VWFA ROI showed whole word orthographic tuning in
Experiment 1 (Figure 3) and Experiment 2 (Figure 4), compatible with prior studies
(Glezer et al., 2009, 2015). That is, there was no adaptation for the H condition (D vs. H was
not significant, paired t-test p > 0.678 for both experiments).

We conducted a mixed-design ANOVA of VWFA responses, with two factors, one within-
subject factor, Condition (S vs. H vs. D), and one between-subject factor, Experiment
(Experiment 1 vs. 2). These additional analyses revealed similar response profiles between
the two experiments: Condition (F(2,42)=55.248, p<0.001), Experiment (F(1,21 )=0.015,
p=0.904), and Condition x Experiment (F(2,42)=0.092, p=0.880). Together, these results
provide evidence that the VWFA is not modulated by phonology and is highly tuned to
orthographic information, independent of whether participants engage in an orthographic or
phonological task.

3.4 Overall Between-Experiment Comparisons

Finally, to bring all these findings for the ROIs across the two experiments together, we
conducted repeated-measures ANOVASs to compare the neural tuning in the three ROI for
both experiments, with two within-subject factors, conditions (S vs. H vs. D), and ROI
(VWFA vs. TPC vs. IFC), and one between-subject factor, Experiments (Experiment 1 vs.
2). This analysis revealed a significant effect of conditions (F(2,34) = 42.701, p<0.001) and
ROI (F(2,34) = 11.359, p=0.001), and a significant interaction between ROI and conditions
(F(4,68) = 3.611, p=0.018), but no significant interactions between conditions and
Experiments (F(2,34) = 0.162, p>0.8), nor between ROI and experiments (F(2,34) = 1.580,
p>0.2), nor between the three factors (F(4,68) = 0.988, p>0.4). We ran post-hoc tests to
confirm which regions and for which contrast they differed by conducting three 2x2
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ANOVAs (region x condition: VWFA vs. IFC x S vs. H; VWFA vs. TPC x S vs. H; IFC vs.
TPC x S vs. H). The results show that there were significant interactions for VWFA and
TPC (F(1,19)= 8.82, p=0.008) and IFC and TPC (F(1,18) = 10.07 p=0.005), but not IFC and
VWEFA (F91,20 = 0.14 p= 0.713). These post-hoc tests confirm that the adaptation profiles in
the VWFA and IFC differ from that in the TPJ while the VWFA and IFC do not differ from
each other. These results confirm that ROI differed in their selectivity profiles, and that these
differences were consistent across the two experiments.

4 Discussion

This study employed fMRI-RA to address the sensitivity to phonological and orthographic
information in regions known to be involved in reading. As expected, the TPC was found to
be tuned to phonological factors of the written word. We found the VWFA in the OTC to be
highly sensitive to orthography, consistent with our previous studies (Glezer and
Riesenhuber, 2013; Glezer et al., 2009, 2015) and compatible with its location in high-level
visual cortex (Dehaene and Cohen, 2011; Vinckier et al., 2007). This extends previous
findings to show that the VWFA is not modulated by phonology, demonstrating that it is
truly a visual word form area. Surprisingly we found that the IFC did not exhibit a
phonological profile, instead it showed a profile that suggests orthographic selectivity. The
results from all three ROI were consistent across Experiment 1 and 2, demonstrating that
they are not dependent on the task performed during the experiment (phonological or
orthographic).

4.1 Temporoparietal Cortex

It is well known that the TPC is involved in phonological processing (Vigneau et al., 2006)
and phonological decoding during reading (Jobard et al., 2003; Taylor et al., 2012). Our
results of selectivity to phonological information in this region are therefore not surprising;
however, our approach avoids any concern that orthographic processing may inadvertently
be involved. Specifically, the phonological functional localizer included left superior
temporal and angular gyri (AG), a location that is consistent with previous reports of activity
during phonological processing and reading (Pugh et al., 2001; Sandak et al., 2004). It is
widely believed that these regions supports grapheme-to-phoneme mapping, allowing the
reader to pronounce regular, novel words (Herbster et al., 1997) via the “indirect route”
(Coltheart and Rastle, 1994). The AG has been featured in the reading literature for many
years, with Dejerine (Dejerine, 1892) hypothesizing that this region stores visual letter
shapes and is critical in linking letters to sounds. While brain imaging studies have not
characterized the AG as a site for storage of visual information about letter or word shapes,
they have found the AG to be involved in phonological analysis and grapheme-phoneme
mapping (Booth et al., 2003). Our results clearly demonstrate specificity to phonology over
orthography in the AG and STG. The STG is thought to be especially important for
beginning reading in children (Bitan et al., 2007; Martin et al., 2015; Turkeltaub et al., 2003)
and for readers of alphabetic relative to logographic languages (Bolger et al., 2005),
especially those alphabetic languages that are transparent (shallow orthography) thereby
relying on regular sound-spelling mapping (Paulesu et al., 2000). Due to its proximity to
auditory cortex, STG is thought to rely on sensory information and areas involved in speech
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perception (Hickok and Poeppel, 2007). Together the TPC likely hosts a range of
phonological-based skills and, while our results do not speak to each specifically, they do
address the specificity of this region to the sound structure associated with visual word
stimuli.

We have shown previously (Glezer et al., 2009, 2015) that the VWFA is highly sensitive to
orthographic information. Specifically, we have shown that rather than processing prelexical
information, such as commonly occurring letter combinations (Binder et al., 2006; Cohen
and Dehaene, 2004; Dehaene and Cohen, 2011) the VWFA is finely tuned to whole real
words (Glezer et al., 2009) and that experience with words shapes the representation in this
region (Glezer et al., 2015). Similarly, studies conducted by Kronbichler and colleagues
(Kronbichler et al., 2007, 2009) showed an orthographic familiarity effect in the VWFA
(using real words and pseudohomophones) indicating that the VWFA is sensitive to whole
words. Such findings were also reported by Bruno and colleagues who showed an
orthographic familiarity effect in adults using real words, pseudowords, and
pseudohomophones (Bruno et al., 2008) and van der Mark and colleagues who showed an
orthographic familiarity and skill-level effect in children (Bruno et al., 2008; van der Mark et
al., 2009). At the same time, some have raised the question of whether the VWFA is
involved in phonological aspects of word reading, noting that it is more active for
pseudowords than words (Binder et al., 2005; Herbster et al., 1997). Our current study
allows us to conclude that the role of the VWFA is purely orthographic in nature and is not
modulated by phonological information or task demands.

Interestingly, we found similar degrees of orthographic selectivity in the IFC as in the
VWEFA, even though the IFC ROI was identified using a phonological localizer. Our
expectation was that this dorsal aspect of the IFG would show selectivity to phonological
aspects of the stimuli, based on prior studies implicating it in phonological processing
(Bokde et al., 2001; Fiez, 1997; Fiez et al., 1999; Katzev et al., 2013; McDermott et al.,
2003; Newman and Joanisse, 2011; Poldrack et al., 1999). While previous studies have
attributed the pars opercularis in the inferior frontal cortex to phonological processing during
reading including grapheme-to-phoneme conversion (Dietz et al., 2005; Fiebach et al., 2002;
Heim et al., 2005; Joubert, 2004) our study suggests a functional specialization for
orthography over phonology within this region.

On the other hand, it has to be considered that the selectivity in the IFC could also be due to
the semantic attributes of the word stimuli (Binder and Desai, 2011; Binder et al., 2009).
Specifically, homophones differ in orthography, but also in meaning. As such we cannot be
certain in terms of attribution. While the region was identified using the phonological
localizer, and located dorsal and posterior to those areas known to be associated with purely
semantic processing (Binder et al., 2009; Fiez, 1997), it clearly showed specificity to the
orthography of the word stimuli. Poldrack and colleagues demonstrated this region to be
involved in both phonological and semantic processing (Poldrack et al., 1999).
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The role of the IFC in reading is still unclear. Indeed, two recent meta-analyses (Cattinelli et
al., 2013; Taylor et al., 2012) come to different conclusions as to the role of this region.
While both support the idea that this region is involved in phonology each has a different
interpretation of its role. Cattinelli and colleagues (Cattinelli et al., 2013) suggest this region
is modulated by difficulty and sensitive to computational load. Taylor and colleagues (Taylor
et al., 2012) on the other hand suggest this region is involved in phonological output
resolution. One aspect about the current study that might help provide insight into differing
results is that the region we have identified in the individual participants is relatively small
compared to studies to date. Additionally, most other studies have examined this region at
the group level. Here we have identified this region at the individual subject level and
therefore do not have the effect of intersubject variability and group averaging that might
affect the ability to isolate functional specialization.

Interestingly, the meta-analysis by Jobard and colleagues (Jobard et al., 2003) noted that
their “the opercular cluster contained as many “indirect route” as “direct route” contrasts”
reflecting a mix of phonological and orthographic studies contributing to this aspect of the
IFC. Vinckier and colleagues (Vinckier et al., 2007) demonstrated that the kind of posterior-
to-anterior word-tuning gradients noted in adults” VWFA, were also present in the IFC, this
time in the medial-to-lateral direction. The same was observed by Olulade and colleagues in
children (Olulade et al., 2015). This particular study also showed a positive correlation in
brain activity between these two areas (the IFC and VWFA). Indeed, there is evidence for
anatomical and functional connectivity between the VWFA and the IFG (Bitan et al., 2006;
Koyama et al., 2010, 2011; Mechelli et al., 2005; Schurz et al., 2013), suggesting that tuning
in these areas may be due to the neuronal connection between these two areas.

It has previously been suggested that connections between the IFC and the ventral temporal
cortex are required for successful reading (Paulesu et al., 1996). Indeed, recent work by
Vandermosten and colleagues (Vandermosten et al., 2012) has suggested a crucial role of the
left inferior longitudinal fronto-occipital fasciculus (IFOF, thought to connect the VWFA
with the IFC) in successful reading. Their study revealed a correlation between orthographic
processing and fractional anisotropy of the IFOF. Additionally, another study (van der Mark
etal., 2011) systematically demonstrated functional connectivity between the VWFA and
the left hemisphere IFC (in a similar location to our individually defined IFC) in Swiss-
German speaking, typically reading children that was shown to be significantly weaker in
their dyslexic group. Connections between the VWFA region and TPC have also been shown
to be important as the development of the inferior longitudinal fasciculus (ILF) is strongly
related to children’s reading development (Yeatman et al., 2012, 2013).

Together, our results support the theory that reading involves a phonologically-based,
dorsally-located region (TPC, BA 39/22) and a visual-orthographic ventral pathway (VWFA,
BA 37) (Pugh et al., 2001). Our results suggest however that the role of dorsal IFC (BA 44)
may be more complex.
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Highlights
. The temporoparietal cortex is exclusively sensitive to phonology.
. The visual word form area (VWEFA) is exclusively sensitive to
orthography.
. The inferior frontal cortex shows orthographic not phonological tuning.
. Supports theory of a dorsal phonological region and a ventral

orthographic region.
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Figure 1.
Individual ROI locations of the VWFA, IFC, TPC. Lateral view of left hemisphere showing

the locations of all of the participants’ individual ROI for the VWFA (n=23), IFC (n=21),
and TPC (n=20) in Experiment 1 (blue) and Experiment 2 (red).
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Figure 2.

Predictions for fMRI-RA response to the different conditions for orthographic (A) and
phonological (B) representations.
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Figure 3.
Plots of mean percent signal change in relation to orthographic and phonological similarity

in the fMRI-RA scans for Experiment 1 (phonological task) in the VWFA, IFC, TPC. Error
bars represent within-subject SEM.
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 4.
Plots of mean percent signal change in relation to orthographic and phonological similarity

in the fMRI-RA scans for Experiment 2 (orthographic task) in the VWFA, IFC, TPC. Error
bars represent within-subject SEM.
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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