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Abstract

We combined fMRI with eye tracking and speech recording to examine the neu-
ral and cognitive mechanisms that underlie reading. To simplify the study of the
complex processes involved during reading, we used naming speed (NS) tasks (also
known as rapid automatized naming or RAN) as a focus for this study, in which aver-
age reading right-handed adults named sets of stimuli (letters or objects) as quickly
and accurately as possible. Due to the possibility of spoken output during fMRI stud-
ies creating motion artifacts, we employed both an overt session and a covert session.
When comparing the two sessions, there were no significant differences in behavio-
ral performance, sensorimotor activation (except for regions involved in the motor
aspects of speech production) or activation in regions within the left-hemisphere-
dominant neural reading network. This established that differences found between
the tasks within the reading network were not attributed to speech production mo-
tion artifacts or sensorimotor processes. Both behavioral and neuroimaging measures
showed that letter naming was a more automatic and efficient task than object nam-
ing. Furthermore, specific manipulations to the NS tasks to make the stimuli more
visually and/or phonologically similar differentially activated the reading network in
the left hemisphere associated with phonological, orthographic and orthographic-to-
phonological processing, but not articulatory/motor processing related to speech pro-
duction. These findings further our understanding of the underlying neural processes
that support reading by examining how activation within the reading network differs

with both task performance and task characteristics.
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1 | INTRODUCTION

Abbreviations: DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye
fields; LC, letters control NS task; NS, naming speed; OC, object control NS

task; OPS, phonologically similar object NS task; PEF, parietal eye field;
PS, phonologically similar NS task; SEF, supplementary eye field; VPS,
visually and phonologically similar NS task; VS, visually similar NS task.
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Despite reading being a crucial skill for one's economic,
social and academic success (Norton & Wolf, 2012), it re-
mains controversial how reading skills and reading diffi-
culties develop (Araujo, Reis, Petersson, & Faisca, 2015).
Furthermore, due to the multiple and complex components
that are involved during reading, the neuroanatomical
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mechanisms that support the behavioral differences in read-
ing ability are not well understood. To simplify the study of
the complex processes involved in reading, we use naming
speed (NS) tasks, in which participants are required to name
sets of simple stimuli (e.g., letters or objects) as quickly and
as accurately as possible. NS has been described as a “mi-
crocosm” of reading (Wolf & Bowers, 1999) and is a pow-
erful predictor of current and future reading ability (Kirby
et al., 2010). Furthermore, the simple NS paradigm is a
valuable tool for studying the numerous cognitive, artic-
ulatory and oculomotor processes underlying reading and
the efficiency of their timing mechanisms (see Al Dahhan,
Kirby, & Munoz, 2016, for a review; Cutting & Denckla,
2001; Wolf, Bowers, & Biddle, 2000).

Successful performance on NS tasks requires automatic
visual recognition of familiar stimuli, access to phonolog-
ical codes from the lexical store and rapid articulation of
stimulus names (Gordon & Hoedemaker, 2016). In order
to rapidly name stimuli in a NS task and minimize inter-
ference between successive items, sustained attention is
required to manage vocal execution and manage perceptual
encoding of stimuli according to available working mem-
ory capacity. Variation in task performance depends upon
these various cognitive task components and their coordi-
nation (Gordon & Hoedemaker, 2016). Furthermore, factor
analyses have shown that NS tasks load onto two separate
factors according to their stimuli, with letters and digits
loading onto alphanumeric NS and objects and colors load-
ing onto non-alphanumeric NS (Narhi et al., 2005; van
den Bos, Zijlstra, & Spelberg, 2002). Alphanumeric NS
tasks have been found to be more strongly correlated with
reading ability than non-alphanumeric NS tasks (Bowey,
McGuidan, & Ruschena, 2005; Savage & Frederickson,
2005) and have been found to be performed much faster
and become automatized earlier in development (Cronin
& Carver, 1998; Cummine, Szepesvari, Chouinard, Hanif,
& Georgiou, 2014; Di Filippo et al., 2005; Georgiou &
Stewart, 2013; Mazzocco & Grimm, 2013).

Two key cognitive processes shared by reading and NS
are phonological processing and orthographic process-
ing. However, there is disagreement as to which of these
processes relates NS to reading. Some researchers have
proposed that NS reflects automaticity of phonological pro-
cessing (Torgesen, Wagner, & Rashotte, 1994; Torgesen,
Wagner, Rashotte, Burgess, & Hecht, 1997), whereas oth-
ers have suggested that NS is an indication of the automa-
ticity of the recognition of visual symbols (Bowers, 1995;
Bowers & Wolf, 1993). To address this, NS task stimuli
can be manipulated to increase their phonological and/or
orthographic similarity (Compton, 2003). If performance
relies primarily on phonological processing, increasing
the phonological difficulty of a NS task by selecting stim-
uli whose names rhyme with one another should impair

task performance. However, if NS relies primarily on or-
thographic processing, increasing orthographic difficulty
by selecting stimuli that are visually similar to one another
should impair performance. Based on these hypotheses, let-
ter NS tasks have been utilized to identify orthographic pro-
cessing as the main cognitive process underlying NS task
performance in both adults and young children (Al Dahhan
et al., 2014; Al Dahhan, Kirby, Brien, & Munoz, 2017).

The pattern of neural activity during NS tasks includes
areas involved in the left cerebral hemisphere reading
network (Cummine, Chouinard, Szepesvari, & Georgiou,
2015; Cummine et al., 2014; Misra, Katzir, Wolf, &
Poldrack, 2004). This network, consisting of six key re-
gions that are the focus of this paper, includes a dorsal
stream, which maps orthographic information onto pho-
nological representations, and a ventral stream, which
involves a whole word identification system (Cohen,
Dehaene, Vinckier, Jobert, & Montavont, 2008; Cummine
et al., 2013; Hickok & Poeppel, 2004; Price, 2012; Pugh
et al., 2000; Saur et al., 2008). The dorsal stream projects
anteriorly from the visual cortex toward the parietal lobe
and frontal regions and includes the posterior superior
temporal gyrus, angular gyrus, and supramarginal gyrus;
the ventral stream projects ventrolaterally and includes the
inferior occipito-temporal regions, fusiform gyrus and the
medial temporal gyrus (Borowsky et al., 2006; Pugh et al.,
2000). Within this network, there is greater activity for
alphanumeric than non-alphanumeric tasks, with non-al-
phanumeric stimuli primarily activating regions in the ven-
tral pathway and alphanumeric stimuli activating regions
in both the dorsal and ventral pathways (Cummine et al.,
2014; Misra et al., 2004). A number of these key reading
regions also play important roles in speech acquisition and
production processes during both overt and covert tasks:
articulation (precentral gyrus, supplementary motor area,
cerebellum), visual/orthographic processing (inferior tem-
poral gyrus) and sound/phonological decoding (supramar-
ginal gyrus and the superior temporal gyrus) (Cummine et
al., 2016; Price, 2012; Sato, Tremblay, & Gracco, 2009;
Simmonds et al., 2014). These findings indicate that flu-
ent reading requires automatic and efficient activation of
regions involved with phonological, orthographic and ar-
ticulatory processes (Cummine et al., 2016).

Overall, while previous research has identified the
left-hemisphere reading network and shown differences in
neural activity between alphanumeric and non-alphanumeric
NS tasks, it remains unknown how this network is modulated
with various stimulus manipulations. To address these im-
portant gaps, we combine fMRI with eye tracking and speech
recording in average adult readers and examine how manipu-
lating stimulus composition of NS tasks affects performance.
The results from this approach allow for a more comprehen-
sive understanding of the underlying components supporting
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reading, which will allow researchers to refine existing mod-
els of NS and how these processes are affected by various
task stimuli. This could also lead to establishing biomarkers
to help identify children who may be at risk for developing
reading difficulties in order to provide them with early as-
sessment and effective interventions.

To examine behavioral performance and cognitive pro-
cessing, we analyze participants’ articulations and eye move-
ment performance. During NS tasks, researchers typically
only measure overall naming times. However, total naming
time does not show important individual differences in read-
ing-related processes, such as attentional control, or allow
for the ability to adequately determine the underlying cogni-
tive processes of NS tasks (Aragjo et al., 2011; Aratjo et al.,
2015; Clarke, Hulme, & Snowling, 2005; Georgiou, Parrila,
& Kirby, 2009; Georgiou, Parrila, Kirby, & Stephenson,
2008; Lervag & Hulme, 2009; Neuhaus, Foorman, Francis,
& Carlson, 2001). Therefore, as an attempt to understand the
processes that underlie NS, researchers have separated naming
times into the articulation times of stimulus names and pause
times between these articulations (Jones, Obregon, Kelly, &
Branigan, 2008; Neuhaus et al., 2001; Norton & Wolf, 2012).
Pause times represent a marker for the response prepara-
tion aspect of executive control (Aradjo et al., 2011; Clarke
et al., 2005; Georgiou, Parrila, & Kirby, 2006; Georgiou et
al., 2009; Kirby et al., 2010; Li et al., 2009; Neuhaus et al.,
2001). Furthermore, we use video-based eye tracking to mea-
sure the number of saccades to look from one stimulus to the
next, backwards saccades, or regressions, and fixation dura-
tions (Olitsky & Nelson, 2003; Rayner, 1997; Starr & Rayner,
2001). Pause time and fixation duration have been found to be
the most powerful predictors of reading ability, with shorter
pause times and fixation durations being associated with
higher reading ability (Al Dahhan et al., 2014, 2017). Longer
fixation durations and pause times reflect deficits in gaining
automaticity during the task as more time is required to ac-
quire visual/orthographic information from stimuli and pre-
pare the correct response. Increasing the visual similarity of
letters had the greatest effect on performance: decreased let-
ter naming efficiency and increased naming errors, saccades,
regressions, pause times and fixation durations (Al Dahhan
et al., 2014, 2017). Researchers have yet to examine whether
these patterns are similar to non-alphanumeric stimuli.

Simultaneous recordings of eye movements and vocal-
izations during fMRI studies allow for a more fine-grained
understanding of brain—behavior relationships and how per-
formance is influenced by the coordination of vocal and visual
processes, providing greater insight into the response prepa-
ration aspect of executive control (Aratjo et al., 2011; Clarke
et al., 2005; Georgiou et al., 2006, 2009; Kirby et al., 2010;
Li et al., 2009; Rayner, 1997). However, when studying read-
ing or general language processes, behavioral studies often
use tasks which rely on spoken responses, such as reading
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aloud. Speech production during fMRI studies presents the
possibility of creating task-related motion artifacts (Soltysik
& Hyde, 2006). Thus, fMRI studies have predominantly
used covert naming to study reading processes, but relying
on covert responses presents issues of its own. For example,
during covert naming it is unclear whether participants are
performing the task according to the instructions they were
given, whether they are performing the task at all, or how
accurately they are performing the task. To address this issue,
we include both an overt session in which task stimuli were
named aloud, and a covert session in which stimuli are named
silently. For each session, we examine the neural and cogni-
tive processes involved in NS tasks by first examining the
sensorimotor processes involved in the serial processing and
naming of simple stimuli. This involves key oculomotor re-
gions involved in saccade control, such as the frontal, supple-
mentary and parietal eye fields (FEF, SEF, PEF), dorsolateral
prefrontal cortex (DLPFC), anterior cingulate cortex (ACC)
and the caudate nucleus (CN) (Brown, Vilis, & Everling,
2007; Connolly, Goodale, Goltz, & Munoz, 2005; Connolly,
Goodale, Menon, & Munoz, 2002; Ford, Goltz, Brown, &
Everling, 2005); key speech areas, such as the inferior frontal
gyrus, insula and primary motor cortex (Guenther, Ghosh, &
Tourville, 2006); and key visual regions involved in reading
along the ventral visual pathway, such as the cuneus, lingual
gyrus and the fusiform gyrus (Indefrey & Levelt, 2004; Price,
2012). We then examine the differences in behavioral per-
formance and neural activation between alphanumeric and
non-alphanumeric NS tasks, and the effects of manipulating
stimulus composition. This design allows us to control for
sensorimotor processes when examining task differences and
ensures that any differences found between the tasks are not
driven by false positives caused by motion artifacts that may
be present during the overt session.

When comparing the two sessions, we hypothesize that there
will be no differences in behavioral performance, sensorimotor
activation (except in regions involved in the motor aspects of
speech production) or neural activation in the left-hemisphere
neural reading network. Furthermore, we hypothesize that be-
havioral performance will overall be more negatively affected
by object stimuli than the letter stimuli, and increasing the vi-
sual similarity of letters and the phonological similarity of the
objects will negatively affect performance.

2 | MATERIALS AND METHODS

2.1 | Participants

Participants were recruited from the Queen's University
graduate student community who provided their written and
informed consent. Nineteen participants, ages 21-26 years,
were recruited for this study. All participants were performing
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well at university and did not report having any language or
reading difficulties. Descriptive statistics for raw scores on
the reading and nonverbal ability measures are presented in
Table 1. Scores are equivalent to two standard deviations
above the norm for 21- to 26-year-olds. Data from one partic-
ipant were removed due to excessive head motion (>2 mm)
during scanning. The remaining eighteen participants (mean
age =24.1 years, SD = 1.89; 16 female) were right-handed, as
assessed by the Modified Edinburgh Handedness Inventory
(Oldfield, 1971), had normal or corrected to normal vision,
reported English as their native language, and had no history
of head injuries or neurological illnesses.

2.2 | Reading and cognitive measures

2.2.1 | Reading and decoding ability

Reading ability was assessed with three tasks: Word
Identification, Sentence Reading Fluency and Passage
Comprehension (Schrank, McGrew, Mather, & Woodcock,
2014). In Word Identification, participants were asked to
read aloud up to 106 words that increased in difficulty
until they either attempted all the words or made six con-
secutive errors. Sentence reading fluency was assessed by
examining participants' ability to rapidly read and compre-
hend simple sentences within a 3-min time limit, in which
they were required to circle “Yes” or “No” whether the
sentence was true or false. Passage comprehension was as-
sessed by examining participants’ ability to silently read
up to 52 passages, comprehend the information in each and
provide a missing word to complete a sentence within each
passage. Participants’ decoding ability was assessed with
Word Attack (Woodcock, 1998) in which they were asked
to read aloud 45 pseudowords that increased in difficulty
until they either attempted all the words or made six con-
secutive errors. For each task, participants' scores were the
number of correct responses.

TABLE 1

and nonverbal ability measures

Descriptive statistics of group performance on reading

Controls (n = 18)

Variable M SD

Word identification 76.83 1.25
Passage comprehension 46.50 1.20
Sentence reading fluency 106.89 2.14
Word attack 24.78 0.94
Phoneme elision 32.00 1.50
Phoneme isolation 28.28 1.56
Word blending 26.67 1.24
Matrix reasoning 28.11 2.21

2.2.2 | Phonological awareness

Phonological processing was assessed with three tasks
from the Second Edition of the Comprehensive Test of
Phonological Processing battery (Wagner, Torgesen,
Rashotte, & Pearson, 2013): Elision measures the ability to
remove phonological segments from spoken words to form
other words (34 items), Phoneme Isolation measures the abil-
ity to isolate individual sounds within words (32 items), and
Word Blending measures the ability to synthesize sounds to
form words (33 items). For each task, participants' scores
were the number of correct responses.

2.2.3 | Nonverbal ability

Nonverbal ability was assessed with the Matrix Reasoning
subtest of the Wechsler Abbreviated Scale of Intelligence
(Wechsler, 1999). Thirty-five incomplete visual patterns,
each with five possible pieces to complete the patterns,
were shown to participants one at a time. Participants were
asked to point to the piece that would best complete the
pattern. Participants’ scores were the number of correct
answers.

2.2.4 | Naming speed tasks

Four versions of a letter NS task and two versions of an ob-
ject NS task, with two trials/version, were administered (Figure
la,b). For the letter NS tasks, single letter substitutions of the
letter o in a control task (LC; Denckla & Rudel, 1976) with
the letter matrix of a, d, 0, p and s were made to make the let-
ter matrix more phonologically similar (PS: o replaced with
v), visually similar (VS: o replaced with g), or both visually
and phonologically similar (VPS: o replaced with b; Compton,
2003). Similarly, for the object NS tasks, the object control task
(OC; Denckla & Rudel, 1976) had pictograms of the stimuli
dog, hat, chair, cat and star, and in the object phonologically
similar condition (OPS), chair was replaced with bat, to thyme
with hat and cat. Each NS task presented 50 letters/objects si-
multaneously with ten repetitions of the five letters/objects ar-
ranged semi-randomly in five rows of ten letters/objects each.

2.3 | Procedure

Before the study began, all participants completed four practice
NS trials outside of the MRI environment. The first two prac-
tice trials, which were counterbalanced for order, involved par-
ticipants naming the eight letters and six objects that were used
in the study (i.e., a, d, b, p, s, q, o, v, dog, hat, chair, cat, star,
and bar) to ensure that they were familiar with the stimulus
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FIGURE 1

Naming speed (NS) stimuli. (a) Letter NS tasks. The letters control (LC) NS task was developed by Denckla and Rudel (1976).

The phonologically similar (PS), visually similar (VS), and visually and phonologically similar (VPS) tasks were developed by Compton (2003).
(b) Object NS tasks. The object control (OC) NS task was developed by Denckla and Rudel (1976). (c) fMRI block paradigm during one run. The
four versions of the letter NS task and two versions of the object NS task, with two trials/version, were counterbalanced for order. Dashed boxes

indicate regions in which the letters or objects became similar to one another [Colour figure can be viewed at wileyonlinelibrary.com]

names. The third and fourth practice trials, also counterbal-
anced for order, involved participants performing NS tasks
consisting of 20 letters and 20 objects each presented in four
rows, to ensure participants understood the task requirements.

We employed two fMRI sessions, a covert session and
an overt session, counterbalanced for order, that were 24 hr
apart, each lasting approximately 1.5 hr, in which all par-
ticipants completed the same four fMRI runs, with each
run lasting 11.6 min. In the overt session, participants
were instructed to name aloud as many letters or objects
in the array as quickly and accurately as possible from left
to right and top to bottom, and to go back to the begin-
ning of the task and start over if they finished before the
end of the time. In the covert session, the same instruc-
tion was given to participants except they were asked to
silently name the letters or objects. Having two sessions in
which participants perform an overt and a covert version of
the same tasks allowed for a direct assessment of motion
artifacts, sensorimotor patterns of activation and potential
differences in eye movement behavior and neural activation
within key regions of the reading network.

2.4 | Visual display, eye tracking and
articulatory recordings

Visual displays were generated using Experiment Builder (SR
Research Ltd., version 10.10.1630) running on a Windows 7
PC and were back-projected onto a high-contrast rear projec-
tion screen (DA-LITE), positioned at the head of the magnet
bore, using a NEC LT265 DLP video projector (Tokyo, Japan)
with a refresh rate of 60 Hz and a resolution of 1,024 X 768 and
an Avotec SV-6011 color LCD Projection System (Florida,
USA). A mirror situated on top of the head coil angled at ap-
proximately 45° allowed participants to view the screen.

Eye position was recorded throughout all tasks using an
EyeLink 1,000 fiber optic camera (SR Research Ltd.), all re-
cordings and calibrations were done monocularly based on
the right eye while viewing was binocular. The camera was
positioned next to the screen approximately 60 cm from the
bore of the magnet to view the right eye of the participant
in the mirror. Horizontal and vertical positions of the right
pupil were digitized at 500 Hz and average gaze position
error of <1°. Before each functional run, the eye tracker was
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calibrated using nine randomly presented target locations
on the screen (eight around the periphery and one central).
The targets were flashed sequentially, and participants were
instructed to fixate on each one. After calibration, the pro-
cess was repeated to validate that the average error between
fixation and target was <1° and that no loss of eye tracking
occurred. The array of letters was presented in white print
(Angsana New font, size 60) on a black background, with
a 1.7° viewing distance between each letter and 2.4° view-
ing distance between each row. The horizontal and vertical
dimensions of each letter stimulus were 0.47° x 0.63°, re-
spectively. The array of objects was matched for luminance,
50 cd/m?, with a 1.7° viewing distance between each object
and 2.3° viewing distance between each row. The horizon-
tal and vertical dimensions of each object stimulus were
1.4°x 1.4°.

During the overt session, articulations were recorded via
an MRI compatible optical microphone (Optoacoustics Ltd.)
and an ASIO compatible sound card at a sampling rate of
24 kHz. Eye position and articulations were recorded con-
tinuously from the start to end of each fMRI run and were
synchronized through Experiment Builder.

2.5 | fMRI experimental design

Imaging data were acquired using a Siemens 3-Tesla
Magnetom Trio system (Erlangen, Germany) fitted with a
12-channel receive-only head coil with participants lying
supine. Functional images were acquired axial oblique with
40 horizontal slices (3.3 mm thick) covering the whole
brain. High-resolution T1-weighted whole-brain structural
scans were performed on each participant using a 3D MP-
RAGE sequence (repetition time, TR = 1,760 ms; echo
time, TE = 2.2 ms; flip angle, FA = 9°; field-of-view,
FOV = 256 X 256 mm; matrix size 256 X 256 mm; 1-mm
isovoxel resolution; 176 volumes). Functional data were col-
lected using T2*-weighted echo-planar image (EPI) volumes
sensitive to blood oxygen-level-dependent (BOLD) contrast
(Kwong et al., 1992; Ogawa, Lee, Kay, & Tank, 1990) ac-
quired in an interleaved fashion (TR = 2,750 ms, TE = 30 ms,
FA = 84°, FOV = 211 X 211 mm, matrix size 64 X 64, 3.3-
mm isovoxel resolution, 192 volumes). Four functional runs
consisting of 192 volumes, including two discarded volumes
to compensate for T1 saturation effects, were acquired for
each participant.

A block design was used to administer the four versions of
the letter NS task and two versions of the object NS task, with
12-s blocks of fixation separating each version of the task
(Figure 1c). For each run, there were two trials/NS task, with
each task presented on the screen for 45 s. These NS tasks
were interleaved with 12-s fixation blocks in which partici-
pants were instructed to fixate at a single dot in the middle of

the screen. Each run began with an additional fixation period
(3 TR), while MR images were acquired in order to allow
the fMRI signal to reach steady-state longitudinal magnetiza-
tion, and each run ended with a 12-s fixation period to allow
the hemodynamic response to return toward baseline before
commencing the next run.

2.6 | Data analysis

2.6.1 | Behavioral data

Articulations and eye movements were analyzed using a
combination of custom MATLAB software (version R2011a;
MathWorks Inc.) and built-in saccade detection tools from
SR research.

To avoid the possibility of practice effects, for both ses-
sions, behavioral data were only analyzed for each partici-
pant's first pass through the task. For the overt session, eye
position and articulations were digitized from the start to
end of each trial. An eye movement was counted as a sac-
cade based on the built-in saccade detection algorithm of the
SR Research software. Specifically, a saccade was marked
when it reached either a threshold velocity of 30°/s or a
threshold acceleration of 8,000°/s2. We used these start and
end points in all subsequent analysis. Amplitude was calcu-
lated as the Euclidean distance in degrees of visual angle
between eye position at the start and end of each saccade.
Fixations were calculated as the time intervals between sac-
cades, and fixation duration was calculated for each trial by
averaging the length of all the fixations made in the trial.
Regressions were defined as leftward saccades less than 10°
in amplitude and within a horizontal visual angle of 30° in
order to exclude leftward eye movements made from the end
of one line of the array to the beginning of the next line. Eye
tracking data associated with skips or naming errors were
removed manually from the behavioral data analyses. For
the covert session, the same algorithms were used to define
eye movements. However, due to the inability to detect er-
rors made during the tasks, fixation duration was defined as
the average duration of all fixations made and the end of the
first pass of the task was detected by the last eye movement
made during the last row of the task.

For the overt session, the sound files containing the letter
and object naming responses for each participant were ana-
lyzed using custom software developed in MATLAB. Data
extraction from the audio files was completed using proce-
dures described previously (Georgiou et al., 2006) designed
to normalize the volume of the audio recordings across par-
ticipants and remove background noise (also see Al Dahhan
et al., 2017). In detail, for each wave file (sampling rate of
44.1 kHz) of audio recording, we performed a simple normal-
ization algorithm to extract absolute amplitude. First, taking
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the absolute value of the waveform, we removed any extreme
loud spikes using a threshold of 7 standard deviations above
the mean amplitude and then normalized to the maximum am-
plitude. We then used a rectangular box filter of 200 sample
points to remove high frequency noise. Empirically, we found
that this produced a clean waveform, but some loud spikes
remained so we repeated the spike removal at a threshold of
4 standard deviations above the mean. After re-normalizing,
a clean waveform of articulation amplitude was produced. To
mark the onset and offset of articulations, we applied a sim-
ple threshold filter of 15% of the normalized amplitude. The
amplitude had to remain above this threshold for 2,000 sam-
ple points to be counted as an articulation, in order to avoid
short spurious noises from being falsely detected. The sounds
files were separated into pause and articulations based on this
automated method. We found that this automated threshold
also agreed with our empirical segmentation upon listening
to each articulation.

Some manual segmentation of articulations was also
required, and a custom software interface in MATLAB
was used for this process. This interface displayed the
articulations, the corresponding saccades over the letters
and the onset/offset times for articulations. It allowed for
further manual annotation. First, some participants would
slur articulations or not pause between the articulation of
stimuli names. During these instances, these articulations
were manually split in places in which the amplitude would
dip to a minimum, but still above threshold, between these
continuous utterances and pause times were marked as 0
between these articulations. Second, spurious articulations
such as unrelated talking, coughing or other utterances
were manually removed. Third, end points of articulations
rarely had to be manipulated if other noises interfered with
the proper detection via the automated method. However,
overall we found that little manual intervention was re-
quired in most cases and every effort was made to rely on
objective and automated marking.

Articulations were manually scored to calculate an error
score from the participants’ responses, corresponding to the
number of naming errors made per trial. NS efficiency was
then calculated by dividing the number of items named cor-
rectly in a trial by the total time spent naming items on that
trial. Pause time for each trial was calculated as the mean of
the pause times between two correctly identified items, and
articulation time was calculated as the mean of the articu-
lation times for correctly identified items. These parameters
were calculated after removing the pauses and articulations
associated with task errors. More specifically, incorrect ar-
ticulations and their bordering pauses were removed from the
data. If participants corrected themselves following a nam-
ing error, the incorrect articulation and the bordering pauses
were removed. If participants skipped an item, the pause time
between the articulations of the two neighboring items, as
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well as the articulation of the item following the skipped
item, was removed (Georgiou et al., 2006).

2.6.2 | fMRI preprocessing

All fMRI preprocessing and statistical analyses for both
sessions were conducted using BrainVoyager (version
1.10, Brain Innovation). The first two functional volumes
acquired from each run were removed for steady-state
magnetization, and then, preprocessing steps were per-
formed including slice scan time correction with cubic
spline interpolation, 3D motion correction to the first
volume of the remaining volumes in each run, 3D spatial
smoothing with a 6 mm full width half maximum (FWHM)
Gaussian kernel (i.e., twice the between-plane distance of
3.3 mm; Skuldarkski et al., 1999) and temporal filtering
(high-pass filter with cutoff of two cycles/run and linear
trend removal). For each participant, functional data were
screened for motion artifacts exceeding 2 mm translation
or 2° rotation by examining the motion correction plots of
each functional run. Functional images were coregistered
to the structural images. 3D structural images were normal-
ized into standard Talairach space (Talairach & Tournoux,
1988) by aligning them first into the anterior commis-
sure—posterior commissure (AC-PC) plane and then using
trilinear interpolation to warp the structural images into
Talairach coordinates. These parameters were then applied
to the coregistered functional data.

2.6.3 | fMRI whole-brain mean
activation analysis

After preprocessing the data, a random-effects multi-subject
general linear model (RFX GLM) with separate participant pre-
dictors and Z-normalization was generated to localize signifi-
cant differences in neural activity during the tasks. Functional
data from all NS tasks were first subtracted from fixation (main
contrast) to examine sensorimotor activation, and group-level
statistical maps were generated at a threshold of p < .01,
t(17) = 2.90, then corrected for multiple comparisons across
the voxel population using a cluster threshold correction at
p < .05 (yielding a cluster threshold of 10 contiguous vox-
els, as estimated by BrainVoyagers's Cluster-level Statistical
Threshold Estimator at 1,000 iterations). Various contrast
maps were produced to compare the four-letter NS tasks and
two object NS tasks to examine whether there were significant
differences in neural activity between the tasks after correction
for multiple comparisons. These statistical contrast maps were
superimposed on an average high-resolution 3D anatomical
scan in Talairach space created from each participant's T1
scan. All contrasts were tested in both directions.
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2.6.4 | fMRI region of interest
(ROI) analyses

Six key regions of the left-hemisphere reading network were
selected from the main contrast as the 125 contiguous vox-
els (5 X 5 x 5) within a cubic cluster centered on the point
of peak activation: the inferior frontal gyrus, supramarginal
gyrus, angular gyrus, middle temporal gyrus, superior tempo-
ral gyrus and fusiform gyrus. The ROIs were extracted from
the main contrast to investigate how the pattern of signal in
these key regions changes across the letter and object NS
conditions, and how activation within these regions is cor-
related with the behavioral measures of the tasks.

2.7 | Statistical analysis

Statistical analysis of data was completed using SPSS Statistics
v19.0 (IBM, Chicago, IL, USA). Paired samples Bonferroni-
corrected 7 tests were conducted to compare the NS tasks with
one another to examine whether performances on the task ver-
sions were significantly different from one another, and to
examine whether there were task differences in behavioral per-
formance and neural activation between the overt and covert
sessions. Separate analyses were conducted for NS performance
(NS efficiency), NS components (articulation and pause times),
eye movement measures (fixation durations, and number of sac-
cades and regressions) and beta weight values (GLM parameter
estimates) for comparisons described in the Results and figure
legends. Bivariate correlations were further conducted to describe
the relationships between the dependent variables. The signifi-
cance levels of all correlations were corrected by dividing alpha
(0.05) by the number of unique correlations in each analysis.

3 | RESULTS

To examine the neural and cognitive processes that underlie
NS tasks, we first examined differences in behavioral per-
formance during the overt and covert sessions between al-
phanumeric and non-alphanumeric stimuli, and the effects of
stimulus composition had on these tasks. We next examined
whether those behavioral differences were also reflected at
the neural level in regions involved in sensorimotor process-
ing and the reading network.

3.1 | Behavioral task performance

We first examined the differences in behavioral performance
during the overt session because this is the session which re-
sembles previous studies and the only one in which all of the
behavioral comparisons can be made. For the letter NS tasks, the

combined visually and phonologically similar task (i.e., the VPS
condition) had the greatest effect on performance: decreased NS
efficiency (Figure 2a), increased number of errors (Figure 2b),
longer articulation times (Figure 2c), pause times (Figure 2d),
and fixation durations (Figure 2e), and more saccadic regressions
(Figure 2f) (all p's < .05; see Figure 2 for the few comparisons
that were not significant). For the object NS tasks, there were
significantly longer articulation times for the OC task (Figure
2¢c; 1 (17) = 6.01, p < .001, r = 0.89), but longer pause times for
the OPS task (Figure 2d; 7 (17) =4.54, p < .001, r = 0.84). There
was also a significant difference between the letter and object
NS tasks on all measures (all p's < .001; Figure 2). None of these
measures was possible during the covert session.

To simplify further analyses, composite scores for the
letter and object NS tasks were computed for each of the
constructs (efficiency, articulation and pause times, fixation
durations, and saccade and regression counts) by averaging
the z-scores for the individual tasks. These composite scores
are justified by the high correlations for each construct across
tasks. For the letter NS tasks, the correlations between NS
efficiency scores ranged from 0.79 to 0.94, for articulation
times from 0.78 to 0.94, for pause times from 0.69 to 0.90, for
fixation duration from 0.75 to 0.95, for saccade count 0.64 to
0.85 and for regression count from 0.55 to 0.81. For the ob-
ject NS tasks, the correlations between NS efficiency scores
were 0.78, 0.89 for articulation times, 0.84 for pause times,
0.94 for fixation duration, 0.79 for saccade count and 0.83 for
regression count. All of these correlations were significant at
the 0.05 level when correcting for the number of correlations
for each construct; for the letter NS constructs, alpha was di-
vided by four because there were four-letter NS tasks; for the
object NS constructs, alpha was divided by two because there
were two object NS tasks. These behavioral results replicate
our previous behavioral studies analyzing these letter NS
tasks outside of the magnet (Al Dahhan et al., 2014, 2017).

Lastly, we examined whether there were differences in eye
movement performance during the covert session among the
tasks and how performance differed compared to the overt
session (descriptive statistics are in Table 2). Due to the lack
of oral responses made during the covert session, the only be-
havioral measures that were obtained during this session were
eye movement performance, specifically fixation duration and
regression count. Paired samples ¢ tests showed that similar to
performance during the overt session, there was a significant
difference between the letter and object NS tasks for fixation
duration (Figure 2g) and regression count (Figure 2h) (p < .05).
There were significant correlations between the overt and covert
sessions among the individual NS tasks after correcting for mul-
tiple correlations by dividing alpha by six because there were
six NS tasks; these ranged from 0.54 to 0.65 for fixation dura-
tion and 0.56 to 0.68 for regression count for the letter N'S tasks
(p < .05), and 0.57 for fixation duration and 0.62 for regression
count for the object NS tasks (p < .05). Furthermore, paired
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samples ¢ tests showed that there were no significant differences
in eye movement measures between the covert and overt ses-
sions or when manipulating stimulus composition of the tasks
(all p's > .40). These nonsignificant differences are consistent
with the hypothesis that the covert and overt sessions were simi-
lar to one another with respect to eye tracking behavior.

3.2 | Neural activation during task
performance

To examine the neural regions involved in the serial pro-
cessing and naming of the stimuli, we first compared neural

LC PS VS VPS OC OPS

activations during all NS tasks with fixation (main contrast)
during the overt and covert sessions to establish whether
any differences found between the tasks were driven by dif-
ferences in sensorimotor processes. After establishing an
absence of differences between sessions in sensorimotor acti-
vation, and due to behavioral studies of NS using tasks which
rely on spoken responses, we focus primarily on examining
neural activity during the overt session. The NS tasks were
contrasted with one another to examine the differences in
neural activation between alphanumeric and non-alphanu-
meric NS tasks, and the effects of manipulating stimulus
composition. Finally, the levels of activation in the identified
regions were compared between the overt and covert sessions
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TABLE 2 Descriptive statistics on eye movement measures
during the overt and covert sessions

M SD
Overt Covert Overt Covert
Letter NS tasks
Fixation duration
LC 272.98 257.63 37.20 51.78
PS 268.93 261.13 60.05 52.92
VS 276.14 263.10 52.10 51.06
VPS 294.34 274.67 55.21 48.45
Regression count
LC 4.69 3.28 1.99 1.40
PS 4.97 4.14 293 2.18
VS 5.19 4.42 2.83 1.86
VPS 6.25 4.97 3.41 3.51
Saccade count
LC 60.97 56.47 10.15 8.54
PS 61.22 58.31 8.94 11.87
VS 61.39 57.39 7.94 9.56
VPS 63.08 57.85 9.07 10.59
Object NS tasks
Fixation duration
oC 374.06 359.97 89.17 89.57
OPS 374.56 361.62 77.46 73.91
Regression count
oC 8.36 8.58 4.58 4.70
OPS 8.50 8.61 4.46 435
Saccade count
oC 72.72 57.62 13.53 10.04
OPS 73.56 57.73 12.88 10.31

Abbreviations: NS, naming speed; LC, letters control NS task; PS,
phonologically similar NS task; VS, visually similar NS task; VPS, visually
and phonologically similar NS task; OC, object control NS task; OPS,
phonologically similar object NS task. N = 18.

to ensure that these results were not driven by false positives
associated with spurious factors such as motion artifacts.

3.2.1 | Sensorimotor activation

An initial RFX GLM contrast of all NS tasks with fixation
(main contrast) was conducted to confirm that participants re-
cruited the key sensorimotor regions involved during the serial
processing and naming of letters and objects during each ses-
sion (e.g., data shown for the overt session in Figure 3 & Table
3). For both sessions, compared to fixation, activation across
NS tasks was significantly greater in key oculomotor regions
that are involved in saccade control, such as the FEF, SEF, PEF,
DLPFC, ACC and the CN (Alahyane, Brien, Coe, Stroman, &

Munoz, 2014; Brown et al., 2007; Connolly et al., 2005, 2002;
Ford et al., 2005); key speech areas, such as the inferior frontal
gyrus, insula and primary motor cortex (Guenther et al., 2006);
and key visual regions that are involved in reading along the
ventral visual pathway, such as the cuneus, lingual gyrus and
the fusiform gyrus (Indefrey & Levelt, 2004; Price, 2012). To
ensure that a specific NS task was not driving these findings,
we subsequently contrasted each task with fixation and found
similar results. Furthermore, paired samples ¢ tests revealed
that within these regions, there was no significant difference in
BOLD activation between the tasks (Figure 4, all ps > .30), in-
dicating that the results are consistent with the hypothesis that
these regions were recruited similarly across the tasks. Lastly,
there was no significant difference in sensorimotor activation
between the overt and covert sessions (all ps > .50), except
for the insula and the primary motor cortex which are regions
involved in the motor aspects of speech production (compare
solid vs. striped bars in Figure 4, p < .01). Overall, these non-
significant differences are consistent with the hypothesis that
the covert and overt sessions were similar to one another in
neural activation related to sensorimotor processing, except
for areas involved in speech production. We next compared
activation in the reading network to assess whether there were
task and/or session differences.

3.2.2 | Comparison of neural activation
between control letter and object naming
speed tasks

Having confirmed that there was similar sensorimotor acti-
vation across all NS tasks (Figure 4), and all NS tasks acti-
vated key regions involved in the reading network (Figure 3),
including temporoparietal areas, inferior frontal cortex, and
the ventral visual stream, we next contrasted the LC and OC
tasks during the overt session with one another to examine
the differences in neural activation between alphanumeric
and non-alphanumeric stimuli (Figure 5 & Table 3). This
contrast revealed that there was significantly greater activa-
tion within key regions of the reading network for the LC
task (Figure 5 “hot” colors) than the OC task in the left-hem-
isphere supramarginal gyrus, angular gyrus, middle temporal
gyrus and superior temporal gyrus (p < .05). For the OC task,
there was significantly greater activation (Figure 5 “cold”
colors) for the inferior frontal gyrus, bilateral fusiform gyrus
and bilateral middle occipital gyrus (p < .05).

3.2.3 | Neural activation during letter
naming speed tasks

Activation in each of the letter NS tasks in the overt session
was compared to activation in the LC task to examine whether
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Sensorimotor activation during task performance. Contrast map of all NS tasks subtracted from fixation during the overt session,

cluster size corrected at p < .05 (10 contiguous voxels). Significant BOLD activations were observed in all ROIs (“hot” colors) in key sensorimotor

areas that are involved during the serial processing and naming of letters and objects as well as key regions involved in the reading network, and are

labeled. Coordinate values of planes in Talairach space are indicated. NS, naming speed; DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye

fields; SEF, supplementary eye field; PEF, parietal eye field [Colour figure can be viewed at wileyonlinelibrary.com]

neural processes were differentially associated with each task
(PS vs. LC, VS vs. LC, VPS vs. LC; Figure 6, Table 3). These
contrasts revealed that the inferior frontal gyrus and fusiform
gyrus were significantly more activated for all three manipu-
lation tasks compared to the LC task; the middle temporal
gyrus, supramarginal gyrus and angular gyrus were signifi-
cantly more activated for the VS and VPS tasks than the LC
task; and the superior temporal gyrus was significantly more
activated for the VPS task than for the LC task (p < .05).

To further investigate the neural processes that were differ-
entially associated with each letter NS task, the PS, VS and
VPS conditions were contrasted with one another (VS vs. PS,
VPS vs. PS, VPS vs. VS; Figure 6, Table 3). These contrasts in-
dicated that the anterior cingulate, posterior cingulate and pre-
cuneus were significantly more activated for the VS task than
the PS and VPS tasks (p < .05), and the inferior frontal gyrus,
superior temporal gyrus, supramarginal gyrus, angular gyrus
and middle temporal gyrus were significantly more activated
for the VPS task than the PS and VS tasks (p < .05). Overall,
these results indicate that activation increases with task diffi-
culty (i.e., stimulus similarity), and visual similarity led to a
greater increase in activation than phonological similarity.

3.24 | Neural activation during object
naming speed tasks

The OPS and OC tasks in the overt session were contrasted
with one another to examine whether there were differ-
ent processes associated with each task (Figure 7, Table 3).
These contrasts revealed that the superior temporal gyrus,
middle temporal gyrus, precuneus and posterior cingulate
were significantly more activated for the OPS task (p < .05),
whereas there was significantly greater bilateral activation in
the fusiform gyrus and the middle occipital gyrus for the OC
task (p < .05).

3.3 | Effect of stimulus manipulations on
activation in the reading network

The direct task comparisons performed above revealed that
key regions of the reading network (inferior frontal gyrus,
superior and middle temporal gyri, supramarginal gyrus, an-
gular gyrus, and fusiform gyrus) were differentially activated
during the NS tasks. To further investigate the activation dif-
ferences among the NS tasks and examine how activation
within these regions was correlated with behavioral perfor-
mance during the tasks, we extracted beta weights from each
of these regions in the overt session using the main contrast
and then performed paired samples ¢ tests on the averages of
the mean beta weights of the four-letter NS tasks and the two
object NS tasks (Figure 8). There was significantly greater
activation during the letter NS tasks in the superior tempo-
ral gyrus and middle temporal gyrus, and significantly lower
activation in the right fusiform gyrus, than in the object NS
tasks (p < .05; Figure 8).

We next examined how activation was affected by the dif-
ferent stimulus manipulations. For the letter NS tasks, there
was significantly greater activation for each of the ROIs when
the letters were both visually and phonologically similar to
one another (all ps < 0.05), except for the left fusiform gyrus,
in which the conditions did not differ (p > .05). Paired sam-
ples ¢ tests showed that the two object naming tasks only dif-
fered in the right fusiform gyrus in which there was greater
activation during the OC task than the OPS task (p < .01).

3.4 | Relationship between neural
activation and behavior

We next examined the relationships between the neural ac-
tivation and behavioral measures. For the letter NS tasks,
greater activation in the angular gyrus and the superior
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TABLE 3 Talairach coordinates of peak activations for each of the contrasts during the overt session

Contrast

Letter and Object NS
Tasks > Fixation (main
contrast)

LC>O0C

PS>LC

VS >LC

VPS > LC

Brain Areas

LH middle frontal gyrus
Supplementary eye fields
RH frontal eye fields

LH frontal eye fields

RH parietal eye fields
LH parietal eye fields

RH dorsolateral prefrontal cortex

LH inferior frontal gyrus
RH insula

LH insula

RH precentral gyrus

LH precentral gyrus

RH fusiform gyrus

LH fusiform gyrus

RH lingual gyrus

LH lingual gyrus

RH cuneus

LH cuneus

LH supramarginal gyrus
LH angular gyrus

LH middle temporal gyrus
LH superior temporal gyrus
LH inferior frontal gyrus
LH superior temporal gyrus
LH middle temporal gyrus
LH supramarginal gyrus
LH angular gyrus

LH fusiform gyrus

RH fusiform gyrus

LH middle occipital gyrus
RH middle occipital gyrus
LH inferior frontal gyrus
LH fusiform gyrus

LH inferior frontal gyrus
LH fusiform gyrus

LH middle temporal gyrus
LH supramarginal gyrus
LH angular gyrus

LH inferior frontal gyrus

LH fusiform gyrus
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Talairach Coordinates

x
=31
-3
21
-21
18
-19
36
=52
31
=31
48
=50
36
—40
10
—11
10
-12

y

=15

53
54
43
43
43
43
43

~N 9

43
43
—18

18
30
17

30

30
-14
-12

—18

T value

3.59
4.86
4.00
3.64
378
573
3.24
391
4.57
3.92
445
3.50
3.81
3.59
573
5.09
3.38
7.13
4.16
3.44
443
3.85

-2.53
2.69
2.67
2.60
2.66

—3.04

—3.24

~3.60

-3.07
2.36
2.04
2.52
273
241
2.86
2.83
2.84
2.59

744
900
699
513
972
993
284
900
996
978
742
544
899
532

1,000

1,000
637

1,000
762
445
644
597
359
708
554
506
532
628
736
990
495
321
161
251
369
351
435
342
591
297

Volume of
cluster (voxels)

(Continues)
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TABLE 3 (Continued)
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Talairach Coordinates

Contrast Brain Areas x
LH middle temporal gyrus —40
LH superior temporal gyrus =50
LH supramarginal gyrus —60
LH angular gyrus -32
VS > PS LH precuneus —4
LH posterior cingulate -3
VPS > PS LH superior temporal gyrus -38
LH supramarginal gyrus —34
LH angular gyrus =50
LH middle temporal gyrus -38
VPS > VS LH inferior frontal gyrus —44
LH anterior cingulate -1
OPS > OC LH superior temporal gyrus =50
LH middle temporal gyrus =52
LH middle occipital gyrus —27
RH middle occipital gyrus 17
LH fusiform gyrus -28
RH fusiform gyrus 27
LH posterior cingulate —6
LH precuneus —6

Volume of

y % T value cluster (voxels)
-58 8 2.12 528
5 3 2.59 256
-23 25 2.54 453
—61 36 222 139
—66 28 2.65 466
—-16 37 2.40 175
=31 22 247 347
-38 42 2.64 693
—47 42 2.56 365
-58 13 2.52 284
3 28 2.40 158
21 27 -2.87 543
1 -8 2.90 498
1 —10 2.95 703
=98 3 =291 890
=9l 3 -3.10 646
=55 -9 -2.61 641
=55 -10 -2.73 664
=32 19 2.72 413
=55 25 2.85 838

Note: Talairach coordinates and numbers of voxels have been averaged across participants.

Abbreviations: LH, left hemisphere; RH, right hemisphere; LC, letters control NS task; OC, objects control NS task; PS, phonologically similar NS task; VS, visually
similar NS task; VPS, visually and phonologically similar NS task; OPS, phonologically similar object NS task.

temporal gyrus was associated with decreased NS efficiency,
and longer articulation times and fixation durations, but these
patterns were not significant after correcting for multiple cor-
relations (in this case, alpha was divided by six because each
behavioral measure was correlated with six neural areas). A
similar approach was taken for the object NS measures (see
bottom panel of Table 4), showing greater activation in the
angular gyrus, middle temporal gyrus and superior temporal
gyrus associated with longer fixation durations, but these pat-
terns were also not significant after correcting for multiple
correlations (again alpha was divided by six because of the
six neural areas correlated with each behavioral measure).

3.5 | Comparison between covert and overt
naming speed performance

Due to the possibility that the overt task could potentially
lead to false positives in activation maps due to movement
(Soltysik & Hyde, 2006), we examined whether beta weight
activations in the reading network ROIs were correlated
between the overt and covert sessions and whether they
were significantly different from one another. There were

significant correlations for all reading network ROIs between
the overt and covert sessions among the individual letter
and object NS tasks after correcting for multiple compari-
sons (all p's < .01; alpha was divided by six because of the
six ROIs; rs ranged from 0.68 to 0.97). Furthermore, paired
samples  tests indicated that there were no significant differ-
ences in these regions between the two sessions (Figure 8; all
ps > .50), indicating that the overt session results were not
driven by false positives caused by spurious factors such as
motion artifacts.

4 | DISCUSSION

Despite previous research identifying the left-hemisphere
reading network and showing differences in neural activ-
ity between alphanumeric and non-alphanumeric NS tasks
(Cummine et al., 2015, 2014; Misra et al., 2004), research-
ers have yet to examine how this network changes with
various stimulus manipulations. To address these impor-
tant gaps in the literature and to build upon the existing
work conducted, we combined fMRI with eye tracking
and speech recording in average adult readers to examine
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FIGURE 5 Comparison between letter and object control NS tasks. Contrast map of letter control (LC) NS task and object control (OC) NS task during
the overt session, cluster size corrected at p < .05 (10 contiguous voxels). Significantly greater BOLD activation is shown for the LC task (‘“hot” colors) and

OC task (“cold” colors) as labeled. Coordinate values of planes in Talairach space are indicated [Colour figure can be viewed at wileyonlinelibrary.com]

how manipulating stimulus composition of these NS tasks,
to make the stimuli either visually and/or phonologically
similar to one another, affected performance. There were
no significant differences between the overt and covert
sessions in behavioral performance (Figure 2 E and F vs.

G and H), sensorimotor activation (except for regions in-
volved in the motor aspects of speech production; Figure 4),
or BOLD activation in key regions of the left-hemisphere
reading network (Figure 8). This established that the differ-
ences found between the tasks in the overt session within
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during the overt session, cluster size corrected at p < .05 (10 contiguous voxels). Significantly greater BOLD activation is shown for the OPS task (“hot” colors)

and OC task (“cold” colors) as labeled. Coordinate values of planes in Talairach space are indicated [Colour figure can be viewed at wileyonlinelibrary.com]

the reading network were not due to speech production mo-
tion artifacts. Within the reading network, there was overall
greater activation for the letter NS tasks than the object NS
tasks (Figure 8), and activation in the temporoparietal areas
of this network varied by task difficulty. These results help
to further unravel the neural and cognitive processes that
are involved during reading, and how these processes dif-
fer between alphanumeric and non-alphanumeric stimuli
and with specific stimulus manipulations.

4.1 | Neural mechanisms of rapid naming

The pattern of neural activation obtained during NS tasks was
consistent across key regions involved in the reading network

that are involved in speech production (Figure 3): ante-
rior cingulate cortex (speech monitoring; Chang, Kenney,
Loucks, Poletto, & Ludlow, 2009; Christoffels, Formisano,
& Schiller, 2007; Guenther & Vladusich, 2012), motor cor-
tex (timing and initiating motor output; He et al., 2013), sup-
plementary motor association cortex (articulation; Alario,
Chainay, Lehericy, & Cohen, 2006; Brown et al., 2009), su-
pramarginal gyrus (somatosensory maps and grapheme—pho-
neme mapping; Stoeckel, Gough, Watkins, & Devlin, 2009)
and middle temporal gyrus (semantic access; Graves, Desai,
Humphries, Seidenberg, & Binder, 2010; Rapcsak & Beeson,
2004; Whitney, Kirk, O’Sullivan, Ralph, & Jefferies, 2010).
Rapid serial naming of the letters and objects also resulted in
significant activation of the frontal eye fields, which reflects
the voluntary saccadic eye movements needed to perform the
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task, as well as the basal ganglia, which reflects the auto-
maticity that is required during these NS tasks (Misra et al.,
2004; Poldrack & Gabrieli, 2001). However, even though
the NS tasks activated key regions of the reading network,
the magnitude of this activation differed between the tasks
(Figure 8).

4.2 | Differences in performance between
alphanumeric and non-alphanumeric stimuli

Behavioral measures showed that letter naming performance
was significantly better than object naming performance.
Participants were more efficient, made fewer errors and re-
gressions, and had shorter articulation times, pause times and
fixation durations during the letter NS tasks than the object

NS tasks indicating the automaticity that is associated with
letter NS tasks (Figure 2). These behavioral differences were
further reflected in greater activation within the reading net-
work for the letter NS tasks (Figure 8), suggesting that the
reading network is specific to letter stimuli and explains why
alphanumeric NS is a better predictor of reading that non-
alphanumeric stimuli (Kirby et al., 2010).

There was a significant difference in BOLD activation be-
tween letters and objects in the right fusiform gyrus, the middle
temporal gyrus and the superior temporal gyrus (Figure 8), with
more activation for objects in the right fusiform gyrus and more
activation for letters in the left middle and superior temporal
gyrus. There was no significant difference in BOLD activation
among the letter and the object conditions in the left fusiform
gyrus (Figure 8). This suggests that the left fusiform gyrus is
not specific to linguistic stimuli but instead processes general
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TABLE 4 Correlations between regions of interest and behavior during the overt session

1. 2.
1. Inferior frontal gyrus -
2. Left Fusiform gyrus 0.58 -
3. Supramarginal gyrus 0.69* 0.77*
4. Angular gyrus 0.57 0.67*
5. Middle temporal gyrus 0.54 0.49
6. Superior temporal gyrus 0.57 0.67*
Letter NS tasks
NS efficiency -0.22 —0.28
Articulation time 0.32 0.39
Pause time —0.02 0.00
Fixation duration 0.18 0.16
Saccade count 0.12 0.17
Regression count 0.24 0.08
Object NS tasks
NS efficiency -0.26 0.06
Articulation time 0.09 —0.04
Pause time 0.15 —0.00
Fixation duration 0.31 0.11
Saccade count 0.22 -0.07
Regression count —0.16 —0.12

Abbreviations: NS, naming speed. N = 18.

*Significant at p < .05 (adjusted for multiple correlations).

visual objects, with the right fusiform gyrus being more spe-
cific to pictures/objects (Cohen et al., 2002; Dehaene, Clec,
Poline, Bihan, & Cohen, 2002; Devlin, Jamison, Gonnerman,
& Matthews, 2006; Pernet, Celsis, & Demonet, 2005; Price &
Friston, 2005; Xue, Chen, Jin, & Dong, 2006). Current knowl-
edge of the neural circuitry of overt word reading (Indefrey
& Levelt, 2004; Jobard, Crivello, & Tzourio-Mazoyer, 2003;
Price, 2012) allows us to hypothesize that the tasks began to
differ from one another as information moved from the left fu-
siform gyrus to the left middle temporal gyrus and left superior
temporal gyrus, indicating the key role these regions play in the
transition from visual to lexical-semantic to phonological pro-
cessing (Carreiras, Armstrong, Perea, & Frost, 2014; Cattinelli,
Borghese, Gallucci, & Paulesu, 2013; Indefrey & Levelt, 2004;
Jobard et al., 2003; Taylor, Rastle, & Davis, 2013).

4.3 | Effect of task stimulus manipulations
on performance

The letter and object NS tasks differentially activated the
left-dominant neural reading network associated with pho-
nological (inferior frontal gyrus, supramarginal gyrus and
superior temporal gyrus; Dhanjal, Handunneththi, Patel,
& Wise, 2008; Jobard et al., 2003; Joubert et al., 2004),

3k 4. 5 6.
0.81* -
0.68* 0.56 -

0.79* 0.99* 0.56 =
—0.35 —0.56 —0.06 —0.58
0.42 0.58 0.05 0.58
0.18 0.38 0.04 0.42
0.21 0.48 -0.14 0.52
0.28 0.25 0.30 0.27
0.27 0.01 -0.09 0.03
—-0.03 -0.16 -0.16 -0.16

—0.07 0.19 0.22 0.18

—-0.03 0.08 0.07 0.11

—0.10 0.44 0.52 0.47
0.00 —-0.08 -0.01 —-0.08
0.00 -0.20 —0.08 —-0.16

orthographic (fusiform gyrus and middle temporal gyrus;
Bruno, Zumberge, Manis, Lu, & Goldman, 2008; Graves
et al., 2010) and orthographic-to-phonological (inferior and
superior parietal lobule; Guenther & Vladusich, 2012; Price,
2012) processing, but not articulatory/motor processing re-
lated to speech production (precentral gyrus, cerebellum and
supplementary motor association cortex; Dhanjal et al., 2008;
Guenther & Vladusich, 2012; Guenther et al., 2006; Price,
2010, 2012). This indicates that the speech production pro-
cesses activated when participants are presented with visual
stimuli are consistent, and not influenced by stimulus charac-
teristics (Palmer et al., 2001), even when some stimuli have
been made more phonologically similar.

For each of these regions within the reading network, there
was greater BOLD activation and poorer naming and eye
movement performance when the letters were both visually and
phonologically similar to one another compared to the single
letter manipulation conditions (Figure 8). This suggests that
increasing the similarity between the letters within the matrix
required greater attentional processing and speech monitoring
to ensure accurate naming of the letters, which was reflected
in the greater activation of the inferior parietal cortex, anterior
cingulate, posterior cingulate and precuneus (Figure 6; Binder,
Desai, Graves, & Conant, 2009; Chang et al., 2009; Christoffels
et al., 2007; Guenther & Vladusich, 2012).
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The only differences between the two object NS tasks were
significantly longer pause times on the OPS task and longer
articulation times in the OC task (Figure 2c,d). This indicates
that greater visual and semantic processing is required to dif-
ferentiate among the stimuli and prime the articulation of the
phonologically similar words in the OPS task, reflected in the
increased activation of the precuneus and posterior cingulate
(Figure 7; Binder et al., 2009). This in turn increases the ef-
ficiency of articulatory recoding and the execution of speech
motor commands.

4.4 | Relationship between neural
activation and behavior

Greater activation in the angular gyrus and the superior tempo-
ral gyrus of the left hemisphere was associated with decreased
NS efficiency and longer articulation times and fixation du-
rations for the letter naming conditions, and longer fixation
durations for the object conditions (Table 4), but these rela-
tionships were not significant after correcting alpha levels;
these relationships are substantial enough to warrant investi-
gation in larger studies. Furthermore, the present findings are
consistent with NS component studies that have found vari-
ability in NS time becomes associated more strongly with ar-
ticulation time than pause time as readers become more skilled
(e.g., Georgiou, Papadopoulos, & Kaizer, 2014). As naming
becomes more automatic, the preparation phase of reading,
pause time, becomes shorter and much more likely to overlap
with articulation processes; thus, participants’ efficiency dur-
ing a task becomes largely a function of how well they are able
to coordinate these processes.

In terms of the eye movement parameters, longer fixation
durations are associated with more effortful language process-
ing (Engbert, Nuthmann, Richter, & Kliegl, 2005; Nuthmann &
Henderson, 2012) and greater attentional focus (Rayner, 2009).
Thus, fixation duration has been found to be related to activity
in cortical regions associated with language processing, such as
the superior temporal gyrus (Henderson, Choi, Luke, & Desai,
2015), and with oculomotor and attentional control, such as the
intraparietal sulcus, frontal eye fields and supplementary eye
fields (Poldrack & Gabrieli, 2001). There was a substantial neg-
ative relationship between fixation duration and activation in
both the angular gyrus and the superior temporal gyrus for both
letters and objects, which suggests that higher order language
processes play a role in controlling fixation duration during NS
task and reading (Table 4; Rayner, 2009; Reichle, Pollatsek,
Fisher, & Rayner, 1998; Reichle, Rayner, & Pollatsek, 2003),
but it should be noted that these relationships were not signif-
icant after correcting for multiple correlations. Studies with
larger sample sizes will be needed to test these correlational
relationships more convincingly.

4.5 | Limitations

Some limitations of the present study are worth mentioning.
We acknowledge that due to the gender disparity of this study
and participants being from a graduate student community, the
sample is not as representative as it should be and identify this
as a limitation to this study. However, this gender ratio is cur-
rently typical of the graduate departments from which these
participants were recruited. Some substantial correlations were
not significant after correcting alpha levels, raising the pos-
sibility that some true relationships have not been identified
(i.e., type II error) due to sample size restrictions. Future stud-
ies should include larger sample sizes with balanced gender
ratio and with participants having more typical reading ability.

5 | CONCLUSION

The design of this study allowed us to examine the processes
that are involved during NS tasks, which are strongly related
to reading. There were no differences in behavioral perfor-
mance (Figure 2), sensorimotor activation (except for regions
involved in the motor aspects of speech production; Figure
4) or activation in the reading network (Figure 8) between
the overt and covert sessions. These findings validate the
use of overt naming in fMRI studies and further expand the
possibility of replicating findings of traditional behavioral
studies that use overt naming tasks. More substantively, acti-
vation during the various NS tasks differed mainly based on
the tasks’ sensitivity to posterior cortical areas in the reading
network involved in the processing and interpretation of or-
thographic information: The NS tasks differentially activated
the temporoparietal regions of the reading network of the left
hemisphere. More generally, combining fMRI with eye track-
ing and speech recording to examine the neural and cognitive
accounts of reading during tasks such as NS furthers the un-
derstanding of the neural circuitry that is involved, and will
allow researchers to examine how these processes change
both during reading development and following interventions
for individuals with reading difficulties, with the potential to
lead to improved instructional practices.
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