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Abstract

Phonological encoding depends on left-lateralized regions in the supramarginal gyrus and the
ventral precentral gyrus. Localization of these phonological regions in individual participants—
including individuals with language impairments—is important in several research and clinical
contexts. To localize these regions, we developed two paradigms that load on phonological
encoding: a rhyme judgment task and a syllable counting task. Both paradigms relied on an
adaptive staircase design to ensure that each individual performed each task at a similarly
challenging level. The goal of this study was to assess the validity and reliability of the two
paradigms, in terms of their ability to consistently produce left-lateralized activations of the
supramarginal gyrus and ventral precentral gyrus in neurologically normal individuals with
presumptively normal language localization. Sixteen participants were scanned with fMRI as they
performed the rhyme judgment paradigm, the syllable counting paradigm, and an adaptive
semantic paradigm that we have described previously. We found that the rhyme and syllable
paradigms both yielded left-lateralized supramarginal and ventral precentral activations in the
majority of participants. The rhyme paradigm produced more lateralized and more reliable
activations, and so should be favored in future applications. In contrast, the semantic paradigm did
not reveal supramarginal or precentral activations in most participants, suggesting that the
recruitment of these regions is indeed driven by phonological encoding, not language processing
in general. In sum, the adaptive rhyme judgment paradigm was effective in localizing left-
lateralized phonological encoding regions in individual participants, and, in conjunction with the
adaptive semantic paradigm, can be used to map individual language networks.

Introduction

Phonological encoding is an important stage of speech production in which lexical forms are
mapped onto articulatory plans, involving processes such as selection and sequencing of
phonemes, syllabification, and various phonological and morphophonemic operations
(Levelt, 1989, 2001). Functional neuroimaging studies using tasks that entail phonological
encoding have consistently identified two regions that are important for this process: the left
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supramarginal gyrus (SMG) and left posterior inferior frontal cortex (Paulesu et al., 1993,
McDermott et al., 2003; Oberhuber et al., 2016; Price et al., 1997; Seghier et al., 2004;
Twomey et al., 2015). The frontal activations have been reported in the posterior inferior
frontal gyrus and the ventral precentral gyrus, but the latter in particular appears to be
involved in phonological encoding specifically rather than language processing in general
(Gitelman et al., 2005; McDermott et al., 2003; Price et al., 1997). Neuropsychological
studies have shown that lesions to inferior parietal and/or posterior inferior frontal left
hemisphere regions are associated with phonological encoding deficits (Baldo & Dronkers,
2006; Buchsbaum et al., 2011; Fridriksson et al., 2010, 2016; Geva et al., 2011; Mirman et
al., 2015; Pillay et al., 2014). Further evidence for the role of these regions in phonological
encoding comes from transcranial magnetic stimulation, which disrupts performance of
phonological tasks when applied over the posterior inferior frontal gyrus (Gough et al.,
2005; Hartwigsen et al., 2010; Grabski et al., 2013) or the supramarginal gyrus (Sliwinska et
al., 2012; Hartwigsen et al., 2016).

While the neuroanatomical correlates of phonological encoding are therefore quite well
established, it would be useful to be able to identify these phonological regions in individual
participants, for at least three reasons. First, in the clinical context of presurgical language
mapping, identification of these regions is critical in patients with surgical sites likely to be
in their vicinity. The most effective existing language mapping paradigms are semantically
based, and activate the left inferior frontal gyrus and left posterior temporal cortex (Binder et
al., 2008; Gaillard et al., 2007; Wilson et al., 2018). The left-lateralized fronto-parietal
phonological encoding regions are not identified by semantic paradigms, which is a
significant limitation given the importance of these regions for speech production.
Commonly used tasks that would seem to clearly entail phonological encoding, such as
picture naming, also do not actually reliably activate these regions (Wilson et al., 2017,
2018). Second, in the context of investigating functional reorganization of language
processing in recovery from aphasia, it would be beneficial to be able to identify
phonological regions. Individuals with aphasia often show a significant degree of recovery
from phonological encoding deficits (Pashek & Holland, 1988; Laska et al., 2001; Yagata et
al., 2017), suggesting that reorganization is possible, but tracking any reorganization
depends on being able to reliably identify these regions across time. Third, phonological
regions could serve as regions of interest (ROISs) in studies that use “functional localizers”
followed by probes of functional specialization (Fedorenko et al., 2010).

We have previously shown that an adaptive semantic matching paradigm identifies frontal
and temporal language areas in a reliable and valid manner in individual participants with
and without language deficits (Wilson et al., 2018). The semantic paradigm involves making
judgments on pairs of words as to whether they are semantically related. The semantic task
is compared to a perceptual control task that requires judgments on pairs of symbol strings.
Critically, the difficulty of both tasks is adjusted on a trial by trial basis so that each
participant finds the tasks challenging, but still within their competence. The effectiveness of
the semantic paradigm appears to depend on the deep semantic processing it entails, as well
as its adaptive nature.
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The overall goal of the present study was to develop a paradigm for identifying phonological
encoding regions based on the same principles. We designed, implemented and compared
two different approaches for engaging the inferior parietal and inferior frontal phonological
regions. The first was a rhyme judgment paradigm (Cousin et al., 2007; McDermott et al.,
2003; Pugh et al., 1996; Seghier et al., 2004) and the second was a syllable counting
paradigm (DeMarco, 2016; Poldrack et al., 1999; Price et al., 1997). Both tasks involved
pseudowords in order to maximize dependence on phonological processing. Both tasks were
intended as proxies for the phonological encoding stage of speech production. Neither
involved overt speech production, for which it is very difficult to design effective control
conditions (Braun et al., 1997). However, successful performance of both tasks depended on
phonological encoding and could not be achieved based on orthographic strings alone.

We compared the two adaptive phonological paradigms to the previously described semantic
paradigm in 16 neurologically normal individuals who were scanned on all three paradigms
in one session. Our primary aim was to assess the validity and reliability of the two
phonological paradigms. Validity was defined as the extent to which each paradigm
activated the left-lateralized supramarginal and ventral precentral regions that are the
established neural substrates of phonological encoding at the population level. The
phonological paradigms were compared to each other, and to the semantic paradigm, which
was not expected to activate these regions. Reliability was assessed by splitting each run in
half and quantifying the overlap between activation maps derived from the two halves of
each run.

Methods

Participants

Sixteen neurologically normal adults participated in the imaging experiment (age 57.0

+ 15.0 years, range 23-77 years; 6 male, 10 female; 12 right-handed, 3 left-handed, 1
ambidextrous; education 16.7 £ 2.2 years, range 12-20 years). Participants were recruited
mostly through a neighborhood listserv in Nashville, Tennessee. The inclusion criteria were:
(1) native English speaker; (2) no history of neurological disease or speech/language or
learning disabilities; (3) no contraindications for MRI. Patients were recruited in the
approximate age range of a typical stroke population, given our intention of applying these
procedures to individuals with aphasia in the future. Exclusion criteria were major
psychiatric disorders, serious substance abuse, claustrophobia, or contraindications to MRI.
Participants were administered the Mini-Mental State Examination (MMSE; Folstein et al.,
1975) and the Quick Aphasia Battery (QAB; Wilson et al., 2018) to confirm that their
cognitive and language capacities were within normal limits (MMSE range: 27-30; QAB
range: 9.31-10).

An additional twelve neurologically normal adults participated in a behavioral experiment
for norming of stimuli (age 32.3 * 8.6 years, range 25-51 years; 3 male, 9 female; 11 right-
handed, 1 left-handed; education 17.3 + 1.2 years, range 16—20 years). They were recruited
similarly with the same inclusion and exclusion criteria, except that we were not concerned
with contraindications for MRI, and we made no attempt to match the age range of a stroke
population.
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All participants gave written informed consent and were compensated for their time. The
study was approved by the institutional review board at Vanderbilt University, and all study
procedures were performed in accordance with the Declaration of Helsinki.

Adaptive rhyme judgment paradigm

The adaptive rhyme judgment paradigm comprised two conditions: a rhyme judgment task,
and a perceptual matching task. The tasks were presented in alternating 20-s blocks in a
simple AB block design. There were 10 blocks per condition, for a total scan time of 400 s
(6:40). Each block contained between 4 and 10 items (inter-trial interval 5-2 s), depending
on the level of difficulty (see below).

In the rhyme judgment condition, each item consisted of a pair of pseudowords, which were
presented one above the other in the center of the screen. Half of the pairs rhymed (e.g.
mulky-tulkie), while the other half did not (e.g. shofy-sheffy). Pairs were considered rhymes
if their endings were phonologically identical starting from the rime of the syllable carrying
primary stress. The participant pressed a button with a finger of their left hand if they
decided that the pseudowords rhymed. If the words did not rhyme, they did nothing.

This task relies on phonological encoding because it requires the participant to assemble
speech sounds into novel sequences, syllabify them, and determine a stress pattern,
implicitly applying (morpho)phonological rules and conforming to phonotactic constraints.
Pseudowords were used in order to load on phonological processes as exclusively as
possible, minimizing engagement of lexical and semantic processes. It is important to note
that rhyme judgments cannot generally be perfomed directly on orthographic
representations, because rhyming depends on phonemic identity and stress placement, which
are available only after phonological encoding. However it must be acknowledged that the
rhyme task is not a perfect model of phonological encoding, because whereas the process of
phonological encoding takes as its starting point something like a sequence of phonemes
comprising the lexical word form, here the starting point is an orthographic string. This
entails that there is also an orthographic decoding component to the task, which may be
related to phonological encoding, but is presumably not equivalent to it. There is also the
rhyme judgment itself, which is a metalinguistic operation on the output of phonological
encoding.

The use of just a single button obviated the need for participants to learn an arbitrary
association between ‘match’ and one button, and ‘mismatch’ and another button, which can
be challenging in patient populations. The left hand was used for the button press to allow
the paradigm to be applied in the future to individuals with post-stroke aphasia, many of
whom have right-sided hemiparesis.

In the perceptual matching condition, each item comprised a pair of false font strings,
presented one above the other. Half of the pairs were identical (e.g. AG8H2-AG8 ), while
the other half were not identical (e.g. AB8Tz-ZAKA). The participant pressed the button
if the strings were identical, and did nothing if they differed. The rhyme judgment and
perceptual tasks were equivalent in terms of sensorimotor, executive and decision-making
components, yet made differential demands on language processing. Task-switching
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demands were minimized because both conditions involved essentially similar tasks:
pressing a button to matching pairs.

Critically, both the rhyme judgment task and the perceptual task were independently
adaptive to participant performance. Each task had seven levels of difficulty. Whenever the
participant made two successive correct responses on a given condition, they moved to the
next highest level of difficulty on the subsequent trial of that condition. Whenever they made
an incorrect response, they moved two levels down on the next trial. This is a 2-down-1-up
adaptive staircase with weighted step sizes (up twice as large as down), which theoretically
should converge at just over 80% accuracy (Garcia-Pérez, 1998). Note that the difficulty
level was manipulated independently for the rhyme and perceptual conditions, even though
sets of items from the two conditions were interleaved due to the AB block design.

Manipulation of item difficulty—The difficulty of rhyme judgment items was
manipulated by varying pseudoword length, orthographic transparency, stress pattern, and
presentation rate (Table 1). On the first level of difficulty, all words were one syllable long
(offering only a single option where stress can fall), and had very basic syllable shapes
(CVC, CVV, or CVVC) and unambiguous orthography. For this easiest level, the rhyming
portions of each matching pair were always orthographically identical (e.g. zon-lon, heef-
meef). Most mismatching pairs shared onsets, with the mismatch created in the nucleus
(bool-beel) or coda (wod-wob). Unlike all subsequent levels, rhyming pairs were more
orthographically similar than mismatching pairs, which was a consequence of the
restrictions described. We did not consider this a serious limitation, since we hoped to create
a level on which even patients with phonological deficits might be capable of performing
above chance, so a degree of orthographic transparency supporting performance was
acceptable.

On the second level, all pseudowords were still one syllable long, but were composed of less
straightforward shapes and orthography. For example, this level included pairs such as doke-
goak, which are clear rhymes but depend on the knowledge that some sounds can be
represented in multiple ways in English orthography. As such, unlike in the first level,
rhyming pseudowords in the second level did not always have orthographically identical
endings. This helped prevent participants from performing the task using only a superficial
scan of letter similarity. To this same end, non-rhyming pairs often had letters in common
(plam-pran). Every difficulty level from this level onward had approximately the same
average Levenshtein distance, or the amount of letter mismatch between two strings, for
rhyming pairs compared to non-rhyming pairs. This minimized the participants’ ability to
identify a pair as a match or mismatch by relying only on the resemblance of the word
endings.

On the third level, all pseudowords were two syllables long and carried trochaic stress. As
with the previous levels, mismatching pairs often shared letters to give the impression that
they may potentially rhyme (farva-gava, doory-poroy) and therefore ensure that the
participant remained engaged. With greater allotments of letters and syllables, these later
levels allowed matches to appear like mismatches (boary-forrie) and mismatches to appear
like matches (tiner-minner) more readily. On the fourth level, pseudoword pairs consisted of
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two or mixed syllables, meaning the words could both be two syllables long (sawby-tauby),
or one-syllable and two-syllables long (kide-beride). This level also incorporated some
iambic stress, a less canonical stress pattern in English, to introduce further complexity into
the items. On the fifth level, word pairs were composed of three (paduka-barooka) or mixed
(gimbo-pakimbo) syllables. Primary stress fell on the penultimate syllable. With longer
words, it is less immediately apparent where the stress might fall. By building primary stress
into more middle segments of the words, the paradigm compels the participant to process the
entire word, identify the most critical syllables out of several, then retain them for
comparison with the next word. On the sixth level, word pairs consisted of three, four
(magorable-weplorable), or mixed (pendify-immendify) syllables. Primary stress fell mostly
on the antepenultimate syllable; some items carried penultimate stress. On the seventh and
highest level, word pairs consisted of five (/nderbesticle-chiropestical) or mixed (jeechable-
onumbeachable) syllables. Primary stress fell on the antepenultimate syllable. In this last
level, and to some extent the sixth level, many pseudowords incorporated morphemes (such
as the endings -7ty or -ater) to meet the greater length goal for the more difficult levels.

Pseudowords were created by first consulting the UWA MRC psycholinguistic database
(Coltheart, 1981; Wilson, 1988) for a list of real words at least three letters long and with a
Kucera-Francis frequency greater than one. These words were then input into the Wuggy
pseudoword generator (Keuleers & Brysbaert, 2010) to derive approximately 25,000
pseudowords that matched the real-word inputs on the parameters of letter length, transition
frequencies of graphemes, and retaining two thirds of the segments from the real words,
making the results word-like but not readily recognizable as related to real words. Four
hundred stimulus pairs were then created manually with some reference to this pseudoword
list, but almost all final items underwent significant editing in order to fit the design goals
for each difficulty level. This degree of manual editing for individual pseudoword pairs was
necessary due to the specific circumstances that must be met for words to rhyme, and for
non-rhyming words to look similar enough to pose a challenge.

Twelve neurologically normal adults were asked to make rhyme judgments on all 400 items,
emphasizing accuracy over speed. Accuracy was 88.9% + 5.5% (range 78.3-96.5%). Many
of the incorrect responses seemed to represent genuine errors rather than ambiguities of how
the pseudowords should be pronounced. For instance, 2 out of 12 participants judged pake
and pape to rhyme, which is not possible since they differ in their codas. For 28 out of 400
items (7.0%), less than two thirds of responses were correct. These items were rechecked
and 18 were deemed ambiguous or problematic. These items were included in the present
imaging experiment, but will be excluded in future applications.

In the perceptual condition, item difficulty was manipulated in two ways: as the level of
difficulty increased, mismatching pairs were more similar (Table 1), and presentation rate
was faster. The length of the items (number of symbols) was dynamically matched to the
length of the pseudoword pairs (number of letters) as the experiment progressed.

In order to match sensorimotor and executive demands across the language and perceptual
conditions, it was necessary to yoke presentation rate across conditions. Presentation rate
was adjusted at the start of each rhyme judgment block and remained fixed for the upcoming
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rhyme and perceptual blocks. The ‘ideal” inter-trial interval for each condition was defined
as the block length (20 s) divided by the ideal number of items per block (4 through 10, for
difficulty levels 1 through 7). The number of items per block was then selected to be as large
as possible without exceeding the average of the two ‘ideal’ inter-trial intervals (Wilson et
al., 2018).

Adaptive syllable counting paradigm

The adaptive syllable counting paradigm was identical to the rhyme judgment paradigm is
almost every respect. The only differences were in the pseudowords used and the nature of
the decision to be made on them. In this paradigm, half of the pseudoword pairs had the
same number of syllables (e.g. fony-rado), while the other half did not (e.g. bosk-mipia).
The participant pressed a button if they decided that the pseudowords had the same number
of syllables. If they did not have the same number of syllables, they did nothing.

This task entails phonological encoding because syllabification is not inherent in an
orthographic string, but is implicitly computed based on phonological rules and phonotactic
constraints. As for the rhyme task, there is also an orthographic decoding component to the
task, as well as the counting and comparison of the number of syllables. Therefore like the
rhyme task, the syllables task involves phonological encoding along with several other
operations.

Manipulation of item difficulty—The difficulty of syllable counting items was
manipulated by varying pseudoword length, the number of syllables in the pseudowords, and
presentation rate (Table 2). The first level included pseudowords that were 3—4 letters long.
Items in matching pairs were one syllable long, while mismatching pairs were one and two
syllables long. The second level introduced more difficulty by allowing matching pairs to
consist of either one-syllable or two-syllable pseudowords. Letter lengths remained the same
and mismatching pairs continued to comprise one- and two-syllable pseudowords. The
remaining third to seventh levels steadily increased in the number of letters and syllables
involved, as shown in Table 2.

Stimuli were based on the same 25,000-pseudoword list generated for the rhyme paradigm.
Items were excluded if they violated English phonotactics (e.g. bathtr), were
pseudohomophones (e.g. kee), allowed for ambiguous pronunciation (e.g. afed), or appeared
unusual in any other way (e.g. awbix, rajue). The final list of stimuli for this paradigm
consisted of 4,273 pseudowords. Unlike in the rhyme judgment paradigm, it was not
necessary to generate specific matching and mismatching pairs. Rather, matching and
mismatching pairs were dynamically created from the 4,273-word list according to the
current difficulty level.

Twelve neurologically normal adults were asked to make syllable counting judgments on
350 randomly generated items (50 per level), emphasizing accuracy over speed. Accuracy
was 94.4% + 6.5% (range 78.6-98.6%). Most of the incorrect responses represented genuine
errors. For just 9 out of 350 items (2.6%), less than two thirds of responses were correct.
These items were rechecked and 9 pseudowords were deemed ambiguous or problematic.
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These words were included in the present imaging experiment, but will be excluded in future
applications.

Adaptive semantic matching paradigm

The semantic paradigm has been described in detail previously (Wilson et al., 2018). In
brief, two words were presented on the screen in the experimental condition. Participants
pressed a button if the words were semantically related and did nothing otherwise. The
perceptual control task was the same as that used in the other paradigms. Difficulty was
manipulated by varying lexical frequency, concreteness, degree of relatedness, word length,
age of acquisition, and presentation rate. Note that the data for the 16 participants on the
semantic paradigm in the present study have been previously reported in Wilson et al.
(2018), section 3.6, however the analyses were slightly different.

Implementation

Training

The three paradigms were implemented in a MATLAB program called

Adaptivel anguageMapping (Wilson et al., 2018) using the Psychophysics Toolbox version 3
(Brainard, 1997; Pelli, 1997). Adaptivel anguageMapping is freely available for download at
http://aphasialab.org/alm. Deidentified imaging data will be made available on request.

Each participant was trained in two phases. In the first phase, the researcher explained the
tasks and manually presented examples of match and mismatch items in each condition. In
the second phase, participants practiced each paradigm with the real experiment timing
(except that the presentation rate was not yoked across conditions) to familiarize them with
the pace of the experiment. Items presented in training were not repeated in the scanner. The
difficulty levels achieved on each condition at the end of the practice session were used as
the initial difficulty levels during the scanning session.

Patients with language impairments will benefit from further training in the scanner (Wilson
et al., 2018), but this was not necessary for the neurologically normal participants in the
present study.

Neuroimaging

Participants were scanned on a Philips Achieva 3T scanner with a 32-channel head coil at
the Vanderbilt University Institute of Imaging Science. Visual stimuli were projected onto a
screen at the end of the bore, which participants viewed through a mirror mounted to the
head coil. Three functional runs of T2*-weighted BOLD echo planar images—one for each
paradigm—uwere collected with the following parameters: 200 volumes + 4 initial volumes
discarded; 35 axial slices in interleaved order; slice thickness = 3.0 mm with 0.5 mm gap;
field of view = 220 x 220 mm; matrix = 96 x 96; repetition time (TR) = 2000 ms; echo time
(TE) = 30 ms; flip angle = 75°; SENSE factor = 2; voxel size = 2.3 x 2.3 x 3.5 mm. The
order of the three paradigms (rhyme, syllables, semantic) was counterbalanced across
participants. Three-dimensional T1-weighted and coplanar T2-weighted structural images
were acquired for intrasubject and intersubject registration. Participants responded using a
button box held in their left hand.

Neuroimage. Author manuscript; available in PMC 2020 April 01.


http://aphasialab.org/alm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yen etal. Page 9

Analysis of fMRI data

The functional data were first preprocessed with tools from AFNI (Cox, 1996). Head motion
was corrected, with six translation and rotation parameters saved for use as covariates. Next,
the data were detrended with a Legendre polynomial up to and including degree 2, and
smoothed with a Gaussian kernel (FWHM = 6 mm). Then, independent component analysis
(ICA) was performed using the fsl tool melodic (Beckmann & Smith, 2004). Noise
components were manually identified with reference to the criteria of Kelly et al. (2010) and
removed using fs/_regfilt.

The adaptive paradigms were modeled with boxcar functions encoding the block design;
note that most blocks included correct and incorrect trials. These models were convolved
with a hemodynamic response function (HRF) based on the difference of two gamma
density functions (time to first peak = 5.4 s, FWHM = 5.2 s; time to second peak = 15 s;
FWHM = 10 s; coefficient of second gamma density = 0.09), and fit to the data with the
program fmrilm from the FMRISTAT package (Worsley et al., 2002). The six motion
parameters were included as covariates, as were time-series from white matter and CSF
regions (means of voxels segmented as white matter or CSF in the vicinity of the lateral
ventricles) to account for nonspecific global fluctuations, and three cubic spline temporal
trends.

The T1-weighted anatomical images were warped to MNI space using unified segmentation
in SPM5 (Ashburner & Friston, 2005). Functional images were coregistered with structural
images via coplanar T2-weighted structural images using SPM, and warped to MNI space.

Contrasts were created to compare each language condition to its perceptual control
condition. Second level analyses were based on these contrasts, and also on contrasts
between the paradigms to identify brain regions that were differentially recruited by
different language tasks, e.g. (Rhyme — Perceptualg) — (Semantic — Perceptualg), where
Perceptualg, refers to the perceptual task during the rhyme run, and Perceptualg the
perceptual task during the semantic run. All second level contrasts were thresholded at
voxelwise p < .001, then corrected for multiple comparisons at p < .05 based on cluster
extent using permutation testing implemented with the FSL tool randomise (Winkler et al.,
2014). Specifically, null distributions were created by randomly inverting the signs of the
contrast images (Nichols & Holmes, 2002).

Measures of validity

Sensitivity—One indicator of paradigm validity is the ability to activate, in individual
participants, known phonological encoding regions in the left supramarginal gyrus and left
ventral precentral gyrus. For completeness, we also quantified activation of the language
regions in the left inferior frontal gyrus and left posterior temporal cortex.

Four ROIs were defined as follows. The parietal ROI was defined as the supramarginal gyrus
(AAL region 63; Tzourio-Mazoyer et al., 2002) and inferior parietal lobule (AAL region
61). The ventral precentral ROl was defined as the precentral gyrus (AAL region 1), with a
dorsal cutoff of z< 40. The frontal ROl was defined as the inferior frontal gyrus (AAL
regions 11, 13 and 15), while the temporal ROI was defined as the middle temporal gyrus
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(AAL region 85), angular gyrus (AAL region 65), and the ventral part of the superior
temporal gyrus (AAL region 81); specifically, voxels within 8 mm of the middle temporal
gyrus. For all analyses, a gray matter mask was applied, obtained by smoothing the
segmented gray matter proportion image with a 4 mm FWHM Gaussian kernel, then
applying a cutoff of 0.25.

We quantified sensitivity in these ROIs in two ways: extent of activation and proportion of
participants for whom activation exceeded 2,000 mm3. Relative thresholds were used in each
individual such that the top 5% of all gray matter voxels were considered active (Gross &
Binder, 2014), and a cluster volume cutoff of 2,000 mm3 was applied (Wilson et al., 2017,
2018).

Lateralization—Another indicator of validity is the extent to which activations in these
regions are left-lateralized, given that language function is known to be left-lateralized in the
majority of neurologically normal individuals. We therefore defined homotopic ROIs in the
right hemisphere, and then calculated a laterality index (L) for each paradigm and ROI
using the standard formula LI = (V et — VRight) / (VLeft + VRight), Where V| ef is the number
of voxels activated in the left hemisphere, and Vrignt is the number of voxels activated in the
right hemisphere. LI ranges from —1 (all activation in the right hemisphere) to +1 (all
activation in the left hemisphere).

To compare the degree of lateralization across paradigms, it was not possible to use
parametric tests due to parietal and precentral regions not being activated in all participants,
and also due to ceiling effects (LI = 1 reflecting complete lateralization). Therefore
permutation testing was used. For each ROI, 10,000 permutations were carried out. The
parietal and precentral ROIs were rarely activated by the semantic paradigm, so only the
rhyme and syllable counting paradigms were compared. Each participant’s two LIs (missing
in several instances) were randomly assigned to the two conditions, and the test statistic was
defined as the difference between the means of the non-missing values. The observed
difference was compared to its null distribution. For the frontal and temporal ROls, each
participant’s three LIs (missing in one instance) were randomly reassigned to the three
conditions. The means of the non-missing values were then calculated for each condition.
The test statistic was the largest difference between the three means.

Reliability—To estimate test-retest reproducibility, we split each run in half, refit the
general linear model to each of the two halves independently, and then calculated the Dice
coefficient of similarity (Rombouts et al., 1997) to assess the degree of activation overlap
between the two resultant maps.

Analysis parameter sets—Analysis parameters such as voxelwise threshold and cluster
volume cutoff have a strong impact on calculations of sensitivity, lateralization, and
reliability (Wilke & Lidzba, 2007; Wilson et al., 2017, 2018). As stated above, we used an a
priori set of parameters for the majority of our analyses, but we also explored the effect of
changing these parameters. To ensure that our main findings were not dependent on
threshold or cluster extent cutoff, we recalculated sensitivity and lateralization measures
under seven different absolute thresholds (p< .1, p< .05, p< .01, p<.005, p<.001, p<.
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0005, and p < .0001), seven relative thresholds (top 10%, 7.5%, 5%, 4%, 3%, 2%, and 1% of
most highly activated voxels), and four cluster volume cutoffs (none, 1,000 mms3, 2,000
mm3, 4,000 mm3).

Results

Behavioral results

The adaptive staircase procedure was intended to result in performance being similarly
accurate in each condition. This was partially, but not entirely, successful; a repeated
measures ANOVA showed a significant interaction of paradigm by condition for accuracy
(A2, 30) = 19.18, p<.0001) (Fig. 1A). Follow-up paired £tests showed that accuracy was
lower on the rhyme paradigm than the semantic paradigm (|415)| = 5.75, p < .0001), and
lower on the syllables paradigm than the semantic paradigm (|{15)| = 4.86, p=.0002), while
the two phonological paradigms did not differ from one another (|{15)| = 0.72, p = .48).
When each language paradigm was compared to its perceptual control condition,
participants were less accurate on the phonological paradigms than on their control
conditions (rhyme: |#15)| = 5.61, p<.0001; syllables: |{15)| = 3.51, p=.0032), but more
accurate on the semantic paradigm than on its control condition (|{15)| = 2.19, p=.045).

The mean difficulty level at which items were presented also differed across paradigms and
conditions (Fig. 1B). Although it is informative to see the range of mean difficulty levels at
which items were presented for each participant, we did not examine this apparent
interaction statistically, because the seven difficulty levels were not inherently equivalent
across conditions or across paradigms.

Finally, reaction times too showed a significant interaction of paradigm by condition (A2,
30) = 32.14, p<.0001) (Fig. 1C). Follow-up paired #tests showed that reaction times were
faster on the semantic paradigm than on the rhyme paradigm (]415)| = 5.14, p< .0001) or
the syllables paradigm (|415)| = 8.16, p < .0001), and reaction times were faster on the
rhyme paradigm than the syllables paradigm (|{15)| = 4.19, p=.0008). Participants
responded more quickly to the rhyme condition than to its control condition (|{15)| = 2.25, p
=.040), and more quickly to the semantic task than its control condition (|{15)| = 7.82, p<.
0001), while the syllables task did not differ from its control condition (|{15)| = 1.49, p=.
16).

Taken together, these findings indicate that the adaptive staircase procedure was only
partially successful in matching performance across paradigms and conditions.

Neuroimaging results

In group contrast maps (Fig 2A-C), all three paradigms activated left inferior frontal and left
posterior temporal regions, but there were striking differences between paradigms in the left
supramarginal and left ventral precentral regions that have been associated with
phonological encoding. These regions were activated by the rhyme judgment task (Fig 2A,
green circles) and the syllable counting task (Fig 2B, blue circles), but not by the semantic
task (Fig 2C). Direct contrasts between the three paradigms (Fig 2D-F) confirmed that these
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differences were statistically significant. Coordinates and statistical details for all activated
regions are provided in Table 3.

To determine whether differences between paradigms might reflect confounds of accuracy or
reaction time, additional analyses were carried out in which differences between paradigms
in accuracy or reaction time relative to the perceptual control condition were included as
covariates. No regions were significantly correlated with any of these covariates, reducing
the likelihood that the differences observed between paradigms were secondary to confounds
of accuracy or reaction time.

Sensitivity—Sensitivity was compared across paradigms in each ROI (Fig. 3). In the left
supramarginal ROI, the extent of activation differed across the three paradigms (A2, 30) =
20.86, p < .0001), with more extensive activation for the rhyme paradigm (4.92 + 3.67 cm3)
than the semantic paradigm (1.02 + 1.16 cm3, |{(15)| = 5.05, p < .0001) and more extensive
activation for the syllable counting paradigm (5.09 + 3.31 cm3) than the semantic paradigm
(J415)| = 6.50, p<.0001), while the phonological paradigms did not differ from one another
(]415)| = 0.23, p=.82). On both phonological paradigms, most participants showed
supramarginal activations of at least 2,000 mm?3 extent: 13 out of 16 on the rhyme paradigm
and 13 out of 16 on the syllable counting paradigm. In contrast, on the semantic paradigm
only 2 out of 16 participants showed such activation. This difference was statistically
significant (x2(2) = 20.74, p< .0001).

In the left ventral precentral ROI, the extent of activation differed across the three paradigms
(A2, 30) = 24.81, p<.0001), with more extensive activation for the rhyme paradigm (3.56
+ 1.46 cm3) than the semantic paradigm (1.18 = 0.94 cm3, |(15)| = 7.79, p< .0001) and
more extensive activation for the syllable counting paradigm (3.52 + 1.22 cm?3) than the
semantic paradigm (|4(15)| = 8.26, p < .0001), while the phonological paradigms again did
not differ (|{15)| = 0.20, p = .85). On both phonological paradigms, most participants
showed inferior parietal activations of at least 2,000 mm? extent: 14 out of 16 on the rhyme
paradigm and 15 out of 16 on the syllable counting. In contrast, on the semantic paradigm
only 3 out of 16 participants showed such activation. This difference was statistically
significant (x2(2) = 24.94, p< .0001).

The possibility was considered that supramarginal and/or ventral precentral activations for
the rhyme or syllables paradigms might reflect the lower accuracy of participants on those
language tasks compared to their perceptual control conditions. If activations were related to
the greater difficulty of the language tasks, or to the commission or monitoring of errors,
then positive correlations would be predicted across participants between error rate
differences and activation extent. No such positive correlations were observed
(supramarginal rhyme: r=-0.13, p=.62; supramarginal syllables: r=-0.18, p=.50;
precentral rhyme: r=-0.14, p=.61; precentral syllables: r=-0.05, p=.87).

All three paradigms activated the inferior frontal gyrus ROI. There were modest but
significant differences in extent (A2, 30) = 5.57, p=.015), with more extensive activation
for the semantic paradigm (17.85 + 3.47 cm?3) than the syllables paradigm (14.62 + 4.26
cm3, |{15)| = 2.69, p=.017) and more activation for the rhyme paradigm (17.22 + 3.11 cm?3)
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than the syllables paradigm (|{15)| = 3.57, p=.0028); the semantic and rhyme paradigms
did not differ from one another (|4(15)| = 0.58, p=.57).

All three paradigms also activated the posterior temporal ROI, again with significant
differences in extent (A2, 30) = 50.78, p< .0001). In this case, the semantic paradigm
produced much more extensive activation (15.76 + 4.75 mm3) than the rhyme paradigm
(7.45 + 3.55 cm3, |{(15)| = 7.56, p < .0001) or the syllables paradigm (6.36 +2.80 cm3, |{15)|
=7.32, p<.0001), which did not significantly differ from one another (|{15)| = 2.13, p=.
051).

Lateralization—Lateralization was compared across paradigms in each ROI (Fig. 4). In
the supramarginal gyrus, the rhyme paradigm yielded more left-lateralized activations (LI =
0.99 + 0.03) than the syllables paradigm (LI = 0.71 + 0.38, permutation test, o = .018). In the
ventral precentral gyrus, the difference in lateralization between these paradigms was not
significant (rhyme: L1 = 0.84 £ 0.24; syllables L1 = 0.74 £ 0.32; p=.18). Note that
lateralization was not assessed for the semantic paradigm in these regions becasue they were
activated in so few participants. The frontal and temporal ROIs did not show significant
lateralization differences between the three paradigms (frontal: omnibus p=.1213;
temporal: omnibus p=.0646).

Reliability—In the split-half analyses of test-retest reproducibility, the Dice coefficient of
similarity differed across the three paradigms (A1, 30) = 6.57, p=.0057) (Fig. 5). The
rhyme paradigm (Dice = 0.61 + 0.02) and semantic paradigm (Dice = 0.66 + 0.03) both
showed better split-half reproducibility than the syllables paradigm (Dice = 0.52 + 0.03;
rhyme: |{15)| = 2.46, p=.026; semantic: |{15)| = 3.13, p=.0068), but the rhyme and
semantic paradigms did not differ from one another (|{15)| = 1.29, p=.22).

Effect of analysis parameters—The impact of varying voxelwise thresholds and cluster
size cutoffs on sensitivity, lateralization, and reliability of activations is shown in Fig. 6.
These analyses showed that the main patterns described above held regardless of the
voxelwise threshold or the cluster size cutoff. In particular, the supramarginal gyrus and
ventral precentral gyrus were activated by both phonological paradigms under a wide range
of analysis parameters, whereas these regions were activated by the semantic paradigm only
under very liberal thresholds, in which case activations appeared to be mostly extensions of
adjacent semantic regions (angular gyrus, inferior frontal gyrus). Phonological activations in
these regions were also left-lateralized under a wide range of analysis parameters, generally
more so for the rhyme paradigm. The rhyme and semantic paradigms were generally
comparable in reliability, while the syllables paradigm was somewhat less reliable.

Discussion

We found that the left supramarginal and left ventral precentral regions previously identified
as the neural substrates of phonological encoding were robustly activated in most individual
participants by the adaptive rhyme judgment and syllable counting paradigms, supporting
the validity of these paradigms for mapping phonological regions. These activations were
generally left-lateralized, especially for the rhyme paradigm. The rhyme paradigm

Neuroimage. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yen et al.

Page 14

demonstrated good reliability (Dice coefficient = 0.61), and was significantly more reliable
than the syllables paradigm. For these reasons, we advocate the rhyme paradigm for future
applications of this work. In contrast, our previously described semantic matching paradigm,
which reliably activates inferior frontal and posterior temporal language regions, rarely
yielded activations in the supramarginal gyrus or ventral precentral gyrus.

Left-lateralized inferior frontal and posterior temporal language regions were robustly
activated by all three paradigms. The left inferior frontal activation was roughly similar
across paradigms, while the temporal activation was considerably more extensive for the
semantic paradigm, which is not surprising given the localization of the semantic network
(Binder et al., 2009). Taken together, the findings from the three paradigms suggest that the
left inferior frontal region, and a relatively circumscribed region centered on the left superior
temporal sulcus, are involved in language processing in general (Knecht et al., 2003; Seghier
et al., 2011; Springer et al., 1999; Tzourio-Mazoyer et al., 2010; Bradshaw et al., 2017;
Wilson et al., 2018), while the supramarginal gyrus and ventral precentral gyrus are
specifically driven by phonological encoding (Gitelman et al., 2005; McDermott et al., 2003;
Price et al., 1997), and more extensive temporal lobe regions are involved in semantic
processing (Binder et al., 2009). This circuitry is well established at the population level,
what the present study adds is the potential to map these regions with distinct functions in
individual participants.

Rhyme judgment paradigms have been implemented in many previous studies (e.g. Baciu et
al., 2001, 2005; Billingsley et al., 2001; Booth et al., 2002, 2006; Burton et al., 2005;
Clements et al., 2006; Cousin et al., 2007; Gitelman et al., 2005; Lurito et al., 2000;
McDermott et al., 2003; Morrison et al., 2016; Pillai & Zaca, 2011; Poldrack et al., 2001;
Pugh et al., 1996; Seghier et al., 2004; Shaywitz et al., 1995; Zaca et al., 2012), and syllable
counting paradigms have been used in a few studies (DeMarco et al., 2016; Poldrack et al.,
1999; Price et al., 1997; Trojano et al., 2000). Rhyme judgment paradigms have been shown
to be highly lateralizing, making them an excellent choice for presurgical language mapping
(Baciu et al., 2001, 2005; Clements et al., 2006; Cousin et al., 2007; Lurito et al., 2000;
Pillai & Zaca, 2011; Zaca et al., 2012; Morrison et al., 2016; see Bradshaw et al., 2017 for
review), while syllable counting paradigms appear to yield somewhat more bilateral
activation patterns (e.g. Price et al., 1997; Trojano et al., 2000), like we found in the present
study. Most previous group studies using either of these tasks have not reported activation of
all four regions that we studied: the left supramarginal gyrus, left ventral precentral gyrus,
left inferior frontal gyrus, and left posterior temporal cortex. To our knowledge, only one
previous study has explicitly reported sensitivity to detect activation in putative phonological
regions: Seghier et al. (2004) found that for a rhyme judgment task, the inferior parietal
lobule was activated in 13/26 participants and the precentral gyrus in 16/26 participants. The
core language areas were more consistently activated: the inferior frontal gyrus in 23/26, and
the superior or middle temporal gyrus in 19/26. There are many factors that may account for
the apparent greater sensitivity of our paradigms, including number of blocks (we used 10
blocks per condition while Seghier and colleagues used 5 blocks per condition), our use of
pseudowords rather than real words (Poldrack et al.,1999), and the adaptive staircase
procedure, which ensured that language tasks as well as the control tasks were challenging at
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all times, requiring each participant to engage in focused and highly constrained linguistic
and cognitive processing.

Besides potentially increased sensitivity, another advantage of using adaptive designs is that
the paradigms are likely to be more feasible for individuals with aphasia. This may improve
the accuracy of language mapping in presurgical patients with language deficits due to
tumors or epileptogenic foci in or around language regions. It also makes it feasible to study
the functional reorganization of phonological encoding regions in recovery from aphasia. A
major challenge in studies of neuroplasticity has been designing language tasks that
individuals with aphasia are able to perform (Price et al., 2006; Geranmayeh et al., 2014).
Our adaptive paradigms have the potential to equate performance between patients and
controls, as well as across the same individual at multiple time points over the course of
recovery.

Our study had several noteworthy limitations. First, phonological encoding regions were not
identified in every participant. The rhyme paradigm, which we advocate for future use,
activated the left supramarginal gyrus in 13 out of 16 participants, and the ventral precentral
gyrus in 14 out of 16. In contrast, the core inferior frontal and posterior temporal language
regions were activated with 100% sensitivity by the rhyme and semantic paradigms (see also
Wilson et al., 2018), and in all but one particpant by the syllable counting paradigm. Seghier
et al. (2004) reported the same of pattern of results whereby phonological regions were less
robustly activated than core regions.

Second, we were interested in identifying the left-lateralized fronto-parietal regions that are
thought to be involved in the phonological encoding stage of speech production, since these
regions are critical for speech production yet are not well localized by other language
mapping paradigms. However, while our phonological contrasts certainly implicated
phonological encoding, they also implicated orthographic decoding, as well as
metalinguistic operations on the outputs of phonological encoding (rhyme judgment,
syllable counting). It is likely that these other decoding and metalinguistic processes
involved in our tasks, which are generally phonological in nature, have rather similar neural
substrates to phonological encoding specifically (Booth et al., 2002; Jobard et al., 2003;
Mechelli et al., 2003; Taylor et al., 2013; Wilson et al., 2009). However our study did not
allow us to unequivocally dissociate phonological encoding from other types of
phonological processing.

Third, our attempt to match accuracy and reaction time across the language and perceptual
tasks, and across the three different language paradigms, was only partially successful. At
least four possible reasons can be identified for the failure to obtain perfectly matched
behavioral results. First, there were some ceiling effects, that is, some participants made
consecutive correct responses at the highest level, and thus would have been forced to
perform at even higher levels if there had been any higher levels. Second, some items were
ambiguous, meaning that difficulty may sometimes have been adjusted up or down when the
opposite should have occurred. These items have been excluded from the paradigms that we
have made available for future applications. Third, presentation rate had to be yoked across
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the language and perceptual conditions, in order to avoid even more serious confounds of
mismatched sensorimotor demands. Fourth, string length was matched across the language
and perceptual conditions to avoid visual confounds. The matching of presentation rate and
string length created contingencies between the conditions that prevented them from
adapting completely independently.

Fortunately, the impact of the imperfect matching was considerably mitigated by the fact
that the language conditions had shorter reaction times than the perceptual condition for the
rhyme and semantic paradigms, and equivalent reaction times for the syllable counting
paradigm. This is important because it means that domain-general regions (Fedorenko et al.,
2013), which show increased signal with increased time on task (Binder et al., 2005), cannot
be misidentified as language regions. However, despite reaction times being shorter,
participants were less accurate on the rhyme and syllable counting conditions than on their
perceptual control conditions. This means that activations for these contrasts may include
components related to the commission or monitoring of errors. However, error monitoring
has been associated with medial frontal regions (Ito et al., 2003), whereas the phonological
regions have not generally been linked to error monitoring. Moreover, these regions did not
show positive correlations between error rate differences and activation extent. These
considerations suggest that the supramarginal and ventral precentral regions we identified
are unlikely to represent confounds of accuracy.

Finally, while this study has provided considerable evidence to establish the validity and
reliability of our phonological paradigms, we have not yet investigated their feasibility in
individuals with aphasia (Wilson et al., 2018). In a lesion-symptom mapping study, Pillay et
al. (2014) showed that many individuals with aphasia were able to perform above chance on
a rhyme matching task using real words. This suggests that many patients should be able to
perform our rhyme judgment paradigm, although our use of pseudowords, as well as the
timing demands of functional imaging, are likely to make our task more challenging.
DeMarco (2016) scanned eight individuals with aphasia on a syllable counting paradigm that
was a precursor to the paradigm described here. All patients were able to attempt the task,
however only four of the eight performed above chance. In our preliminary experiences with
individuals with aphasia, it appears that patients are more likely to understand and perform
above chance on rhyme judgment than syllable counting. This provides a third reason for
preferring the rhyme judgment paradigm in future applications.

Despite these limitations, the adaptive rhyme judgment task in particular shows considerable
promise as a paradigm capable of mapping known phonological encoding regions in the left
supramarginal gyrus and left ventral precentral gyrus in individual participants. The present
findings establish the validity and reliability of the paradigm in neurologically normal
controls, and suggest that future studies are warranted to address the utility of the paradigm
in presurgical patients and individuals with aphasia. By using the adaptive rhyme judgment
and adaptive semantic paradigms in conjunction, it should be possible to map domain-
specific language regions in individual participants, allowing us to go beyond the concept of
simply mapping undifferentiated “eloquent cortex”. This offers clear advantages for
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presurgical language mapping, studies of neuroplasticity in recovery from aphasia, and
studies that use functional localizers to probe the functionality of different nodes of the
language network.
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Figurel.
Behavioral results. Each participant is denoted with a unique color. (A) Accuracy. (B)

Difficulty level of items presented. (C) Reaction time. Rhyme = Rhyme judgment; Syl =
Syllable counting; Sem = Semantic matching; Perc = Perceptual control task.
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Figure 2.
Activation maps for group contrasts. The top row shows each language task compared to its

perceptual control task: (A) Rhyme > Perceptual; (B) Syllables > Perceptual; (C) Semantic >
Perceptual. The bottom row shows pairwise contrasts between the language paradigms: (D)
Rhyme # Semantic; (E) Syllables # Semantic; (F) Rhyme # Syllables.
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Figure 4.
Lateralization of activation for each paradigm in each region of interest. Each participant is

denoted with a unique color, matching previous figures.
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defined as activation of at least 2,000 mm3 in the relevant ROI.
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Syllable counting levels of difficulty

Table 2

Level Match Mismatch Match example Mismatch example Perceptual match  Perceptual mismatch

1 3or 4 letters 3or 4 letters fod gan 50564 OYXsWd
1 syllable 1or2syllables  bim epo 3038A SEDK2

2 3or 4 letters 3or 4 letters gock sork ©68IT drs&e
lor2syllables 1or2syllables tiss boma ®Os8IT 02062

3 4 or 5 letters 4 or 5 letters lapo namp dASPO Ursb¥E
1or2syllables 1 or2syllables pany ambus dASPO ershEs

4 5 or 6 letters 5 or 6 letters tarmo blash EBS5h 50LOY
1lor2syllables 1or2syllables vegar ragle EBSSh 28UdY

5 6 or 7 letters 6 or 7 letters banlem esbort §600K D 82LEY
2 or 3syllables 2 or 3syllables  terrow kisonic 8§800K® LehEY

6 7 or 8 letters 7 or 8 letters opunate displert WLHEEDS YWOXKE
2 or 3syllables 2 or3syllables  fundacy pomable WLHEEDS YKOEKE

7 8 or 9 letters 8 or 9 letters uncament bepidity K45ES5h ABXKIE
3or4syllables 3 or4syllables  nanculous delibance Ku5E5h ABASE
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Table 3
Functional activations for group contrasts
Brain region MNI coordinates Extent (mm3) Maxt p
X y z
Rhyme
Left IFG, pars opercularis, triangularis and orbitalis; anterior insula; ventral -46 20 14 40,304 12.16 0.0002
precentral gyrus
Left medial superior frontal gyrus -6 24 47 3,192 6.18 0.0102
Left posterior STS -61 -36 1 3,024 10.90 0.011
Left supramarginal gyrus -48 -40 43 2,768 7.33 0.011
Left hippocampus -17 -12 -15 1,424 6.09 0.013
Left supplementary motor area -4 2 64 1,384 6.31  0.033
Left posterior inferior temporal gyrus -50 -47 -17 1,240 5.40 0.038
Syllables
Left IFG, pars opercularis, triangularis and orbitalis; anterior insula; ventral -46 19 16 40,032 12.85 0.0004
precentral gyrus
Left medial superior frontal gyrus -3 12 54 9,256  10.47 0.0029
Left supramarginal gyrus -50 -39 41 7,112 9.52  0.0035
Left posterior STS -65 -34 -1 1,704 7.93 0.025
Right anterior insula 37 29 -4 1,296 7.20 0.038
Left inferior temporal gyrus -50 -49 -15 1,136 6.49  0.046
Right IFG pars opercularis 52 17 15 1,128 5.58 0.046
Semantic
Left IFG, pars opercularis, triangularis and orbitalis; anterior insula -45 23 9 36,856 11.39 0.0010
Left STS, MTG and angular gyrus, posterior ITG -56 -40 2 21,864 12.17 0.0015
Left medial superior frontal gyrus -7 36 45 16,240 10.40 0.0018
Right cerebellum 23 -78 -32 9,328 12.44 0.0031
Left hippocampus -20 -12 -14 4,024 8.61 0.0061
Right IFG, pars orbitalis 46 32 -7 3,464 7.37 0.0075
Right anterior calcarine sulcus 29 -48 13 1,808 585  0.017
Left anterior calcarine sulcus -9 =52 9 1,184 6.00 0.036
Rhyme vs Semantic
Right supramarginal gyrus, intraparietal sulcus, precuneus 33 -53 46 16,744 8.50 0.0005
Left supramarginal gyrus, intraparietal sulcus, precuneus -36 -50 44 16,224 13.78 0.0005
Right inferior temporal gyrus, middle occipital gyrus 43 =77 1 8,264 8.50 0.0018
Left middle occipital gyrus -38 -86 4 5,240 7.55 0.0033
Right pars opercularis, ventral precentral gyrus 48 11 15 3,384 6.72  0.0055
Left ventral precentral gyrus -50 3 30 2,888 7.76  0.0068
Syllables vs Semantic
Right supramarginal gyrus, intraparietal sulcus, precuneus 36 -57 38 37,680 14.65 0.0001
Left supramarginal gyrus, intraparietal sulcus, precuneus; middle occipital gyrus -38 -57 32 30,736 14.90 0.0001
Left supplementary motor area, medial superior frontal gyrus, precentral sulcus -14 1 55 9,608 7.66 0.0016
Right middle frontal gyrus 38 40 26 8,640 6.77  0.0021
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Brain region MNI coordinates Extent (mm3) Maxt p
X y z

Right precentral sulcus 31 3 57 8,128 6.38 0.0022
Right ventral precentral gyrus; anterior insula 45 11 16 6,640 7.08 0.0029
Left precentral gyrus -52 4 30 3,536 9.60 0.0068
Left middle frontal gyrus -39 40 23 2,600 8.74 0011
Right orbital frontal cortex 24 53 -10 1,416 5.73 0.027
Rhyme vs Syllables

Left pars triangularis -48 29 5 1,144 6.07  0.036
Semantic vs Rhyme

Left STS, MTG and angular gyrus -54 -45 7 20,272 7.96 0.0003
Left precuneus, posterior cingulate gyrus -9 -51 19 8,896 7.36  0.0010
Left medial superior frontal gyrus -12 48 36 7,920 7.12 0.0014
Left IFG, pars triangularis and orbitalis -49 29 -4 5,760 7.98 0.0023
Bilateral cuneus 0 -8 22 2,720 598 0.0079
Right cerebellum 25 -81 -33 1,152 5.50 0.038
Left temporal pole -44 1 -31 1,032 5.29 0.046
Semantic vs Syllables

Left medial superior frontal gyrus, superior frontal sulcus -10 43 36 22,832 9.08 0.0003
Left anterior STS, MTG; IFG pars triangularis and orbitalis =50 15 -8 21,992 11.23 0.0003
Left posterior STS, MTG, angular gyrus -52  -57 16 16,152 8.95  0.046
Left precuneus, bilateral anterior calcarine sulcus -4 -54 16 10,552 10,59 0.0011
Bilateral cuneus 0 -86 20 7,584 8.48 0.0024
Right cerebellum 25 -80 -32 5,776 7.05 0.0034
Left parahippocampal gyrus -27 -36 -16 1,320 5.87 0.031
Right IFG pars orbitalis 41 33 -14 1,160 7.64 0.038
Syllables vs Rhyme

Right middle frontal gyrus 33 37 34 3,160 6.82 0.0028
Right superior frontal gyrus 26 6 57 2,576 5.99 0.0056

MNI coordinates indicate centers of mass. IFG = inferior frontal gyrus; STS = superior temporal sulcus; MTG = middle temporal gyrus; ITG =

inferior temporal gyrus
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