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Abstract

Introduction. In the classic neurological model of language, the human inferior parietal lobule
(IPL) plays an important role in visual word recognition. The region is both functionally and
structurally heterogeneous, however, suggesting that subregions of IPL may differentially
contribute to reading. The two main sub-divisions are the supramarginal (SMG) and angular
gyri, which have been hypothesized to contribute preferentially to phonological and semantic
aspects of word processing, respectively. Methods. Here we used single-pulse TMS to
investigate the functional specificity and timing of SMG involvement in reading. Participants
performed two reading tasks that focused attention on either the phonological or semantic
relation between two simultaneously presented words. A third task focused attention on the
visual relation between pairs of consonant letter strings to control for basic input and output
characteristics of the paradigm using non-linguistic stimuli. TMS to SMG was delivered on
every trial at 120, 180, 240 or 300 msec post-stimulus onset. Results. Stimulation at 180
msec produced a reliable facilitation of reaction times for both the phonological and semantic
tasks, but not for the control visual task. Conclusion. These findings demonstrate that SMG
contributes to reading regardless of the specific task demands, and suggests this may be due to

automatically computing the sound of a word even when the task does not explicitly require it.
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1. Introduction

In the classic neurological model of language, visual word recognition involves a
distributed set of left hemisphere brain regions. The written word first activates visual
cortices that send information to the inferior parietal lobule (IPL) where visual word forms are
recognized (Dejerine, 1891, 1892). These are then linked to auditory word forms in
Wernicke’s area and then to articulatory motor patterns located in Broca’s area. Damage to
either IPL or the visual pathway linking occipital cortex to IPL can result in preferential
impairments for reading by destroying or disconnecting one’s memory for visual word forms
(Dejerine, 1891, 1892; Damasio and Damasio, 1983; Warrington and Shallice, 1980;
Philipose, Gottesman et al., 2007). Functional neuroimaging studies confirm the importance
of IPL for reading, but question its specific contribution (Pugh, Mencl et al., 2001; Price and
Mechelli, 2005). Several authors, for instance, attribute IPL activation to the process of
converting spelling-to-sound rather than to stored visual word forms and suggest that
dysfunction in this region is the cause of poor reading skills in developmental dyslexics
(Shaywitz, Shaywitz et al., 2002; Bookheimer, Zeffiro et al., 1995; Pugh, Mencl et al., 2000;
Horwitz, Rumsey et al., 1998). Currently there is no clear consensus regarding the functional
role of IPL in reading.

Anatomically, IPL is a heterogeneous region comprised of several distinct
cytoarchitectonic fields (von Bonin and Bailey, 1947) with the two largest, Brodmann areas
40 and 39, roughly corresponding to the supramarginal (SMG) and angular (ANG) gyri,
respectively (Rushworth, Behrens et al., 2005). Functionally, these two regions are also
heterogeneous and contribute to a wide range of tasks, not just reading (e.g. Schacter, Addis et
al., 2007; Gobel, Walsh et al., 2001). Within the visual word recognition literature, studies
have shown increased SMG activation when participants focus on the sound of a word which

contrasts with increased ANG activation when participants focus on its meaning (Demonet,
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Price et al., 1994; Mummery, Patterson et al., 1998; Devlin, Matthews et al., 2003; Price,
Moore et al., 1997). This double dissociation corresponds with the distinct patterns of
connectivity for each region. SMG is connected to auditory association regions of posterior
supratemporal plane and to a region of posterior inferior frontal gyrus (Catani, Jones et al.,
2005), both of which are involved in phonological processing (Gough, Nobre et al., 2005;
Poldrack, Wagner et al., 1999; Hickok and Poeppel, 2000). In contrast, ANG sits at the
posterior end of the inferior longitudinal fasciculus which links it with temporal lobe regions
implicated in semantic memory (Catani, Howard et al., 2002; Spitsyna, Warren et al., 2006;
Hodges, Graham et al., 1995). In other words, it may be possible to establish a more fine
grained understanding of IPL contributions to reading by separately considering its two major
sub-divisions.

Here, we investigated the specific contributions of supramarginal involvement in
visual word recognition using chronometric TMS (Walsh and Pascual-Leone, 2003). We
hypothesized that stimulating SMG would disrupt phonological more than semantic
processing based on previous imaging studies. In addition, we hypothesized this disruption
would be strongest approximately 200-300 msec after the onset of the word based on previous
ERP and MEG findings (Khateb, Annoni et al., 1999; Pammer, Hansen et al., 2004).
Participants performed three different tasks emphasizing phonological, semantic, or visual
aspects of the stimuli while single pulses of TMS were delivered to SMG at 120, 180, 240, or

300 msec post-stimulus onset.

2. Methods
2.1 Subjects
22 healthy, right-handed volunteers (13 female, aged 19-34) participated in the study.

All subjects were native English speakers who were free of any neurological deficits and
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screened for TMS exclusion criteria. Prior to the experiment, subjects gave their informed
written consent in accordance with the Declaration of Helsinki. Subjects were paid for
participation and free to leave the experiment any time. The study was approved by the NHS

Oxfordshire Research Ethics Committee.

2.2 TMS parameters

TMS was carried out with a MagStim Rapid® stimulator (Magstim, Whitland, UK)
using a 70-mm figure-of-eight coil. The stimulation intensity was set to 55% of the maximum
stimulator output for all subjects. During the localiser task, trains of three pulses were
delivered at 100, 200 and 300 msec following stimulus onset in a third of all trials. During the
main task, a single pulse was delivered at 120, 180, 240, or 300 msec post-stimulus onset in
every trial. Stimulation parameters were well within international safety guidelines

(Wassermann, 1998).

2.3 Neuronavigation

In order to accurately target SMG in our participants, we employed a two-stage
localisation procedure. The first used the BrainSight frameless stereotaxy system (Rogue
Research, Montreal, Canada) to anatomically identify potential stimulation targets within each
participant’s left SMG. For each subject, a high-resolution MRI scan was either already
available or collected on a Siemens (Erlangen, Germany) 1.5 T Sonata scanner (FLASH
sequence, TR = 10 msec, TE = 4.75msec, flip angle = 19°, resolution = 1x1x1 mm). Prior to
the TMS session, a single target site was marked on the individual’s structural scan by placing
a marker at the end of the posterior ascending ramus of the Sylvian fissure. A set of eight

additional markers were placed around this site, generating a 3 x 3 grid of testing locations
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within SMG (Figure 1a). These sites were then tested in a second stage to determine whether
stimulation of any of them disrupted phonological processing.

The aim of the first part of the TMS experiment was to find a stimulation site where
short bursts of rTMS interfered with phonological processing. A rhyme judgement task was
used to focus attention on the sounds of the words. A trial began with a centrally presented
fixation cross which remained on the screen for 1000 msec before two words appeared, above
and below the cross, for a further 500 msec. Participants had to decide whether or not the
words rhymed (e.g. chair — pear) and indicate their responses by pressing a button with either
their index or middle finger. There was a 2500 msec inter-trial interval before the next trial
began and each run consisted of 30 trials presented in a random order, for a total duration of 2
mins per run. One third of the trials had concurrent rTMS (10Hz for 300 msec) starting 100
msec after the onset of the word pair. Reaction times (RTs) were recorded from the onset of
the stimulus and only correct responses were analysed. When the median RT for TMS trials
was numerically greater than for non-TMS trials on two separate runs at the same location,
then that site was used for testing in the main experiment. In short, a TMS-based functional
localiser was employed to identify the main testing site (cf. Ashbridge, Walsh et al., 1997;
Devlin, Matthews et al., 2003; Gough, Nobre et al., 2005).

Testing began with a practice run where no TMS was delivered. When participants
were comfortable with the task, then TMS was introduced by placing the coil on the scalp
such that the line of maximum magnetic flux intersected one of the anatomically marked
SMG sites. All participants tolerated TMS with no discomfort, although in a few cases there
was peripheral stimulation of the temporalis muscle. After each run, RTs were analysed and
if TMS led to faster RTs (i.e. facilitation), the next site was tested. When there was inhibition,

the site was re-tested to ensure the effect was repeatable. Inhibition effects of more than 100
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msec were considered physiologically unlikely and were re-tested. If after 10 runs we were

unable to identify a suitable testing site, the experiment ended.

2.4 Procedure

The main experiment involved three different tasks: 1) deciding whether two words
sounded the same (e.g. cite — sight); ii) deciding whether two words meant the same thing
(e.g. idea — notion); and iii) deciding whether two consonant letters strings were visually
identical (e.g. shqwy — shqwy). In all cases, there were equal numbers of matching and non-
matching trials (i.e. “yes” and “no” responses). The first two tasks were designed to focus
attention on either the sound of the word or its meaning while the third was used as a non-
linguistic control task, which shared visual and response characteristics of the main tasks
without any linguistic component. The tasks were blocked to minimize switching costs and
the order was counter-balanced across participants. A block began with a short instruction
screen (2s) followed by 13 trials using the same presentation characteristics as the localiser
task (1000 msec fixation, 500 msec stimulus duration) but a shorter ITI (1500 msec). The
first trial in each block was excluded from analyses to help minimize contamination from task
switching. In total there were 8 blocks (i.e. 96 trials) per task. On each trial a single pulse of
TMS was delivered at 120, 180, 240 or 300 msec after the onset of the stimulus and these
were balanced so that there were 24 trials per task per TMS condition. Participants first
practiced the main experiment with TMS to familiarise themselves with the experience of
single pulse stimulation and the fact that it occurred on all trials. None of the stimuli used in

the practice were repeated in the main experiment.

2.5 Stimuli
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The words used in the TMS localiser task ranged in length from 3-8 letters. TMS and
non-TMS trials were matched within and across runs for British English written word
frequency (Baayen and Pipenbrook, 1995), for rated familiarity, and imageability (Coltheart,
1981), and for number of letters and syllables (all p>0.1). Note that the rimes of word pairs
always had different spellings (e.g. razor — laser) so that thyme judgements could not be
performed solely on the orthography of the words. The words in the main experiment were 3-
10 letters long and were matched for familiarity and written word frequency. Due to the
limited numbers of homophones in English, we were unable to match the sets for the
remaining factors, with items in the phonological task being less imageable (500 versus 547),
having fewer letters (4.9 versus 5.3) and fewer syllables (1.3 versus 1.6, all p<0.05).
Importantly, there were no significant differences between the four TMS conditions (120, 180,
240, 300) nor Task x TMS interactions. Nonetheless, a behavioural pre-test was conducted
with a different set of 22 native English speakers (15 female; age ranged: 17-47 years) to
determine whether any putative TMS effects could be due to insufficient matching on
psycholinguistic factors in the absence of TMS. That is, the items were classified as being in
one of the four TMS conditions (120, 180, 240 or 300 msec) even though no stimulation
occurred in this experiment. This allowed us to determine whether our stimuli matching was
sufficient by looking for significant differences in RTs across conditions even without TMS.
Any such difference would indicate insufficient matching. An item analysis confirmed a
highly significant effect of Task (F(3,184) = 35.1, p<0.001) with faster responses for the
phonological than semantic task. Crucially, however, there was no significant main effect of
TMS (F(3,184)=0.02, p=0.996) nor a significant Task x TMS interaction (F(3,184) =0.15, p=
0.895). In short, although the two tasks have different RTs, the conditions within tasks were

well balanced. No words from the practice or localiser task appeared in the main experiment
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and no words were repeated within the experiment. Finally, the consonant strings were

matched in length to the lexical stimuli.

2.6 Analyses

There were no significant effects of TMS on accuracy in either experiment so all the
analyses focus on RTs. To minimize the effect of outliers, the median RT of correct
responses per condition per subject was used when calculating group results. Paired t-tests
were used to compare RTs on the TMS and no-TMS trials in the localiser task. For the main
experiment, a repeated measures 3 x 4 ANOVA used Task (phonological, semantic, visual)
and TMS (120, 180, 240, and 300 msec) as the independent factors. In addition, a second
analysis compared each TMS condition to the task mean to normalize for overall task
performance. This has the advantage of providing a statistically unbiased measure which can

reveal relative facilitation and inhibition effects (Drager, Breitenstein et al., 2004).

3. Results
3.1 Localisers

One participant was slower by approximately 400 msec across tasks than the others
and was therefore removed from all analyses leaving 21 participants. In 7 of these we failed
to find a consistent TMS-induced slow down at any of the SMG sites within 10 TMS localiser
runs. In the remaining 14 participants, TMS clearly interfered with rhyme judgements. In
these participants, TMS produced a significant inhibition effect of S1msec (t(13)=5.9,
p<0.001). When normalized to reflect between-subject variability in overall RT, this equated
to a 7.9% slow-down in individuals. In contrast, stimulation of the other SMG sites produced
a (non-significant) facilitation effect of 16msec which, when normalized, was equivalent to a

2.7% speed-up in RTs. The sites where stimulation led to a slow-down for rhyme judgements
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are shown in Figure 1B. The mean coordinate in standard space defined by the MNI152
template brain was X=—-52, Y= —45, Z=+39 and is shown with a filled circle. The sites for
the individuals are shown as open circles and these sites were used as the test sites for the
main experiment.

Insert Figure I here

3.2 Main experiment

Participants responded correctly to 93% of the homophone judgements (phonological
task), 90% of the synonym judgements (semantic task), and 92% of visual judgements
(control task). A 3 x 4 repeated measures ANOVA with Task and TMS as independent
factors revealed no significant main effects nor interactions (all F<1.8, all p>.12),
demonstrating that accuracy was unaffected by either Task or TMS.

Reaction times for all three tasks are shown in Figure 2. In the left column, RTs
measured from the onset of the visual stimulus are shown for each of the four TMS
conditions. An ANOVA confirmed a significant effect of Task (F(2,26)=55.6, p<0.001)
indicating that semantic decisions (956 msec) were performed more slowly than phonological
decisions (876 msec) which were slower than purely visual decisions (738 msec). The main
effect of TMS was non-significant (F(2,26)=2.2, p=0.10) with mean RTs per TMS time
window of 858, 844, 859, and 865 msec, respectively. The Task x TMS interaction term was
not significant (F(2,26)=0.9, p=0.51).

Insert Figure 2 here

Our second analysis investigated TMS effects within task by comparing each
condition to its overall task mean (cf. Drager, Breitenstein et al., 2004). For phonological
decisions, the only inhibitory effects occurred at 240 and 300 msec and were non-significant

(both t(13)<1.6, p>0.137) but there was a 16msec facilitation effect at 180 msec post-stimulus

10
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onset (t(13)=2.16, p=0.050). Similarly, for semantic decisions there was a significant 25
msec facilitation effect at 180 msec (t(13)=2.41, p=0.031) but no other reliable differences.
When normalized for overall RTs per task, both the phonological and semantic TMS effects
represented a 2% decrease in RTs relative to the overall mean. Finally, there were no

significant effects of TMS during the visual control task.

Discussion
Despite identifying the testing site in each individual as one where rTMS interfered

with rhyme judgements, single-pulse TMS of the same area facilitated homophone

judgements, but only when applied at 180 msec post-stimulus onset. This temporal specificity

was also present for synonym judgements but not for the visual control task. These findings
were surprising for three reasons. First, we anticipated the effect would be specific to
phonological decisions. Second, both repetitive and single pulse TMS were expected to
interfere with processing. Third, we expected TMS to have its effect later than 180 msec,
based on previous ERP, MEG, and TMS findings (Devlin, Matthews et al., 2003; Khateb,
Annoni et al., 1999; Pammer, Hansen et al., 2004). Here we consider a number of potential
explanations for these surprising results.

Previous neuroimaging studies have reported increased activation in SMG when
directly comparing phonological to semantic decisions (Devlin, Matthews et al., 2003;
Demonet, Price et al., 1994; Mummery, Patterson et al., 1998) and an earlier TMS study
demonstrated that rTMS to SMG significantly disrupted verbal working memory (Romero,
Walsh et al., 2006). In contrast, semantic decisions are more typically associated with the
angular gyrus (Price, 2000; Devlin, Matthews et al., 2003; Demonet, Price et al., 1994;
Mummery, Patterson et al., 1998) so it was surprising that TMS at 180 msec facilitated

responses for both tasks. One possibility is that direct comparisons of activation levels in

11
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phonological and semantic tasks hide the fact that the area is activated by both tasks but to
different extents. Preliminary evidence supporting this hypothesis comes from an imaging
study comparing activation levels in a sentence completion task (e.g. “I like to play on a warm
summer’s ) where participants either chose a response that made the sentence rhyme
(e.g. “day”) or just completed the sentence sensibly (e.g. “evening”; Gough, Nobre, and
Devlin, in preparation). Although rhyme completions led to significantly greater activation in
several cortical areas including SMG, both tasks significantly activated SMG above baseline
levels. This common activation may reflect the fact that all words require phonological
processing at some level which would explain why in the current study, TMS to SMG
affected semantic as well as phonological decisions. Clearly these results raise new questions,
however, and these can be explored with further TMS experiments. If our hypotheses are
correct, then a more robust chronometric stimulation technique such as paired pulses delivered
40 msec apart (Juan and Walsh, 2003) should disrupt processing in SMG and interfere with
both phonological and semantic decisions, presumably at a slightly later time window.

The other surprising findings were that stimulation facilitated, rather than interfered
with, response times in the main experiment and that this effect occurred earlier than one
might expect. One possibility that can be ruled out is that this was due to the specific task
used in the main experiment, particularly as inhibition was observed at the same site in the
localiser task. Rhyme and homophone decisions were chosen because both focus attention on
the sound of the words and because a previous study found that rTMS to left pars opercularis
significantly impaired both types of decisions (Gough, Nobre et al., 2005). Therefore, there is
no reason to expect the difference in task to drive the divergent findings. A more likely
candidate is the difference in stimulation paradigms. Short bursts of repetitive TMS disrupt
processing in a region for the length of the stimulation train whereas a single pulse has its

effect for roughly 40-60 msec (Amassian, Cracco et al., 1989; Brasil-Neto, McShane et al.,

12
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1992). As aresult, rTMS typically has a larger effect than single pulses and is most
commonly used to induce virtual lesions (Devlin and Watkins, 2007; Pascual-Leone, Bartres-
Faz et al., 1999). In fact, several studies have shown facilitated responses following single-
pulse stimulation (Grosbras and Paus, 2003; Pascual-Leone, Valls-Sole et al., 1992;
Pulvermuller, Hauk et al., 2005; Topper, Mottaghy et al., 1998). For instance, Topper and
colleagues (1998) found that single pulses of TMS delivered to Wernicke’s area decreased
picture naming latencies while Pulvermuller et al. (2005) demonstrated that single pulses of
stimulation delivered to either hand or leg areas of primary motor cortex facilitated lexical
decisions to either hand- or leg-related action words, respectively. Interestingly, a common
factor in these studies was that the pulse was delivered early in the time course of a trial —
before activation in the region was expected. This is consistent with the current results where
the only significant facilitation occurred at 180 msec post-stimulus onset — roughly 70-120
msec before SMG was expected to contribute to the tasks (Devlin, Matthews et al., 2003;
Khateb, Annoni et al., 1999; Pammer, Hansen et al., 2004). In other words, the fact that
single TMS pulse facilitated, rather than inhibited, responses and that this occurred relatively
early in time is at least consistent with some previous studies. These facilitation effects are
often explained as TMS “priming” the region to respond (Pulvermuller, Hauk et al., 2005),
although the physiological basis of the effect remains unknown and further studies using state-
dependent effects of TMS (Silvanto and Muggleton, 2008b, a) would be necessary to evaluate

the validity of this hypothesis.
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Figure legends

Figure 1. Stimulation sites. A) In each subject, the termination of the posterior ascending
ramus of the Sylvian fissure was identified and marked using a frameless stereotaxy system.
Then a 3 x 3 grid of markers was overlaid to label nine possible SMG testing sites. B) In the
main experiment, the final testing site for all 14 participants is shown (open circles) as well as
the mean group location (filled circle). Both panels are shown on a para-saggital plane
through a single participant’s brain after normalizing to the standard MNI152 space with an

affine registration (Jenkinson and Smith, 2001).

Figure 2. Reaction times for all three tasks in the main experiment. A. The left column
displays the absolute RTs from the onset of the visual stimulus for each of the four stimulation
timings. The dashed line represents the mean RT across the four stimulation conditions. Note
the scale of the y-axes are not identical due to the main effect of Task with visual <
phonological < semantic decisions. B) The right column displays the timings relative to the
task mean and reveals significant facilitation effects at 180 msec post-stimulus onset for both
phonological and semantic judgements. The numbers above or below the bar plots are the
effect sizes (in msec) from the mean. Error bars reflect standard error of the mean adjusted to

correctly reflect the variance in the within-subject design (Loftus and Masson, 1994).
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