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Abstract

W Several accounts of speech perception propose that the areas
involved in producing language are also involved in perceiving it.
In line with this view, neuroimaging studies show activation of
premotor cortex (PMC) during phoneme judgment tasks; how-
ever, there is debate about whether speech perception necessar-
ily involves motor processes, across all task contexts, or whether
the contribution of PMC is restricted to tasks requiring explicit
phoneme awareness. Some aspects of speech processing, such
as mapping sounds onto meaning, may proceed without the in-
volvement of motor speech areas if PMC specifically contributes
to the manipulation and categorical perception of phonemes. We
applied TMS to three sites, PMC, posterior superior temporal
gyrus, and occipital pole, and for the first time within the TMS

INTRODUCTION

A key controversy within the neuroscience of language
concerns whether speech perception relies on purely audi-
tory mechanisms or sensorimotor processing. The motor
theory of speech perception states that processes involved
in producing speech also participate in understanding
spoken language under normal circumstances (Liberman
& Mattingly, 1985; Liberman, Cooper, Shankwei, &
Studdert, 1967). Within cognitive neuroscience, researchers
have suggested that brain areas involved in the production
of speech, such as aspects of premotor cortex (PMC), also
contribute to speech perception (Galantucci, Fowler, &
Turvey, 2006; Rizzolatti & Craighero, 2004; Liberman &
Mattingly, 1985). On the other hand, many current models
of the neurobiology of language propose two parallel pro-
cessing streams: one that runs dorsally for auditory—motor
integration and a second, ventral route within the temporal
lobes for “comprehension” of spoken words (Rauschecker
& Scott, 2009; Hickok & Poeppel, 2004, 2007). Tasks
involving speech perception differentially recruit these
two routes depending on the extent to which they in-
volve access to articulatory representations and concepts.
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literature, directly contrasted two speech perception tasks that
required explicit phoneme decisions and mapping of speech
sounds onto semantic categories, respectively. TMS to PMC
disrupted explicit phonological judgments but not access to
meaning for the same speech stimuli. TMS to two further sites
confirmed that this pattern was site specific and did not reflect
a generic difference in the susceptibility of our experimental tasks
to TMS: stimulation of pSTG, a site involved in auditory pro-
cessing, disrupted performance in both language tasks, whereas
stimulation of occipital pole had no effect on performance in
either task. These findings demonstrate that, although PMC is
important for explicit phonological judgments, crucially, PMC is
not necessary for mapping speech onto meanings. [l

According to some authors, the ventral route may be suf-
ficient for the comprehension of clear auditory input, in
the absence of a contribution from motor speech areas
within PMC (Osnes, Hugdahl, & Specht, 2011; Hickok,
2009; Scott, McGettigan, & Eisner, 2009; Spitsyna, Warren,
Scott, Turkheimer, & Wise, 2000).

Neuroimaging studies have provided strong support
for the engagement of motor speech areas in speech
perception: many studies have reported dorsal PMC re-
cruitment during tasks involving phonemic judgments
(e.g., Zatorre, Meyer, Gjedde, & Evans, 1996; Zatorre,
Evans, Meyer, & Gjedde, 1992), passive speech listening
for meaningless monosyllables (i.e., Pulvermuller et al.,
2006; Uppenkamp, Johnsrude, Norris, Marslen-Wilson, &
Patterson, 2006; Wilson, Saygin, Sereno, & Iacoboni, 2004),
and contrasts of synthetic vowel sounds over non speech
stimuli (musical rain; Uppenkamp et al., 2006). Neverthe-
less, when participants listen to naturalistic sentences as
opposed to meaningless auditory stimuli with matched
acoustic complexity, the neural activity is confined to tem-
poral lobe areas within the ventral route (Spitsyna et al.,
2006; Scott, Blank, Rosen, & Wise, 2000). These findings
suggest that motor speech areas in PMC may be recruited
in demanding task contexts and/or when explicit percep-
tion or manipulation of phonemes is required.
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Moreover, functional neuroimaging studies cannot de-
termine whether the PMC activation seen in many studies
is essential to speech perception, and the neuropsycholog-
ical literature largely contradicts this view. Patients with
expressive aphasia have severe deficits of language pro-
duction following lesions to left frontal cortex, and the
motor theory would predict that these patients should
also be impaired on auditory comprehension; however,
this is often not the case (e.g., Miceli, Gainotti, Caltagirone,
& Masullo, 1980). They do show impairments on explicit
perceptual categorization and phoneme awareness tasks
(e.g., identifying the boundary between two phonemes;
performing explicit phoneme segmentation), which re-
quire access to explicit/categorical phonological represen-
tations, but these impairments are not reflected in general
comprehension (Rogalsky, Love, Driscoll, Anderson, &
Hickok, 2011; Moineau, Dronkers, & Bates, 2005; Bishop,
Brown, & Robson, 1990; Miceli et al., 1980; Basso, Casati, &
Vignolo, 1977; Blumstein, Cooper, Zurif, & Caramazza,
1977). This dissociation is captured by studies in which
patients were impaired on judgments based on percep-
tual features (same/different judgments) but showed no
deficit for spoken word—picture judgments based on
the semantic content of the word (Rogalsky et al., 2011;
Bishop et al., 1990).

Recent TMS research has confirmed a focal role for
dorsal PMC in some speech perception tasks, including
speech discrimination of syllables embedded in noise
(D’Ausilio et al., 2009; Meister, Wilson, Deblieck, Wu, &
Iacoboni, 2007), categorical perception (M1, measured by
MEPs; Mottonen & Watkins, 2009), and phoneme discrimi-
nation of nonsense syllables (Sato, Tremblay, & Gracco,
2009). Additionally, some TMS studies have demonstrated
motor recruitment for certain aspects of speech percep-
tion in the absence of an explicit task (Mottonen, Dutton,
& Watkins, 2013; Watkins, Strafella, & Paus, 2003; Fadiga,
Craighero, Buccino, & Rizzolatti, 2002). For example, a
recent study combined repetitive TMS with EEG record-
ings and found that TMS to lip area of M1, but not hand
M1, suppressed responses for phonetic discrimination,
but not for piano tones (Mottonen et al., 2013). Further-
more, Roy, Craighero, Fabbri-Destor, and Fadiga (2008)
found larger MEPs in motor cortex, following TMS, for
both pseudo and rare words, compared with frequent
words (see also Fadiga et al., 2002); therefore, this site
may make a specific contribution to phonological pro-
cessing for rare/new speech stimuli, which are not strongly
supported by the activation of meaning within the ventral
route. Therefore, although the aforementioned TMS
studies indicate that PMC plays an important role in pho-
neme discrimination, an important caveat remains: other
aspects of speech processing, such as mapping sounds
onto meaning (Marslen-Wilson & Warren, 1994; Morais &
Kolinsky, 1994), may proceed without the involvement of
motor speech areas.

Recent behavioral studies (e.g., McMurray, Tanenhaus,
& Aslin, 2009; Davis, Marslen-Wilson, & Gaskell, 2002)
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have shown that spoken word recognition does not
operate on categorical phonemic representations. In-
stead, phonetic details and ambiguities in the signal are
cascaded through the recognition system, such that they
can provide as much information as possible about the
nature of the input during word recognition (Hawkins,
2003). Equally, there is good evidence that listeners gen-
erate categorical representations of phonemes automati-
cally during the course of spoken word recognition
(Gaskell, Quinlan, Tamminen, & Cleland, 2008). Gaskell
et al. (2008) suggested that these two properties can be
reconciled using a model of language perception in
which detailed auditory representations are mapped
simultaneously onto two systems. One of these systems
deals with word recognition and extraction of meaning,
whereas the other generates categorical representations,
perhaps facilitating links with the production system
(Gaskell & Marslen-Wilson, 1997). Thus, PMC may be
involved in the mechanism that generates categorical
representations rather than the main process that extracts
word meanings from detailed (noncategorical) representa-
tions of speech. This view finds support in studies where
“naturalistic” speech comprehension (e.g., listening to
intelligible natural sentences) does not recruit motor areas
(e.g., Spitsyna et al., 2006; Scott et al., 2000); however,
when perceptual and also semantic difficulty increases
(i.e., acoustically degraded speech where the degree of se-
mantic relatedness between words is weak), activation
can be seen in frontal and parietal areas (e.g., Sharp
et al., 2010).

The current study used TMS to examine the contribu-
tion of left dorsal PMC to speech perception in different
task contexts, providing a test of these conflicting claims
about its role. We used an inhibitory TMS paradigm, in
which low-frequency repetitive trains of TMS were used
to transiently disrupt neural processing: This has been
shown to produce subsequent behavioral interference in
tasks that rely on the stimulated region of cortex (Whitney,
Kirk, O’Sullivan, Lambon Ralph, & Jefferies, 2012; Hoffman,
Pobric, Drakesmith, & Lambon Ralph, 2011; Devlin &
Watkins, 2007; Pobric, Jefferies, & Lambon Ralph, 2007,
Walsh & Cowey, 2000). The two speech perception tasks
used an identical two-alternative forced-choice task for-
mat but evaluated either participants’ judgments about
phoneme categories or their access to word meanings
for the same auditory speech stimuli. Therefore, for the
first time in the TMS literature, we were able to directly
contrast two tasks that required explicit phoneme de-
cisions and the mapping of speech sounds onto semantic
categories. If left dorsal PMC plays a critical role in speech
processing irrespective of task context, these judgment
types should show equivalent disruption. If, in contrast,
ventral stream activity is sufficient for access to the mean-
ings of spoken words and left dorsal PMC makes a selective
contribution to explicit phoneme decisions, stimulation
of this region with TMS should produce a dissociation
between our experimental tasks.
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The effects of TMS to dorsal PMC were compared with
two additional stimulation sites. We applied TMS to poste-
rior superior temporal gyrus (pSTG), a site that is uncon-
troversially recruited during normal auditory processing
(Hickok & Poeppel, 2007; Scott, 2005; Seghier et al.,
2004; Scott & Johnsrude, 2003; Buchsbaum, Hickok, &
Humphries, 2001) and was expected to produce equiva-
lent disruption for the two speech perception tasks. The
comparison of PMC and pSTG can therefore be used to
confirm that any differential effects of TMS across tasks
are not explicable in terms of differing sensitivity to TMS-
induced disruption. A third site, the occipital pole (OP),
was not expected to disrupt any of our experimental tasks
and therefore allowed us to characterize any nonspecific
effects of stimulation.

METHODS
Design

A within-subject 2 X 3 X 3 factorial design was employed,
including TMS (no stimulation vs. stimulation), task
(phonological, semantic, visual control) and site (OP,
PMC, pSTG) as factors. We delivered a low-frequency
(1 Hz) train of rTMS pulses offline. Participants then per-
formed the task immediately after stimulation, allowing
us to rule out the possibility that the loud clicks associated
with each pulse, jaw contractions, or eye blinks following
peripheral nerve stimulation disrupted performance on
the behavioral tasks. Participants performed the baseline
testing (without TMS) either before TMS stimulation or
completed baseline testing 30 min after TMS stimulation
(by which time, the effects should no longer be present;
Whitney, Kirk, O’Sullivan, Lambon Ralph, & Jefferies,
2011; Lambon Ralph, Pobric, & Jefferies, 2009; Pobric,

Lambon Ralph, & Jefferies, 2009; Pobric et al., 2007). The
order of baseline testing was counterbalanced across ses-
sions for each participant. The study made use of a non-
linguistic control task (scrambled pictures to ensure that
disruption was task specific) and a control stimulation
site (OP; to ensure that the effects were not because of
nonspecific effects of TMS).

Participants

Fifteen right-handed, native English speakers, recruited
from the University of York, were examined in the study
(nine men; mean age = 21.8 years, SD = 2.4 years). All
participants were reimbursed £30 for their time. Four par-
ticipants were replaced because of difficulties coregister-
ing brain images with scalp locations, and one, because
of technical problems during testing. One participant from
our final sample, who was identified as an outlier in the
phonological and semantic conditions for PMC and OP,
was excluded from further analysis. All participants passed
safety screening for MRI and TMS, were free from any his-
tory of neurological disease or mental illness, and were not
taking any medication. Each participant gave their in-
formed consent before each TMS testing session began,
and the experiment was reviewed and approved by the re-
search ethics committee of the York Neuroimaging Centre.

Tasks

The probe words for the phonological and semantic tasks
were presented auditorily, with the targets presented
visually. A two-alternative forced-choice (2AFC) format
was used across all three tasks (phonological, semantic,
visual control; see Figure 1). In the phonological task,
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participants had to decide which phoneme they had
heard at the end of a word (e.g., auditory probe “cart,”
with the answer choices “t” and “p” on the left- and right-
hand sides of the screen; both response options produced
real words). The types of contrasting phoneme decisions
were “k’-“t,” “p”=“t,” “p"-“k,” “d"-"g,” “b"-“g,” and
“b”-“d.” In the semantic task, participants had to make
a decision about which semantic category the auditory
probe word belonged to (e.g., auditory probe “cart,” with
choices “man-made” and “natural”). There were six types
of semantic decision within the experiment (concrete/
abstract, man-made/natural, nice/nasty, hear/see, large/
small, and action/object). In the visual control task, a
probe image of a scrambled face appeared at the top of
the screen, and participants were asked which of two
scrambled figures below was identical to the probe. The
nonidentical figures were produced by rotating the target
image through 90°.

Stimuli

The auditory stimuli were cross-spliced spoken words
taken from a previous study; these were modified to
increase their sensitivity to TMS effects (Gaskell et al.,
2008). The stimuli were constructed from word pairs
(such as job—jog): The final phoneme from one word
(i.e., /b/) was attached to the onset and vowel of the sec-
ond word (i.e., /jo/ of “jog”), and the final phoneme was
then attenuated, to increase task difficulty when making
explicit phoneme judgments. In pilot testing, task per-
formance at different levels of attenuation (12.5%, 25%,
50%) was examined for each item, and the final level of
attenuation was selected to maximize difficulty while
ensuring that participants could perceive the stimulus
(given that our primary dependent measure was re-
sponse time [RT]; median level of attenuation = 12.5%).
The same materials were used across tasks but were
never repeated within one testing session, for example,
items presented in the phonological task in Week 1 were
not presented in the semantic task in Week 1 but could
occur in the opposite order (semantic/phonological) in
Week 2. The stimuli in the visual control task were pic-
tures of faces, scrambled into 100 blocks rendering them
unrecognizable.

Procedure

A PC running E-Prime software was used to present the
tasks and record accuracy and RT. Responses were given
with left and right index fingers corresponding to the posi-
tions of the two response options on the screen. The
language tasks started with a fixation screen for 250 msec
followed by the presentation of the target and distractor
(e.g., for “carp,” “p” is the target and “t” is the distractor)
for 500 msec, followed by the auditory probe, after which
participants were required to make a response. The par-
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ticipant’s response triggered the next trial. For the visual
control task, the probe and targets appeared on screen
simultaneously. The experiment began with a practice
block, to familiarize participants with the tasks (six trials
per task type). There were 30 experimental trials per task
(semantic, phonological, control), with participants per-
forming 90 trials per condition (baseline, post-TMS). No
trials were repeated within a session, but some trials (less
than 20%) were repeated across sessions (i.e., 1 week
later). The order in which the trials occurred was random-
ized, and the order in which the tasks were presented
was pseudorandomized across participants. Each task
block was preceded by a screen, which informed par-
ticipants of the new task type, and participants pressed
the space bar to continue. The different categories within
the semantic task were presented in miniblocks, and
again, there was an instruction screen at the start of each
one, indicating the type of decision participants would be
making (e.g., concrete or abstract).

Selection of TMS Sites

Structural T1-weighted MRI scans were used to identify
sites for stimulation in each participant’s brain. Sites were
identified from previous functional neuroimaging and
TMS studies of speech perception, and an average peak
coordinate was taken. The coordinates contributing to
the left dorsal PMC site came from D’Ausilio et al. (2009),
Sato et al. (2009), Meister et al. (2007), Vigneau et al.
(2006), and Wilson et al. (2004), allowing us to be confi-
dent that we were targeting a site that makes a necessary
contribution to speech perception. This produced the
following coordinates: —52.67, —6.67, 43 (Montreal
Neurological Institute). The left pSTG site was taken from
Meister et al. (2007), Okada and Hickok (2006), Dehaene-
Lambertz et al. (2005), and Zevin and McCandliss (2005)
producing the following coordinates: —59.56, —30.53,
7.08 (Montreal Neurological Institute; Figure 2). These
sites were then transformed into each participant’s
individual brain space. The left OP was measured as
20 mm superior and 10 mm left of the inion, as in previous
TMS studies (e.g., Ishibashi, Lambon Ralph, Saito, &
Pobric, 2011).

For 11 participants, the MRI structural image was core-
gistered to the participant’s scalp using an Ascension
Minibird magnetic tracking device (www.ascension-tech.
com) in conjunction with MRIreg software (www.mricro.
com/mrireg.html). Five anatomical landmarks were iden-
tified for coregistration (tip of nose, bridge of nose, vertex,
left/right tragus). Stimulation coordinates were trans-
formed into individual participant space using the trans-
formation matrix from the “segment” function in SPM5.
For the remaining participants, Brainsight 2 (Rogue Re-
search, Montreal, Canada, www.rogue-research.com/) was
used to coregister participant brains and to identify stim-
ulation sites before rTMS administration. Four landmarks
were used for coregistering the participants head to their
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Figure 2. Coordinates contributing to stimulation peaks for PMC
(blue) and pSTG (green). The averaged coordinate stimulated in
our study is indicated in red. Image created using DataViewer3D
(Gouws, Woods, Millman, Morland, & Green, 2009).

brain image (tip of the nose, bridge of the nose, left/right
tragus).

Stimulation Parameters

Before TMS testing began, individual active motor thresh-
old was established in each testing session. This was de-
termined by the lowest stimulation intensity required to
elicit visible contraction of the first dorsal interosseous
muscle in the contralateral hand. Motor thresholds ranged
between 38% and 65% of maximum stimulator output,
with an average of 49% of stimulator output. A 70-mm
figure of eight coil, attached to a MagStim Rapid2 stimula-
tor, was used to deliver the magnetic pulses. Repetitive
trains of TMS were applied at 1 Hz for 10 min; participants
were stimulated at 120% of their motor threshold. We used
a coil orientation established as the least uncomfortable
for participants before stimulation, as it has been shown
that orientation does not reliably influence behavioral
effects (Niyazov, Butler, Kadah, Epstein, & Hu, 2005).

Table 1. Accuracy Data

Data Analysis

TMS disruption was expected to manifest itself in delayed
RT rather than a decline in accuracy (Whitney et al., 2011;
Pobric et al., 2007; Devlin, Matthews, & Rushworth, 2003;
Walsh & Cowey, 2000), especially given that the accuracy
for the behavioral task was high, allowing us to maximize
the number of trials used in the RT analysis. The analy-
ses therefore examined RT for correct responses, within
1.5 SDs of the mean (accuracy data are provided in
Table 1). The predictions of this study were confirmed
using planned paired 7 tests to examine if the predicted
TMS effects were significant at each site (one-tailed).
These tests were supplemented with a series of within-
participant ANOVAs (all two-tailed) to test for interactions
between TMS and task and between TMS and site. All
significant TMS effects are reported below.

RESULTS
PMC

Paired sample ¢ tests confirmed our prediction that PMC
is involved in phoneme judgments but not in semantic
judgments: Phonological judgments were significantly
slowed by TMS to this site (2(14) = —2.03, p < .05),
whereas , crucially, the semantic task was unaffected
(t(14) = 1.07, p > .1). There was also no disruption of
the control task after TMS to PMC (¢(14) < 1). A within-
participant ANOVA was used to confirm that the two lan-
guage tasks were affected differently by TMS: This analysis
revealed a significant main effect of task (F(1, 14) = 34.67,
p < .001) and a significant interaction of Task X TMS
(F(1, 14) = 4.66, p < .05; see Figure 3).

One potential concern relating to the previous analysis
is that anatomical landmarks might not be a good guide
to localization of function in specific individuals, and
therefore, TMS may have been applied to a nonrelevant
site in at least some of the participants (potentially mask-
ing its effect on both tasks). To confirm that TMS failed to
disrupt the semantic task, even when it was applied to a
site confirmed to be functionally relevant, we selected
those participants (z = 11) who showed the expected
inhibition (slowing of 1 msec or more) in the phoneme
judgment task following TMS to PMC. We were then able

PMC pSTG oP
Baseline ™S Baseline ™S Baseline ™S
Control 96.99 (.92) 94.84 (2.01) 96.99 (1.2) 96.77 (1.0) 97.20 (.82) 96.77 (1.09)
Phonological 94.62 (1.77) 92.26 (1.86) 90.54 (2.1) 91.61 (2.51) 94.62 (1.16) 92.69 (1.56)
Semantic 87.96 (2.15) 85.16 (1.88) 88.82 (1.66) 82.15 (2.33) 87.96 (2.17) 87.53 (2.2)

Average accuracy, with standard error in parentheses. The only paired comparison that reached significance was between the TMS and no-TMS

conditions for pSTG and the semantic task (#(14) = 2.981, p = .01).
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to establish if there were TMS effects on the other two
tasks. When the analysis was restricted to these partici-
pants, the phonological task did, unsurprisingly, show
a significant disruption after TMS to PMC (#(10) =
—3.78, p < .01). More importantly, both control and
semantic tasks showed no hint of an effect of TMS to
PMC (#(10) < 1), and a direct comparison of the two
language tasks confirmed a significant interaction of
Task X TMS (F(1, 10) = 7.36, p < .05).

pPSTG

Paired sample # tests confirmed our prediction that pSTG
is involved in both phonological and semantic judgments
to spoken words. TMS had a significant effect on both
phoneme judgments (¢(14) = —1.77, p < .05) and seman-
tic judgments (¢(14) = —2.40, p < .05), but there was no
effect on the control task (#(14) < 1). A within-participant
ANOVA confirmed that the two language tasks were
equally sensitive to disruption by TMS: There was a signifi-
cant main effect of task (F(1, 14) = 42.54, p < .001) and
TMS (F(1, 14) = 5.47, p < .05) but no interaction (F(1,
14) = 2.93, p > .1; see Figure 3).

oP

As predicted, there was no disruption to any task after
TMS to OP: Paired ¢ tests were nonsignificant for all tasks
(t(14) < 11in all cases). A direct comparison between the
two language tasks showed a significant main effect of
task (F(1, 14) = 63.62, p < .001), no effect of TMS (F(1,
14) < 1), and no interaction (F(1, 14) < 1; see Figure 3).

Between-Sites Comparison

As the control task revealed no significant TMS effects for
any of the sites, it was not included in this analysis. A 3 X
2 X 2 within-participant ANOVA exploring the interactions

between site, task, and TMS revealed a significant Site X
TMS interaction (F(2, 28) = 5.61, p < .01), confirming
that the TMS effects were site specific (i.e., disruption
following stimulation of PMC and pSTG, not OP). There
was also a significant three-way interaction (F(2, 28) =
3.69, p = .038), confirming that the interaction of task
and TMS was site specific (i.e., phonological task dis-
ruption for PMC, both language tasks disrupted by TMS
to pSTG). Furthermore, there was no Site X Task inter-
action in the absence of TMS (F(2, 28) = 1.492, p =
.242), confirming that these effects were specific to TMS
disruption and did not reflect a global difference in RT
between sites.

DISCUSSION

This study reveals that PMC makes a contribution to the
perception of spoken language, which is critically depen-
dent on task context. We explored the effects of TMS
stimulation on phoneme judgments and semantic deci-
sions to the same spoken words: Both involved auditory—
verbal processing, but the phoneme judgment task
required access to explicit phoneme categories, whereas
the semantic task involved matching auditory words to
meaning. TMS to PMC disrupted explicit phonological
judgments but not semantic access for the same auditory
verbal stimuli. Stimulation of a second region, pSTG, con-
taining auditory association cortex, produced disruption
of both tasks. Given that TMS effects at this site were
equivalent for phonological and semantic decisions, we
can be confident that the selective effects of PMC stimula-
tion do not reflect general susceptibility of the phoneme
judgment task to interference. A control site, OP, con-
firmed that the TMS effects were site specific: TMS to OP
did not affect performance on any of the tasks. Moreover,
there were no effects of TMS on the visual control task at
any of the sites, confirming that the effects we observed
were specific to the auditory domain.

Figure 3. PMC: TMS to PMC 1400
produced significant slowing of PMC
the phonological task but not
the semantic task. pSTG: TMS 1300
to pSTG shows significant
slowing for both phonological
and semantic tasks. OP: TMS to 1200
OP shows no effect for any of
the tasks. Error bars represent
SEM. Stars represent significant 1100
slowing after TMS (p < .05);
7‘1 = 15. Phon = phonological; —
Sem = semantic. *
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The key contribution of this study is to provide novel
evidence that, although PMC makes a necessary contribu-
tion to speech perception in some circumstances, these
effects do not extend to situations where spoken words
must be perceived to allow comprehension; rather, PMC
appears to play a critical role only in tasks requiring ex-
plicit access to phoneme categories, such as deciding if
a /k/ or /p/ was presented. In contrast, some theories
advocate a necessary and automatic role for motor
speech representations in speech perception more
generally, an idea which has received support from the dis-
covery of mirror neurons (Rizzolatti & Craighero, 2004; but
see, Gallese, Gernsbacher, Heyes, Hickok, & Iacoboni,
2011) and neuroimaging studies showing PMC activation
during speech perception (Pulvermuller et al., 2006;
Uppenkamp et al., 2006; Wilson et al., 2004). As functional
neuroimaging methods cannot confirm that this activity
plays a necessary role in speech perception, TMS has been
used in several studies to show that stimulation of PMC
does disrupt speech perception tasks (D’Ausilio et al.,
2009; Mottonen & Watkins, 2009; Sato et al., 2009; Meister
et al., 2007; Watkins & Paus, 2004; Watkins et al., 2003;
Fadiga et al., 2002). However, all of these TMS studies,
as well as the majority of fMRI studies, have used tasks
that require explicit access to and/or manipulation of
phonemes (e.g., Pulvermuller et al., 2006; Uppenkamp
et al., 2006; Wilson et al., 2004). This research cannot dem-
onstrate, therefore, that PMC plays a vital role in speech
perception for comprehension. Additionally, evidence
from patient studies suggests that motor areas may only
be crucial for tasks that require overt segmentation or
explicit phoneme awareness and not for speech com-
prehension (e.g., Rogalsky et al., 2011; Bishop et al.,
1990; Basso et al., 1977). However, patients typically have
large and variable lesions, and consequently, these studies
lack spatial resolution. Neither functional neuroimaging
nor neuropsychological methods are ideally placed to
confirm an essential role for a specific region such as
PMC in aspects of speech recognition. In the current study,
we overcame these limitations through the use of TMS to
produce relatively focal disruption of processing within
PMC in healthy participants.

The current findings are consistent with previous TMS
findings by confirming the role of the PMC in explicit
phoneme judgment tasks (e.g., D’Ausilio et al., 2009;
Mottonen & Watkins, 2009; Meister et al., 2007), but our
study reports a novel interaction with task and crucially
reveals that PMC is not necessary for mapping sound
to meaning. The dissociation that we observed between
auditory comprehension and explicit phoneme discrimi-
nation tasks fits well with a current model of spoken
word recognition, which suggests that ambiguities present
in auditory input are cascaded to downstream lexical/
semantic areas but that phonemic categorization recruits
an additional mechanism that does not play a central role
in language understanding (Gaskell et al., 2008). Under-
stood in this way, the effects of TMS to pSTG are to

increase the ambiguity of auditory input to the sys-
tem, which necessarily impacts on processing at all levels
(cf. Marslen-Wilson & Warren, 1994). In contrast, TMS to
PMC affects only one peripheral route in the network,
implying that access to meaning is unaffected, despite
poorer performance in speech categorization. Note that
any ambiguities in the spoken input must still be resolved
to access the appropriate meaning, but the resolution
of these ambiguities presumably takes place at a purely
lexical or semantic level. This dissociation has clear parallels
in the neuropsychological literature (Miceli et al., 1980;
Blumstein et al., 1977). For example, Miceli et al. (Miceli
et al., 1980) reported 19 patients whose performance
on phonological discrimination tasks was pathological,
but their performance on word (or sentence level) com-
prehension tasks was normal. Patient studies in which the
same stimuli are used across phonological discrimination
and comprehension tasks have also confirmed this dis-
crimination/comprehension dissociation (e.g., Rogalsky
et al., 2011; Bishop et al., 1990). Patients with impaired
speech production performed more poorly than controls
on syllable discrimination (i.e., same or different? “boy”—
“voy”) but, crucially, not on picture—syllable matching
(i.e., a picture of a boy, and asked “Is this a voy?” or “Is
this a boy?”; Bishop et al., 1990). The current study shows
a similar dissociation but with higher anatomical specific-
ity, confirming that this pattern follows stimulation of
PMC in healthy participants.

There is strong connectivity between pSTG and PMC
(Osnes et al., 2011; Pulvermuller & Fadiga, 2010; Saur
et al., 2008; Jacquemot & Scott, 2006; Catani, Jones, &
Ffytche, 2005); therefore, what might account for the
selective recruitment of motor areas in this large-scale dis-
tributed language network? (1) PMC may be involved in
strategic modulation of the speech perception process
during the repetition and learning of new words, when it
is necessary to generate and maintain a novel sequence
of articulatory gestures (Hickok, 2009; Burton, Small, &
Blumstein, 2000; Demonet et al., 1992). (2) It could also
provide a backup mechanism for processing degraded
auditory stimuli. Recent support for this explanation comes
from Osnes et al. (2011), who saw a decrease in PMC acti-
vation as speech became less distorted (see also Devlin &
Aydelott, 2009; Scott et al., 2009). (3) As noted above, PMC
recruitment may be necessitated when explicit knowledge
of phoneme segments is required (Rogalsky et al., 2011;
Hickok, 2009; Sato et al., 2009; Hickok & Poeppel, 2000),
for example, in tasks such as explicit phoneme judgment,
where access to categorical representations of speech
sounds is used to guide phoneme segmentation and
manipulation (Rogalsky et al., 2011). Early support for
this comes from Zatorre et al. (1992) who found syllable
judgments, but not passive listening, revealed activation
in Broca’s area bordering PMC (also corroborated by
Burton et al., 2000). Difficult explicit judgments about
the constituent sounds of words may be aided by mental
simulation within action systems. To establish that there
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is a /t/ and not a /p/ at the end of “cart,” for example, par-
ticipants may generate the motor plan for “cart” and de-
cide if this overlaps with the articulation of /t/ (Yuen,
Davis, Brysbaert, & Rastle, 2009; Halle & Stevens, 1962).
In contrast, when listening to “cart” and deciding if this is
a natural or man-made object, auditory representations
may be mapped to meaning more directly along the ventral
language route (Hickok & Poeppel, 2007).

In most circumstances, task difficulty and the require-
ment to employ explicit phoneme knowledge are corre-
lated. The TMS study of Sato et al. (2009) revealed that
PMC was not recruited for simple phoneme and syllable
discriminations; it was only essential for difficult phoneme
discrimination tasks requiring segmentation. Although
the results of this study are consistent with ours, difficult
judgments are often thought of as more vulnerable to TMS
effects in a variety of tasks (Devlin & Watkins, 2007), and
Sato et al. (2009) did not include a control site to demon-
strate that disruption of the difficult phonological task was
specific to PMC. The current findings address these issues,
as the selective pattern of interference seen for PMC in
the current study was not reproduced following TMS to
another site involved in auditory processing (pSTG) or a
nonlanguage control site (OP).

In summary, the current study made use of two audi-
tory language tasks to examine whether PMC recruitment
is necessary for all speech perception processes, given
the existing discrepant views in the literature (e.g., Gallese
et al., 2011; Hickok & Poeppel, 2007; Galantucci et al.,
20006; Rizzolatti & Craighero, 2004). We revealed that,
although previous research has implicated PMC in speech
perception, its role is confined to explicit phoneme judg-
ment tasks and does not extend to semantic access.
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