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Abstract 

An emerging theoretical perspective, largely based on neuroimaging studies, suggests that the pre-SMA is involved 
in planning cognitive aspects of motor behavior and language, such as linguistic and non-linguistic response 
selection. Neuroimaging studies, however, cannot indicate whether a brain region is equally important to all tasks in 
which it is activated. In the present study, we tested the hypothesis that the pre-SMA is an important component of 
response selection, using an interference technique. High frequency repetitive TMS (10 Hz) was used to interfere 
with the functioning of the pre-SMA during tasks requiring selection of words and oral gestures under different 
selection modes (forced, volitional) and attention levels (high attention, low attention). Results show that TMS 
applied to the pre-SMA interferes selectively with the volitional selection condition, resulting in longer RTs. The 
low- and high-attention forced selection conditions were unaffected by TMS, demonstrating that the pre-SMA is 
sensitive to selection mode but not attentional demands. TMS similarly affected the volitional selection of words 
and oral gestures, reflecting the response- independent nature of the pre-SMA contribution to response selection. 
The implications of these results are discussed. 
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1. Introduction 

The fundamental role of the medial frontal cortex, and especially of the pre-SMA, in cognitive aspects of voluntary 
behaviors is becoming more and more apparent. Classically, the SMA has been defined as a single region 
corresponding to the medial aspect of Brodmann's area 6 (Penfield and Welch, 1951). Evidence is accumulating 
indicating that the SMA is divided into at least two functionally distinct regions: the pre-SMA and the SMA-proper. 
The pre-SMA is densely interconnected with the prefrontal cortex, an important center for executive functions (Bates 
and Goldman-Rakic, 1993; Lu et al., 1994; Wang et al., 2005), and it has no direct connection with M1, the spinal 
cord or the cranial nerve motor nuclei (e.g. Dum and Strick, 1991; Luppino et al., 1993; Lu et al., 1994). Recent 
evidence shows that the pre-SMA receives input from the non-motor domain of the basal ganglia and cerebellum 
(Akkal et al., 2007). The SMA-proper, in contrast, has direct connection with M1 (e.g. Muakkassa and Strick, 1979; 
Luppino et al., 1993), the spinal cord (e.g. Dum and Strick, 1991; Bates and Goldman-Rakic, 1993; Lu et al., 1994) 
and the cranial nerve motor nuclei (Morecraft et al., 2001). The input that it receives from the basal ganglia and 
cerebellum originates from motor domains of these regions (Akkal et al., 2007). These radically different connectivity 
patterns suggest that the pre-SMA is involved with high- order aspects of movements such as response selection, 
conflict monitoring/resolution and decision-making, while the SMA-proper is primarily concerned with the execution 
of movements. 

Consistent with this hypothesis, the pre-SMA has been associated with the production of volitional movements 
(e.g. Deiber et al., 1996; Van Oostende et al., 1997; Ullsperger and Von Cramon, 2001; Lau et al., 2004, 2006; 
Nachev et al., 2005), including manual gestures, finger movements and saccades, as well as with tasks involving high 
response competition/ conflict such as response and task switching (Rushworth et al., 2002; Derrfuss et al., 2004; 
Mars et al., 2007), flanker-type tasks (Ullsperger and Von Cramon, 2001; Nachev et al., 2005; Botvinick et al., 1999; 
Fan et al., 2007) and inhibition of manual gestures and speech (Xue et al., 2008). The pre-SMA is more strongly 
active for drawing geometrical shapes (internally driven) compared to tracing them (externally cued) (Gowen and 
Miall, 2007); it is also involved in cognitive tasks involving memory and decision-making (Donohue et al., 2008), 
verbal trail making test (Moll et al., 2002), and verbal n-back task, wherein participants have to determine whether a 
visually presented letter has been presented n trials earlier (Derrfuss et al., 2004). 

The pre-SMA is also involved in a wide variety of overt language production tasks, from the most simple, such as 
syllable repetition (Kemeny et al., 2005) to more complex tasks such as word reading (Fiez et al., 1999), semantic-
based word generation (Abrahams et al., 2003; Alario et al., 2006; Tremblay and Gracco, 2006), letter-based fluency 
(Abrahams et al., 2003), verb generation (Etard et al., 2000), word-stem completion (Palmer et al., 2001), text reciting 
(Bookheimer et al., 2000), sentence production (Kemeny et al., 2005; Haller et al., 2005) and even storytelling, a 
complex and ecological form of spoken language production (Braun et al., 2001). The pre-SMA is also involved in 
covert noun or verb generation (Crosson et al., 2001; Persson et al., 2004). In general, volitional word production 
tasks are associated with a higher activation level than more automatic and more externally constrained tasks (Etard et 
al., 2000; Blank et al., 2002; Kemeny et al., 2005; Alario et al., 2006; Tremblay and Gracco, 2006). A recent study 
comparing the covert selection of verbs, nouns and adjectives, has shown that the SMA/pre-SMA is always active, 
regardless of the nature of the word (Blacker et al., 2006), suggesting a role for the pre-SMA in a general word 
selection process. The pre- SMA is also involved in the selection of simple oral gestures (Tremblay and Gracco, in 
press) and in the production of self- organized sequences of lip, jaw and tongue movements (Braun et al., 2001). 
Recent evidence indicates that the pre-SMA is also active in lexical decision tasks, especially when it involves 
unfamiliar words or pseudowords (Carreiras et al., 2006, 2007). The clinical literature converges with the 
neuroimaging literature to support a role for the pre-SMA in response selection. A relatively large number of studies 
have shown that lesions to the SMA/pre-SMA often lead to a deficit with spontaneous, volitional actions and speech, 
in the absence of a concomitant paralysis (e.g. Zentner et al., 1996; Peraud et al., 2002; Fontaine et al., 2002; Russel 
and Kelly, 2003; Pai, 1999; Mendez, 2004; Chainay et al., 2009). Importantly, externally triggered movements are 
either preserved or they recover relatively quickly. For example, results from a case study revealed persistent 
difficulty with verbal fluency in a patient who underwent surgical removal of the pre-SMA, while naming, repetition 
and reading were preserved (Deblieck et al., 2003). Together, neuroimaging studies on healthy volunteers and SMA 
patient studies suggest a broad role for the pre-SMA in cognitive neuroscience, one that is independent of the 
response modality (finger, eye, tongue) and task domain (language, memory, motor). The pre-SMA appears to be part 
of a network that is concerned with response selection in a broad sense. 

Previous neuroimaging studies from our laboratory (Tremblay and Gracco, 2006; Tremblay and Gracco, in press) 
and others (Crosson et al., 2001; Alario et al., 2006) have shown that the pre-SMA is involved in volitional word 
selection compared to more constrained word selection tasks. However, since volitional selection usually requires a 
higher attention level than constrained selection, it is unclear whether the pre-SMA contribution is due to increased 
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attention demands or increased selection demands, or both. While neuroimaging studies can identify the brain regions 
that are active during response selection, they cannot reveal which of these areas are essential for this process. 
Transcranial magnetic stimulation (TMS), in contrast, is an interference technique that can be used to establish, in 
healthy volunteers, the necessity of a circumscribed cortical region for a particular cognitive, motor or language task. 
TMS-induced “virtual lesions” recover in tenths of milliseconds, that is, too quickly to trigger compensatory changes 
in the brain, and therefore do not suffer the main caveats of patient studies (spatial resolution, lesion- induced brain 
plasticity). The primary goal of the present study was to establish, using TMS, whether the pre-SMA is causally 
related to the selection of words under three different selection modes: a three-alternative low-attention forced 
selection condition (baseline), a three-alternative high-attention forced selection condition and a three-alternative high- 
attention volitional selection condition. This set of experimental conditions allowed us to dissociate the effect of 
attention from the effect of selection. Based on the literature, we predicted that TMS-induced disruption would take 
the form of a slowing of the RT in the volitional selection condition, leaving the RT in the other conditions unaffected. 
More specifically, we expected a two-way interaction between TMS and selection mode, with the effect of TMS being 
the strongest in the volitional selection condition. In order to assess the specificity of any potential TMS-related effect 
in the pre-SMA, we added a control stimulation site, the SMA-proper. While we expected that TMS over the pre-SMA 
would lead to a TMS by selection mode interaction, we expected no such interaction for SMA-proper stimulation. The 
two stimulation sites are illustrated in Fig. 1. 

In most studies of word production, response selection depends on semantic and phonological processing (e.g. 
word generation from a semantic category). As a result, it is unclear whether the pre-SMA contribution to these tasks 
is related to a general selection mechanism, or whether it is related to the linguistic processes that accompany word 
production. The other aim of this study was therefore to provide direct evidence that the pre-SMA is involved in the 
selection of words, in a manner that is analogous to its role in the selection of any other response. In order to 
demonstrate that the pre- SMA contribution is independent from linguistic processes, we designed a word selection 
task that required no linguistic processing, but which relied instead on a set of arbitrary SR associations. In order to 
further demonstrate the generality of the selection process, we compared this non-linguistic word selection task to the 
selection of oral motor gestures (whistling, making a kissing gesture and a raspberry sound, see Table 1 for more 
details) involving the same set of effectors (mainly the lips). We predicted that the effect of TMS would be similar 
for the words and for the gestures, that is, that there would be no three-way interaction between TMS, selection mode 
and response modality, reflecting a role for the pre-SMA in a general (response-independent) selection process. Fig. 
2 illustrates the experimental design. Refer to the Experimental procedures section for the specifics of the 
experimental manipulations. 
 
2. Results 

2.1. Response accuracy 

Participants' performance reached ceiling with a mean±SD of 99.83% ± 0.03 for the experimental group and 99.87% 
± 0.04 for the control group. The percentages of accurate responses for each experimental condition are listed in Table 
2. 
 
2.2. Volitional response generation 

As indicated by the group contingency analyses in Table 3, TMS did not affect the manner in which volitional 
responses were selected. This was true for the majority of the experimental group (11/12) and, likewise, for the 
majority of the participants in the control group (11/12). The frequency of use of each word and each gesture, for each 
participant, is provided as Supplementary material (S1). 
 
2.3. Reaction time 

Table 4 presents the RT and response duration for all experimental conditions for the experimental group (pre- 
SMA). The repeated measure ANOVA (rANOVA) revealed a significant main effect of response MODALITY (F(1,11) 
= 13.29, p = 0.004), with longer RTs for the oral gestures than the words. There was also a significant overall main 
effect of TMS (F(1,11) = 13.38, p = 0.004), and a significant main effect of selection MODE (F(2,22) = 35.34, p < 0.001). 
RTs for the forced choice (1.25 ± 0.07 s) and volitional (1.29 ± 0.069 s) conditions were significantly longer than for 
the baseline (0.81 ± 0.04 s) (p ≤ 0.05, Bonferroni corrected) but did not differ from one another (p = 1.00, Bonferroni 
corrected). As predicted, there was a significant two-way interaction between TMS and selection MODE (F(2,22) = 
4.69, p = 0.02), indicating that the effect of TMS was only significant for the volitional selection condition (p ≤ 0.05, 
Bonferroni corrected). There was a 120 ms difference in RTs for the TMS trials (1.34 s± 0.07) compared to the 
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SHAM trials (1.22 ± 0.06). This finding is illustrated in Fig. 3. As was also predicted, there was no three-way 
interaction between TMS, MODE and MODALITY (F(2,22) = 2.37, p = 0.12). There was, however, a significant two-
way interaction between TMS and response MODALITY (F(1,11) = 9.99, p = 0.009), revealing a significant overall 
TMS effect for the gestures but not for the words. This finding is illustrated in Fig. 4. 

Table 5 presents the RT and response duration for all experimental conditions for the control group (SMA-
proper). The rANOVA revealed a significant main effect of response MODALITY (F(1,11) = 133.52, p = 0.00). The 
RTs were longer for the oral gestures than for the words. The rANOVA also revealed a significant effect of 
selection MODE (F(2,22) = 30.53, p < 0.0001). RTs for the forced choice (1.31 ± 0.10 s) and volitional (1.29 ± 
0.12 s) conditions were significantly longer than RTs for the baseline condition (0.67 ± 0.06 s) (p ≤ 0.05, Bonferroni 
corrected), but they did not differ from one another (p = 1.00). There was also a significant main effect of TMS (F(1,11) 
= 18.27, p = 0.001). As predicted, there was no interaction between TMS and selection MODE (F(2,22) = 2.79, p = 
0.83), and no three-way interaction between TMS, MODE and MODALITY (F(2,22) = 0.26, p = 0.11). There was, 
however, a marginally significant interaction between TMS and response MODALITY (F(1,11) = 4.21, p = 0.06). 
 

 
Fig. 1 – Dorsal (A) and left lateral (B) views of the stimulation sites, on a 3D reconstruction of a participant's MRI 

(Brainsight TMS, Rogue Research, Montréal, Canada). The small white spheres represent the individual stimulation 
sites for participants in the experimental group (pre-SMA TMS) and the larger red sphere represents the average 

stimulation site for that group. The small yellow spheres represent the individual stimulation sites for participants in 
the control group (SMA-proper) and the larger orange sphere represents the average stimulation site for that group. 
 

Table 1 – Characteristics of the words and gestures used in the experiment. 
Word Gestures Concret. a Fam. b KFRQ c T-LFRQ d Freq e WFreqf Phon. g Syll. h Artici 
Wood Whistling 606 574 55 620 N/A N/A 3 1 Lips 
Fish Raspberry j 597 583 70 505 N/A N/A 3 1 Lips 
Pot Kiss 584 548 35 597 N/A N/A 3 1 Lips 
Vue Whistling N/A N/A N/A N/A 93 144 2 1 Lips 
Fils Raspberry N/A N/A N/A N/A 382 247 3 1 Lips 
Point Kiss N/A N/A N/A N/A 192 272 3 1 Lips 
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3. Discussion 

The process of selecting a response is an essential component in the planning of voluntary behaviors including 
language production. The main objective of this study was to examine the contribution of the pre-SMA to this 
process. Before discussing the results in more details, it is worth mentioning three intrinsic limitations of the TMS 
technique: 1) inter- subject anatomical differences, 2) nonspecific attentional and/or sensory effects induced by the 
TMS stimulation, and 3) spatial resolution. In order to minimize inter-subject anatomical differences, the location of 
the stimulation site was done using frameless stereotaxy and individually adjusted based on participants' own 
anatomy. Although we did not perform fMRI to determine the specific part of the left SMA/ pre-SMA involved in 
selecting words and oral gestures, our stimulation sites were consistent with peak activations in these regions during 
speech production, as reported in previous studies (e.g. Tremblay and Gracco, 2006; Alario et al., 2006). With regard 
to the second limitation, we believe that the selectivity of the current TMS interference, which only affected the 
volitional selection condition, argues against the possibility of a nonspecific TMS effect. As for the third potential 
limitation, spatial resolution, it might be argued that the size of the stimulator that was used (7 cm) limited our ability 
to dissociate the pre-SMA from the SMA-proper, due to their relative proximity (on average, 2.2. cm apart). This 
interpretation has the advantage of accounting for the present finding that the TMS-induced behavioral changes were 
qualitatively similar for the two groups. The finding of a tendency for TMS to interfere with volitional selection in the 
control group (SMA-proper) might have been caused by stimulation to the adjacent pre-SMA, or by spread of 
activation from the SMA-proper to the pre-SMA. It is important to mention, however, that our two stimulation sites 
were consistent with published guidelines for locating the face representation within the pre-SMA and the SMA-
proper (Picard and Strick, 1996). In addition, the fact that the group results were quantitatively different suggests that 
our stimulation targets were distinct, at least to some extent, an interpretation that is consistent with a growing body of 
evidence suggesting that the effect of TMS is relatively focal (see for example Walsh and Pascual-Leone, 2003 for a 
review). 
 
 

 
 

Fig. 2 – Examples of the visual stimuli used in the experiment. The faces represent the time during which the 
participant responded. RT= reaction time, which was calculated from stimulus offset to response onset. The red 
arrows indicate the time of application of the stimulation (rTMS, Sham). (A) Example of a low attention forced 

selection trial (baseline) with rTMS. In all conditions, stimulus presentation is always followed by the presentation of 
a crosshair fixation point, which remains on the screen until the next stimulus is presented 6–8 s later. (B) Example 
of a high attention forced selection trial also with TMS. Geometrical shapes indicate the response modality (words, 
oral gestures), while numbers indicate the specific response (refer to the manuscript for more details). (C) Example 

of a volitional selection SHAM trial (no TMS). In these trials, the number zero is presented within a circle or a 
square. 
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Table 2 – Accuracy results. 
SSelection 

mode 
Response modality Stimulation level Control group (mean % 

±SE) 
Experimental group (mean 

% ±SE) 
Baseline Words TMS 100.0 0.0 100.0 0.0 
  Sham 100.0 0.0 100.0 0.02 
 Oral gestures TMS 100.0 0.02 99.9 0.04 
  Sham 99.9 0.06 100.0 0.03 
Forced Words TMS 99.8 0.07 99.7 0.11 
  Sham 99.7 0.15 99.9 0.04 
 Oral gestures TMS 99.7 0.1 99.7 0.08 
  Sham 99.6 0.1 99.7 0.1 
Volitional Words TMS 99.9 0.05 100.0 0.02 
  Sham 99.9 0.05 100.0 0.03 
 Oral gestures TMS 99.9 0.05 99.9 0.05 
  Sham 99.9 0.03 99.9 0.03 
Note: accuracy results (expressed in percentage of correct responses) for the different trial types (baseline= 
low attention forced selection; forced= high-attention forced selection; volitional= high-attention volitional 
selection), modalities (words, oral gestures) and stimulation levels (TMS, SHAM) for each of the groups: 
control (SMA-proper) and experimental (pre-SMA). 

 
3.1. Neural implementation of response selection 

The primary goal of the present study was to test, using an interference technique (TMS), whether the pre-SMA is 
causally related to the selection of words under different selection modes (forced and volitional), and attention levels 
(low and high). We predicted that TMS would interfere specifically with volitional selection, regardless of the 
response modality (words, gestures), in the experimental group (pre-SMA) only. Results showed that, in support of 
our predictions, pre-SMA TMS had no effect on low- and high-attention forced selection but did affect volitional 
selection RTs (with a 115 ms difference between TMS and sham trials). Two main conclusions can be drawn from 
these findings. First, the contribution of the pre- SMA to response selection is not related to attention, a factor that is 
frequently confounded with selection. This finding is consistent with two recent fMRI studies showing that when 
attention level is matched across selection modes, the  
activation level in the pre-SMA is modulated by selection mode (Lau et al., 2004; Tremblay and Gracco, in press). 

The second main conclusion that can be drawn from these findings is that the pre-SMA is an important component 
in a response selection network, but only when selection is volitional. This result is consistent with previous 
neuroimaging experiments showing a stronger involvement of the pre- SMA for volitional selection compared to 
forced selection tasks (e.g. Deiber et al., 1996; Van Oostende et al., 1997; Hyder et al., 1997; Crosson et al., 2001; 
Ullsperger and Von Cramon, 2001; Lau et al., 2004, 2006; Tremblay and Gracco, 2006; Gowen and Miall, 2007; 
Tremblay and Gracco, in press). It is also consistent with a previous rTMS experiment, which showed that stimulation 
applied over the pre-SMA during a forced response selection task does not interfere with performance (Rushworth et 
al., 2002). The fact that, in the present study, rTMS applied during volitional selection did not result in a complete 
incapacity to perform the task, but only in delayed RT, is consistent with previous rTMS studies of the medial frontal 
cortex (e.g. Hadland et al., 2001; Rushworth et al., 2002, Kennerly et al., 2004). As pointed out by Walsh and 
Pascual- Leone (2003): “In its disruptive mode […] TMS applied while a subject is trying to perform a task induces 
neural noise into the signal-processing system” (p. 45). “Under most conditions, TMS adds only enough noise to 
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delay the process, but if the task is difficult enough (i.e., in circumstances where internal noise is already high) errors 
may occur.” (p. 66). Hence, it is not necessary to produce a complete behavioral disruption to conclude that a cortical 
region is causally related to a task. 
 

 
 

Table 4 – Descriptive statistics for the experimental 
group (pre-SMA stimulation). 
Mode Modality Stim. ⁎ RT Duration 
Mean SD Mean SD 
   
Baseline Words Sham 0.78 0.17 0.32 0.10 
TMS 0.76 0.15 0.32 0.11 
Gestures Sham 0.82 0.18 0.35 0.26 
TMS 0.86 0.18 0.42 0.28 
Forced Words Sham 1.18 0.30 0.32 0.10 
TMS 1.12 0.26 0.32 0.10 
Gestures Sham 1.27 0.22 0.39 0.26 
TMS 1.40 0.28 0.34 0.26 
Volitional Words Sham 1.14 0.22 0.32 0.10 
TMS 1.26 0.26 0.32 0.10 
Gestures Sham 1.30 0.29 0.36 0.27 
TMS 1.42 0.32 0.32 0.27 
⁎ Stimulation condition. 

 
The finding that the pre-SMA is only causally related to volitional response selection raises the question of its role 
within the human action system. One possibility is that the pre- SMA is specifically involved in preparing 
volitional actions, perhaps in providing a motivational signal to bias the choice of one response, allowing selection 
to occur. Such motivational signal is not necessary during forced selection, so long as the learned stimulus–
response (SR) associations can be accessed. The idea that the medial frontal cortex is involved in the preparation of 
volitional (willed) behaviors is longstanding, although not without controversy. In his seminal article, Gold- berg 
(1985) suggested that the medial premotor area (SMA) is a central component in a willed action system (also 
comprising the basal ganglia and the cingulate motor area), which he described as spontaneous, anticipatory 
(intention driven), and sensitive to internal factors. This hypothesis, however, cannot account for the pre-SMA 
activation that is often observed during forced selection tasks (e.g. Sakai et al., 2000; Kemeny et al., 2006; Mueller 
et al., 2007, Tremblay and Gracco, in press). Another possibility, more consistent with these findings, is that the 
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pre- SMA is involved in a general response selection process that can by bypassed when responses are selected 
based on SR associations, as in forced response selection. Put simply, selection in this context may be more 
automatic, and rely on cortical regions involved in activating a motor response based on a stimulus and less so on 
the pre-SMA. When a response is freely chosen, in contrast, response competition is high, and selection cannot be 
accomplished in an automatic fashion. In other words, resolving response competition, rather than volition per se, 
may be one of the functional roles of the pre-SMA. A previous rTMS study by Jahanshahi and Dirnberger (1999) 
provides some evidence for this interpretation. Results of this study showed that rTMS applied over the left 
dorsolateral prefrontal cortex (DLPFC), but not over the medial frontal cortex, modifies the manner in which 
participants generate random sequences of numbers, suggesting a role for the DLPFC in biasing the choice of 
responses. In the present study, the contingency analysis revealed no such effect, consistent with Jahahanshi et al. 
In keeping with this study, hence, the current findings suggest that while the pre-SMA may be involved in 
resolving competition, the DLPFC may be providing a biasing signal toward one of the competing response 
alternatives, allowing for selection to occur. 
 

 
Fig. 3 – Mean reaction time, in seconds, for each of the selection mode (Baseline, Forced and Volitional) during 
the TMS trials and the sham trials, collapsed across response modalities, for the experimental group (left panel) 

and the control group (right panel). 
 

Fig. 4 – Mean reaction time, in seconds, for each of the response modality (words, oral gestures) during the TMS 
trials and the sham trials, collapsed across selection mode, for the experimental group (left panel) and the 

control group (right panel). 
 
3.2. Pre-SMA, SMA-proper and response selection 

As was expected, only the pre-SMA exhibited sensitivity to selection mode. When applied to the SMA-proper, 
rTMS caused a general slowing of motor responses, in the order of 30 ms (TMS> SHAM trials). This effect did not 
differ statistically across selection modes. This is in contrast to the effect observed for the pre-SMA, which was 
specific to the volitional selection task. The finding of a functional dissociation between pre-SMA and the SMA-
proper is consistent with the literature on non-human primates indicating a difference between these areas based on 
cytoarchitecture (Matelli et al., 1991; Geyer et al., 1998; Vorobiev et al., 1998), connectivity (e.g. Dum and Strick, 
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1991; Matelli and Luppino, 1996; Inase et al., 1999; Bates et al., 1993; Lu et al., 1994; Wang et al., 2005; Akkal et 
al., 2007), and excitability properties (Luppino et al., 1991). The connectivity pattern of the pre-SMA suggests that 
it is involved in supra-motor processes such as response selection, while the SMA-proper appears to be involved in 
movement execution (Rizzolatti et al., 1998; Luppino and Rizzolatti, 2000). In keeping with the known 
characteristics of the pre-SMA and SMA-proper, the present results further support the notion that the SMA-proper 
has a general motor or premotor function, while the pre-SMA is modulated by higher- order cognitive-motor 
factors such as selection mode. A previous rTMS study has shown that stimulation over the pre- SMA interferes 
with response switching, while stimulation over the SMA-proper during the same task had no observable effect, 
neither on response switching nor on response selection (Rushworth et al., 2002). Our results concur with those of 
Rushworth et al. (2002) demonstrating that the pre-SMA, but not the SMA-proper, is concerned with higher-order 
cognitive-motor processes such as volitional response selection and response switching. 
 
3.3. Selection across response modalities 

The pre-SMA is activated for tasks involving linguistic-based response selection, such as word generation (Etard et 
al., 2000; Crosson et al., 2001; Chung et al., 2005; Alario et al., 2006; Tremblay and Gracco, 2006), verbal fluency 
(Abrahams et al., 2003; Schlosser et al., 1998; Basho et al., 2007), and even propositional speech (Braun et al., 
2001; Blank et al., 2002). However, one question that has not been addressed pre- viously is whether the pre-SMA 
contributes directly to the linguistic operations such as semantic or phonemic-based search, morphological or 
syntactic encoding or contributes in a more language-independent way to any kind of response selection. In the 
present study, selection of words and gestures was never contingent upon semantic or phonological processing; 
instead, it relied on a set of arbitrary SR associations. Results clearly demonstrate that even in the absence of 
linguistic processing, volitional word selection is affected by rTMS applied over the pre-SMA; likewise for the oral 
gestures. These results have important theoretical implications for the modeling of language production, indicating 
that a task-general process is involved during language production, especially when language is produced 
spontaneously and volitionally. Contemporary models of speech and language (e.g. Indefrey and Levelt, 2004; 
Hickok and Poeppel, 2007; Guenther et al., 2006; Riecker et al., 2005) usually focus on language-specific processes 
(e.g. lexical selection, morpho-phonological code retrieval, phonetic encoding) providing no information about the 
manner and extent to which language production is bound to the production of other behaviors, and relies on 
domain-general neural resources. A more global understanding of brain processes requires a thorough 
understanding of the manner in which systems supporting different behaviors overlap one another functionally. 
Further studies are needed to understand how a general response selection process interacts with language-specific 
processes allowing contextually appropriate language to emerge. 
 
 
 

Table 5 – Descriptive statistics for the control 
group (SMA stimulation). 
Mode Modality Stim. ⁎ RT 

 
Mean SD 

Duration 
Mean

 S
D 

Baseline Words Sham 0.59 0.24 0.34 0.13 
TMS 0.62 0.20 0.37 0.14 
Gestures Sham 0.70 0.24 0.32 0.19 
TMS 0.77 0.21 0.35 0.18 
Forced Words Sham 1.16 0.36 0.34 0.12 
TMS 1.12 0.31 0.34 0.12 
Gestures Sham 1.42 0.40 0.36 0.18 
TMS 1.49 0.40 0.30 0.18 
Volitional Words Sham 1.16 0.40 0.34 0.12 
TMS 1.27 0.40 0.33 0.12 
Gestures Sham 1.37 0.40 0.32 0.19 
TMS 1.44 0.45 0.30 0.17 
⁎ Stimulation condition. 
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4. Conclusions 

The present research addressed the issue of the role of the pre- SMA in response selection and provides new 
insights into the functions of this region. It appears that the pre-SMA is causally related to volitional selection, but 
not for forced selection, even when the attention levels are matched. Importantly, the study also demonstrates the 
response- independent (general) nature of the response selection process. A global understanding of brain 
functioning requires a thorough understanding of the extent to which neural systems supporting different behaviors 
overlap with one another; this knowledge is essential to broaden current understanding of the basic brain 
operations that are used to produce language and eventually develop clinical interventions that will take advantage 
of these cross-systems interactions (for a more thorough discussion on this issue, see McFarland and Tremblay, 
2006). 
 

Another important finding of the current study is that RT in both the experimental and control groups exhibited a 
TMS by modality interaction. This interaction revealed a stronger overall TMS interference effect on the oral 
gesture condition. One possible interpretation is that the oral gestures were associated with a greater (motor) 
difficulty level than the words, and hence were more vulnerable to interference. Alternatively, this vulnerability of 
the gestures may be related to a frequency/familiarity effect rather than a difficulty effect per se. Reports of 
familiarity effects on RTs are abundant in the literature. For example, word familiarity is known to affect word 
recognition times (e.g. Howes and Solomon, 1951; Gibson et al., 1970; Forster and Chambers, 1973; Scarborough 
et al., 1977), lexical decision times (Bradshaw and Nettleton, 1974; Gerhand and Barry, 1999; Morrison and Ellis, 
1995), word naming (Gerhard and Barry, 1998; Morrison and Ellis, 2000), and object/picture naming (Barry et al., 
1997; Ellis and Morrison, 1998). Interestingly, recent evidence suggests that the SMA/pre-SMA region is sensitive 
to motor and non-motor familiarity effects. For example, it has been shown that word frequency modulates 
activation in the SMA/pre-SMA region, with greater activation for lexical decisions involving low frequency words 
than high frequency words, and for reading aloud low frequency words compared with reading aloud high 
frequency words (Carreiras et al., 2006). More recently, it was shown that activation in the SMA/pre-SMA region 
is greater for pseudoword reading compared with word reading, and for lexical decision involving pseudowords 
compared with words (Carreiras et al., 2007). In keeping with these findings, the current results demonstrate that 
the production of unfamiliar, perhaps more difficult responses, is more vulnerable to stimulation of the SMA/pre-
SMA region. Based on these findings, we predict that the use of more familiar gestures would preclude modality 
effects. This is, however, entirely speculative and this hypothesis will have to be tested directly in future 
experiments. 

 
5. Experimental procedures 

5.1. Participants 

A total of twenty-six healthy (26) right-handed adults participated in this study. One participant was excluded due 
to excessive head movement (≥ 10 mm) during the stimulation resulting in inaccurate localization, and one was 
excluded because of inadequate behavioral performance, leaving twenty-four participants in the study (11 males, 
mean age 25, SD 4.5 years), divided into two groups (experimental, control) each comprising 12 participants. The 
experimental group received stimulation over the pre-SMA, while the control group received stimulation over the 
SMA-proper. Average right-handedness score was 89 ± 6% according to the Edinburgh Handedness Inventory 
(Oldfield, 1971). The mean number of years of education was 16 ± 2 years. All participants scored normal (or 
above) on the Montreal Cognitive Assessment (Nasreddine et al., 2003) and had normal or corrected-to- normal 
vision, no speech, language or learning difficulty, past or present. Participants were screened for any relative or 
absolute contraindication to TMS (Wasserman, 1998) before their arrival at the laboratory (phone interview), and 
again upon arrival. Informed written consent was obtained from each participant. 
 
5.2. Study procedure 

Participants were seated in a padded armchair in front of a computer monitor, with their head held in place 
comfortably by a customized headrest. The experiment involved participants producing either single words or 
single oral gestures following the presentation of a stimulus cue. All trials began with a stimulus cue displayed on 
a computer monitor for 800 ms. Cues consisted of a word, or a single digit number (0 to 3) presented within a 
geometrical shape (a circle or a square). Fig. 1 illustrates the stimuli used and the associated responses. Following 
the removal of the cue, participants produced the cued response as quickly as possible. A long inter-trial interval 
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(6.5 ± 1.5 s) was chosen to allow participants enough time to respond, and to preclude carry-over effects. 
Words and oral gestures were produced under three different conditions controlling for selection, attention level, 

and number of response alternative: a three-alternative low-attention forced selection condition (baseline), a three- 
alternative high-attention forced selection condition (forced choice) and a three-alternative high-attention volitional 
selection condition (volitional). In the baseline condition, the cue was the required response (word or oral gesture). 
For example, the word WOOD cued the production of the word WOOD, and the word WHISTLE cued whistling. 
Responses in the baseline condition are unambiguously specified by the cue, and selection required minimal 
attention. This task was chosen as the baseline because previous results have demonstrated that forced response 
selection is not associated with significantly activation in the pre-SMA (Tremblay and Gracco, 2006). For the 
three-choice high-attention forced condition, a number (1, 2 or 3) was presented within a geometrical shape (a 
circle or a square). The geometrical shape specified the response modality (word or oral gesture) while the number 
specified the response within the category. For half the subjects, circles were paired with oral gestures while 
squares were paired with words. For the other half, the assignments were reversed. For the volitional condition, the 
number 0 was presented on the screen, within a circle or a square. The circle or square specified the category (word 
or oral gesture) while the 0 specified that any of the responses within the category could be chosen. Participants 
were asked to respond as spontaneously as they could on the volitional selection trials. The high attention forced 
and volitional conditions differed only along one dimension, the selection mode; all other aspects of the tasks were 
comparable: the working memory load, the required attention level (sustained), the motor planning and motor 
output and the complexity of the visual stimuli used. The presentation of the conditions was pseudo randomized. 
The same experimental condition never occurred on more than two consecutive trials. This experimental design 
resulted in twelve conditions (i.e. three selection modes x two response modalities x two stimulation intensities 
(TMS, sham)), which were pseudo randomly presented within eight blocks of sixty trials each, resulting in a total 
of four hundred eighty trials (240 TMS and 240 sham), resulting in forty trials per condition. To avoid fatigue and 
prevent overheating of the stimulator, 5–10 min breaks were inserted in between each block. Stimulation never 
occurred on more than three consecutive trials. 
 
5.3. Stimuli and responses 

To accommodate the native language of the participants, we constructed two sets of comparable words, one in 
French and one in English. All participants were native speaker of one of these languages. The words were all 
highly familiar and none of the oral gestures was novel to any of the participants. The words and oral gestures were 
matched on several dimensions: each response was short, articulated mainly with the lips, and required the 
production of a words or an audible noise (oral gesture) with the same articulator and using a related action. For 
example, the word “wood” was paired with a whistle since each requires bilateral protrusion of the lips. Table 1 
presents the characteristics for the words and oral gestures. 
 
5.4. Electromyographic (EMG) and acoustic recordings 

Muscle activity was obtained from surface electrodes (10 mm diameter) placed over the first dorsal interosseous 
(FDI) muscle of the right hand and the upper and lower lip muscles. The FDI recording was used to determine 
each participant's resting motor threshold (RMT) while the lip muscle activity was used to ensure that the 
stimulation did not induced motor evoked potentials during the experiment. The EMG signals were band-passed 
filtered (30 Hz to 3 KHz), digitized at 10 KHz with 12-bit precision onto a lab computer for offline analysis. A 
unidirectional condenser microphone (Sennheiser, Wedemark, Germany) was used to record participants' 
responses (words and oral gestures). The acoustic signal was pre-amplified, digitized at 44 KHz with 16-bit 
precision and stored on an Apple Imac G5 computer for offline analysis. The acoustic recordings were used to 
calculate participants’ accuracy and reaction times (RTs). 
 
5.5. TMS 

5.5.1. MRI acquisition and co-registration 

A high-resolution T1-weighted MRI scan was obtained for all participants. For fourteen (14) participants, an MRI 
scan was acquired on a 1.5 T Siemens Vision scanner (matrix 256 × 256 mm, 176 slices, 1 × 1 × 1 mm, no gap) 
at the Montreal Neurological Institute. The remaining 10 participants were scanned with a 3 T Siemens Trio 
scanner (same acquisition parameters) as part of another research protocol from our laboratory. Although the 
higher field strength of a 3 T scanner compared with 1.5 T scanner provides significantly greater signal-to-noise 
(e.g. Schick, 2005), and therefore better spatial resolution (for a review of the advantages of 3 T vs. 1.5 T, see for 
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example Willinek and Schild, 2008), it is nevertheless possible to acquire good quality structural MRI images of 
the brain with a 1.5 T scanner. Moreover, it has been shown that MRI field strength (0.5 vs. 1.5 T) does not 
correlate with localization accuracy (Kondziolka et al., 1992). More recently, Scheid et al. (2007) have shown 
that although 3 T scanner provides superior images, both 1.5 and 3 T scanner are capable of detecting traumatic 
microbleeds in the brain (Scheid et al., 2007). Finally, gray-to-white matter contrasts on T1-weighted images 
appear to be better at 1.5 than 3 T (Schmitz et al., 2005). Hence, despite an overall inferior spatial resolution at 
1.5 T, it is nevertheless possible to obtain good quality structural data at both signal strengths. In line with the 
literature, we were able to localize the supplementary motor area in each participant, regardless of the scanner 
that was used (1.5 T or 3 T). 
Once obtained the anatomical MRI was incorporated into BrainSight TMS (Rogue Research) to guide coil 
placement. For each participant, an MRI-to-head co-registration was per- formed using Brainsight software (Rogue 
Research, Montreal, Canada). The position of three anatomical landmarks (tip of the nose, bridge of the nose, 
superior-lateral edge of the tragus of left and right ears), previously identified on participant's MRI, was assessed 
using an infrared tracking system (Polaris, Northern Digital, Waterloo, Canada). Upon successful co- registration, 
infrared tracking was used to monitor the position of the coil with respect to the participant's brain. 
 
5.5.2. Resting motor threshold (RMT) 

For all TMS stimulation, a 70-mm figure-of-eight coil was used, which was driven by a high-speed magnetic 
stimulator producing short duration biphasic pulses (Magstim Rapid 1400, Wales, U.K.). The stimulator was 
controlled through Presentation software (Neurobehavioral Research) installed on a Dell Precision M60 laptop 
computer connected to the Magstim Rapid unit through a NIDAQ DIO card (National Instruments, Austin, TX, 
USA). 

For the determination of each subject's RMT, the TMS coil was placed over the participant's left motor cortex 
hand area with the coil held tangentially to the skull, with the handle pointing posterior and down. Single pulses 
were delivered to the motor cortex, with the intensity of the stimulation adjusted until a muscle evoked potential 
(MEP) in the right hand was observed on the EMG recording in 5 out of 10 trials with an amplitude of at least 50 
μV (Rossini et al., 1994). The location of the stimulation was adjusted to locate the maximally excitable hand area. 
 
5.5.3. rTMS stimulation 

The intensity of the stimulation was set at 110% of subjects' RMT, which ranged from 55–78% of the output 
capacity of the stimulator, with a mean of 64%. The coordinates of stimulation sites were determined individually 
for each participant using Brainsight TMS (Rogue Research, Montreal, Canada) software. First, we identified, on 
subjects' anatomical MRI, the anterior commissure and a vertical line passing through this point was drawn (i.e. the 
VAC line). For the experimental (pre- SMA) group, we selected a point that was approximately 10 mm anterior to 
this line, on the medial most portion of the left superior frontal gyrus. The mean coordinates, in MNI space, were − 
4 9 55 (Talairach: − 4 11 50)1. This stimulation site was based on previous results from our laboratory (Tremblay 
and Gracco, in press), showing strong pre-SMA activation 10 mm anterior to the VAC line in the medial frontal 
gyrus associated with the selection verbal motor responses. For the control group (SMA-proper), the stimulation 
site was located approximately midway between the VAC line and the anterior edge of the precentral gyrus, on the 
medial most portion of the superior frontal gyrus. The mean coordinates, in MNI space, were − 3 − 13 59 
(Talairach: − 3 − 10 55), thus leading to an average of 2.2 cm between the stimulation sites. The location of these 
two SMA stimulation sites is illustrated in Fig. 1. It should be noted that these SMA locations are consistent with 
published anatomical representations of the face muscles within the pre-SMA and SMA-proper (Picard and Strick, 
1996). 

Stimulation was applied in trains of five pulses delivered at a rate of 10 Hz for 0.4 s Stimulation started 200 ms 
after the beginning of the trial, corresponding to the response preparation interval. This time-window was selected 
based on the meta-analysis of language experiments conducted by Indefrey and Levelt (2004). In the sham trials 
(control trials), a tape- recorded sample of the stimulator clicking sound was presented through small computer 
speakers located close to the participant to control for the TMS noise. Each trial was followed by 7-second (± 1 s) 
inter-trial interval. This long inter- trial interval was chosen to allow participants to respond, and to prevent any 

 
1 The conversion of MNI to Talairach coordinates was obtained using a non-linear coordinate transformation Matlab routine 

(mni2tal.m) available freely at http://imaging.mrc-cbu.cam.ac.uk/ downloads/MNI2tal/mni2tal.m. These coordinates are only 
an approximation of Talairach coordinates. 
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carry-over effect from the stimulation. 
Each participant received 1200 pulses during the whole session, which lasted approximately 3 h. During the 

experiment, the coil was held tangentially to the skull, with the handle pointing backwards and secured by a 
system of multi- joint clamps (Rogue Research, Montreal, CAN). The coil position was monitored online and 
adjusted following any head movements resulting in displacement of more than 2 mm in any direction. 
 
5.6. Data analysis 

5.6.1. Response accuracy 

The acoustic recordings were evaluated and transcribed by a research assistant naïve to the study. The percentage 
of errors was calculated for each experimental condition for each subject. Errors included both misses (no 
response) and incorrect responses, including the production of a word instead of an oral gesture or vice versa, or 
the production of the incorrect word or oral gesture. This second type of error only occurred in the forced choice 
condition. 
 
5.6.2. Volitional response generation 

For each participant, the frequency distributions of the words and the oral gestures in the volitional selection 
condition were examined to determine whether it was contingent upon the presence of TMS. In order to test the 
null hypothesis (H0) of no relationship between stimulation level and response distribution, we used 2 ⁎ 3 
contingency (chi-square) analyses with TMS level (Sham, TMS) and response (word1, word2, word3; gesture1, 
gesture2, gesture3) as the variables. This analysis was performed separately for the words and the oral gestures, at 
the group level. In order to assess whether the group results really reflected the individual patterns, the same 
analysis was also run at the single subject level. 
 
5.6.3. Reaction time 

The reaction time was defined as the time from the stimulus offset to the onset of the subject's response. Response 
onsets were identified manually from the acoustic signal using MATLAB® (The MathWorks Inc., Natick, MA, 
USA), but blindly to the experimental condition. RTs that were three standard deviations above or below the mean 
for each participant and each condition were removed from the analysis. Incorrect responses and misses were also 
excluded from the RT analysis. Data were then entered in a three-way factorial ANOVA with repeated 
measurements (rANOVA) using SPSS 16 (SPSS Inc., Chicago, IL). The factors were the selection MODE 
(baseline, forced, volitional), the TASK (words, oral gestures) and the TMS level (TMS, sham). Each group was 
analyzed separately. Bonferroni corrected two-tailed paired t-tests were used for post hoc comparisons. 
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