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Abstract Speeded responses to an external cue are slower
when the cue interrupts preparation to perform the same
or a similar action in a self-paced manner. To explore the
mechanism underlying this ‘cost of intention’, we exam-
ined whether the size of the cost is influenced by the nature
of the external cue. Specifically, we assessed whether
the cost of intention is different for movements made in
response to an imitative cue (an on-screen hand movement)
compared to those made in response to a symbolic cue.
Consistent with previous reports, externally cued responses
were significantly slower on trials where participants were
preparing to perform an internally driven movement later
in the trial. Also as predicted, simple response times to the
imitative cue were faster than those made to the symbolic
cue. Critically, the cost of intention was similar for each
cue type, suggesting that preparing an intentional action
influenced responses cued by the symbolic and imitative
cues to a similar degree. These findings suggest that the
nature of the external cue does not influence the response
time delay associated with concurrent intentional prepara-
tion. Together with previous findings, the results of the cur-
rent study shed further light on the potential mechanisms
underlying the cost of intention.
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Introduction

Despite a lack of any prior intention to move, actions such
as catching a falling object or moving to avoid a threat can
be performed with impressive speed. Intuitively, we might
predict that our reactions to such events should be even
faster if we are already planning to perform the required
movement. For example, if we are already intending to pick
up an object when it unexpectedly begins to fall, will our
reaction to save the falling item be faster than if we were
not planning to move at all? Interestingly, laboratory-based
studies suggest the opposite: preparing to make an inten-
tional, self-paced movement slows down the execution of
the same action made in response to an external cue. That
is, when an individual is preparing to perform a move-
ment but is interrupted by a cue prompting them to move
immediately, their response to the imperative cue is slower
than if they were responding to the cue alone (Astor-Jack
and Haggard 2004; Hughes et al. 2011; Obhi and Haggard
2004; Obhi et al. 2009a, b). This result has been referred
to as the ‘reaction time cost of intention’, or simply ‘cost
of intention’ (Obhi and Haggard 2004). The existence of
the cost of intention raises interesting questions about the
mechanisms governing externally cued actions and inten-
tional, self-paced actions, and about the way in which these
mechanisms interact in situations where a switch from an
intentional mode of action production to a reactive mode of
response production is required.

While there is considerable overlap in brain activation
associated with intentional and reactive movement types
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(e.g. Ariani et al. 2015), the patterns of activity underlying
them are not identical. It has been proposed that the slow-
ing of externally cued responses made during internally
driven motor preparation (for the same action) reflects
a switch from an internally driven to an externally cued
response mode (Obhi and Haggard 2004). While the activa-
tion associated with both response types converges on the
primary motor cortex (M1), the level of input from brain
regions that project to M1 seems to differ between inter-
nally driven and externally cued responses (Haggard 2008).
Externally cued movements are thought to be driven pre-
dominantly by input from parietal areas, which in turn
receive input from sensory brain regions that are activated
by the external stimulus (Rizzolatti et al. 1998). In contrast,
internally driven movements are associated with greater (or
earlier: see Cunnington et al. 2002) activation of the sup-
plementary and pre-supplementary motor areas (e.g. Deiber
et al. 1999; Jenkins et al. 2000; Wiese et al. 2004), which
receive input from prefrontal regions and the basal ganglia.
The supplementary motor area (SMA) is thought to be the
main source of the readiness potential, a negative cortical
potential that is evident around 1-2 s before the onset of
intentional movement (Shibasaki and Hallett 2006). Con-
sistent with the findings of greater SMA activation asso-
ciated with internally driven compared to externally cued
movements, the cortical negativity that typically precedes
internally driven movement is greater than that preced-
ing externally cued movements (Jahanshahi et al. 1995;
Waszak et al. 2005). The two response types can also be
differentiated in terms of muscle activity (Obhi and Hag-
gard 2004) and kinematics (Becchio et al. 2014) of the final
motor output.

In experiments using the ‘truncation’ paradigm, partici-
pants prepare to perform a self-paced movement on each
trial, but on some trials are interrupted by an external cue
requiring them to execute the intended response immedi-
ately. This condition is referred to as the truncation condi-
tion, and the robust finding is that externally cued responses
on such trials are slower than responses in a simple reaction
time condition, where no self-paced movement is being
prepared. Again, the slowing of externally cued responses
when they are prompted during intentional preparation has
been termed the ‘cost of intention’ (e.g. Astor-Jack and
Haggard 2004; Obhi and Haggard 2004). The cost of inten-
tion demonstrates that activation induced by the cue does
not simply augment existing intentional preparation (i.e. if
this were the case, we might expect that existing prepara-
tion would facilitate the cued response).

Previous work supports the idea that the cost of intention
is influenced by the level of intentional preparation at the
time of the imperative cue. This is indicated by the finding
that the cost is smaller when the cued response is the same
as the movement being intentionally prepared, compared
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to when the two movements differ (Obhi et al. 2009a, b).
One possibility is that existing (intentional) motor prepara-
tion is partially integrated into the new response, leading
to relative facilitation of responses that match the prepared
movement. In cases where the prepared and cued responses
are different, internally generated motor preparation would
contribute less (or not at all) to the new response, so the
time taken to generate the new response would be greater.
This hypothesis is supported by Hughes et al. (2011) find-
ing that greater preparation associated with the intended
action—indexed by a larger readiness potential—is asso-
ciated with faster externally cued execution of the same
movement. When the cued response was different to the
planned movement, however, greater preparation of the
planned response was associated with slower responses to
the cue.

Hughes et al. (2011) findings suggest that the level of
pre-existing intentional motor preparation influences
the cost of intention. However, this explanation does not
account for all variation in the cost of intention found
in previous work. For example, Astor-Jack and Hag-
gard (2004; Experiment 3) found no cost of intention on
responses made in a choice reaction time (CRT) task in
which participants were interrupted by one of two possi-
ble cues, compared to an SRT task in which participants
were always interrupted by the same cue. This suggests that
the type of external cue exerts some effect on the cost of
intention [see also Hughes et al. (2011) for a similar but
slightly different type of CRT experiment]. Taken together,
these previous findings indicate that factors related to both
intentional preparation and the externally cued response
contribute to the cost of intention. It should be noted, how-
ever, experimental manipulations in previous studies have
involved changing the relationship between the intentional
response and the externally cued response, so the extent to
which intentional motor preparation could contribute to the
cued response has always varied between conditions. As
discussed, contributions of intentional motor preparation to
the cued response (Hughes et al. 2011) seem to account for
at least some variation in the cost of intention, but there are
likely other factors at play.

To further explore the mechanisms underlying this
phenomenon, the current study investigated whether the
nature of the external cue has any influence on the cost of
intention. Specifically, we examined whether the cost of
intention varies according to whether the externally cued
response is prompted by a symbolic cue or an imitative cue
(consisting of an on-screen hand movement), since previ-
ous work suggests differences in how these cue types are
processed and responded to. Studies have demonstrated
that movements are faster when cued by a visual depiction
of the required movement (i.e. an ‘imitative’ cue) compared
to when they are cued by a symbolic cue (Désy and Lepage



Exp Brain Res

2013; Jonas et al. 2007; Kessler et al. 2006) or an incongru-
ent movement cue (e.g. Brass et al. 2000). This response
facilitation is likely due to effector-specific increases in
corticospinal excitability during movement observation
(e.g. Fadiga et al. 1995; Heyes 2011). Compared to sym-
bolically cued movements, responses to imitative cues have
been associated with greater activation of regions including
the ventral premotor cortex, posterior parietal cortex, basal
ganglia, and primary sensorimotor cortex (Kessler et al.
2006). Kessler et al. (2006) also found the response time
advantage for imitatively cued versus symbolically cued
responses to be correlated with synchronisation of premo-
tor cortex activity with the posterior parietal cortex and
right temporal pole.

Based on this previous work, it was predicted that exter-
nally cued responses would be faster when cued by an imi-
tative compared to a symbolic cue. By keeping the required
intentional and cued responses the same (as each other, and
across trials) and randomizing the presentation of the two
cue types within blocks, we ensured that the amount and
relevance of intentional motor preparation was the same
in both cue conditions. This design therefore allowed us
to identify any differences in the cost of intention driven
by the nature of the external cue specifically. It is possi-
ble that greater activation associated with an imitative cue
facilitates the switch from intentional movement prepara-
tion to the cued response (i.e., leading to a smaller cost of
intention). Alternatively, it is possible that imitative and
symbolic cues do not differentially affect the cost of inten-
tion. Either of these results will enhance current knowledge
of the factors that contribute to the cost of intention, thus
moving the study of this phenomenon forward.

Methods
Participants

Twenty-four students aged 18-20 years (M = 18.8,
SD = .83) took part in the experiment in exchange for
course credit or monetary compensation. All participants
were right-handed by self-report. The experiment was car-
ried out in accordance with local ethics guidelines and con-
formed to the Declaration of Helsinki. Informed consent
was obtained from all participants.

Design

Participants completed two experimental blocks: the simple
response time (SRT) block and the Truncation block. In the
SRT block, participants simply responded to an on-screen
cue when it appeared during the trial. In the Truncation
block, participants were instructed to perform a self-paced

movement at around 3 s from trial onset, unless they saw
a cue, in which case they should respond as quickly as
possible to the cue (rather than moving at the planned 3 s
time point). The cue was presented on 50% of trials in the
Truncation block. In both conditions, the cue was either a
symbolic cue or an imitative movement. Each cue type was
presented an equal number of times in each block, and tri-
als were presented in a randomized order. Finally, the time
at which the cue was presented varied across trials. This
variation was introduced primarily to prevent predictability
of the stimulus, but time of cue onset (early vs. late) was
included in the analysis. Thus, the factors assessed in this
experimental design were Movement Type (SRT, Trun-
cation), Cue Type (Symbolic, Finger lift), and Cue Onset
(Early, Late). The SRT block consisted of 60 trials, and the
Truncation block consisted of 120 trials (with a cue appear-
ing on 50% of these).

Stimuli

The experiment was programmed using Superlab v.4.5
(Cedrus Corporation). In both the SRT and Truncation
blocks, each trial began with a fixation cross-presented on-
screen for 1000 ms, which was then replaced by an image
of a light-skinned hand on a blue background. On every
trial in the SRT block, and on half of the trials in the Trun-
cation block, an imitative or symbolic cue was presented
at one of ten time points: 200, 525, 850, 1175, 1500, 1825,
2150, 2475, 2800, or 3000 ms from when the on-screen
hand appeared. Cue onset was classified as ‘Early’ (200—
1500 ms) or ‘Late’ (1825-3000 ms) to allow us to examine
the effect of time delay in the analysis. For the imitative
cue, the image of the static hand was replaced by an image
of the same hand with the index finger lifted, to give the
impression of finger movement. The symbolic cue was a
filled grey circle that appeared on the index finger of the
on-screen hand.

Procedure

In all conditions, subjects sat at a computer with their
right index finger compressing the ‘v’ key of the keyboard
in front of them. A box was placed over the keyboard and
the participant’s hand to reduce possible motor affordance
effects of seeing the keyboard. In the SRT block (see
Fig. 1a), participants were instructed to release the com-
pressed ‘v’ key as soon as an on-screen (imitative or sym-
bolic) cue was presented. The cue could occur at any of the
ten time delays. The main SRT block was preceded by a
block of six practice trials, which included three trials for
each cue type. In the Truncation condition (Fig. 1b), par-
ticipants were instructed to release the ‘v’ key at 3 s from
trial onset, unless they saw the finger lift or dot appear
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Fig. 1 Trial structure for trials A
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during the trial, in which case they should release the key
as quickly as possible in response to the cue. The cue was
presented on 50% of trials in the Truncation block, to
ensure that participants prepared the self-paced movement
on every trial (rather than waiting for a cue). The practice
block for the Truncation condition consisted of two parts.
The first five trials gave participants experience making
self-paced motor actions, and required participants to plan
and execute a response at 3 s after the trial started with the
numbers 1-3 appearing on the screen to guide counting.
This was followed by eight practice trials without the on-
screen numbers; half of these were interrupted by either the
symbol or the finger lift cue.

Data analysis
Since we were interested in the influence of internal

preparation on cued response times, Truncation trials on
which no cue was presented were not included in the main
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analysis. Response times on these trials were assessed
only to check that participants were indeed preparing their
response as instructed. Based on previous studies using
the same paradigm (e.g. Obhi et al. 2009a), responses to
the cue (in both the SRT and Truncation blocks) that were
faster than 75 ms or slower than 1000 ms were excluded.
Response times for each condition and participant were
then entered into a 2 x 2 x 2 within-subject ANOVA, with
Movement Type (SRT vs. Truncation), Cue Type (Imitative
vs. Symbolic), and Cue Onset (Early vs. Late) as predictor
variables.

Results

The average response time for self-paced trials in the
truncation block (i.e. where no cue was presented) was
3260 ms (SD = 432; range = 2195-4211 ms), demon-
strating that participants prepared and executed their
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response as instructed at around 3 s from trial onset. Our
analysis revealed a strong main effect of Movement Type
(F(1,23) = 44.7, p < .001, nf, = .660); responses to the cue
were slower on Truncation trials (M = 396 ms, SD = 32.0)
compared to SRT trials (M = 329, SD = 36.8). Addition-
ally, a significant main effect of Cue Type (F(1,23) = 7.69,
p = .011, 17[2) = .251) showed that responses were faster to
the imitative cue (M = 353, SD = 24.7) compared to the
symbolic cue (M = 372, SD = 38.0). We also found a main
effect of Cue Onset (F(1,23) = 190, p < .001, ni = .892),
reflecting faster responses on trials where the cue was pre-
sented late compared to early in the trial.

Finally, our analysis revealed a significant interaction
between Movement Type and Cue Onset (F(1,23) = 9.59,
p = .005, r)ﬁ = .294; Fig. 2). Paired-sample ¢ tests com-
paring SRT to Truncation response times for each time
delay separately showed that responses were significantly

500

SRT

450 M Truncation

400
350 I

300 I

Response time (ms)

250

200

Early cue onset Late cue onset

Fig. 2 Average response times (ms) of movements made to cues pre-
sented in the first half of the trial (‘Early cue onset’) versus the sec-
ond half of the trial (‘Late cue onset’) on SRT trials (light grey bars)
and Truncation trials (dark grey bars). Data reflect response times for
movements cued by either the symbolic or imitative cue. Error bars
represent standard error of the mean

faster on SRT compared to Truncation trials for both
the early (#(23) = 7.27, p < .001) and late (#(23) = 4.40,
p < .001) time delays. A further ¢ test comparing the cost
of intention (i.e. Truncation-SRT) between the time delays
revealed that the cost was greater for early compared to
late time delays (#(23) = 3.10, p = .005). For the early
time delay, the average cost of intention was 77.5 ms (SRT:
M(SD) = 358(42.4); Truncation: M(SD) = 436(42.1),
while for the late delay condition it was 45.9 ms (SRT:
M(SD) = 301(36.7); Truncation: M(SD) = 347(40.1)).
The interactions between Movement and Cue Type
(F(1,23) = 237, p = .137, nﬁ = .093), Cue Type and
Cue Onset (F(1,23) = .334, p = .569, nﬁ = .014), and
between Movement Type, Cue Type, and Cue Onset
(F(1,23) = 2.96, p = .099, ni = .114) were not significant.
Figure 3 shows the average response times for each move-
ment and cue type condition.

Discussion

Previous research has shown that responses to an external
cue are slower when the cue interrupts existing intentional
preparation to perform the same movement, compared
to situations where the cue is presented in the absence of
such preparation (Astor-Jack and Haggard 2004; Hughes
et al. 2011; Obhi and Haggard 2004; Obhi et al. 2009a, b).
This finding has emerged from studies using the ‘trunca-
tion paradigm’, in which participants are asked to inter-
nally prepare to produce a particular action, but to respond
immediately with the same action if a cue interrupts their
preparation (see Astor-Jack and Haggard 2004). In the typi-
cal paradigm, sometimes participants make their intentional
action prior to delivery of the cue, and sometimes the cue
interrupts their preparation. The robust finding is that, on
trials where a cue interrupts their preparation, participants
are significantly slower to respond to the cue compared to
when they make the same action in a simple reaction time
condition. This occurs despite the fact that the prepared and
cued responses are the same. Thus, it appears that reactive

Fig. 3 Average latencies (ms) R
of responses in the SRT and 491 Symbolic cue
Truncation conditions, for = 420
responses cued by the symbolic £ 400
cue (left-hand plot) and the o 380
imitative cue (right-hand plot). £
Responses were significantly ‘a'; 360
slower on Truncation compared 2 340 I
to SRT trials for both cue types. S 320
Error bars represent standard b
error of the mean e 300
280
260

SRT

440
420
]: 400
380
360
340
320
300
280

Imitative cue

260

Truncation SRT Truncation
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movements cannot fully harness pre-existing intentional
preparation to facilitate response production. In the cur-
rent study, we employed a modified truncation paradigm to
investigate whether the nature of the external cue affects the
magnitude of this so-called ‘cost of intention’. Specifically,
we measured the cost of intention when responses were
cued by a symbolic visual stimulus, compared to when they
were prompted by an imitative cue consisting of an on-
screen hand movement (that matched the response that the
participants were internally preparing). We expected simple
response times to the imitative cue to be faster than those
made to the symbolic cue, due to (automatic) activation of
the motor system that occurs when movement is viewed.

Consistent with previous findings (Astor-Jack and Hag-
gard 2004; Hughes et al. 2011; Obhi and Haggard 2004,
Obhi et al. 2009a, b), we found that externally cued
responses were significantly slower when participants were
internally preparing to perform the same movement later in
the trial. Previous research has found that externally cued
movements are associated with different patterns of neu-
ral activation compared to intentional (i.e. non-externally
cued) movements (for an overview, see Haggard 2008). It
has been suggested that the cost of intention reflects the
time taken to swifch from an internally driven to an exter-
nally triggered response mode (e.g. Obhi and Haggard
2004). The notion of a switch between response modes is
supported by Obhi and Haggard’s (2004) finding that the
muscle activity profile of truncated responses matches that
characterising externally cued movements. Since internally
driven and externally cued movements are characterised
by distinct patterns of muscle activity, this finding sug-
gests that participants switched from the internally driven
to externally cued mode of movement production when
the cue interrupted motor preparation. The time taken to
complete this switch could account for the cost of intention
seen in the current and previous studies.

As discussed by Obhi et al. (2009a), another (not mutu-
ally exclusive) possibility is that preparation of the inten-
tional action is associated with concurrent inhibition in the
motor system, and this inhibition must be released before
the externally cued response can be initiated. Indeed, stud-
ies in both monkeys and humans have shown that prepar-
ing to perform a movement after a delay is associated with
activity in the dorsal premotor cortex (PMd) during the
delay period (e.g. Kroeger et al. 2010; Toni et al. 1999;
Wise and Kurata 1989). The findings of Kroeger et al.
(2010) suggest that PMd inhibits the primary motor cortex
(M1) during the delay period preceding movement. While
it is important to note that much of this work has demon-
strated inhibition preceding a delayed cued response, Wise
and Kurata (1989) showed similar motor suppression in the
delay period preceding a self-paced, non-cued response.
Thus, it is possible that motor activity is inhibited during
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the truncation trial period as participants prepare to per-
form the self-paced movement at the end of the trial. Such
inhibition of M1 might serve to prevent premature release
of the planned movement, and could account for a delay in
the execution of any cued movement during the trial period.

The finding that response times were faster overall when
the cue was presented later compared to earlier in the trial
could be due to greater anticipation of the cue as partici-
pants neared the end of the trial period. In addition, within
the truncation block, participants were closer to the time of
executing their intentional action. Based on the idea that
preparing and withholding a motor response involves inhi-
bition of motor activity during the pre-movement period,
it is possible that there was less inhibition at time points
closer to the time of execution. The significant interaction
between trial type and time delay showed that the cost of
intention was smaller when cue presentation occurred in
the last half of a truncation trial as opposed to the first half.
This finding is consistent with Obhi et al. (2009a) finding
that the cost was significantly smaller at the final two time
delays before trial end. While we did not have enough trials
to compare between each of the time delays in the current
study, it is possible that the smaller cost on trials where the
cue was presented in the second half of the trial period was
driven by the final two time delays. As discussed by Obhi
and colleagues, this decrease in the cost in the final por-
tion of the trial could be due to facilitation of corticospi-
nal excitability (or a decrease in inhibition) just prior to the
planned onset of the intentional movement. Indeed, stud-
ies have shown increased corticospinal excitability around
200 ms before movement onset (e.g. Leocani et al. 2000).
It is possible, therefore, that the cost of intention is reduced
in the few hundred milliseconds before trial end (i.e. when
participants are about to perform the self-paced move-
ment), due to there being less inhibition associated with the
internally prepared movement.

The most important new finding of the current study is
that the cost of intention was not modulated by the nature
of the external cue. Although movements prompted by the
imitative cue were significantly faster than those prompted
by the symbolic cue in the SRT condition, we did not find
a difference in the cost of intention for the different cue
types. The response time advantage for the imitative cue
found here closely matches that found in previous stud-
ies, with responses to this cue being around 20 ms faster
than responses to symbolic cues (Désy and Lepage 2013;
Kessler et al. 2006). This main effect of cue type is likely
driven by automatic activation of the motor system when
biological movement is observed. Previous work has shown
that activity in the corresponding muscles of the observer
increases when action is passively observed (e.g. Fadiga
et al. 1995). In line with this, movement execution is typi-
cally facilitated by viewing a congruent movement (e.g.
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Brass et al. 2000). The fact that the cost of intention did
not differ significantly depending on cue type suggests
that differences in the speed of processing and responding
to the external cue do not influence the cost of intention.
Although this inference is based on a null result (i.e. the
lack of interaction between cue and trial type), the possible
implications of this finding deserve discussion.

The similar cost of intention for both cue types suggests
that the mechanisms underlying the cost are independent
of the specifics of (external) stimulus—response processing.
Faster responding to the imitative compared to the sym-
bolic cue did not have any bearing on the cost associated
with intentional motor preparation. One possible explana-
tion of variations in the cost of intention (e.g. Obhi et al.
2009a, b) discussed in the Introduction was that the cost is
modulated by the level and relevance of preparation associ-
ated with the intentional movement. In the current study,
by manipulating the nature of the cue itself rather than the
type of movement required, we kept the similarity between
the internally driven and externally cued response con-
stant across all trials. In addition, our randomisation of tri-
als ensured that the cue type on any particular trial could
not be anticipated. Therefore, we are confident that there
were no systematic differences in intentional preparation of
the response between the two cue conditions. That is, the
externally cued response should have been influenced to
the same extent by existing intentional preparation in both
cue type conditions. On this basis, the comparable cost of
intention for each cue type fits with the notion that varia-
tions in the cost of intention found previously (e.g. Obhi
et al. 2009a) are determined by variations in accumulated
intentional preparation that is relevant to the cued response.

Another important finding of the current study is that
the response time advantage for imitatively cued responses
was preserved in the truncation condition. That is, concur-
rent preparation of the intentional response did not seem
to affect facilitation associated with the imitative cue com-
pared to the symbolic cue. The fact that this fundamental
property of the externally cued response was preserved in
the truncation condition is somewhat consistent with Obhi
and Haggard’s (2004) finding that cued responses on trunca-
tion trials were similar, in terms of muscle activity, to cued
responses on SRT trials. This finding supports the idea that
the processes underlying the cost of intention are independ-
ent of processes underlying cue-specific responding. It also
bolsters the notion that actions made in response to imitative
cues are automatic. That is, concurrent computations linked
to intentional preparation did not affect the speed advan-
tage for actions prompted by imitative cues (for more on
the automatic nature of imitative responding see Hogeveen
and Obhi 2013). It is also important to note that cognitive
load and attention have been shown to modulate the effects
of movement observation on response times (Chong et al.

2009; Saucedo Marquez et al. 2011; van Leeuwen et al.
2009). Thus, the fact that the SRT advantage for imitatively
cued movement was preserved in the truncation condition
strengthens the idea that the cost of intention is not driven
by differences in cognitive load or attentional demands in
the truncation condition compared to the SRT condition (see
Astor-Jack and Haggard 2004; Obhi and Haggard 2004;
Obhi et al. 2009a, b for further discussion of this).

The apparent lack of interaction between existing inten-
tional preparation and activation associated with the imi-
tative cue is also interesting given the putative role of the
premotor cortex in motor facilitation during action obser-
vation. There is evidence that enhanced motor excitability
(and consequent behavioural facilitation) might be driven
by input from the premotor cortex to M1 (e.g. Avenanti
et al. 2007; Catmur et al. 2011; Tai et al. 2004). If, as sug-
gested previously, the cost of intention is partially driven
by suppression of M1 by premotor regions, it is intrigu-
ing that this existing activity has no effect on facilitation
of responses induced times by movement observation.
Equally, it is interesting that activation of the premotor
cortex during action observation would not modulate the
cost of intention. Given the lack of physiological meas-
ures in our experiment, it is beyond the scope of the current
paper to discuss this further; however, it will be important
in future studies to combine this paradigm with measures
of corticospinal excitability and intracortical inhibition to
explore this further.

The current findings, together with those of Hughes
et al. (2011) are also relevant to a somewhat counter-intu-
itive finding reported in a previous study by Obhi et al.
(2009b), in which the cost of intention for single versus
sequential finger movements was assessed. While sequen-
tial responses were characterised by slower SRTs compared
to single movements, the cost of intention associated with
sequential movements was smaller than that associated
with single movements. One explanation for the smaller
cost for sequential movements is that motor prepara-
tion associated with the intentional action was greater for
sequential movements than for single-finger movements,
leading to more preparatory activity that could be (par-
tially) harnessed by the externally cued response. Indeed,
sequential movements have been associated with greater
activation of the SMA compared to both single (Gor-
don et al. 1998) and repetitive single-finger (Deiber et al.
1999) movements. Thus, although they were executed more
slowly, greater preparatory activity associated with more
complex movements might lead to a smaller cost of inten-
tion because this preparation contributes to execution of the
new response, albeit in some complex, and as yet unspeci-
fied manner.

In summary, the current findings suggest that the cost asso-
ciated with responding to an external cue when an intentional
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movement is in preparation, is not influenced by whether the
external cue is symbolic or imitative. Specifically, the speed of
responding to the external cue per se (i.e. as indexed in an SRT
condition) does not have any bearing on the cost of intention.
Furthermore, the fact that the response time advantage for the
imitative cue was preserved in the truncation condition sug-
gests that intentional movement preparation delays, but does
not modify, processing and execution of the cued response.
The current study, in conjunction with previous findings, sup-
ports the idea that the cost of intention reflects the time taken
to switch from intentional preparation to imposed externally
cued response processing. We suggest that this time delay
might reflect the release of inhibition associated with prepar-
ing to move at a later time point. We further suggest that prep-
aration for and execution of the externally cued response (at
least given the current experimental set up) does not contrib-
ute to this cost. To further examine the potential role of motor
inhibition in the cost of intention, future research should track
changes in corticospinal excitability and intracortical inhibi-
tion across the movement preparation period in simple reac-
tion time and truncation conditions.

Acknowledgements This work was supported by a Natural Sciences
and Engineering Research Council of Canada grant awarded to SSO.

References

Ariani G, Wurm MF, Lingnau A (2015) Decoding internally and exter-
nally driven movement plans. J Neurosci 35(42):14160-14171

Astor-Jack T, Haggard P (2004) Intention and reactivity. In: Hum-
phreys GW, Riddoch MJ (eds) Attention in action: advances
from cognitive neuroscience. Psychology Press, New York, pp
109-131

Avenanti A, Bolognini N, Maravita A, Aglioti SM (2007) Somatic
and motor components of action simulation. Curr Biol
17(24):2129-2135

Becchio C, Zanatto D, Straulino E, Cavallo A, Sartori G, Castiello U
(2014) The kinematic signature of voluntary actions. Neuropsy-
chologia 64:169-175

Brass M, Bekkering H, Wohlschlidger A, Prinz W (2000) Compatibil-
ity between observed and executed finger movements: comparing
symbolic, spatial, and imitative cues. Brain Cognit 44:124—143

Catmur C, Mars RB, Rushworth MF, Heyes C (2011) Making mir-
rors: premotor cortex stimulation enhances mirror and counter-
mirror motor facilitation. J Cognit Neurosci 23(9):2352-2362

Cavina-Pratesi C, Valyear KF, Culham JC, Kohler S, Obhi SS, Marzi
CA, Goodale MA (2006) Dissociating arbitrary stimulus-
response mapping from movement planning during preparatory
period: evidence from event-related functional magnetic reso-
nance imaging. J Neurosci 26(10):2704-2713

Chong TTJ, Cunnington R, Williams MA, Mattingley JB (2009) The
role of selective attention in matching observed and executed
actions. Neuropsychologia 47(3):786-795

Cunnington R, Windischberger C, Deecke L, Moser E (2002) The
preparation and execution of self-initiated and externally-trig-
gered movement: a study of event-related fMRI. Neuroimage
15(2):373-385

@ Springer

Deiber MP, Honda M, Ibaiiez V, Sadato N, Hallett M (1999) Mesial
motor areas in self-initiated versus externally triggered move-
ments examined with fMRI: effect of movement type and rate. J
Neurophysiol 81(6):3065-3077

Désy MC, Lepage JF (2013) Skin color has no impact on motor reso-
nance: evidence from mu rhythm suppression and imitation.
Neurosci Res 77(1):58-63

Fadiga L, Fogassi L, Pavesi G, Rizzolatti G (1995) Motor facilitation
during action observation: a magnetic stimulation study. J Neu-
rophysiol 73(6):2608-2611

Gordon AM, Lee JH, Flament D, Ugurbil K, Ebner TJ (1998) Func-
tional magnetic resonance imaging of motor, sensory, and poste-
rior parietal cortical areas during performance of sequential typ-
ing movements. Exp Brain Res 121(2):153-166

Greenhouse I, Sias A, Labruna L, Ivry RB (2015) Nonspecific inhibi-
tion of the motor system during response preparation. J Neurosci
35(30):10675-10684

Haggard P (2008) Human volition: towards a neuroscience of will.
Nat Rev Neurosci 9(12):934-946

Heyes C (2011) Automatic imitation. Psychol Bull 137(3):463

Hogeveen J, Obhi SS (2013) Automatic imitation is automatic, but
less so for narcissists. Exp Brain Res 224(4):613-621

Hughes G, Schiitz-Bosbach S, Waszak F (2011) One action sys-
tem or two? Evidence for common central preparatory mecha-
nisms in voluntary and stimulus-driven actions. J Neurosci
31(46):16692-16699

Jahanshahi M, Jenkins IH, Brown RG, Marsden CD, Passingham
RE, Brooks DJ (1995) Self-initiated versus externally triggered
movements. Brain 118(4):913-933

Jenkins IH, Jahanshahi M, Jueptner M, Passingham RE, Brooks DJ
(2000) Self-initiated versus externally triggered movements.
Brain 123(6):1216-1228

Jonas M, Siebner HR, Biermann-Ruben K, Kessler K, Biumer T,
Biichel C, Schnitzler A, Miinchau A (2007) Do simply intransi-
tive finger movements consistently activate frontoparietal mirror
neuron areas in humans? Neuroimage 38(2):T44-T53

Kessler K, Biermann-Ruben K, Jonas M, Siebner HR, Biaumer T,
Miinchau A, Schnitzler A (2006) Investigating the human mirror
neuron system by means of cortical synchronization during the
imitation of biological movements. Neuroimage 33(1):227-238

Kroeger J, Biumer T, Jonas M, Rothwell JC, Siebner HR, Miinchau
A (2010) Charting the excitability of premotor to motor connec-
tions while withholding or initiating a selected movement. Eur J
Neurosci 32(10):1771-1779

Leocani L, Cohen LG, Wassermann EM, Ikoma K, Hallett M (2000)
Human corticospinal excitability evaluated with transcranial
magnetic stimulation during different reaction time paradigms.
Brain 123(6):1161-1173

Saucedo Marquez CM, Ceux T, Wenderoth N (2011) Attentional
demands of movement observation as tested by a dual task
approach. PLoS ONE 6(11):27292. doi:10.1371/journal.
pone.0027292

Obhi SS, Haggard P (2004) Internally generated and externally trig-
gered actions are physically distinct and independently con-
trolled. Exp Brain Res 156(4):518-523

Obhi SS, Matkovich S, Chen R (2009a) Changing the “when” and
“what” of intended actions. J Neurophysiol 102(5):2755-2762

Obhi SS, Matkovich S, Gilbert SJ (2009b) Modification of planned
actions. Exp Brain Res 192(2):265-274

Rizzolatti G, Luppino G, Matelli M (1998) The organization of the
cortical motor system: new concepts. Electroencephalogr Clin
Neurophysiol 106(4):283-296

Shibasaki H, Hallett M (2006) What is the Bereitschaftspotential?
Clin Neurophysiol 117(11):2341-2356


http://dx.doi.org/10.1371/journal.pone.0027292
http://dx.doi.org/10.1371/journal.pone.0027292

Exp Brain Res

Tai YF, Scherfler C, Brooks DJ, Sawamoto N, Castiello U (2004) The
human premotor cortex is ‘mirror’ only for biological actions.
Curr Biol 14(2):117-120

Toni I, Schluter ND, Josephs O, Friston K, Passingham RE (1999)
Signal-, set- and movement-related activity in the human brain:
an event-related fMRI study. Cereb Cortex 9(1):35-49

van Leeuwen ML, van Baaren RB, Martin D, Dijksterhuis A, Bek-
kering H (2009) Executive functioning and imitation: increasing
working memory load facilitates behavioural imitation. Neu-
ropsychologia 47(14):3265-3270

Waszak F, Wascher E, Keller P, Koch I, Aschersleben G, Rosenbaum
DA, Prinz W (2005) Intention-based and stimulus-based mecha-
nisms in action selection. Exp Brain Res 162(3):346-356

Wiese H, Stude P, Nebel K, de Greiff A, Forsting M, Diener HC,
Keidel M (2004) Movement preparation in self-initiated versus
externally triggered movements: an event-related fMRI-study.
Neurosci Lett 371(2):220-225

Wise SP, Kurata K (1989) Set-related activity in the premotor cortex
of rhesus monkeys: effect of triggering cues and relatively long
delay intervals. Somatosens Motor Res 6(5-6):455—476

@ Springer



	Effects of intentional movement preparation on response times to symbolic and imitative cues
	Abstract 
	Introduction
	Methods
	Participants
	Design
	Stimuli
	Procedure
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References




