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Abstract Motor resonance is typically considered a mod-
ulation of motor activity during action observation, which
mirrors the pattern of muscle activation occurring during
execution of the observed action. There is preliminary evi-
dence that motor activity accompanying action observation
comprises two stages: an initial non-specific modulation,
followed by a later change in excitability that is specific to
the muscles involved in the action. We built on this previ-
ous work, with the aims of (1) clarifying the time-course of
muscle specificity during action observation and (2) estab-
lishing whether modulation at each time point reflects sig-
nificant changes (facilitation or suppression) from baseline.
Motor-evoked potentials were elicited in two muscles—the
first dorsal interosseous (FDI) and abductor digiti minimi
(ADM)—while participants watched stimuli showing index
or little finger abduction. Our results provide partial sup-
port for previous findings of muscle-specific modulation
after, but not before, 200 ms. Interestingly, however, this
was shown only by facilitation of the FDI during index fin-
ger observation; there was no significant facilitation of the
ADM when little finger movement was observed. Further-
more, we found no facilitation of corticospinal excitability
(specific or non-specific) at time points earlier than 200 ms
(100-150 ms). We discuss these results in the context of
previous work showing a non-specific increase in excit-
ability at 90 ms during action observation. Together, these
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findings suggest a fast and short-lived facilitation of cor-
ticospinal excitability that occurs at around 60—90 ms and
ends by 100-150 ms.
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Introduction

When an individual observes another agent performing an
action, the observer’s motor system is activated in a man-
ner that seems similar to the activation that would occur if
the observer were performing the action themselves (e.g.
Fadiga et al. 1995). This motor activation during obser-
vation is known as ‘motor resonance’ or ‘mirroring’ and
might be involved in our ability to understand (Iacoboni
et al. 1999) and imitate (Rizzolatti and Craighero 2004) the
actions of others. For motor resonance to be a viable mech-
anism behind action understanding or imitation, it seems
logical that the activation that occurs must be relatively
specific to the observed action. For example, to ‘under-
stand’ the difference between grasping a cup and pointing
to a cup, the timing and muscle specificity of motor activa-
tion during observation of the two actions should be distin-
guishable. Although there is a large body of work on motor
resonance, and a general assumption that such resonance is
specific, questions remain as to what specificity means in
the context of mirroring, and—more generally—what con-
stitutes motor resonance. One question in particular relates
to the time-course of muscle specificity when observing
actions made by others.

There is preliminary evidence of different levels of
specificity in early and later phases of excitability changes
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during action observation (Candidi et al. 2014; Cavallo
et al. 2013; Lepage et al. 2010; Roy et al. 2008; van Schie
et al. 2008). At the peripheral level, research suggests
that early modulation of motor excitability is not specific
to the muscles involved in the action, while later modula-
tion—from around 200 ms—is muscle-specific (Cavallo
et al. 2013; Lepage et al. 2010). In Cavallo et al.’s (2013)
study, motor-evoked potentials (MEPs) were recorded from
two intrinsic hand muscles—the abductor digiti minimi
(ADM) and the first dorsal interosseous (FDI)—while par-
ticipants observed little and index finger abductions. Pre-
vious research has shown the FDI to be significantly more
active than the ADM during the execution of index finger
abduction, while the opposite is true for little finger abduc-
tion (Romani et al. 2005). Assessing MEPs at five time
points across the movement, Cavallo and colleagues found
evidence of muscle-specific modulation at 200, 250, and
300 ms, but not at 100 or 150 ms, post-movement onset.

Cavallo et al.’s (2013) study is one of the few to inves-
tigate modulation at such early time points; the majority
of studies have examined MEPs elicited 1 s or later after
movement onset (for a review, see Naish et al. 2014).
Nonetheless, muscle-specific modulation has been shown
at later time points by a number of studies, and Cavallo
and colleagues’ results suggest that this specificity is first
evident at around 200 ms. The approach to data analysis
taken by Cavallo and colleagues provides a useful way
of quantifying muscle specificity. However, their report
did not show whether motor excitability in the muscles
was actually modulated relative to a non-action baseline.
MEPs in each muscle were compared to each other, and
specificity (or lack thereof) was defined based on the dif-
ference between the muscles in their relative responsive-
ness to each movement type. For each muscle, Cavallo
and colleagues calculated a ratio of MEP size during index
finger observation relative to MEP size during little fin-
ger observation (i.e. a ratio of 1 represented comparable
responsiveness to both movements). Larger ratios (a ratio
>1 indicating a greater response during index than during
little finger observation) for the FDI than the ADM (evident
at 200, 250, and 300 ms) were interpreted as muscle-spe-
cific modulation, while no difference in ratio size between
the muscles (found at 100 and 150 ms) was interpreted as
non-specificity.

As suggested by the authors themselves (Cavallo et al.
2013, p. 1), the muscle-specific nature of modulation is (or
should be) what defines the response as “mirror”. However,
to better explore the potential role of motor resonance in
behaviour, it is important also to look at how activity is
changed relative to a non-action baseline. Given that motor
resonance is usually defined as some increase in motor
activity above a non-action baseline, it is unclear whether
differences between muscles or movement types (that are
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not necessarily different from baseline) should be regarded
as indications of motor resonance at all. Muscle-specific
modulation, such as that found from 200 ms by Cavallo
et al. (2013), could arise in the absence of what has most
often been regarded as motor resonance (i.e. facilitation
of muscles involved in the action). For example, a ratio
greater than 1 for the FDI—indicating larger MEPs dur-
ing index than little finger observation—could be driven
by facilitation of this muscle during index finger observa-
tion, suppression during little finger observation, or both. In
the extreme case, a ratio of greater than 1 could arise with
suppression of the FDI during index finger observation (but
with greater suppression during little finger observation). In
this case, there would be muscle specificity in the absence
of motor facilitation.

Although non-facilitatory but muscle-specific responses
could play a role in social functions such as action imita-
tion or understanding, it seems that whether or not there
is absolute facilitation of muscle excitability could have
important implications for the role of these responses in
behaviour. It is possible that what we consider ‘resonance’
sometimes reflects motor facilitation, other times suppres-
sion, and other times no significant change from baseline.
It is also important to establish whether there is a change in
excitability—be it specific or non-specific—at time points
earlier than 200 ms. Although Cavallo and colleagues’
results showed non-specificity at 100 and 150 ms, it is not
known whether there was non-specific facilitation, suppres-
sion, or simply no modulation of motor activity. The find-
ing of non-specificity is, in fact, consistent with the results
of Lepage et al. (2010), who found facilitation of MEPs in
both the ADM and FDI during index finger observation at
90 ms from movement onset. In this case, MEPs in both
muscles were facilitated during action observation com-
pared to when participants watched a static hand or a mov-
ing dot. Interestingly, however, Lepage and colleagues’
study did not show any facilitation (relative to viewing a
static hand or dot) at later time points (120-270 ms), so it
is not completely clear how this early facilitation relates to
later modulation found in other studies. As so few studies
have examined early time points, the temporal progression
of motor resonance—in terms of both muscle specificity
and absolute change from baseline—needs to be clarified.

The present study sought to consolidate and build on
existing work on the time-course of motor activity during
action observation and was based largely on the experimen-
tal design of Cavallo et al. (2013) but with an additional
‘static hand’ baseline condition. The static hand was used
as a baseline because we wanted to investigate effects of
action observation, rather than just effects of seeing a hand.
Using a lower-level baseline would not have allowed us to
disentangle effects of movement per se. In addition, this
allowed easier comparison with the results of Lepage et al.
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(2010). MEPs in the ADM and FDI were assessed at 100,
150, 200, 250, and 300 ms from movement onset, as partic-
ipants watched index finger abduction, little finger abduc-
tion, or a static hand. A fourth condition—a moving
shape—was also presented to the participants, but this con-
dition was ultimately excluded from the analysis for rea-
sons outlined in the “Method” section.! To keep the experi-
ment at a manageable duration for the participants
(considering the additional conditions), the number of trials
per cell of the design was reduced to ten (compared to 12
per cell used by Cavallo et al.). As ten trials per condition
was deemed too low to be able to compare between condi-
tions, data for the first two and final two time points were
collapsed to give an ‘early’ and a ‘late’ time bin (compris-
ing 20 trials each).

Based on the work of Cavallo et al. (2013), we predicted
that any differences between modulations in each of the
muscles would be present in the later phase (after 200 ms)
only. The novel question in this study was whether the
changes in excitability at each stage of movement obser-
vation (early and late) reflect significant modulation rela-
tive to the static hand condition. Based on Lepage et al.
(2010) findings, we should expect modulation at the early
time point to be non-specific but significantly facilitated.
As suggested above, however, the lack of significant facili-
tation at later time points in Lepage et al. (2010) brings
into question the nature of modulation in this study, so the
current investigation is necessary to clarify these previous
findings.

Method
Participants

Our sample consisted of 16 staff and students of Wilfrid
Laurier University (3 male, 13 female), who were recruited
via online advertisements and emails. Participants were
aged 18-40 years (M = 22.4, SD = 6.52), and all were
right-handed. The study was approved by Wilfrid Laurier
University’s Research Ethics Board and conformed to the
guidelines of the Declaration of Helsinki.

Design

As noted above, the experimental design included an addi-
tional ‘moving shape’ condition, but the data from this con-
dition were not included in the final analysis. The reason for

! Further details about the shape condition, as well as the data from
this and the other conditions, can be obtained from the corresponding
author if required.

this exclusion was that the stimuli in the shape condition
were more variable than the stimuli comprising the other
three conditions; specifically, the shape was stationary on
some trials but moving on others. Due to this difference in
variation within the shape condition, we decided retrospec-
tively that it was not meaningful to compare this condition
to the other (less visually variable) conditions. The shape
condition will not be discussed further in this paper due to
not being included in the final analysis, but a description of
the stimuli can be found in the Supplemental Materials.

The experiment followed a 3 x 2 x 5 repeated-meas-
ures design, with the factors ‘action’ (little finger abduc-
tion, index finger abduction, static hand), muscle (ADM,
FDI), and stimulation time (100, 150, 200, 250, 300 ms).
Participants viewed 150 trials in total, which were pre-
sented in five blocks of 40 trials. There were equal num-
ber of trials of each condition; thus, ten trials contributed
to each condition (i.e. each time point for each condition).
The order of trials was randomised within each block for
each participant, and the order of blocks was randomised
for each participant. Due to the low number of trials per
cell at the lowest level of the design, the early (100 and
150 ms) and late (250 and 300 ms) time points were col-
lapsed, so that ‘time’ became a two-level factor for the
final analysis. The results of analyses including all five
individual time points can be found in the Supplementary
Materials.

Apparatus and stimuli

Visual stimuli were presented using Superlab (version 4.2),
which also controlled the timing of TMS delivery. TMS was
delivered using a Magstim Rapid” stimulator with a figure-
of-eight coil (Magstim, Wales, UK), and muscle activity
recorded using self-adhesive snap electrodes (23 x 22 mm).
The data were acquired at a sampling rate of 5 kHz, ampli-
fied and filtered (band-pass 10-500 Hz), using Biopac
MP150 hardware and Acgknowledge software (version
4.2.0; Biopac Systems, Inc). Offline analysis was performed
using Matlab (version 2010a) and SPSS (version 16.0).

The hand stimuli were the same as those used by Cav-
allo et al. (2013) and showed a female Caucasian hand
(visible from the wrist) prone on a black background. On
the index and little finger abduction trials, an image of a
prone hand was presented, followed after a variable delay
by the presentation of the same prone hand with the index
finger or little finger abducted. This gave the impression
of index or little finger movement. To keep the design as
similar as possible to Cavallo and colleagues’, we used the
same presentation timings, with the static hand being pre-
sented for a randomly selected duration between 800 and
2800 ms. The abducted finger image was then presented
for 960 ms, followed by a fixation cross for 7240 ms. The
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Fig.1 Example of stimuli
belonging to each of the three
observation conditions, with

oo . Little finger
presentation timings. The time .
of TMS delivery was relative to abduction
movement onset (or the equiva-
lent on static trials), indicated
by ‘0O ms’ on the figure
Index finger
abduction
Static
hand

l 800-2800ms 960ms l 7240ms |
| ) * ] L
Oms =—»TMS at 100,150, 200,

250, 300ms from

static hand trials followed the same design, but instead
of an image of the hand with a finger abducted, the same
static hand image remained on the screen. Thus, the static
hand was present for 1760-3760 ms. An example of each
trial type with a summary of timings is shown in Fig. 1.
To ensure that participants were attentive to the stimuli,
on a subset of trials, a dot of similar colour to the stimu-
lus hand appeared on the second hand image. Four times
per block, at a random point during the block, the text
“Did you see a dot on the last trial? Press ‘1’ for yes or
2’ for no” appeared on the screen. This text remained on
the screen until the participant made a (left-handed) key
press response. The maximum trial duration was around
11 s, and each of the five blocks of trials lasted approxi-
mately 6-8 min. Participants were invited to take breaks in
between the blocks.

Procedure

Self-adhesive electromyography (EMG) electrodes were
positioned to record from two muscles: the ADM and FDI.
Two electrodes were placed on the skin overlaying each
muscle, and one further electrode was placed over the ulnar
styloid process of the wrist as the ground. The ‘hand’ area
of the motor cortex was found by first measuring a distance
4 cm lateral and 1 cm anterior to the vertex, and eliciting
MEPs in this approximate area to find the position from
which responses could be elicited in both of the muscles.
The resting motor threshold (RMT) was defined as the
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movement onset

lowest intensity of stimulation required to evoke responses
of above .05 mV in both of the muscles. Stimulation inten-
sity during the experiment was set at 115 % of this RMT.>

Participants were seated in front of a computer monitor
on which the stimuli were displayed; their dominant hand
and forearm rested (prone) on an armrest, such that their
arm and hand were parallel to the sagittal plane (i.e. in
the same orientation as the hand presented on the screen).
They were told that they would see a hand or a shape on
the screen, which would sometimes move, and that a few
times per block they would be asked to indicate (by press-
ing a key using their left hand) whether they had seen a dot
on the previous trial. The experimenter monitored the EMG
recording throughout the blocks and reminded participants
to relax their hand and arm if there was a visible increase in
activity in the muscles.

Data analysis

MEP amplitude was defined as the difference between the
minimum and maximum values of the EMG signal in the

2 Because the RMT was based on the intensity of TMS needed to
evoke responses in both the ADM and the FDI, it actually reflected
the lowest intensity required to elicit MEPs in the least excitable
muscle. Thus, in some cases, the stimulation intensity would have
reflected different percentages of the RMT for each muscle (i.e., what
we consider to be ‘115 % of the RMT’ might in fact have reflected
120 % of the RMT for the muscle with the lowest threshold). The
implications of this are mentioned briefly in the “Discussion” section.
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1040 ms window following the TMS pulse. Trials were
excluded if EMG activity in the 100 ms preceding the TMS
pulse exceeded 50 microvolts. Across all 16 subjects, this
resulted in a total of nine trials (.3 %) being excluded. The
average number of trials contributing to each cell of the
design (i.e. for each ‘time’ and ‘action’ condition combina-
tion) was 18.9 (SD = .24; minimum = 17).

The data were normalised to the static hand condition by
dividing MEP size by the mean amplitude of MEPs elicited
during static hand trials for that participant and block. The
100 and 150 ms, and the 250 and 300 ms time points were
collapsed to give an ‘early’ and a ‘late’ time bin. The nor-
malised data were then submitted to a 2 x 2 x 2 repeated-
measures ANOVA, with time (early, late), action (little fin-
ger abduction, index finger abduction), and muscle (ADM,
FDI) as predictor variables. In addition, we conducted one-
sample 7 tests to compare the normalised MEP values for
each condition to 1, to assess directly modulation relative
to the static hand. Because the comparisons to baseline
at these relatively early time points were exploratory, the
alpha criterion for significance was made more stringent
(decreased to .006) for this analysis to account for the eight
t tests that were performed.

Results

The average accuracy for the dot-detection task was
78.1 % (SD = 18.9). This performance level was shown
(by a one-sample ¢ test) to be significantly above chance
[#(15) = 5.96, p < .001, Cohen’s d = 1.49], suggesting that
the participants were paying attention to the stimuli.

Early (100-150ms)

The 2 x 2 x 2 ANOVA revealed an interaction between
action and time (F(1,15) = 7.49, p = .015, n* = .333)
and a three-way interaction between action, muscle, and
time (F(1,15) = 16.55, p = .001, 172 = .525). Collapsing
across the two muscles to examine the two-way interaction
showed that MEP size increased (from early to late) during
index finger observation, but decreased during little finger
observation. However, paired-sample ¢ tests revealed that
this change across time was not significant for either action
type (index finger observation: #(15) = —1.40, p = .181;
little finger observation: #(15) = 2.0, p = .063).

To explore the three-way interaction, subsequent anal-
yses were conducted separately for the early and late
time points. Consistent with the findings of Cavallo et al.
(2013), these analyses revealed a significant interaction
between action and muscle at the later (250-300 ms) point
(F(1,15) = 8.43, p = .011, n* = .360), but not at 100—
150 ms (F(1,15) = 1.41, p = .253, n* = .086). Because this
interaction at the later time point was predicted, we did not
apply corrections for multiple comparisons in the following
comparisons.

Follow-up paired-sample ¢ tests for the ‘late’ time point
showed that (1) MEPs in the FDI were larger during index
finger observation than during little finger observation
[#(15) = 2.99, p = .009, Cohen’s d = .746]; and (2) dur-
ing index finger observation, MEPs in the FDI were signifi-
cantly larger than those elicited in the ADM [#(15) = 2.55,
p = .022, Cohen’s d = .637]. There was also a nearly sig-
nificant difference between muscles for the little finger
observation condition [#(15) = 2.00, p = .064, Cohen’s
d = .499], with MEPs in the ADM being larger than those
elicited in the FDI. MEPs elicited in the ADM did not

Late {250-300ms)

_. _.
- i »

MEP amplitude (normalised)

o
®
.

—ADM
141 —FDI

Index Little
Observed finger abduction

Fig.2 MEP amplitude (normalised to the static hand condition)
at early (left) and later (right) time points during the observation of
index and little finger abduction. Data points represent the mean
across participants, and error bars represent standard error. The dot-
ted line at ‘1’ on the y-axis represents no modulation during action

Index Little

observation compared to viewing the static hand, and the asterisks
indicate significance between the muscles (indicated also by the line
referring to the two ‘muscle’ lines) or between action types (asterisk
alone)
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differ according to the action type that was being observed
[t(15) = .402, p = .693; see Fig. 2].

Comparisons to baseline

The one-sample ¢ tests performed to assess the significance
of MEP modulation from baseline (i.e. static hand) showed
that the FDI was significantly facilitated at 250-300 ms
during index finger observation [#(15) = 3.25, p = .005,
Cohen’s d = .812; significant at the Bonferroni-corrected
level].

Discussion

This study set out to build on previous work suggesting that
action observation is associated with early, non-specific
modulation, followed by a later, muscle-specific modula-
tion of motor excitability (Cavallo et al. 2013; Lepage et al.
2010). More specifically, we aimed to establish the time at
which changes in motor activity during action observation
become muscle-specific, and whether the early non-specific
(and, indeed, muscle-specific) modulation constitutes sig-
nificant facilitation or suppression relative to baseline.

Our findings confirm what has been suggested by previ-
ous research, that motor activation during action observa-
tion does not become muscle-specific until after 200 ms.
Interestingly, however, clear muscle specificity was only
evident for index finger observation. When the partici-
pants watched index finger abduction, the muscle involved
in this action (the FDI) was facilitated to a greater degree
than the muscle not involved in the action (the ADM). In
addition, comparison of MEPs elicited during index finger
observation to those elicited during observation of the static
hand showed that the FDI was significantly facilitated in
response to viewing this movement. In contrast, little finger
observation did not lead to significantly larger MEPs in the
ADM relative to the FDI, nor were MEPs in the ADM sig-
nificantly facilitated relative to baseline. It is important to
note that the difference between the two muscles for little
finger observation was close to significance and that statis-
tical power for this comparison (calculated post hoc) was
relatively low. Therefore, it is possible that with a larger
dataset we would have seen muscle-specific resonance for
observation of both index and the little finger abduction.
However, it should also be noted that our pattern of results
is in fact consistent with that of Kaneko et al. (2007), who
found significant facilitation of the FDI during index fin-
ger observation, but not of the ADM during little finger
observation.

Although other studies have found ADM facilitation
during little finger observation using similar experimen-
tal designs (e.g. Romani et al. 2005), it is possible that

@ Springer

the motor representation of the ADM (or of little finger
movement) is weaker than that of the FDI, making this
effect less stable across individuals and studies. A pos-
sible explanation for a more stable muscle-specific motor
resonance associated with index finger compared to lit-
tle finger observation is that the former is more frequently
performed and observed. The index finger is commonly
used in actions that require only one digit, such as point-
ing and button pressing and is often used in synergy with
the thumb to grasp or manipulate objects. In contrast, the
little finger is more often involved in movements together
with the rest of the hand and rarely performs actions as
an independent digit. Indeed, it has been found that index
finger movement is more individuated than movement of
the other digits; i.e. there is less movement in other fingers
when a person attempts to move only their index finger,
compared to movement in other fingers when the person
is instructed to move only their little finger (Hager-Ross
and Schieber 2000). It is possible, therefore, that the motor
representations underlying index finger abduction are more
defined than those underlying little finger abduction. There
is indeed some evidence that visual (Jola et al. 2012) or
motor (Cross et al. 2006) experience of an action enhances
the motor resonance response to observing that action. This
could explain why the present study, and some previous
work (Kaneko et al. 2007) have failed to find significant
facilitation of the ADM during the observation of little fin-
ger abduction, which is a relatively infrequent movement.
Another feature of the current design (and, indeed, most
studies of this type) that must be considered when inter-
preting differences between muscles, is that the intensity of
stimulation was set based on the intensity required to elicit
responses in both muscles. As noted in the Method section,
this means that the RMT from which stimulation intensity
was calculated (stimulation was at 115 % of RMT) was
based on the less excitable (higher threshold) muscle. Gen-
erally, a higher stimulation intensity is required to elicit
MEPs in the ADM, so it is possible that in some subjects
the FDI may have been ‘over-stimulated’, with respect
to its motor threshold, compared to the ADM. This could
have affected the extent of modulation that was detected. It
should be noted, however, that this approach to determining
stimulus intensity is standard in studies of this type, includ-
ing studies in which clear muscle-specific responses have
been found (e.g. Romani et al. 2005). Additionally, a recent
study (Loporto et al. 2013) found that motor resonance was
present during index finger abduction observation when
stimulation intensity was set to 110 % of RMT, but not
when it was at 130 %. Based on this finding, we would
predict that if differences between the muscles in RMT-
relative intensity had affected motor resonance, then we
would be more likely to find resonance in the muscle stim-
ulated at an intensity closer to 115 % of its RMT than the
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muscle stimulated at a higher intensity. Thus, if we specu-
late that the ADM (the higher threshold muscle) was stimu-
lated at around 115 %, while the FDI was stimulated at a
higher percentage of its threshold, then motor resonance
would be greater for the ADM (if intensity had affected
resonance). In fact, we found effects of action observation
in the FDI but not the ADM, suggesting that differences in
intensity would not explain our pattern of results. Nonethe-
less, it is possible that differences in relative stimulation
intensity could have influenced our pattern of results, and
this is a factor to bear in mind for future studies.

At the earlier time period (100-150 ms), there were no
differences between the muscles during either movement
observation condition. This finding is consistent with previ-
ous work (Cavallo et al. 2013; Lepage et al. 2010) show-
ing no specificity at early time points (90, 100, or 150 ms)
and suggests that any modulation occurring before this
time could not underlie any function that distinguishes
between similar actions. Crucially, our results showed that
MEPs elicited at 100-150 ms were not significantly larger
than those elicited during static hand observation. This
is different to the modulation found at 90 ms by Lepage
and colleagues, which was significantly facilitated rela-
tive to viewing a static hand. However, it is consistent with
the modulation found by these researchers at later time
points. At 120-150, 180-210, and 240-270 ms, Lepage
et al. reported no differences between MEPs elicited dur-
ing action observation compared to static hand observa-
tion. Our finding of no facilitation at 100-150 ms, together
with the results reported by Lepage and colleagues, sug-
gests that the early non-specific facilitation found at 90 ms
might represent a very brief period of modulation, which is
potentially over by (at the latest) 150 ms. This is supported
by the lack of difference between movement versus static
hand observation at time points between 120 and 270 ms
reported in Lepage and colleagues’ paper.

It is important to note that the term ‘facilitation’ in this
paper refers to facilitation relative to viewing the static
hand; so, any modulation is specific to viewing biological
movement rather than viewing just the effector itself. This
suggests that the early and brief facilitation that purportedly
occurs at around 90 ms is a response to movement obser-
vation. The lack of facilitation found here at 100-150 ms
is only a lack of difference between movement and sta-
tionary stimuli; it is possible that at 90 ms, there is a rapid
response to biological movement, but modulation at slightly
later latencies reflects a response to viewing the static hand.
Such modulation is in fact similar to that reported by Makin
et al. (2009), who investigated effects on motor excitability
of an object falling (unexpectedly) near to the hand when
participants were due to make a manual response. In this
case, there was a modulation of corticospinal excitability
at 80 ms (relative to appearance of the falling object), but

not at 100 ms, suggesting that this modulation was very
short-lived. Although the modulation shown by Makin et al.
(2009) was associated with an object approaching the hand
as participants performed a manual task, their results show
that modulation of motor activity in response to visual stim-
uli can occur as early as 80 ms, so a similar rapid modula-
tion could well occur in response to action observation (see
also Discussion in Naish et al. 2014).

In conclusion, we have confirmed previous findings
that muscle-specific motor resonance does not occur until
at least 200 ms. Therefore, it is unlikely that modula-
tion occurring before this point could underlie any form
of action processing that requires distinguishing between
similar movements. Furthermore, comparing modula-
tion at each time point directly to the static hand baseline
revealed no facilitation of excitability in either muscle at
100-150 ms, suggesting that early non-specific facilitation
reported earlier than this (Lepage et al. 2010) is transient
in nature. Further research is required to explore the func-
tional significance of this early modulation, and whether it
predicts any aspects of later muscle-specific modulation.
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