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Abstract

In order to inform the debate whether cortical areas related to action observation provide a pragmatic or a semantic
representation of goal-directed actions, we performed 2 functional magnetic resonance imaging (fMRI) experiments in
humans. The first experiment, involving observation of aimless arm movements, resulted in activation of most of the
components known to support action execution and action observation. Given the absence of a target/goal in this
experiment and the activation of parieto-premotor cortical areas, which were associated in the past with direction,

amplitude, and velocity of movement of biological effectors, our findings suggest that during action observation we could
be monitoring movement kinematics. With the second, double dissociation fMRI experiment, we revealed the components
of the observation-related cortical network affected by 1) actions that have the same target/goal but different reaching and
grasping kinematics and 2) actions that have very similar kinematics but different targets/goals. We found that certain
areas related to action observation, including the mirror neuron ones, are informed about movement kinematics and/or
target identity, hence providing a pragmatic rather than a semantic representation of goal-directed actions. Overall, our
findings support a process-driven simulation-like mechanism of action understanding, in agreement with the theory of

motor cognition, and question motor theories of action concept processing.
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Introduction

Action perception allows the observer to distinguish one action
from another, to identify what and how it is done (e.g., grasping
a cup to bring it to a target). Action understanding allows the
observer to identify why an action is being done and involves
detection of the actor’s immediate goal and the actor’s high-
level intention. The “immediate goal” reflects a pragmatic rep-
resentation of the action (e.g., bringing the cup to a person
or to a bowl), whereas the “high-level intention” reflects a

semantic representation of the act (e.g., drinking or pouring the

liquid). While action semantics pertains to the representation
of action concepts, thoughts, and intentions, action pragmatics
refers to the representation of sensorimotor transformation,
motor control, and movement execution (Prinz 2014). The aim
of the present study was to investigate the mechanism that an
observer is using to detect the actor’s immediate goal: to explore
which characteristics of the action are distinctly detected by the
observer.

There are at least 2 different theories concerning action
understanding. The first theory claims that mirror neurons
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in 2 specific areas of the brain (monkey brain areas F5 and
PF/PFG) encode the actor’s underlying motivation, and attribute
intention to the actor, without the mediation of other cognitive
processes (Rizzolatti and Sinigaglia 2007; Rizzolatti and Fogassi
2014). [Parenthetically, ventral premotor cortical area F5 and
inferior parietal cortical area PF/PFG in monkeys correspond to
human areas premotor BA6 (ventral premotor cortex [PMv]) and
parietal BA40 (IPL) (Petrides and Pandya 1994; Tomaiuolo et al.
1999; Buccino et al. 2001; Petrides 2005)]. Therefore, according
to this theory, mirror neuron areas encode semantic informa-
tion of the observed action. Yet, it is not clear whether action
“mirroring” in these 2 cortical areas reflects high-level intention
understanding (Rizzolatti and Sinigaglia 2010) or simply low-
level resonance mechanisms (Csibra 2007). Nor is it known
whether mirror neurons encode a “vocabulary” of actions or
goals/intentions (Fogassi et al. 2005; Bonini et al. 2010), “the sub-
jective value” of observed actions paired with reward (Caggiano
et al. 2012), or something “more idiosyncratic” to the particular
action situation (Nelissen et al. 2005). However, it is known
that the responses of mirror neurons depend on several factors
beyond intention, such as handedness of the actor and direction
of movement (Gallese et al. 1996), whether the action is exe-
cuted in the peripersonal or extrapersonal space of the observer
(Caggiano et al. 2009), and whether the action is presented
from the first or third person perspective (Caggiano et al. 2011).
Furthermore, it is known that inactivation of area F5, housing
the mirror neurons, results in slowing down the movement and
no other motor or cognitive deficit (Fogassi et al. 2001). Another
problem is that “goals” and “intentions” have been used inter-
changeably in the mirror neuron literature, and the experiments
concluding that mirror neurons encode “goals/intentions” have
been heavily criticized due to lack of control of several vari-
ables. It has been argued that mirror responses in those experi-
ments may reflect the identity of the object/target to be grasped
(Ruggiero and Catmur 2018) and/or the kinematics of move-
ment (Papadourakis and Raos 2017) rather than the intention
of the actor proposed by Fogassi et al. (2005). Also, an early
indication that mirror neurons did not respond to observation
of intransitive actions was used to support the idea that mirror
neurons represent intention and not kinematics (Gallese et al.
1996; Umilta et al. 2001; Rizzolatti and Sinigaglia 2016). However,
it was recently demonstrated that mirror neurons respond to
the observation of intransitive actions (Papadourakis and Raos
2017).

The second theory implies that pragmatic rather than
semantic information is encoded in components of the action
observation network, namely that contextual information (such
as the employed object/target) and/or movement kinematics
may contribute to action understanding. It was suggested
that during action observation we may continually monitor
the kinematic properties of movements in order to determine
intention (McAleer et al. 2014). Indeed, actions performed
with different intentions result in different kinematics, and
consequently in perceptual differences (Georgiou et al. 2007;
Becchio et al. 2008; Sartori et al. 2009; Naish et al. 2013),
and activation of the observer’s motor cortex is significantly
correlated with the kinematics of the observed movement
(Agosta et al. 2016). The reports above provide a kinematics-
based view of action understanding. Moreover, it is known
that object identity and grasp-relevant dimensions of objects
to-be-grasped are encoded in the action observation system
(Craighero et al. 2014; Monaco et al. 2014; Ruggiero and Catmur
2018), providing an object-based view of action understanding.

In an attempt to inform the current debate on the possible
mechanisms underlying action understanding, we dissociated
the 2 components of prehension, that is, the reaching (arm
transport) from the grasping (hand grip) component. To this
end, we first examined the effects of observing purposeless
outreaching arm movements in the absence of any target (the
so-called intransitive actions), to find out if any of the compo-
nents of the observation network are activated by mere obser-
vation of aimless arm movements. In a separate session, we
added 2 targets and a grasping component, to examine the
effects of the target/goal and the kinematics during observa-
tion of goal-directed reach-to-grasp movements (the so-called
transitive actions). In this study, when we use the term target/-
goal, we refer to the final target of movement, which is also
the immediate goal of action, and not to a high-order inten-
tion. The first functional magnetic resonance imaging (fMRI)
experiment, involving observation of aimless arm movements
in 2 consecutive reach directions, resulted in activation of most
of the components reported to support action execution and
action observation (Simos et al. 2017). Given the absence of a
target/goal in this experiment, our finding is consistent with
the view that during action observation we monitor movement
kinematics. In the subsequent double dissociation fMRI experi-
ment, we contrasted activation profiles as human participants
observed goal-directed reach-to-grasp actions involving either
different targets or different kinematics. The results revealed the
components of the observation-related cortical network, which
were affected by 1) actions that have the same target/goal but
different reaching and grasping kinematics and 2) actions that
have very similar kinematics but different targets/goals. Overall,
our results demonstrate that action observation-related areas,
including mirror neuron ones, are informed about movement
kinematics and/or target identity, providing a pragmatic (senso-
rimotor) rather than a semantic (conceptual) representation of
goal-directed actions.

Materials and Methods
Participants

Data were obtained from 21 volunteers recruited through adver-
tisement in the Medical School (mean age = 28.4, standard devi-
ation=4.3 years; 11 men). Participants were screened for right
handedness, negative history of neurological or psychiatric dis-
order, and regular use of any medication. They all had normal
or corrected to normal vision and provided written consent
in accordance to the Declaration of Helsinki. The study was
approved by the ethics committees of 1) the University Hospital
of Crete and 2) the Foundation for Research and Technology-
Hellas.

Tasks and Stimuli

In the first experiment, in order to examine the effects of observ-
ing non-goal-directed (intransitive) arm motion in the absence
of any target/goal, the fMRI block design included four 35-s
blocks of outreaching aimless arm movements alternating with
four 35-s blocks of static baseline. The stimulus in “active”
blocks consisted of 1) a disembodied arm/hand with extended
wrist and fingers executing 2 successive reaching movements of
different direction, from a resting position on a table, toward 2
different positions in space in the absence of any target, and 2) a
fixed white cross at the center of the display (see video “aimless
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Table 1 Experimental conditions

Movement kinematics Target/goal
Condition Reaching to cup Grasping cup Reaching to Person Bowl
target/goal
Aimless motion +* - +* - -
s-fP Slow Precision grip Fast + -
f-sP Fast Whole hand Slow + -
f-sB Fast Whole hand Slow - +

+* In the case of aimless motion, an arm/hand with extended fingers executes the same 2 reaching movements toward the position of the cup and the position of
the final target/goal, in the absence of cup and final target/goal (see corresponding video in Supplementary Material). The s-f P and f-s P conditions have the same
final target/goal (Person) but different kinematics (in both grasping and reaching components of movement), whereas the f-s P and f-s B conditions have the same
kinematics (in both grasping and reaching) but different final target/goal (either a Person or a Bowl).

arm movements” in Supplementary Material). The duration of
the first aimless reach movement was 1400 ms; average veloc-
ity =0.36 m/s, whereas that of the second consecutive reach
movement was 4033 ms in duration; average velocity =0.12 m/s.
The directions, speeds, and amplitudes of the 2 components of
movement during these intransitive actions (in the absence of
any target) approximated those during the 2 transitive condi-
tions to specific targets (i: fast-slow to person, f-s P; and iii: fast
to cup-slow to bowl, f-s B) as described below. Clip duration was
5433 ms, with a 400 ms blank screen between successive repe-
titions of each clip. The video clip was presented 6 times within
each one of the 4 “active” blocks. The stimulus presented during
the static “baseline” blocks of this task consisted of the first
frame of the video clip, that is, a disembodied arm/hand with
extended wrist and fingers resting on a table and a white cross
at the center of the display (see video “aimless arm movements”
in Supplementary Material). This stimulus was repeated 6 times
(duration = 5433 ms) interspersed with a 400 ms blank screen.

In the second experiment, examining the effects of observing
transitive goal-directed arm movements, the fMRI block design
included 3 action observation tasks. Each task involved 4 “active”
35-s blocks alternating with four 35-s blocks of static baseline.
During each “active” block, a video clip (a different one in each
task) illustrating a 2-movement action sequence was presented
6 times. The 3 clips displayed 1) a disembodied hand relaxing at
a table with a white tea cup next to it, 2) a fixed white cross at
the center of the display presenting either the bust of a female
person (in tasks i and ii) or a white ceramic bowl 30 cm in
diameter (in task iii), and 3) either the bowl (in tasks i and ii)
or the person (in task iii) right next to the central display. Arm
movements toward both targets (cup and person/bowl) included
transport components with different/controlled speeds (slow
and fast) in 2 directions during the 2 successive movements.
Also, grasps of the cup included 2 different/controlled grips
(precision and whole hand grip). In other words,when the target
was the same (person), in order to maximize the dissimilarity
in kinematics between conditions s-f P and f-s P, not only the
speed of reaching but also the type of grip differed by design.
Table 1 demonstrates the variables of the different experimental
tasks we used. Videos of all 3 conditions of the second exper-
iment are provided in the Supplementary Material (see videos
“fast-slow Person,” “slow-fast Person,” and “fast-slow Bowl” in
Supplementary Material).

The observation tasks examining the effects of an action
with the same goal (person) but different kinematics were the
following: (i) fast to cup-slow to person and (ii) slow to cup-fast

to person. It should be noted that task (iii) consisted of a rapid
reaching movement toward the tea cup (1400 ms in duration;
average velocity =0.36 m/s), followed by grasping the cup with
whole hand, and a much slower reaching movement bringing
the cup over the edge of the bowl (4033 ms in duration; average
velocity =0.12 m/s). The bowl in condition (iii) was located in the
center of the picture, that is, in the position of the person’s head
in conditions (i) and (ii), so that the kinematics of conditions
(i) and (iii) were almost identical. This way, the target of the
reaching movement was always at the center of the setting in
all the tasks (i-iii). Clip duration was always 5433 ms, with a
400 ms blank screen between successive repetitions of each
clip. Please note that 1) although both bowl and person were
present in the picture, the visual environment was not exactly
the same in tasks i and iii, because the target (person in task
i and bowl in task iii) was always in the center of the frame,
and 2) the direction, speed of movement, and grasping aperture
were very similar, and not exactly the same, in the 2 tasks
including different final targets. The stimulus in the static “base-
line” blocks consisted of the first frame of the video clip from
either conditions i-ii or condition iii, which was repeated 6 times
(duration = 5433 ms) interspersed with a 400 ms blank screen.
A sample sequence of frames is shown in Figure 1; and video
clips of all experimental conditions are provided in Supplemen-
tary Material.

In all experiments, a white cross for fixation remained on
the screen for the entire duration of the recording with the
exception of a 3 s period between blocks during which a blank
screen was presented to allow participants to move their eyes
freely and blink if needed. Participants were asked to keep
fixating the cross when appeared on the screen and keep their
hands resting on their stomach. During the scan, stimuli were
presented binocularly through a goggle system mounted on the
head coil and controlled through the Nordic Activa (Nordic Neu-
rolab, Bergen, Norway) software, which ensured precise timing
of block onset/offset to the echo planar imaging (EPI) sequence.

Prior to the fMRI session, participants completed a 1-min
practice run for each of the 4 tasks, outside the scanner, using
the same device for stimulus presentation with that used during
the EPI sequence, while EMG and eye movements were recorded.
EMG was recorded from the extensor digitorum communis and
the extensor indicis, through adhesive electrodes referenced to a
third electrode placed on the lateral epicondyle. Muscle activity
was not affected by any of the experiments in any of the subjects.
Continuous EMG was recorded using a Nexus-4 device with
a band pass setting between 20-200 Hz. Eye movements were
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Fixation \

(400 ms)

Video clip
(duration=5433 ms):
6 repetitions/block

Blank “rest” period
between blocks
(3000 ms)

Fixation \

(400 ms)

Static hand
(duration=5433 ms):
6 repetitions/block

Figure 1. Sequence of frames during the s-f P task in the second experiment. To reduce complexity in the figure, the 400-ms fixation period between successive
repetitions of the video clip (in active blocks) or the static hand frame (in reference/baseline blocks) was omitted.

recorded with an infrared camera mounted on the head coil to
verify that all subjects could remain fixated on the target.

Image Acquisition

Scanning was performed on an upgraded 1.5T Siemens Vision/-
Sonata Hybrid clinical scanner (Erlangen, Germany) with pow-
erful gradients (Gradient strength: 40 mT/m, Gradient rise time:
200 ps [fastest possible in 1.5T and 3T clinical systems], Gradi-
ent slew rate: 200 mT/m/ms) and a standard 4-channel head
array coil. This upgrade (SIEMENS SONATA system gradients
and SIEMENS EVOLVE packet) ensured improvement in temporal
resolution (minimum TE 1.7 ms) by 30% and in spatial resolution
by 20% (minimum voxel dimensions: 70 pum x 70 pm x 300 pm).

At first, a standard T2-weighted 2D-TSE-FLAIR (repetition
time [TR]/echo time [TE]/inversion time [TI] = 9000/120/2600 ms)
sequence with 4-mm transverse slices was performed, and the

absence of any congenital anatomic variations or unexpected
pathology was confirmed. For the blood oxygen level-dependent
(BOLD)-fMRI, a T2*-weighted, fat-saturated 2D-FID-EPI sequence
was used with the following parameters: TR 3500 ms, TE 50 ms,
field of view (FOV) 192 x 192 x 108 (x, y, z), and acquisition voxel
size 3 x 3 x 3 mm. Whole-brain scans consisted of 36 transverse
slices with 3.0-mm slice thickness and no interslice gap. Each
BOLD time series was 4.67 min in duration and consisted of 80
dynamic volumes (plus 4 dummy volumes to allow the signal
to reach steady state). Additionally, high-resolution anatomi-
cal images were acquired sagittally, using a 3D magnetization-
prepared rapid acquisition gradient echo sequence with the
following parameters: TR 9.8 ms, TE 4.6 ms, flip angle 8°, TI
922 ms, FOV 180 x 230 (x, z), with acquisition voxel size of 0.98
x 0.98 (x, z) and slice thickness of 1 mm. The FOV covered the
entire brain with the exception of the caudal-most aspect of the
cerebellum (lobule VIII).
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Preprocessing and Analyses

Image processing and statistical analyses were performed in
SPM12 (Statistical Parametric Mapping software, SPM: Welcome
Department of Imaging Neuroscience, London, UK; available
at: http://www.fil.ion.ucl.ac.uk/spm/). Initially, EPI scans were
spatially realigned to the first image of the first time series using
second degree B-spline interpolation algorithms and motion
corrected through rigid body transformations (3 translations
and 3 rotations about each axis). Next, images were spatially
normalized to a common brain space (Montreal Neurological
Institute template) and smoothed using an isotropic Gaussian
filter (full-width at half-maximum =7 mm). The BOLD signal was
high pass filtered to remove low-frequency drifts with a time
constant of 128 s.

For each task and participant, a fixed-effects general linear
model (GLM; Friston et al. 1995) was fit to the data in SPM12,
which allows the BOLD signal associated with each “active” block
and with the preceding static baseline blocks to be convolved
with the SPM12 standard hemodynamic response function. The
model included 2 condition regressors of interest (active, static)
and 6 motion regressors of no interest. Contrasts of interest (f-
s P, s-f P, f-s B, and aimless movement) versus the correspond-
ing static baseline were thresholded at P <0.05 corrected for
multiple comparisons. The reverse contrasts were also com-
puted to ensure the appropriateness of the static baseline con-
dition (“active” blocks < static baseline). Individual contrast t-
value images were input to the second-level random effect anal-
ysis to estimate the generalizability of activations. Second-level
activations were assessed for statistical significance applying a
threshold of P < 0.05 with family-wise error (FWE) correction for
multiple comparisons at the cluster level with an initial voxel-
wise threshold of P=0.001. Monte Carlo simulation (Slotnick
et al. 2003; Slotnick 2017) was applied when necessary (in cases
where voxel clusters were smaller than the minimum number
required to obtain FWE-adjusted significance of P <0.05) using
the estimated smoothness of our functional data (10 mm). This
resulted in a minimal cluster size of 58 voxels at a threshold of
P <0.001 uncorrected to achieve correction for multiple compar-
isons for P < 0.05. Anatomic identification of active clusters was
performed using the SPM Anatomy Toolbox (Eickhoff et al. 2005).

Given that clusters of activated voxels in the first-level analy-
ses in some areas of interest (especially in PMv, IPLv, TPj, SI) were
small in extent and displayed considerable anatomic variability
across participants, we did not perform second-level pairwise
task comparisons using whole-brain contrast maps. Instead,
we created individualized overlay masks of active voxels at a
more liberal threshold (P <0.01) for 2 pairs of first-level con-
trast maps (f-s P vs. s-f P and f-s P vs. f-s B). These masks
were restricted to regions displaying significant activation in
whole-brain one-sample t-tests (as described in the previous
paragraph with certain exceptions presented in Results). For
each individually drawn ROI, first-level contrast values were
extracted and submitted to paired-sample t-tests evaluated at
Bonferroni-adjusted 0.0036 (for 14 multiple comparisons).

In supplementary analyses, we estimated signal power in
the frequency range covering the first harmonic of video clip
presentation rate within “active” blocks (0.086 Hz) in 2 partially
overlapping frequency bands (0.07-0.11 Hz and 0.09-0.13 Hz).
Power estimates were computed for single-voxel band-passed
time series (using a fourth-order Butterworth filter) in these
nominal frequency ranges and then averaged over voxels within
the individually drawn ROI masks as described in the previous
paragraph. Pairwise statistical comparisons (f-s P vs.s-f P and f-s

P vs. f-s B) were restricted to ROIs in anatomical regions where
significant group-level activations were noted in whole-brain
one-sample t-tests (listed in Tables 2 and 3).

Results

Observation of Intransitive Actions
(Aimless Arm Movements)

As indicated by significant GLM effects (P < 0.05 FWE corrected),
the observation of aimless arm/hand movements in the absence
of any target was associated with increased BOLD signal, as
compared to the corresponding static baseline, in several brain
areas, which were previously found to support execution and
observation of goal-directed actions (Simos et al. 2017). These
brain areas included: the extrastriate body area/middle tempo-
ral cortex (EBA/MT; BA37), the inferior temporal gyrus/fusiform
gyrus (ITG/FG; BA37), the superior parietal lobule (SPL; BA7),
the dorsal and ventral inferior parietal lobule (IPLd, IPLv; BA
40), and the dorsal premotor cortex (PMd; BA6) bilaterally, as
well as the primary somatosensory cortex (SI; BA3) in the left
hemisphere and the temporoparietal junction (TPj; BA22) in the
right hemisphere (see Table 2 and Fig. 2). The PMv (BA6) was
activated only at the uncorrected level (P <0.001, cluster size 23
voxels). The coordinates of the cluster center in BA37 (EBA/MT)
in our study are within the probabilistic limits of area MT derived
from myeloarchitectonic data (Malikovic et al. 2007; Bridge et al.
2014) and closely match the coordinates summarized for EBA
(Ferri et al. 2013; Simos et al. 2017). Given the significant overlap
between voxels activated by body parts and motion (Spiridon
et al. 2006; Ferri et al. 2013), we henceforth refer to the latter
activation in our study as EBA/MT. Also, the coordinates of the
activated cluster center in BA22 (TPj) in our study match those
reported earlier for TPj (Arzy et al. 2006; Blanke et al. 2010;
Simos et al. 2017). The coordinates of cluster center located in
SI closely match those reported for hand movement in previous
studies (Lotze et al. 2000; Indovina and Sanes 2001; Simos et al.
2017). Finally, the coordinates of activated cluster in the lateral
PM (PMd, PMv) are according to the distributional boundaries
estimated earlier (Mayka et al. 2006; Simos et al. 2017).

Observation of Transitive Actions (Goal-Directed
Reach-to-Grasp Movements)

As indicated by significant GLM effects (P < 0.05 corrected), and
shown in Table 3 and Figure 3, each 1 of the 3 tasks of observa-
tion of transitive actions (f-s P, s-f P, f-s B), when compared to
the static baseline, resulted in clusters of significantly activated
voxels in several cortical regions across the brain. In effect, all
areas activated in the present study were previously demon-
strated to support execution and observation of goal-directed
actions (Simos et al. 2017). Interestingly, all areas activated by
the observation of transitive actions (Table 3) were also activated
for observation of intransitive movements in our study (Table 2),
with the exception of PMv and certain higher order prefrontal
association areas, which were affected only by observation of
goal-directed actions and not by observation of mere arm trans-
port.

Kinematics-Related Contrasts (Different Kinematics but
Same Target/Goal)

GLM Model
Whole-brain second-level analyses (P <0.05 corrected) served
to identify anatomic regions that displayed significantly active
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Table 2 MNI coordinates and T values of significant activations in whole-brain during observation of aimless arm movements; second-level

analyses

Aimless motion
Brain area BA Hem X y z T
EBA/MT 37 L -50 —72 0 10.06
EBA/MT 37 R 52 —62 0 11.80
ITG/FG 37 L —48 —58 -20 4.32
ITG/FG 37 R 42 —60 -20 4.74
TPj 22 R 58 -37 20 5.50
SPL 7 L —28 -50 50 7.69
SPL 7 R 18 —56 66 9.70
IPLd 40 L -30 —52 54 8.04
IPLd 40 R 34 —46 54 6.73
IPLv 40 L —54 -28 38 4.75
IPLv 40 R 48 —46 32 4.26
SI 3 L -50 -25 38 4.97
PMd 6 L -30 -10 48 6.56
PMd 6 R 36 —6 52 5.16
V3 19 R 36 —-80 -2 4.18
V3 19 L —36 —-80 -2 4.93
Vi 17 L -12 —98 —6 4.84
V2 18 R 22 —74 —6 5.68

Note: All activations shown here were corrected for multiple comparisons at the FWE P < 0.05. BA, Brodmann area; Hem, hemisphere; L, left; R, right.

Table 3 MNI coordinates and T values of significant activations during observation of 3 types of goal-directed actions, in whole-brain; second-

level analyses

s-fP f-s P f-sB
Brain BA Hem X y 4 T X y 4 T X y Z T
area
EBA/MT 37 L -50 —72 6 10.98 -50 —72 4 9.14 —52 -72 6 12.03
EBA/MT 37 R 46 —64 8 11.72 50 —66 4 14.66 46 -60 10 12.78
ITG/FG 37 L —42 -80 —6 7.30 -50 -70 -12 6.51 —48 -70 -12 6.66
ITG/FG 37 R 50 -70 -6 7.70 50 —68 -12 7.62 46 —66 -12 6.67
TPj 22 R 61 —38 18 8.22 60 —38 18 6.86 58 —42 14 5.10
SPL 7 L —-18 —64 56 4.86 -32 -50 56 6.67 —24 -52 52 9.67
SPL 7 R 28 —58 60 6.29 22 —54 60 7.24 20 —58 60 9.99
IPLd 40 L —26 —40 54 6.33 -32 —48 56 7.24 —24 -52 54 10.10
IPLd 40 R 32 —40 56 7.12 34 =50 58 6.49 34 =50 60 7.69
IPLv 40 L -56 —-38 34 5.06 —54 -30 34 6.41 -52 -36 40 5.59
SI 3 L — — — — —48 -26 36 7.66 — — — —
PMd 6 L -26 -6 64 431 34 -8 52 6.82 -26 -10 50 6.03
PMd 6 R 40 -4 58 6.58 36 -4 48 6.72 42 0 56 5.63
PMv 6 L — — — — -60 6 28 6.35° 42 4 32 4.44°
PMv 6 R 42 8 24 5.15% — — — — — — — —
SMA 6 L 0 -2 68 4.67 — — — — — — — —
SMA 6 R 14 2 60 6.02 — — — — — — — —
IFG 45 R — — — — — — — — 48 48 -2 4.31
MFG 9/10 L — — — — — — — — —42 48 -2 6.96
MFG 9/10 R — — — — — — — — 38 58 -2 4.36
SFG 10 R — — — — — — — — 36 58 12 4.62
MFG 8 L — — — — — — — — —42 12 42 4.33%
MFG 8 R — — — — — — — — 50 16 42 6.08
V3 19 L —44 -80 -4 6.29 —-38 —80 -2 6.26 —-38 -78 -4 3.71
V3 19 R 44 -80 —4 3.94 38 —-80 -2 3.88 40 -76 -4 3.75
V2 18 R 22 -76 -6 3.98 22 -76 -6 4.01 22 -76 -6 3.74
Vi 17 L — — — — -12 —98 -6 3.86 =12 -96 -6 3.72
Vi 17 R 6 -92 6 7.68 14 —88 -6 3.7 16 —88 -6 3.86

Note: Activations shown here were corrected for multiple comparisons at the FWE P <0.05. SFG, superior frontal gyrus; SMA, supplementary motor area. Rest of

abbreviations as in the footnote of Table 2. 2Significant activation after Monte Carlo simulation (threshold 58 voxels).
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Figure 2. 3D rendering of significantly activated voxel clusters during observation of aimless arm movements as compared to the static control baseline, via whole-brain
analyses. Lateral view of the left and right hemispheres and top view of the brain (P < 0.05 corrected).

Slow fast to person

Fast slow to person

Fast slow to Bowl

Figure 3. Clusters of significantly activated voxels during observation of 3 types of goal-directed actions as compared with the corresponding static baseline, via

whole-brain analyses: (i) s-f P, (ii) f-s P, and (iii) f-s B action (P < 0.05 corrected).

voxel clusters, as compared with the static baseline, in response
to the observation of each 1 of the 2 person-directed actions:
slow-fast to person (s-f P) and f-s P. Significant clusters of active
voxels were found in EBA, ITG/FG, SPL, IPLd, and PMd, bilaterally
as well as in the right TPj, left IPLv in both person-directed
conditions, and in the left SI in the f-s P condition. The right
PMv was activated in s-f P condition and the left PMv in the
f-s P condition (Table 3; Fig. 3). Moreover, observation of person-
directed actions induced significantly active voxel clusters in
the supplementary motor area (BA 6) bilaterally in the f-s P
condition (Table 3).

ROI Analyses
In order to ensure that pairwise comparisons on the degree
of signal increase between conditions actually reflected
hemodynamic activity within the same cortical patch (in
anatomical regions identified through GLM analyses), we
performed pair-wise t-tests on voxel-level data derived at the
subject level. Activity clusters were considered in 5 regions
bilaterally (EBA/MT, SPL, IPLd, PMd, PMv), as well as in the left
IPLv, left SI, and right TPj.

For comparison purposes (although second-level analyses
failed to reveal significant activation), we also measured
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contrast values in subthreshold clusters in the right IPLv
(P <0.01, uncorrected in first-level one-sample t-tests). Visual
inspection of activity clusters using a more liberal threshold at
P <0.01 confirmed varying degrees of spatial overlap between
the 2 conditions in each 1 of the 14 regions shown in the upper
panel of Figure 4. Next, we constructed subject- and region-
specific anatomic masks each defined by the area of active-voxel
overlap between the 2 conditions and computed the average
contrast value across all voxels comprising the intersection of
the 2 activity clusters within each region. Finally, we computed
paired-sample t-tests to compare the degree of signal increase
between the 2 conditions (evaluated at Bonferroni-adjusted
P <0.0036). Results revealed that the s-f P condition elicited
increased signal as compared with the f-s P condition in the
EBA, TPj, PMd, and PMy, all in the right hemisphere (Fig. 4 upper
panel).

Low-Frequency Signal Amplitude Modulation Analyses

In supplementary analyses, we compared the 2 conditions on
the average power of low-frequency fluctuations computed
across voxels within each set of region-specific overlap cluster
(as defined above). Significantly elevated signal amplitude
variability between 0.07 and 0.13 Hz was noted in the s-f P as
compared with f-s P in the right PMv and PMd and bilaterally in
IPLd and EBA (at P < 0.0036).

Goal-Related Contrasts (Different Target/Goal but Very
Similar Kinematics)

GLM Analyses

Whole-brain second-level analyses (P <0.05 corrected) served
to identify anatomic regions that displayed significantly active
voxel clusters, as compared with the static baseline, in response
to the observation of each 1 of 2 actions that differed in goal
and were matched for kinematics: f-s P and f-s B. Clusters
of significantly active voxels, in both goal-directed conditions,
were found in the EBA, ITG/FG, SPL, IPLd, and PMd, bilaterally,
as well as in the right TPj, left IPLv, and left PMv. Significant
activation within the left SI was found only in the f-s P condition
(Table 3; Fig. 3). Moreover, clusters of significantly active voxels
were found in the right inferior frontal gyrus (IFG; BA 45), the
right superior frontal gyrus (BA 10), and bilaterally in middle
frontal gyrus (MFG; BA8, and BA9/10) only in the f-s B condition.

ROI Analyses

Using the procedure outlined above (in section Kinematics-
Related Contrasts), we compared the 2 goal-directed conditions
on the degree of signal increase derived from subject-specific
overlay masks. Activity clusters were considered in 4 regions
bilaterally (EBA/MT, SPL, IPLd, PMd), as well as in the right TPj,
and left SI, left PMv, and left IPLv. For comparison purposes
(although second-level analyses failed to reveal significant acti-
vation), we also measured contrast values in subthreshold clus-
ters in the right IPLv and right PMv (P <0.01, uncorrected in
first-level one-sample t-tests). Results revealed that the f-s B
condition elicited increased signal as compared with the f-s P
condition in 2 right hemisphere areas (TPj, IPLv) and in 2 left
hemisphere areas (IPLd, PMd). We also found that the degree of
signal increase within commonly active voxels in the left SI was
higher in f-s P than in f-s B (Fig. 4 lower panel).

Low-Frequency Signal Amplitude Modulation Analyses
Supplementary analyses provided corroborating evidence of sig-
nificantly higher low-frequency fluctuations between 0.07 and
0.13 Hz in the f-s B condition as compared with the f-s P condi-
tion in EBA, IPLd, and PMd, bilaterally. However, there was also
evidence of increased signal amplitude variability in the same
direction in the left PMv (where only a trend was noted in the
analyses on first-level contrast values; see Fig. 4 lower panel).

Discussion

In the present study, we examined whether the human brain
areas engaged in action observation are affected by the kine-
matics and/or the identity of the target/goal of the observed
action.

The first fMRI experiment, examining the effects of move-
ment kinematics during action observation, involved observa-
tion of aimless arm movements in the absence of any target/-
goal.

The second, double dissociation fMRI experiment, involved 2
types of goal-directed actions, namely 1) actions with 2 differ-
ent targets/goals (Person or Bowl) while the action kinematics
were very similar and 2) actions with 2 different movement
kinematics (in both reaching and grasping components) while
the target/goal was the same (Person). This way we identified
the components of the observation-related cortical network,
which were affected by 1) the identity of the target and/or 2) the
kinematics of the observed action.

Observation of Intransitive Actions (Aimless Arm
Movements)

Observation of aimless reaching-out arm movements in the
absence of any target/goal (Table 2) elicited fronto-parieto-
temporal cortical activations, similar to those induced by
observation of goal-directed reaching-to-grasp movements
(Table 3). Our results are compatible with a monkey study,
reporting that mere observation of an arm executing goalless
movements recruited a cortical network overlapping extensively
with that supporting execution and observation of goal-directed
forelimb actions (Raos et al. 2014). Interestingly, in both monkey
and human studies, this overlap did not include the association
prefrontal areas, known to be involved in on-line monitoring
and manipulating visual information related to goal-directed
actions (Petrides 1994b, 1994a). More specifically, our finding
that MT/EBA is activated during observation of aimless arm-
motion complements studies reporting its involvement in visual
processing of human body parts (Peelen and Downing 2007;
Weiner and Grill-Spector 2013). Activation of the right-TPj is
compatible with its association with the perception of biological
motion in monkeys (Perrett et al. 1989) and in humans (Vaina
et al. 2001). Activation of the PM is in agreement with its causal
relation to deficits in perception of biological motion (Sakreida
et al. 2005; Saygin 2007) and may reflect selectivity for hand
kinematics as demonstrated for the monkey primary motor
cortex (Georgopoulos et al. 1986; Georgopoulos 1991, 2003).
Activation of IPL and SPL is compatible with the reports that 1)
monkey parietal areas AIP and PFG (reciprocally connected with
FS5; Petrides and Pandya 1984) respond to visual presentation
of intransitive hand actions (Maeda et al. 2015), 2) viewing
body parts in motion induces activation of parietal areas in
humans (Engel et al. 2008; Casile et al. 2010), and 3) movement
direction is processed in the parietal cortex (Fabbri et al. 2010;
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Figure 4. ROI analyses. Group-average first-level contrast values, compared with the static baseline in each condition, for voxels included in the intersection of
significantly active clusters (identified at P < 0.01 uncorrected in one-sample t-tests at first-level analyses). Upper panel: Voxels in the 2 conditions involving person-
directed movements (varying in kinematics); lower panel: voxels in the 2 conditions involving goal-directed movements (varying in target/goal and matched for
kinematics). Brackets indicate pairs of contrast values that are significantly different from each other (Bonferroni-corrected P < 0.0036). Asterisks indicate regions
where whole-brain GLM analyses revealed significant activation (compared with the static baseline at P <0.05 corrected).

Davare et al. 2015) with kinematics used to read intention of the
observed act (Koul et al. 2018). Actually, activation of SPL and
PMd agrees with the notion that these areas encode movement
velocity of the biological effector during observation of reaching

(Di Dio et al. 2013). On the other hand, the activation of IPL and
PMv in monkeys (Raos et al. 2014) as well as in humans (although
only at the uncorrected level for PMv) during observation of
aimless movements in the absence of any target contradicts
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the prevalent claim that a prerequisite of triggering mirror-
neuron areas is the preshaping of the hand and its interaction
with the object/target (di Pellegrino et al. 1992; Gallese et al.
1996; Rizzolatti et al. 1996; Rizzolatti and Fogassi 2014). Finally,
activation of SI is compatible with the report that this area is
engaged in observation of proximal compared to distal motion
(Sakreida et al. 2005).

In summary, we demonstrated that 1) observation of aimless
outreaching arm movements, in the absence of any target/-
goal, elicits fronto-parieto-temporal cortical activations similar
to those induced by observation of goal-directed reaching-to-
grasp movements and 2) preshaping of the hand and hand inter-
action with the object/target are not prerequisites of triggering
areas with mirror neurons.

Observation of Transitive Actions (Goal-Directed
Arm Movements)

Our results concerning cortical activations induced by obser-
vation of goal-directed arm movements are compatible with
previous fragmentary reports (see reviews Grezes and Decety
2001; Caspers et al. 2010; Molenberghs et al. 2012; Hardwick
et al. 2018; Koul et al. 2018). The present results agree well with
those in our previous studies in humans (Simos et al. 2017)
and nonhuman primates (for reviews see Savaki 2010; Savaki
and Raos 2019). Moreover, activation of SI, SPL, and IPL agrees
with the fact that parietal lesions alter the representational
aspects of gestures (Sirigu et al. 1995, 1996, 1999). Activation
of SI agrees with the reported effector-related somatosensory
properties during action observation (Keysers et al. 2004) and
may reflect descending, from higher cortical levels, somatosen-
sory predictions. Activation of SPL may reflect the combination
of past and present sensory information for decision-making,
as demonstrated in monkeys (Romo et al. 2002, 2012; Romo
and de Lafuente 2013), and/or the interaction between target
location and movement direction, as demonstrated in humans
(Barany et al. 2014). Activation of the EBA/MT agrees with pre-
vious reports concerning its selective response to observation
of human limb movements (Filimon et al. 2007; Gazzola and
Keysers 2009). Activation of the right-TPj is consistent with
reports associating it to body knowledge, self-awareness, and
perspective taking (Decety and Sommerville 2003; Van Over-
walle and Baetens 2009; Sowden and Catmur 2015). Furthermore,
the involvement of both PMd and PMv in transitive actions in our
study is in agreement with previous studies reporting evidence
against the existence of dedicated circuits for reaching and
grasping (Cavina-Pratesi et al. 2010; Monaco et al. 2011; Fabbri
et al. 2014). Remarkably, prefrontal cortices such as MFG and
IFG were activated only for goal-directed actions. These find-
ings support the suggestions that MFG contains action-related
information held in working memory (Petrides 1996, 2005) useful
for action understanding and that both IFG and MFG contain
intention-specifying information (Becchio et al. 2012) conveyed
by visual kinematics (Koul et al. 2018). We cannot rule out the
possibility that the effect on BAS8 reflects the contribution of
gaze shifts. Also we cannot exclude the possibility that part
of the activation of the arcuate sulcus is due to shifts of the
line of sight (Amiez and Petrides 2009). However, the fact that
the same premotor areas were activated by aimless motion,
when the subject was looking straight ahead without any shift
of gaze, indicates that the arcuate effects are mostly associ-
ated with the arm movements rather than gaze shifts. Finally,
our results are in general agreement with a previous study
on the neural substrate of gesture recognition, which reports

a common network underlying the recognition of transitive,
intransitive, and meaningless gestures independent of their type
(Villarreal et al. 2008).

In summary, observation of transitive actions elicited cortical
activations 1) similar to those induced by intransitive move-
ments, with the exception of prefrontal areas, and 2) similar to
those induced by action execution.

Different Kinematics but Same Target/Goal

Kinematics-related activation of PMd, PMv, TPj, and EBA during
the observation of goal-directed actions is supported by 2 lines
of evidence: 1) contrast values and 2) low-frequency signal
amplitude modulation. Modulation of the PMd-activation by
movement kinematics in the observers’ brain, when the goal
of movement remained the same, is compatible with the
report that the kinematic laws of human movements modulate
responses in PMd during action observation (Casile et al. 2010)
and that activity in PMd is modified by the amplitude of
observed kinematic errors (Malfait et al. 2009). Our finding
that PMv detects dissimilarities in movement kinematics
is compatible with a recent single-cell recording study in
nonhuman primates, which demonstrated that mirror neurons
in area F5 (corresponding to the human PMv; Tomaiuolo et al.
1999; Petrides 2005) provide a kinematics-based representation
of actions (Papadourakis and Raos 2017). The prominent
activation of the EBA is in accordance with reports about
its contributions to action attribution to the correct agent
(Jeannerod 2004; Myers and Sowden 2008; Savaki and Raos
2019). Here, we demonstrated for the first time that EBA is
informed about dissimilarities in movement kinematics of the
actor during action observation and therefore may contribute
to action understanding. Similarly, the finding that the right-
TPj is informed about dissimilarities in movement kinematics
complements the report that this area contributes to discrimi-
nation of the actor’s intention (Becchio et al. 2012). Overall, our
finding that movement kinematics modify several activations
induced by observation of goal-directed actions complements
several previous reports. For example, observers can use actor’s
kinematics to discriminate the intention of the action in the
absence of contextual information (Cavallo et al. 2016), to
predict the weight of the object an actor is lifting (Hamilton
et al. 2007), and whether the actor is reaching for a large or
a small invisible object (Ansuini et al. 2016). Observers can
use action kinematics to distinguish between cooperative and
competing movements (Manera et al. 2011; Sartori et al. 2011),
to judge the quality of professional poker players (Slepian et al.
2013), and to predict the accuracy of a free throw (Aglioti et al.
2008). Also, movement kinematics is influenced by the social
context (Krishnan-Barman et al. 2017) and the intention of
action (Marteniuk et al. 1987), whereas our ability to perceive
others’ intentions is related to our competence to detect
dissimilarities of kinematics (Ansuini et al. 2014).

In summary, areas engaged in action observation are
informed about kinematic dissimilarities, and this informa-
tion may be used to shape action recognition. This finding
provides considerable support to the proposed process-driven
simulation-like mechanism of action understanding (Savaki
2010; Savaki and Raos 2019).

Different Target/Goal but Very Similar Kinematics

Both contrast values and low-frequency signal amplitude mod-
ulation revealed that during observation of goal-directed action,

120Z AInf 91 uo 1s8nb AQ $SE0ZE9/SZ29RYA/I100182/S60 L 0 L /I0P/3|o1IB-00UBAPER/I00180/W00 dNo dlwapede//:sdily Woll PaPEOjUMO(]



Role of Kinematics and Target in Action Observation Savakietal | 11

the activation of areas IPLd, IPLv, TPj, PMd, and SI was modulated
significantly when we modified the target/goal of the move-
ment while movement kinematics was very similar. Our finding
that areas SI and PMd detect dissimilarities in targets/goals is
compatible with the report that these 2 areas code intrinsic
and extrinsic object properties relevant for grasping (Monaco
et al. 2015). Also, coding of object size for grasping actions was
previously demonstrated in the IPL (Konen and Kastner 2008;
Cavina-Pratesi et al. 2010; Monaco et al. 2010). Actually, the
IPLv in our study overlaps highly with the anterior intraparietal
area, which is implicated in the computation of grasp-relevant
dimensions of objects in conjunction with object size (Monaco
et al. 2014). Interestingly, we found that PMv discriminated kine-
matics but not targets/goals, challenging the suggestion that
PMv encodes goals of actions (Rizzolatti and Sinigaglia 2010;
Rizzolatti et al. 2014). Our finding that the right-TPj is informed
about dissimilarities in both kinematics and target/goal of the
observed action is novel and indicates that this region may
play a central role in enabling the observer to understand the
actor’s intention. This finding complements previous reports
that the right-TPj is involved in theory of mind (Corbetta et al.
2008; Young et al. 2010; Krall et al. 2015). Overall, our results are
in agreement with reports that motor responses during action
observation are sensitive to the identity of the target (Ruggiero
and Catmur 2018) and to the properties of the object to be-acted-
upon (Craighero et al. 2008, 2014). According to the “affordance-
matching hypothesis,” the object/target offers an object-based
view of action understanding. It offers the knowledge of what
an object is for and how it is handled, which is the framework
for action recognition (Bach et al. 2014).

In summary, areas engaged in action observation are
informed about dissimilarities of movement kinematics and/or
target identity, and this information may be used for action
elucidation.

Semantic versus Pragmatic Representations of Actions

First, our finding that aimless movements, in the absence of any
target/goal, activate classical areas housing mirror neurons con-
tradicts the dogma that mirror neuron areas provide a semantic
(high-level intentional) representation of goal-directed actions
and suggests that action kinematics, encoded in the action-
observation network, plays a crucial role. Second, given that
the premotor and parietal areas detect differences in move-
ment kinematics, and kinematics is associated with intention
discrimination, we could imply that areas with mirror neurons
are associated with action understanding. Nevertheless, there
is a big difference between “areas coding intentions,” that is,
the semantic/abstract representation of actions, and “areas cod-
ing kinematics,” that is, the pragmatic/concrete sensorimotor
representation of action, and therefore are indirectly associated
with intentions and action understanding. Identifying low-level
representations of movement kinematics (movement pragmat-
ics) with high-level abstract representations of intention (action
semantics) is scientifically indefensible.

Overall, our finding that components of the action obser-
vation network are informed about differences in movement
kinematics and target identity (action pragmatics) suggests that
both contextual and kinematic information, processed in the
observer’s brain, contribute to intention ascription to the actor.
These findings complement previous reports (Cook et al. 2014;
Catmur 2015) that mirror neurons are involved in low-level
processes of action perception and not in high-level intention

understanding as originally proposed by the direct perception
account (Rizzolatti and Sinigaglia 2007; Rizzolatti and Fogassi
2014). The question is how could movement kinematics combine
with contextual cues, such as the target identity, in the recog-
nition of others’ actions? Interestingly, it has been suggested
that before movement onset, the intention is estimated from the
contextual cue (target/goal) whereas during movement, unfold-
ing information specified in kinematics overrides the initial
target-based representation of intention (Ansuini et al. 2015).

Conclusions

All in all, until recently we had experimental evidence that an
overt action (action execution) is mentally simulated during the
practice of its covert equivalents (action observation and motor
imagery). We argued that we decode the actions of others by
activating our own action system off-line, supporting internal
rehearsal of the observed actions (Simos et al. 2017; Savaki
and Raos 2019), which is consistent with the simulation the-
ory (Gordon 1986; Heal 1986). The present finding that areas
associated with action observation are affected by movement
kinematics and target/goal identity suggests a causal rather
than epiphenomenal involvement of the simulated network in
action observation and therefore in motor cognition. Indeed,
if action understanding was based on higher cognitive func-
tions and not on action simulation, the discrimination of kine-
matics and targets by the action observation network would
be unnecessary. In other words, discrimination of movement
kinematics and target/goal identity by areas engaged in action
observation supports the notion that the mental simulation of
action during its observation serves action understanding. Our
findings question motor theories of action concept process-
ing and are in agreement with the theory of motor cognition
(Barsalou 1999, 2008; Barsalou et al. 2003), providing further sup-
port to the notion that motor cognition is embodied and modal
(Savaki and Raos 2019).

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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