syduosnuelA Joyiny siapun4 DA @doing ¢

syduasnue|A Joyiny siapund JIAd adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Trends Cogn Sci. Author manuscript; available in PMC 2012 July 05.

Published in final edited form as:
Trends Cogn Sci. 2011 August ; 15(8): 352-357. doi:10.1016/j.tics.2011.06.005.

More than one pathway to action understanding

James M. Kilner
Sobell Department of Motor Neuroscience and Movement Disorders, Institute of Neurology,
University College London, London, WC1N 3BG, UK

Abstract

Many believe that the ability to understand the actions of others is made possible by mirror
neurons and a network of brain areas known as the action-observation network (AON). Despite
nearly two decades of research into mirror neurons and the AON, however, there is little evidence
that they enable the inference of the intention of observed actions. Instead, theories of action
selection during action execution indicate that a ventral pathway, linking middle temporal gyrus
with the anterior inferior frontal gyrus, might encode these abstract features during action
observation. Here | propose that action understanding requires more than merely the AON, and
might be achieved through interactions between a ventral pathway and the dorsal AON.

Mirror neurons and the action-observation network

Mirror neurons are a class of neuron that was first discovered in the premotor area F5 of the
macaque monkey [1]. Subsequent studies have confirmed the presence of mirror neurons in
F5 [2-6] and also demonstrated them to be present in a region of the inferior parietal lobule:
area PF [7,8]. The defining property of mirror neurons is that they discharge not only when
the monkey executes a reach and grasp action but also when the monkey observes a similar
action performed by the experimenter. A number of neuroimaging studies have provided
evidence that mirror neurons might also exist in humans and that homologous areas in the
human brain are activated when observing and executing movements [9-14].

Cortical areas that have been shown to contain mirror neurons are often described as part of
an action-observation network (AON) that is generally considered to consist of three
bilateral cortical areas that are reciprocally connected: the ventral premotor cortex, inferior
parietal lobule and superior temporal sulcus (STS) ([15], Figure 1a). Because some of the
areas of the AON contain mirror neurons [16] this network is sometimes referred to as the
mirror neuron system.

Ever since their discovery, it has been proposed that mirror neurons and the AON underlie
our ability to understand actions ‘transforming visual information into knowledge’ ([16], p.
172; see also [17]). However, despite nearly two decades of research there is little empirical
support for this proposed role of mirror neurons in action understanding and this has led
some to speculate that mirror neurons might not even have any functional role in observed
action understanding [18]. One source of confusion when considering any potential
functional role of the AON is what is meant by action understanding. Actions can be
described at multiple levels and therefore there are multiple levels at which an observed
action can be ‘understood’. For simplicity, in this article | will consider that actions can be
described at four levels only: (i) the kinematic level: the trajectory and the velocity profile of
the action, including both the reach and grasp phase of a goal directed action; (ii) the motor
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level: the processing and pattern of muscle activity required to produce the kinematics; (iii)
the goal level: the immediate purpose of the action, for example to grasp an object and (iv)
the intention level: the overall reason for executing the action. These levels are clearly
nonindependent and can be organised hierarchically, with the kinematics being dependent
on the motor level, the motor level being dependent on the goal level and the goal level
being dependent on the intention level. As one moves up the hierarchy, the action is
described in more and more abstract terms. Here | will propose that the dorsal AON is
unlikely to encode to the more abstract levels of understanding such as the intention and the
goal of the action. Instead, the ability to understand an action at these abstract levels is more
likely to be dependent on the interaction between the AON and a ventral pathway linking
middle temporal gyrus (MTG) with the anterior inferior frontal gyrus (IFG).

How do mirror neurons and the AON enable action understanding?

Virtually all accounts of the role of mirror neurons in action understanding assume that this
process occurs exclusively within the three reciprocally connected areas of the AON. Initial
accounts proposed that visual information was transformed as it was passed by forward
connections from visual areas in the temporal lobe, via inferior parietal areas, until mirror
neurons in the premotor area F5 were activated [17]. The idea was that, because we know
what our intention is when we activate our F5 neurons during action execution, when the
same neurons are active during action observation, we can infer the intention of the observed
action. However, there are a number of problems with this model. The first is that for this
model to be able to infer the goal or intention of an observed action from observing the
kinematics of that action there would have to be a one-to-one mapping between the goal and
the kinematics. This is not the case because the same goal can be achieved with many
actions and, more problematically, the same action can be used for many different goals and
intentions [19-21]. A second problem is that patients with damage to regions of BA44/BA6
are still able to infer the goal and intention of an observed action (see [18]). If regions of
BA44/BA6 encode the goal and intention of the action then one would predict that in
patients with damage to these areas there would be a deficit in their ability to infer the goal
and intention of an observed action [18]. The fact that regions believed to contain mirror
neurons are not essential for inferring the goal or intention of an observed action suggests
that either mirror neurons do not encode the goal/intention of an observed action or that they
do not do so uniquely.

It has previously been argued that the first of these problems can be resolved if we consider
that mirror neurons discharge during action observation not because they are driven by the
visual input but because they are part of a generative model that is predicting the sensory
input ([20,21]; see Figure 1b). In this predictive coding model, the motor system is active
when observing an action because it is the best model of the observed action. Within this
framework, the generative model starts with a prior prediction of the goal or intention of an
observed action. Given this prior the AON generates a prediction of what the sensory
consequences would be of the most likely action that would be needed to be executed to
achieve that goal or intention: the kinematics of the action. By comparing the predicted
sensory information with the actual sensory information the system can assess the likelihood
of the prior goal or intention. If the prediction is correct we are able to infer the goal and
intention of the observed action. Several recent studies have now found evidence in favour
of this type of recognition model during action observation [22-25]. One problem with the
predictive coding model is that it requires a prior expectation about the goal and the
intention of the observed action. So although predictive coding can resolve the one-to-many
mapping problem it creates a new problem: where and how are the goal and intention priors
generated? In this article | will argue that the goals and intentions of an observed action are
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encoded in a network different from the AON, one that recently has been proposed to be
involved in the process of action control during action execution [26].

Two-pathway model of action understanding

Recent theories of action control in action execution propose that the ventral IFG is
organised along its rostralcaudal axis to represent the different levels of abstraction of an
action with the most anterior regions (BA47) encoding the most abstract semantic
representations (see Glossary) and the most posterior regions (BA44/BA6) encoding the
more concrete representations [26] (red line, Figure 2).

If we consider, for example, the actions involved in drinking a cup of tea (Figure 3), the
overall intention would be to drink a cup of tea. To achieve this we would have to reach and
grasp the teacup. Although there are many ways we could reach and grasp the cup, some of
these actions would be incompatible with the overall intention of the action: to drink a cup
of tea. Therefore, in order to be able to achieve this overall intention we have to select the
most appropriate reach and grasp from all possible reaches and grasps to the cup.

It has been proposed that these processes of retrieval and selection might functionally
dissociate in the IFG. The process of retrieving actions that are semantically related to the
object has been associated with regions of the anterior IFG (BA47), as well as with the
connected regions of the MTG [26-29]. The process of selection of the most appropriate
action occurs in the medial regions of the IFG (BA45 and anterior regions of BA44)
[26,27,30]. Once the most appropriate action is selected, the motor parameters required to
enact that action are encoded in the most posterior parts of the IFG (BA44/BA6) [26]. In this
way, there is a gradient of the representation of the action from the semantic level through
the goal level to the concrete level along the rostral-caudal axis of the IFG, forming a
ventral pathway from the MTG to the posterior parts of the IFG via the anterior regions of
the IFG.

It has previously been suggested that a similar functional dissociation along the rostro—
caudal axis of the ventral IFG might exist for observed actions [31-33]. In this model the
properties of the observed action that pertain to the more abstract levels of an observed
action, such as the goal and intention, would reside in the anterior portion of the IFG (BA45,
BA47 as well as MTG) and the properties of the observed action that encode the more
concrete, motor representations would be in the posterior portion [31-33]. Mirror neurons in
the posterior IFG (area F5¢ in monkeys and BA44/BA6 in humans) would encode the
concrete representations of observed actions and not the more abstract goals and intentions
of the action. The proposal here is that the prior prediction of the intention and goal of an
observed action required in the predictive coding model is generated through the ventral
pathway. Once the most probable goal is estimated, then a prediction of the sensory
consequences of this action can be generated by a more dorsal pathway through the classical
areas of the AON, as has already been described [20,21] (Figure 2). In this framework, the
most probable prediction of the intention of the observed action would be estimated from the
context in which the action was observed in areas outside of the AON [34,35]. This prior
prediction of the intention will impact on the process of action selection within the IFG.

Of note is that a similar gradient has also been proposed in more dorsal regions of the
prefrontal cortex [26]. It has been proposed that this pathway could encode simple
associations between a stimulus and a motor act with these associations represented in the
dorsal premotor cortex [36,37]. This is of interest because several studies investigating
whether mirror neurons are a result of learned visual motor associations have found effects
in dorsal as well as ventral premotor cortex [38,39]. One possibility is that simple automatic
association might be encoded differently from more complex associations.
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Differences in spatial scale of activations in humans and monkey

The two-pathway model of action understanding proposed above can explain some of the
anomalies of the human neuroimaging work. Although human neuroimaging studies have
provided evidence that similar cortical areas are activated during action observation as those
areas in macaque monkeys reported to contain mirror neurons [9-14], closer inspection
reveals that there is a large difference in the spatial scale of activations reported in humans
compared with the macaque monkey. The macaque monkey area F5 has been shown to be
subdivided into at least three cytoarchitecturally different regions: F5a, F5p and F5c [40,41].
Neurons in each of these subdivisions are activated during observation and execution of
actions but mirror neurons have been demonstrated predominantly in area F5c [17,41]. By
contrast, human neuroimaging studies have reported activations throughout the IFG
including BA45, BA44, ventral BAG6 (see [42,43]) and even dorsal BA6 [38,44]. Such
activations are commonly interpreted as reflecting mirror neuron activity [38,42-44]. Such a
vast difference in spatial scale can only have two explanations: (i) mirror neurons in humans
are more widespread than in the macaque or (ii) the blood-oxygenation-level-dependent
(BOLD) activations do not reflect mirror neuron activity but neural activity correlated with
the observation of an action.

In line with this second explanation, it has recently been argued that the fact that a volume
of cortex in IFG has an increased BOLD signal during observation and execution of an
action does not necessarily mean that the same neurons are active in both conditions [42,45].
These authors proposed that the best approach to attribute the functional magnetic resonance
imaging (fMRI) response to a single neuronal population is fMRI adaptation, or repetition
suppression (Box 1). The logic of this approach is that as stimuli that evoke activity in a
specific neuronal population are repeated, the magnitude of the BOLD response decreases or
adapts [42,45,46]. Areas of the cortex that contain mirror neurons should show adaptation
both when an action is executed and subsequently observed and when an action is observed
and subsequently executed. Using such an fMRI adaptation paradigm, a recent study showed
significant effects in human IFG that are consistent with the presence of mirror neurons [47].
Interestingly, these adaptation effects were not observed throughout the IFG but only in the
most posterior part at the border of BA44 and BAG. This is consistent with the dissociation
of abstract and concrete representations of the observed action along the rostral-caudal axis
of the IFG. Whereas one would predict that there should be regions active throughout the
IFG, mirror neurons encoding the concrete representations should be found only in the most
posterior regions (Box 2).

The role of mirror neurons in the two-pathway model

One consequence of this two-pathway framework is that it requires that mirror neurons do
not encode the semantic representations of the action associated with the abstract goals and
intentions, but rather encode the concrete representations of the action. Since their
discovery, it has been proposed that the properties of mirror neurons in area F5 of the
macaque monkey are consistent with these neurons encoding the ‘goal’ of an observed
action [16,17,48]. The reason that mirror neurons are thought to encode these more abstract
features of the observed action was initially driven by the observation that in area F5 there
was a subclass of broadly congruent mirror neurons that discharged during action execution
when a particular action was performed only with the hand but discharged during action
observation when the action was performed with either the hand or the mouth. The authors
argued that these mirror neurons showed activity ‘if the end-goal was the same’ [2],
regardless of how it was achieved. In the two-pathway framework proposed here such a
result could be explained by parallel action selection [49]. In other words during action
observation multiple possible actions are selected and processed but only one is represented
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more frequently or strongly than the others (Figure 3). This is precisely what was reported in
[2]. For any one observed action, the largest population of mirror neurons encoded this
particular action.

Concluding remarks

When we observe actions performed by others we are able to infer the goal and intentions of
the observed action. Ever since the discovery of mirror neurons, it has been proposed that
our ability to understand actions at these levels is made possible by these neurons and the
cortical regions of the AON. However, there is little empirical support for this proposed
function. | have argued, instead, that the ability to understand actions at these abstract levels
is encoded in the MTG and the more anterior regions of the IFG in a ventral pathway
(Figure 2, red arrow). This ventral pathway predicts the most probable intentions and goals
of the observed actions through a process of semantic retrieval and selection resulting in the
encoding of the representation of the most probable action required to achieve the most
probable goal. In this two-pathway model it is this concrete representation of the action that
is encoded by mirror neurons and that acts as a prior to predict the sensory consequences of
this action through the dorsal AON pathway (Figure 2, green arrow).
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Box 1. fMRI adaptation and mirror neurons

fMRI adaptation, or repetition suppression, is a neuroimaging tool that has been adopted
to identify neuronal populations that encode a particular stimulus feature [46]. Dinstein
and colleagues [42] argued that areas of the cortex that contain mirror neurons should
show fMRI adaptation both when an action is executed and subsequently observed and
when an action is observed and subsequently executed, because mirror neurons are
neurons that discharge both to the observation and execution of the same action. In other
words, the stimulus feature encoded in mirror neurons is repeated irrespective of whether
the action is observed or executed. However, the results of such studies have produced
mixed results. Of the four studies published to date using this technique, only one has
demonstrated significant fMRI adaptation consistent with the presence of human mirror
neurons [47]. These authors argued that the reason that they found an effect whereas the
others did not [42,57,58] could be explained by the fact that their task was a goal-directed
action and not a pantomimed action. It has previously been shown that mirror neurons in
the macaque monkey only respond to goal-directed actions [4]. However, it should be
noted that there is no empirical evidence to date demonstrating that the firing pattern of
mirror neurons is modulated in any way by the repetition of the observation of the same
action. This has led some to question the validity of using the fMRI adaptation paradigm
as a tool to isolate mirror neurons in humans [48].
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TRENDS in Cognitive Sciences

Figurel.

The human AON. (a) This schematic shows the three reciprocally connected areas of the
human AON. The areas known to contain mirror neurons are the ventral IFG, shown in red,
and the inferior parietal area, shown in green. These two areas are reciprocally connected
[50] creating a premotor-parietal mirror system. Neurons within the STS, shown in blue,
have also been shown to respond selectively to biological movements, both in monkeys [51]
and in humans [52-54]. The STS is reciprocally connected to the inferior parietal area
[55,56] and therefore provides visual input to the mirror system. (b) This schematic shows
the predictive coding model of the AON. Predictive coding is based on minimising
prediction error though recurrent or reciprocal interactions among levels of a cortical
hierarchy. In the predictive coding framework, each level of a cortical hierarchy employs a
generative model to predict representations in the level below. This generative model uses
backward connections to convey the prediction to the lower level where it is compared to the
representation in this subordinate level to produce a prediction error. This prediction error is
then sent back to the higher level, via forward connections, to adjust the neuronal
representation of sensory causes, which in turn changes the prediction.
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Figure 2.
A schematic of the two-pathway framework. In this schematic the ventral pathway of the

connected areas MTG, BA47, BA45 and BA44/BAG6 is shown in red and the dorsal AON
pathway is shown in green.
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Figure 3.

An example of action understanding in the two-pathway framework. In this example the
intention is to drink a cup of tea. The first step is visual processing and identification of the
object as a cup. The second step is the retrieval of actions that we have learned to be
associated with that object. The third step is the selection of the most probable actions given
the intention. Note here that more than one action can be selected but that the likelihood of
the action can be signalled through the strength of that action’s representation, indicated
here by the transparency of the picture. The top action is not probable and is not selected.
The fourth step is the encoding of the motor parameters to generate a prediction of the
sensory consequences of the observed action. Again multiple actions can be encoded as
before. The fifth step is the prediction of the sensory consequences of the most probable
action. Here only the most probable action is encoded. In this schematic, steps 2—4 would be
encoded in the ventral pathway of the connected areas MTG, BA47, BA45 and BA44/BA6
with the representation of the action changing from the abstract to the concrete through these
steps. Steps 4-5 would represent the generation of the predicted sensory consequences of the
action encoded in the dorsal AON pathway.
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