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Abstract

This literature review explores human mirror neurons from several angles. First it retells mirror 

neuron history, from the initial discovery in the macaque monkey research through to the 

experiments determining if there is a human brain homologue. Then the merits of two opposing 

evolutionary views – mirror neurons as an adaptation or an association, here referring to an 

adaptation’s byproduct – are discussed. Lastly the autistic mirror neuron dysfunction hypothesis 

– stating that a faulty mirror neuron system is at the basis of autistic behavioral patterns – is 

examined for its validity but ultimately found lacking and in need of further development.  

Keywords: mirror neurons, evolution, imitation, adaptation, associative hypothesis, autistic 

mirror neuron dysfunction hypothesis 
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Introduction 

Mirror neurons received their name because they fire both when an action is performed 

and when it is observed. These neurons were first discovered in the premotor and parietal cortex 

of the macaque monkey (di Pellegrino, Gallese, Fadiga, Fogassi & Rizzolatti, 1992; Rizzolatti & 

Craighero, 2004), with a corresponding system in the human brain, primarily located in the 

regions of the inferior parietal and inferior frontal cortex (Fadiga, Fogassi, Pavesi & Rizzolatti, 

1995; Arbib, Billard, Iacoboni & Oztop, 2000; Rizzolatti & Craighero, 2004; Franz, Ford & 

Werner, 2007). Mirror neurons seem to enable an agent to relate his own actions to those of 

others and vice versa. This trait has raised a debate about the neurons’ involvement in many 

social behaviors (Heyes, 2010). There are currently two competing views on the evolutionary 

origins of mirror neurons: the adaptation view and the associative hypothesis. The adaptation 

view states that mirror neurons are a genetic adaptation through natural selection because they 

help an agent understand the actions of others. On the other hand, the associative hypothesis 

suggests that mirror neurons are mostly the result of the correlated experience between observing 

and executing actions, thus their workings are not solely due to genetics (Heyes, 2010). 

Regardless of how they came to be, mirror neurons present an interesting angle of examination 

for autism research and other disabilities where an agent has trouble relating other agents’ 

actions to their own (Williams, Whiten, Suddendorf & Perret, 2001). Based on recent topic-

relevant articles, this literature review will examine the history of the human mirror neuron 

system from the initial discovery in macaque monkeys to current debates about their origins and 

their role in autism by contrasting opposing views on them and discussing the merits of each.  

The background section will give a clear definition of mirror neurons based on the 

macaque monkey experiments in which they were originally discovered. The next section, the 
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human mirror neuron system, will assess if the knowledge gained from the macaque experiments 

can be applied to the human brain. Following this are two sections expanding upon the 

adaptation and associative hypotheses. After this a closer look is taken at the autistic mirror 

neuron dysfunction hypothesis, which states that the typical autistic behavioral patterns can be 

attributed to a faulty mirror neuron system. Finally, all these findings are summarized and 

discussed in the discussion section.  

The scope of this report will not include: artificial manmade computational models 

emulating the function of mirror neurons - deliberate or otherwise (Borenstein & Ruppin, 2004; 

Oztop, Kawato & Arbib, 2006), the role of mirror neurons in (verbal) communication (Rizzolatti 

& Arbib, 1998), nor will it look at mirror neurons in diseases and disabilities other than autism; 

the latter was chosen as an example of faulty mirror neuron development due to extensive 

published research currently available. 

 

Background 

In the early nineties, an Italian team of researchers conducted a series of experiments on 

macaque monkeys. They wanted to explore neural activity during grasping, goal directed hand 

movements. The monkeys underwent surgery so that their brains could be studied for the activity 

of individual neurons. Previous research had already shown that monkeys have distal arm 

movement representation in histochemical area F5, located near the arcuate sulcus in the inferior 

part of the premotor cortex (di Pellegrino et al., 1992). This was also the case for this 

experiment’s animals; when the monkeys received stimulation to the neurons in area F5, they 

experienced involuntary hand and finger movements. In normal circumstances the neurons in 

this area activate when goal directed hand movements are made. With stimulation tests and the 
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recording of the individual neurons accounted for, the researchers proceeded with a series of 

simple grasping and goal directed hand movement experiments, where the monkeys sat on a 

chair and observed the researcher perform certain hand movements resulting in the retrieval of 

treats, or where they were required to perform the hand movements themselves to receive treats. 

The recorded neurons varied greatly in activation triggers; some required visual stimuli, some 

did not, others would only respond to movement in certain quadrants of the visual field, and 

others yet would respond stronger to the direction of the movement. Building upon this, the 

control experiments showed that no neurons activated when the monkey viewed just the 

researcher’s hand movement with no clear objective involved, just the object’s movement 

without directive, or simultaneous movement of both the hand and the object without interaction 

with each other (di Pellegrino et al., 1992).  

This finding makes sense when regarding the functions of the premotor cortex. One of 

these functions is retrieving the appropriate motor response based on sensory stimuli, which can 

also include decoding the meaning of gestures made by others. If the gestures make no sense 

within the subject’s repertoire of known actions, there will be no corresponding neural activity. 

The selectivity of the neurons implied that hand-to-object interactions are complex stimuli sorted 

by individual neurons, much like facial processing is. This rapid processing and recognition of 

movements alludes to the importance of fast selection and execution of appropriate motor 

responses, hence the lack of response when the movements held no recognizable significance (di 

Pellegrino et al., 1992).  

These results paved the way for further experiments, and Gallese et al. (1996) continued 

their study of area F5 with further macaque monkey experiments. Knowledge of the premotor 

cortex had expanded to include involvement in cognitive functions such as associate learning, 
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space coding and extraction of fundamental properties of objects. The research team used this 

knowledge to refine their experimental conditions in order to determine which of the neurons 

were more reactive to which of the observed grasping actions. Once more, neurons in area F5 

were monitored. This time the experiments included tests where the same grasping actions were 

performed within the monkeys’ visual field, such as the grasping of a treat from within a bowl. 

Then the trials were performed once more with the actions obscured from the monkeys’ view by 

a covered-up box. Both variations of the trial resulted with the treat being presented in the 

researcher’s hand. The monkeys also performed the grasping actions themselves for treats. When 

evaluating the resulting neural activity patterns, the research team found that neurons fired in 

situations where the monkeys performed grasping actions or witnessed grasping actions but did 

not participate in them, but not when the grasping actions were obscured by the box.  Out of the 

532 individual neurons this study recorded, 92 activated both during observed and own actions; 

these neurons became known as mirror neurons (Gallese et al., 1996).  

The focus shifted towards these oddly behaving neurons and more interesting 

observations were made. Mirror neurons could be classified based on what they responded to: 

grasping neurons activate on specific types of grips, but only if there is interaction with an 

object; placing neurons respond to hand movements placing an object in the visual field; 

manipulating neurons react to object manipulation; hands-interaction neurons trigger when both 

hands and an object are involved; and holding neurons respond to objects held (stationary) in a 

hand. Another finding showed that certain mirror neurons responded stronger or weaker 

depending on the hand used in the grasping action, which in turn could be linked to which 

hemisphere the neuron belonged to. The researchers observed neurons in adjacent areas of the 

brain that behaved similarly to mirror neurons and correlated these neurons to the previously 
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discovered mirror neurons. They concluded that the neuron must be responsive to the sight of 

meaningful actions and it must trigger during active movements to be considered a mirror neuron 

(Gallese et al., 1996).  

This finding was further clarified by dividing mirror neurons in three groups: strictly 

congruent, broadly congruent and non-congruent. Strictly congruent neurons were those in which 

the observed and performed movements had to employ the same way of grasping. Broadly 

congruent neurons had a link between observation and performance, but no clear distinction in 

grasp type preference. Non-congruent neurons had no clear activation connection between the 

monkey’s observation of actions and self-performed actions (Gallese et al., 1996; Rizzolatti & 

Craighero, 2004). The fact that F5 neurons both respond to complex visual stimuli and have 

movement related activity gave rise to the possible explanation that mirror neurons may be either 

an imitation mechanism or a specialized mechanism for recognizing actions, understanding 

them, and reacting appropriately (Gallese et al., 1996). 

In another monkey study a few years later, researchers studied neural activity in the 

inferior parietal lobule, as the posterior part of the parietal lobe is considered to be a typical 

association cortex (Fogassi et al., 2005). In addition to this association purpose, the posterior 

parietal cortex also codes motor actions and represents these actions with specific sensory data, 

highlighting the importance of sensorimotor integration in the development of perception. 

Neurons firing when performing or observing a similar action, located in the inferior parietal 

lobule, are known as parietal mirror neurons (Fogassi et al., 2005).  

In this study, the monkeys went through two similar actions for each experimental stage; 

they grasped a piece of food and ate it, or they grasped an object, placed it in a container, and 

received a piece of food as a reward. The resulting data from this experiment showed that every 
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neuron after the initial neuron would fire based on the neuron that triggered before it in the chain 

of action. The first observed neuron’s firing strength would depend on which action was to 

follow suit on the common grasping action between both experimental conditions, i.e. whether 

the food reward was grasped immediately by the monkey or rewarded after placing the object in 

the container. A very clear difference in firing rate, intensity and preference for individual 

neurons arose dependent on whether the grasped item was a piece of food or an inedible solid 

object. The same difference registered for the speed at which actions were executed; even when 

the container for the solid object was placed near the monkey’s mouth, actions were performed 

much quicker when the grasped item was food instead of an inedible object. The general 

conclusion was thus that the neurons’ overall reactions were based on whether the chain of 

action lead to an immediate beneficial result for the agent (food) or not (object placed in 

container), even if the correctly performed action was rewarded with food afterwards (Fogassi et 

al., 2005).  

Like with the previous studies, a subset of the studied neurons were mirror neurons and 

thus responded both when the monkey took part in the experiments, and when it was passively 

observing the experimenter perform the same tasks. The majority of the mirror neurons were 

congruent in their responses. While the fact that these neurons respond differently depending on 

the aim of the action may seem logically unsound at first, it could be that this systematic chain 

reaction is meant to ensure that any action taken can be completed fluidly without odd gaps. 

When executing an action, the agent already knows what the final aim of the action will be. 

Hence, it follows that the previously mentioned findings can be applied to reading the actions of 

others and understanding them, because the agent already has an internal representation based on 

previous experience from performing or observing these actions themselves. Mirror neurons can 
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thus be said to not only recognize observed action sequences and fire in response to them, but 

also differentiate between action sequences using the same motor movements for different goals 

(Fogassi et al., 2005).  

Because the previous experiments were conducted through live demonstrations by a 

researcher, scientists wanted to ensure the variations in performance were not a confounding 

factor for the monkeys’ observational processing. They recorded neural response to live 

performed and pre-filmed actions and found that live performance of meaningful actions 

triggered more mirror neurons to respond (85%) than pre-filmed meaningful actions did (41%). 

One can conclude from this that mirror neurons respond better to live observations in macaque 

monkeys. Unfortunately, no human variant of the experiment has been performed, so it is not 

known at this time if this finding is valid for human mirror neurons (Caggiano et al., 2011). 

 

The Human Mirror Neuron System 

With mirror neurons and their function established by the various macaque monkey experiments, 

researchers looked into the possibility of a human equivalent. The invasive surgery used on the 

monkeys could not be performed on human subjects due to ethical reasons, so researchers made 

clever use of other available methods to study the human brain and its mirror neurons. The 

following studies are a small selection of many experimental designs using different 

observational and measuring techniques, establishing the homologue mirror neuron areas in the 

human brain to those found in macaque monkeys.  

One such study made use of transcranial magnetic stimulation (TMS) and measured 

motor evoked potential (MEP). The underlying assumption for the study was action observation 
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should trigger neurons in the premotor cortex in humans like it does in macaques. This activation 

would then increase MEP response elicited by the magnetic stimulation of the motor cortex 

(Fadiga et al., 1995). The experiment was conducted on 12 participants who sat in a chair, arms 

relaxed, with their heads fixed to allow for easy stimulation by a butterfly coil. Data was 

measured and collected by means of EMG. For each subject, the least excitable common 

threshold for all recorded muscle groups was found and used for subsequent stimulation in every 

trial of the experiment. The participants went through four experimental conditions: grasping 

observations, object observation, arm movement observation and dimming detection. The first 

three conditions were very similar to the macaque trial conditions, with the last one requiring the 

subject to detect and speak up when a light source presented to them on a computer screen 

dimmed. Participants were divided in two groups, based on two different methods in which they 

were asked to pay attention to the visual stimuli. The first group was randomly asked to imitate 

the last action shown in any of the conditions, the second group was told they would be 

presented at the end of each trial with a random repeat action mixing grasping, object and arm 

movements, of which they then had to confirm which one had occurred during the current trial. 

This group never had to imitate observations. TMS was administered just before the end of 

stimulus presentation in the first three conditions, and between light source presentation and 

dimming effect for the dimming detection condition (Fadiga et al., 1995).  

The resulting data showed that the excitability of the motor system increased when 

participants observed actions performed by the researcher. Muscle activation evoked by TMS 

during action observation was similar to muscle activation during the execution of the same 

action. This indicates that humans at the least possess a neural system matching action 

observation and execution (Fadiga et al., 1995). 
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A few years later, Arbib et al. (2000) conducted a study into finding human brain areas 

with mirror neuron activity by means of synthetic brain imaging models based on animal data, 

and human Positron Emission Tomography (PET) studies. They found that the human brain has 

a mirror neuron system present in Broca’s area, which is the homologue to the macaque monkey 

mirror neuron system, and another in the rostral part of the posterior parietal cortex in the right 

hemisphere. In addition to these areas, mirror activity was found in the superior temporal sulcus. 

These brain regions outline a possible information processing model of human imitation. The 

motion recognition is processed in the superior temporal sulcus, this information is then used for 

precise coding of the kinesthetic of the action, and Broca’s area would then define the goal of the 

action (Arbib et al., 2000). 

In a functional Magnetic Resonance Imaging (fMRI) study, Molnar-Szakacks, Kaplan, 

Greenfield, and Iacoboni (2006) investigated the role of the fronto-parietal human mirror system 

in representing observed complex action sequences. Twelve participants were instructed to watch 

a randomized set of 20 movies, each 10 seconds long, in which either seriated cups or stacking 

rings were moved in object-directed sequential hand actions. All of the observed movies 

activated the fronto-parietal network as well as higher order visual areas. A second group 

executing the actions presented in the movies instead of only observing them had increased 

neural activity in the inferior frontal gyrus, middle frontal gyrus, insula, ventral premotor cortex, 

inferior temporal gyrus, postcentral gyrus, inferior parietal lobule and the lingual gyrus (Molnar-

Szakacks et al., 2006).  

To investigate the neural substrates involved in allowing an agent to understand whether 

an observed action was intended or not, a team of Italian and German scientists conducted an 

experiment (Buccino et al., 2007). Participants were split into two groups: explicit and implicit. 
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Each group was shown the same but randomized short movies of intended and unintended 

actions. The explicit group had to evaluate whether the observed action was intended or not, the 

implicit group was only to observe actions. Both groups had increased activation in visual areas, 

in the IPL extending into the superior parietal lobule bilaterally, and in the precentral gyrus 

bilaterally. The explicit group had stronger activation in the foci of both the parietal and frontal 

lobes. Whether the action was intended or not had no bearing on the increased activity within the 

mirror neuron system when observing each action (Buccino et al., 2007).   

An interesting study presented by Gazzola, Rizzolatti, Wicker and Keysers (2007) added 

some fascinating additions to human mirror neuron research. People born without limbs still 

have mirror neuron activation when observing familiar actions performed by others. On the other 

hand, observing a robotic hand performing actions seemed to give mixed results between little to 

no response at all, no matter if the observer had limbs or not. This implies that to the mirror 

neuron system both the goal of an action and how it is achieved is important to elicit a response. 

To further investigate the relationship between the mirror neuron system “how”, and human 

response to robotic action representation, Gazzola et al. (2007) set up an experiment. Participants 

were monitored by means of fMRI for brain activity during observation of short movies 

displaying either a human hand or a robotic hand performing an action. On a different day, 

participants were asked to perform select actions they had previously observed. The data 

gathered from both occasions allowed the researchers to determine which voxels can be 

considered mirror voxels – active in both observation and execution of actions. Regardless of the 

observed action being performed by a human or robot, brain activation occurred in areas 

typically related to the motor execution of similar actions, particularly in the temporal, parietal 

and frontal areas, which are usually the areas associated with mirror neurons. This result 
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highlights the likeliness that the human mirror neuron system is capable of action representation 

if the goal of the action is understood, even if the goal is reached by means the observer normally 

does not employ himself (Gazzola et al., 2007).  

Through a series of experiments, Franz et al. (2007) found that in imitative bilateral 

choice tasks – where subjects were allowed to choose with which hand/arm they preferred to 

imitate an action – competing tendencies exist between mirroring a matching response (referred 

to as specular mode) and performing a non-mirror (anatomically correct rather than mirrored) 

imitation response. In the first experiment, the bimanual imitation task, participants were to 

imitate the researcher’s hand movement towards one of two targets. If instructions were given to 

mirror in an anatomically correct manner, reaction times were found to be significantly slower 

than when participants were allowed to mirror in specular mode. In order to investigate whether 

this difference could be trained away, participants were divided in two groups: mirror and non-

mirror. The researcher performing the hand movements and the subjects would display a 

stimulus marker (such as a ring) on the hand that anatomically matched the chosen movements. 

The prediction was that this stimulus would help train the non-mirror group in responding faster 

than baseline response. The mirror group on the other hand should be slower to respond due to 

the conflicting stimulus between the researcher and themselves. The second experiment 

examined coding hierarchy, in which participants were still divided in mirror and non-mirror 

groups, and where one factor (either the hand reaching for the target, or the chosen target) was 

kept constant. This should reveal if the prioritization of a certain factor could influence overall 

response time if it was kept constant. If the response time savings were different between both 

groups, then a clear priority in processing would be apparent. The mirror group was 

hypothesized to be the one that prioritized processing of a target. Because non-mirror mode had 
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not been investigated previously, interest was high as to whether they would show the opposite 

result to the mirror group, that is, if an effector or means-based coding would be more likely to 

be used due to the need to select the appropriate hand to respond with. The third experiment 

further examined the difference between non-mirror and mirror modes by investigating if the two 

different groups needed to spatially reorient themselves, thus slowing down response time, when 

asked to imitate. The final experiment checked for fluidity between switching from mirror to 

non-mirror and vice versa. The hypothesis here is that, when allowed to choose, participants will 

imitate in mirror mode when no stimulus markers are present, and will imitate in non-mirror 

mode when there are. While normally the mirroring response is the quicker one, if training was 

allowed, certain imitation tasks benefited in speed when they were performed anatomically 

correct instead (Franz et al., 2007).  

Morrison & Downing (2007) researched conjoined activation in the anterior cingulate 

cortex (ACC) when observing and experiencing pain. From a previous study, the researchers 

knew that a cell selective for mechanical painful stimulation also responded when the 

preoperative patient saw someone else being hurt (Hutchison et al., 1999, as cited in Morrison & 

Downing, 2007). This suggests that some neurons in the ACC are capable of responding to both 

felt pain and representing psychical aspects of pain based on visual information of pain in others. 

There are two possible explanations for this type of conjunction-based Blood Oxygen Level 

Dependent (BOLD) overlap. The first is that there is a mirror-like common coding; the same 

subset of neurons activates for both seen and felt pain. This possibility is strongly supported by 

the previously mentioned preoperative patient research. The second possibility is that the BOLD 

conjunction is due to the activity of different subsets of neurons within the same cortical volume. 

If the process involves two groups of neurons rather than one, it is possible that these cells do not 
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spatially coincide in every individual. This in turn could lead to the possibility that averaging and 

smoothing of data will reveal an overlap between two populations that are not necessarily 

identical. To investigate this, the researchers set up an experiment with twelve participants. The 

stimulus for experienced pain was a prick to the middle finger of the left hand with a sharp 

wooden probe. The observed pain condition was a video of only a model’s left hand being 

pricked with a syringe. As a control stimulus for both conditions, a cotton bud was used to touch 

the finger. The resulting data showed that ACC responses to felt and seen pain are selectively 

organized among adjacent cortical areas. Some individuals showed a felt-seen pain overlap, with 

peaks varying between individuals, which is consistent with spatial variability in medial cortical 

pain responses. Even though selective activation for felt and seen pain within the ACC is neither 

coincident nor coextensive, the felt-seen pain overlap reflects the activity of the same subset of 

neurons (Morrison & Downing, 2007). 

Turella, Pierno, Tubaldi & Castiello (2007) found that despite the results of the 

previously mentioned experiments and studies, there was no actual evidence for mirror neurons 

in humans in the same manner as has been found in the classic macaque experiments. To support 

this stance they focused on the main mirror neuron property of activation both when executing 

and observing a similar action. Many studies involving research in the human mirror neuron 

system do not take this basic property into account and were thus considered invalid. In a similar 

manner, many of the studies researching human mirror neurons base their conclusions on an 

unsound methodic, too small a sample of participants, faulty consolidation of data or other 

confounding factors during their experiments. An often occurring confounding factor was found 

to be the manner in which the observed action was presented; in the original experiments, the 

macaque monkeys always observed the researcher in his entirety, whereas the human studies 
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often feature a disembodied hand or arm, which fails to trigger any response. The importance of 

viewing the actor in his entirety rather than a disembodied hand is shown in the study by 

Nelissen, Luppino, Vanduffel, Rizzolatti and Orban (2005) (as cited in Turella et al., 2007), 

where they used fMRI to study the activation of the anterior part of the frontal lobe during action 

observation. This corresponds to area F5c, where mirror neurons are usually found. It was found 

that this are only activated when the full actor of the observed action was in view; merely seeing 

a disembodied hand perform an action elicited no response. 

Turella et al. (2007) put greater stock in Gazzola et al.’s (2007) study because it tested 

both action observation and execution with the same participants, and because it provided some 

clearer evidence of mirror activity in the human brain. The problem with this study was its very 

low threshold for inclusion based on activation, which resulted in a very large number of areas 

having possible mirror activation, many more than considered having possible mirror neuron 

activity prior to the study. This coupled with the sometimes unnatural conditions of the 

experiment provoking activation in brain areas needing to compensate for said conditions are the 

likely cause for the increase in brain activation. Another limiting factor was once again the use of 

a disembodied hand rather than an entire person during the observation trials of the experiment. 

While Turella’s team does not deny there is evidence for mirror activity in humans, they found 

that none of the studies could prove all of the properties found in the classic macaque monkey 

studies. Nor did these studies always find activity in the human brain areas corresponding to the 

classic macaque mirror neuron areas, or even matching between observing and performing 

actions. Due to these results, they strongly urge future experiments to take a step back towards 

the original mirror neuron research and thus allow for stronger conclusions to be drawn by 

providing evidence for the basic similarities first (Turella et al., 2007). 
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However, a study two years later in the observation and execution of hand actions by 

Gazzola and Keysers (2009) found shared voxels between individual subjects in unsmoothed 

fMRI data. Of note besides the classic mirror neuron areas consisting of the ventral premotor and 

inferior parietal cortex, shared voxels were observed in the dorsal premotor, supplementary 

motor, middle cingulate, somatosensory, superior parietal, middle temporal cortex and 

cerebellum. The authors proposed that the original mirror neuron system be expanded to include 

these areas as there was clear activation and an increase in BOLD signal both when observing 

and executing actions (Gazzola & Keysers, 2009). 

 

Mirror Neurons as an Adaptation 

While even the skeptical researcher agrees that humans have a mirror neuron system with a 

resemblance to that of the macaque monkey, the very reason for why we possess such a 

complicated system is still an elusive one. When they discovered mirror neurons, Gallese et al. 

(1996) thought that possible explanations for the response patterns in F5 neurons might be that 

mirror neurons enable imitation or perhaps that they facilitate a specialized mechanism for 

recognizing actions, understanding them, and reacting appropriately. Since then, mirror neurons 

have been thought to enable a variety of social cognitive behaviors, such as the ability to 

understand others, imitate, and communicate. Mirror neurons may be an adaptation because they 

enable individuals to understand others and thus allow for appropriate responses, a useful skill to 

have in the ancestral environment (Heyes, 2010; Gallese et al., 1996).  

Further research by Rizzolatti, Fadiga, Fogassi & Gallese (2002) looked into the 

possibility of imitation being the main function of mirror neurons. Imitation is a complex process 

composed of different layers including stimulus enhancement, response facilitation, emulation 
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and “true imitation”. Stimulus enhancement refers to the probability that same-species members 

will interact with an object based on observation of other individuals. For example, monkey A 

may be unfamiliar with a box it is presented with and keep a distance, but monkey B may have 

previous experience with said box and knows that it contains food. This then results in monkey 

A observing monkey B’s food retrieval and storing this knowledge for future use so he too may 

retrieve food from the box next time. Imitative behavior is therefore determined by a general 

increase of the likelihood of acting on that object, rather than truly imitating the observed 

actions. This distinction is made because same-species are likely to interact with objects in a 

similar manner even without observation of others to show them how to interact with the object. 

Response facilitation is the selective enhancement of motor responses. Observing an act being 

performed repeatedly increases the probability of the agent doing the same, with the caveat being 

that only previously achieved actions can be chosen from, so no new behavior can be grouped 

under response facilitation. Emulation refers to an agent duplicating an observed result of other 

agents’ behavior, but not in the same way these other agents achieved said result (Rizzolatti et 

al., 2002).  

True imitation is different from these previous behaviors because the animal must learn a 

new behavior and precisely reproduce the movements that lead to that behavior goal. This type 

of behavior likely has a resonance mechanism – a mechanism that enables different areas of the 

brain to work together for a specialized function – at its core. Resonance mechanisms can be 

categorized based on the functional properties of the motor centers that do resonate. Those brain 

centers where movement is coded will be classified as low-level resonance, and those where 

actions are coded will be known as high-level resonance. Applying this to the imitation process’ 

sub-processes would consider response facilitation as low level whereas emulation and true 
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imitation would require a high-level resonance mechanism. Neurons respond to two basic types 

of signals: specifications of objects and movement. The processing of this information 

determines the reaction to the observation (Rizzolatti et al., 2002).  

Through response facilitation, the observation of movements allows the behavior of a 

group of animals to acquire coherence. A similar resonance mechanism may also explain human 

behavior such as infant imitation. TMS studies recorded magnetoencephalography (MEG) and 

electroencephalography (EEG) results to examine these mechanisms found that adult human 

motor centers do resonate during the observation of movement, whether it was a goal-directed 

action or a meaningless gesture. These studies found that the following brain areas were involved 

in low-level resonance: the parietal lobe bilaterally including both inferior and superior parietal 

lobules, the left precentral gyrus and the cerebellum on the right side (Rizzolatti et al., 2002). 

 The high-level resonance mechanism is governed by the sensory activation of neurons 

that code actions. Evidence in favor of this mechanism can be derived from the functional 

properties of macaque monkey area F5 mirror neurons. As stated previously, they fire when 

coding the motor presentation of an entire action chain and not the individual movements that it 

is composed of. The reasoning behind this is that an agent emitting or observing an action can 

predict its consequences. The resonance mechanism in mirror neurons is not what causes a motor 

response, but it evokes a neural activity corresponding with an internal representation of said 

action. This representation then assists in determining the meaning of the observed action. This 

manner of processing actions lies at the basis of mimicking observed behavior or using this 

knowledge to come to the same result, even if by a different behavior (Rizzolatti et al., 2002).  

 Two years later, Rizzolatti and Craighero (2004) state that they are fully convinced that 

the mirror neuron mechanism is a mechanism of great evolutionary importance through which 
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primates understand actions done by fellow members of their species. However, they do not 

claim that it is the only mechanism through which actions done by others might be understood. 

The mirror neuron system is the system at the basis of imitation in humans, but this cannot be its 

primary function. Mirror neurons’ primary function is to mediate understanding of actions done 

by others. This occurs in the following manner: each time an individual sees an action done by 

another individual, neurons that represent that action are activated in the observer’s premotor 

cortex. This automatically induced motor representation of the observed action corresponds with 

the observed motor action as if the agent would have performed it himself. This response is 

spontaneously generated during active action and the outcome is known to the acting individual. 

Thus, the mirror system transforms visual information into knowledge. This response does not 

necessarily mean a physical reaction will take place, but may rather be a sign of an internal 

representation of the observed events. This internal representation is important for mental 

functions such as imitation (Rizzolatti & Craighero, 2004).  

The easiest way to test if mirror neurons mediate action understanding would be by 

destroying them. Because the brain areas housing mirror neurons play a part in many other 

cognitive functions, this approach is not possible. An alternative way is to assess the activity of 

mirror neurons when the monkey understands the action but has no access to the visual features 

that activate mirror neurons. If mirror neurons mediate action understanding, their activity should 

reflect the meaning of the observed action, not its visual features. This was studied by 

performing an experiment where the monkey saw the experimenter tear paper, and then 

subsequently the monkey was only allowed to hear the paper being torn. This showed that a 

small subset of mirror neurons responded to both sound and vision, and were therefore named 

audio-visual mirror neurons (Rizzolatti & Craighero, 2004).  
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Another experiment followed, with the same rationale that mirror neurons should also 

discharge in conditions in which the monkey does not see the occurring action but has sufficient 

clues to create a mental representation. This time, the monkey observed a researcher perform an 

action in full sight, followed by that same action performed, but with the last part of the action 

hidden from the monkey’s view. Both experiments showed that the activity of mirror neurons 

correlates with action understanding. If action comprehension is possible on a basis other than 

vision, mirror neurons signal the action, even in absence of visual stimuli (Rizzolatti & 

Craighero, 2004).  

TMS studies indicate that a mirror-neuron system (here considered to be a motor 

resonance system) exists in humans and that it possesses important properties not observed in 

monkeys. First, meaningless movements produce mirror-neuron system activation in humans, 

whereas they do not activate mirror neurons in monkeys. Second, the temporal characteristics of 

cortical excitability, during action observation, suggest that human mirror-neuron systems code 

also for the movements forming an action and not only for action as monkey mirror-neuron 

systems do. These properties of the human mirror-neuron system should play an important role 

in determining the humans’ capacity to imitate others’ action. Actions made by other individuals 

could be recognized through different mechanisms (Rizzolatti & Craighero, 2004).  

 

The Associative Hypothesis 

Imitation requires a mechanism that can translate visual information about others’ bodily 

movement into equivalent motor output. To address this problem, Heyes (2001) proposed the 

Associative Sequence Learning theory. In its initial stage of conception, the theory suggested 

that developing an imitation mechanism was nearly entirely experience dependent and required 
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the collaboration of sensory and motor systems, rather than an innate system solely devoted to 

processing visual input into motor output. The theory names these collaborations vertical 

associations. Most imitative actions are not innately present and require observation and practice 

before they can be performed. Because of the emphasis on experience in the development of 

imitative capacity, the theory is compatible with the lack of a significant imitative ability in 

newborns and the experience dependent imitative capacity of chimpanzees and birds (Heyes, 

2001). 

 In 2010, Heyes refined her theory to make it more compatible with recent research about 

imitation and mirror neurons specifically. She describes an adaptation in the following manner 

“A characteristic of an organism, C, is an adaptation for a particular function, F, if C evolved 

because it helped organisms to do F.” (Heyes, 2010, page 576, Table 1). From this description 

she derives that according to the adaptation hypothesis, mirror neurons (C) are an adaptation for 

action understanding (F), ignoring the current function mirror neurons have while only 

examining their possible origins. It is important to distinguish between actual adaptations and 

byproducts of adaptations. Adaptations are deliberately favored by natural selection for their 

benefits. Byproducts result from adaptations but were not intentionally selected for. In contrast to 

adaptations, associative learning is a byproduct and the result of exposure to a connection 

between two events: contiguity and contingency. A new response will be learned and associated 

with a situation much easier if the two events that lead to it are close together in time and have a 

strong correlation to each other. The associative hypothesis states that associative learning is 

responsible for the changes occurring in the behavior of neurons and that sensorimotor 

experience is crucial in facilitating these changes (Heyes, 2010). When applying the associative 

hypothesis on the macaque monkey experiments, associative learning is achieved by the 
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monkey’s performance of a repeated grasping action activating the motor neurons, guided by its 

observation of researcher and then its own action, activating its visual neurons. This associative 

learning in turn gives rise to mirror neurons as the grasping motor neurons achieve additional 

properties from observed and not only executed actions (Heyes, 2010).  

This theory offers some benefits over the adaptation hypothesis. It offers an explanation 

for the differences between human and monkey mirror neurons by stating that both species 

needed mirror neurons for different situations, and thus they developed their specific mirror 

neuron systems in a different manner. The theory also finds that mirror neurons contribute to a 

wide range of cognitive functions without having a specialized role in action understanding. 

Instead they are simply another tool to assist in reacting to situations in a timely and appropriate 

manner. Lastly, the theory agrees that the human mirror neuron system can be reconfigured by 

sensorimotor learning at any age, based on new experiences (Heyes, 2010).  

Due to the vast difference in tools used in human and animal mirror neuron research 

(fMRI versus surgical implants), it has yet to be proven that humans have single neurons 

discharging during observation and execution of actions. Human mirror neurons also appear to 

be less specialized and require less specific triggers to activate, resulting in broader research 

results that are not always consistent with established results from monkey experiments. The 

associative hypothesis suggests that human and monkey mirror systems are dissimilar due to the 

difference in acquired correlated experience of observing and executing actions between both 

species (Heyes, 2010).  

Likewise, the fact that humans seem to have more brain areas capable of motor mirror 

activation than monkeys can be explained by these areas’ ability to process both sensory and 

motor information. The associative hypothesis finds that if mirror neurons were an adaptation 
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rather than a byproduct of an adaptation, they would have evolved for fulfilling a specialized 

function. This is not case, as the human mirror system contributes to an assortment of social 

cognitive functions and it is often one input source out of many to a complex system. The 

associative hypothesis has its basis in acquired experience in order to develop mirror neurons, 

and is therefore in agreement with the finding that newborns have little to no capacity for 

imitation (Heyes, 2010).  

Neurons can be trained to activate in novel situations over time, such as exposing a 

monkey to tool usage will cause mirror neurons to fire on future tool exposure and tool handling, 

when there was no such activation before the tools were introduced. Similar studies in humans 

yielded similar results, such as a greater mirror activation in pianists versus non-pianists during 

observation of piano playing finger movements. These results highlight the associative 

hypothesis’s reliance on sensorimotor experience on top of consecutive observance or 

performance of actions to cause mirror activation (Heyes, 2010).  

 

The Autistic Mirror Neuron Dysfunction Hypothesis 

Based on studies in humans and monkeys, the mirror neuron system has been defined as 

the regions in the inferior parietal and inferior frontal cortex which respond both when an 

individual performs an action and when he observes another person’s action (Rizzolatti & 

Craighero, 2004). In this way, the mirror neuron system allows matching between the actions of 

the self and of others, and supports inference of the goals and intentions of other people. Thus 

imitation and action understanding are supported by the mirror neuron system. Because people 

with autistic spectrum disorders (ASD) have imitation problems, it is suggested that they might 

have an abnormal mirror neuron system. This view that autistic behavioral patterns are caused by 
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a malfunction of the mirror neuron system is called the autistic mirror neuron dysfunction 

hypothesis (AMND) (Hamilton, Brindley & Frith, 2006; Rizzolatti & Fabbri-Destro, 2008).  

Williams, Whiten, Suddendorf and Perret (2001) explored this very stance. They believed 

that ASD is at the very least partially caused by a failing mirror neuron system. The reasoning 

behind this is that autistic spectrum disorders are categorized by their impairments in social skills 

and interactions, imaginative ability, repetitive behavior, and restricted behavioral patterns. It has 

an early life onset and is associated with late and abnormal language development. Autistic 

people have particular difficulty with understanding the beliefs of others (Williams et al., 2001). 

This observation has previously led researchers to believe that at the ground level, autism is a 

deficit in the ability to attribute mental states to the self and others. The problem with this 

conviction is that autism onset happens early in life, manifesting even before a normally 

developing infant would have the ability to attribute mental states to anyone. An inability to 

imitate seems a more fitting explanation, one that can be applied even to initial stages of autism. 

Autistic people would thus either have trouble attributing others’ inner states when trying to 

imitate them, or they cannot match observed behavior to their own mental states. Imitation 

deficits in autism occur at several levels; autistic people have difficulty with symbolic imitation – 

where an imitation is performed without the item normally used in the action present, such as 

mimicking a drinking motion without a cup in hand, and motor imitation. Deficits are always 

more pronounced when the imitation does not include the use of objects (Williams et al., 2001; 

Kana, Wadsworth & Travers, 2011).  

 Because area 44 and the parietal cortex are areas of the human brain involved in imitation 

processing, and mirror neurons have been largely found in these areas, it is likely that mirror 

neurons indeed have a role in building imitative and mindreading competence. As such, autism 
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with its lacking imitative capacities may point to a failed or malfunctioning mirror neuron 

system. Complete failure is not necessarily implied, for development may be merely delayed or 

incomplete (Williams et al., 2001).  

Williams, Waiter, Gilchrist, Perrett, Muray and Whiten (2006) set out to test the 

hypothesis that neural systems related to imitation function abnormally in people with ASD and 

that this will be reflected in abnormal function within the mirror neuron system. They created 

and fMRI experimental design to compare brain activation during imitation with conditional 

visuomotor learning in participants with ASD and a healthy control group. The experiment had 

six conditions; the first three required the participants to lift a finger based on three different 

visual cues, the other three repeated the visual cues but required observation only. To focus the 

analysis on the frontal and parietal (mirror neuron related) areas, occipital, temporal and sub-

cortical structures were masked out of the scans. The control group showed greater activation of 

the right fusiform cortex, right middle occipital gyrus and smaller areas of left inferior parietal 

cortex, right lingual gyrus and right middle temporal gyrus. The ASD group showed increased 

activity in the left amygdala and in the superior temporal gyrus. This increase was not found in 

the control group, which may point towards the amygdala being actively modulated during 

imitation. The task was not emotive, and as such the control group had no increased amygdala 

response. The authors suggest that the amygdala may be closely connected to imitation-related 

action processing systems. This is a fair assumption if the amygdala is a key regulator of social 

cognitive function and involved in action perception-connectivity, forming the foundations of 

social cognitive neural functions. The authors suggest that it is most likely the lack of emotional 

connectivity with imitation that is impaired in ASD.  Broca’s area showed no difference in 

activation between the groups. Activity in posterior right somatosensory cortex was significantly 
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greater during imitation compared to other action execution in both groups. Mirror neurons seem 

to serve an imitation function as a result of being embedded within a broader and 

hemispherically specialized system of neural components. The difference in brain activation 

between both groups points towards abnormal patterns of integration of areas serving imitation 

in ASD, between areas that server visual analysis, motor action, proprioception and emotional 

processing (Williams et al., 2006). 

 While Williams et al. (2006) found that the difference in brain activity was proof of their 

stance, other scientists were not convinced that ASD could be entirely or mostly attributed to a 

malfunction in the mirror neuron system. To test the validity of the AMND, Hamilton, Brindley 

and Frith (2006) set up an experimental design consisting of several tasks with a group of autistic 

children and a control group composed of normal children of the same verbal mental age as 

participants. The first test was a goal-directed imitation where the children were seated at a table 

with a series of dots painted on it across from a researcher. They had to observe the researcher as 

he covered a dot with his hand, after which he replaced his hand back to his lap, prompting the 

child to cover the dot with their hand as shown to them by the researcher. There was no 

difference in the goal-directed imitation test between the groups, beyond the expected hand 

errors – where children used the hand closer to the dot’s side to cover it, rather than the 

contralateral hand movement the researcher actually used – which both groups displayed equally. 

In the mirror imitation task, where normal children are expected to imitate as if they were 

looking in a mirror, the researchers aimed to test whether children with ASD prefer mirror 

imitation over anatomical imitation. In a variation of the first test, children were asked to copy 

the movement of the researcher’s hand towards a dot after he demonstrated it while sitting in 

front of the child. Both groups showed a preference towards mirror imitation rather than 
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anatomical imitation. Because the mirror neuron system is also involved with motor planning 

and performing, the researchers devised a task which could test both motor planning and 

imitation as a means to improve motor planning and thus motor performance. The AMND 

predicts that children with ASD cannot take advantage of an action’s demonstration to improve 

their motor performance due to a lack in imitation skills. The task was divided in three 

randomized sets; the children were shown either an underhand grip to move a color coded block 

to a color coded goal, an overhanded grip with the same goal as the underhanded grip, or they 

were verbally instructed to move a color coded block towards a designated goal with no 

demonstration shown. All children were able to perform the task. There were grip errors when 

the instruction was verbal, but all children were able to make use of imitating the researcher to 

improve their performance. To test the action understanding portion of the mirror neuron system 

and the difficulty this should pose to children with ASD according to the AMND, the researchers 

made use of a gesture recognition task. In this task, the participant is asked to match a picture of 

a hand pose to a cartoon drawing of an action with the hands of the actor missing. Children with 

ASD surprisingly performed better in this task than the control group did (Hamilton et al., 2006). 

 To reconcile these findings with those of studies that use brain imaging techniques with 

clear differences in brain activity between normal participants and those with ASD (such as 

Williams et al.’s 2006 study), the authors suggest that it must first be understood that imitation is 

not a solitary isolated component of the mirror neuron system, which itself is not a single system 

with a single function isolated from all other functions in the human brain (Hamilton et al., 2006; 

Kana et al., 2011). The classic motor mirror system is used for the representation of hand-object 

interactions and their goals. This particular system seems unaffected in ASD, because the 

children could perform such tasks as well, if not better than the control group. Emotional 
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imitation and recognition on the other hand does seem to be impaired, which could be linked to 

an abnormal amygdala response, such as found in the fMRI results of the study by Williams et 

al. (2006) (Hamilton et al., 2006). 

 Aside from the possible multiple mirror systems hypothesis suggested above, there is a 

second critique against the AMND: a person with ASD has a different neurological resting state, 

and thus has divergent activation patterns that may explain the difference in neurological activity 

when comparing scans of a normal brain and one of a person with ASD (Kana et al., 2011). 

  

Discussion 

The aim of this article was to review the history of the human mirror neuron system, from 

the discovery of mirror neurons in macaque monkeys, through the contradicting origin theories 

of adaptation or association, and finally examining the contrasting views on mirror neurons in 

ASD.  

With the exciting discovery of mirror neurons in macaque monkeys, researchers were 

quick to devise experiments in which they hoped to observe similarities in the human brain. This 

led to the first controversy concerning mirror neurons; do humans even possess mirror neurons 

like the ones discovered in macaque monkeys? The answer is yes, despite our inability to study 

individual human neurons, as the many experiments performed show. Turella et al.’s (2007) 

article brings up the solid point that to really prove the human equivalent of the macaque monkey 

mirror neurons exists, researchers would do well to start from the original experiments and 

mimic them as much as possible with human participants to lay the groundwork. Right now, it 

seems like researchers skipped this step in favor of researching the more complicated properties 
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of mirror neurons. While the combined results of the many human mirror neuron experiments do 

point to a likely more sophisticated mirror neuron system in humans composed of more areas 

than the macaque monkeys’ mirror system, it is hard to consolidate this data into homogenized 

proof of the human mirror system due to the variety of differences in experimental setups and 

results. Gazzola and Keyser’s 2009 study is a step in the good direction for finding more solid 

proof, but as they point out in their article, more research is certainly needed. There will 

undoubtedly be a time in the future when mirror neuron properties are determined so clearly they 

can be added to brain chart images in the same manner we can currently assign other brain 

functions to them, but right now the field needs to agree on a unified approach into the study of 

mirror neurons before that will be possible. 

A more recent concern about mirror neurons, human or otherwise, is the one brought up 

by Heyes – is the currently dominant adaptation view the correct one? This is a hard question to 

answer due to several problems in both views. We cannot investigate all past generations since 

the first appearance and consecutive development of mirror neurons, both in our own species and 

in others, a problem often encountered when researching an adaptive trait. This makes it 

impossible to prove the adaptation view to be truly false or correct either way, a problem often 

encountered in evolutionary psychology. The benefits to this view are that they focus on the 

importance of mirror neurons in and of themselves without trying to fit them in a bigger 

framework, explaining their intricate workings as best as possible. This is a very rigid view with 

little leeway for exceptions, encountering problems when trying to explain other mechanisms 

concerned with imitation and such. On the other hand, Heyes’ associative hypothesis is very 

broad, able to incorporate explanations for the difference in mirror neurons across species, 

interactions between mirror neurons and other social brain functions, as well as the imitation 
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exceptions (newborns) and deficits that may occur. This broad scope is also the theory’s 

weakness, as a working theory should be able to set clear definitions for its components; being 

all-inclusive does not make a theory better. It just makes it very vague and lessens its value for 

future research. Many of Heyes’ counterpoints to the adaptation view can be adjusted to be 

equally valid for this view, for example, stating that macaque monkey mirror neurons and human 

mirror neurons developed differently because both species used them for different situations 

could be applied from an adaptive view too. Here one could make the parallel to the difference in 

eyeball development between species occurring in different ways, even though all creatures use 

their eyes to fulfill the same role of acquiring visual stimuli. 

ASD is probably the disorder most associated with a dysfunctional mirror neuron system. 

It is surprising to see that even now there is a clear divide concerning whether mirror neurons 

really are malfunctioning in persons with ASD or not. It seems from Hamilton et al.’s (2006) 

experiment that children with ASD are very capable at tasks involving the “basic” mirror neuron 

system, and the multi mirror system hypothesis merits further exploration through brain scanning 

experiments of a similar nature to confirm or invalidate it. While it is not related to ASD 

research, the study by Gazzola & Keysers in 2009 showed shared voxels and increased BOLD 

response in more brain regions than would be expected if the mirror neuron system was an 

isolated system responsible for observation and execution of actions. At the very least, it seems 

mirror neurons alone are not responsible for mental representations of goal directed activities and 

imitation in humans. Possible connections between the mirror neuron system(s) and other areas 

of the brain deserve further investigation. 
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