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Abstract
The brain integrates sensorimotor information to guide movement and to maintain a
representation of the body. Recent behavioral and neuroimaging studies have revealed
that the bodily representation in the brain is prone to modification. In this work,
sensorimotor integration was studied using magnetoencephalography (MEG) during
an artificially created sensorimotor conflict concerning the position and movement
of the hand. The experimental setup used mirrors and a video camera to present
subjects with real-time video feed of their hands in place of the real hands. A conflict
was created by freezing the video feed while subjects were cued to move their right
hand. The aim was to uncover those brain regions that would be activated as a
result of the conflict.

The conflict evoked activity in several brain regions: In the right hemisphere,
activity was observed in the temporoparietal junction, parietal operculum/posterior
insula (second somatosensory cortex; S2), and inferior frontal sulcus (PMv). In the
left hemisphere, activity was observed in the postcentral gyrus (first somatosensory
cortex; S1), parietal operculum (S2), and supramarginal gyrus.

The brain regions found in the left hemisphere are part of the somatosensory
system. In the right hemisphere, in turn, the brain regions were found in more
diverse multisensory areas. These results seem to support earlier findings suggesting
right hemisphere dominance in self-recognition.
Keywords Magnetoencephalography, MEG, Sensorimotor integration, Self-agency,

Vision, Proprioception, Body image
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Tiivistelmä
Aivot integroivat sensorimotorista informaatiota ohjatakseen liikettä ja ylläpitääkseen
kehonkuvaa. Viimeaikaiset käyttäytymis- ja aivokuvantamistutkimukset ovat osoitta-
neet, että kehonkuva on muokkautuva. Tässä työssä sensorimotorista integraatiota
tutkittiin kättä koskevan sensorimotorisen konfliktin avulla. Tutkimus suoritettiin
kuvantamalla koehenkilöiden aivoja magnetoenkefalografialla (MEG). Tutkimusase-
telmassa käytettiin peilejä ja videokameraa, jotta koehenkilöille pystyttiin näyttä-
mään virtuaalista kuvaa heidän käsistään oikeiden käsien sijasta. Konfliktitilanne
saatiin aikaan pysäyttämällä videokuva koehenkilöiden liikuttaessa oikeaa kättään.
Työn tarkoituksena oli kartoittaa aivoalueita, jotka reagoisivat konfliktiin.

Konflikti aiheutti aivovasteita useilla eri aivoalueilla: Oikealla aivopuoliskolla
aktiivisuutta havaittiin ohimo- ja päälaenlohkon liitoksella (TPJ), parietaalisella
operculumilla/posteriorisella insulalla (S2) ja inferiorisella frontaalisella uurteella
(PMv). Vasemalla aivopuoliskolla aktiivisuutta esiintyi postsentraalisella poimulla
(S1), parietaalisella operculumilla (S2) ja supramarginaalisella poimulla.

Vasemmalla aivopuoliskolla havaitut alueet ovat osa somatosensorista järjestelmää.
Oikealla aivopuoliskolla alueita havaittiin puolestaan laajemmin useilla multisensori-
silla alueilla. Tulokset puoltavat aiempia havaintoja siitä, että oikea aivopuolisko on
hallitsevassa asemassa tunnistettaessa itseä.
Avainsanat Magnetoenkefalografia, MEG, sensorimotorinen konflikti, näkö,

proprioseptio, kehonkuva
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Terminology and abbreviations

Anatomical terminology
Anterior At the front
Bilateral On both sides
Contralateral On the opposite side
Dorsal On the upper side
Inferior Below
Lateral On the side
Posterior At the back
Superior Above
Ventral On the lower side

Abbreviations
ACC Anterior cingulate cortex
ANOVA Analysis of variance
DLPFC Dorsolateral prefrontal cortex
dSPM Dynamic statistical parametric mapping
EBA Extrastriate body area
EEG Electroencephalography
EOG Electrooculography
EMG Electromyography
ERF Event-related field
fMRI Functional magnetic resonance imaging
FDR False discovery rate
FWER Familywise error rate
IPS Intraparietal sulcus
M1 Primary motor cortex
MEG Magnetoencephalography
MRI Magnetic resonance imaging
PET Positron emission tomography
PMC Premotor cortex
PMd Dorsal premotor cortex
PMv Ventral premotor cortex
pSTS Posterior superior temporal sulcus
RHI Rubber hand illusion
S1 First somatosensory cortex
S2 Second somatosensory cortex
SQUID Superconducting quantum interference device
SSS Signal space separation
TPJ Temporoparietal junction
tSSS Temporal signal space separation



1 Introduction
The concept of ’self’ has traditionally been divided into several different aspects. For
example, Neisser (1988) recognized five forms of self emerging independently from
different sources of information. Gallagher (2000) proposed that some widely studied
aspects can be divided into two groups: the minimal self and the narrative self. The
narrative self is the perception of a temporally continuous ’me’ that is shaped by
past memories and future plans. The minimal self, however, is a more primitive
sense of existence in the present in a bounded body in space. It includes the notions
of self-agency and self-ownership: when I move my hand, it is self-evident to me that
it is me who is doing the movement and, indeed, my hand that is moving. This type
of self-awareness seems to be one of the first forms of self-knowledge an infant will
develop (Rochat and Hespos, 1997). Indeed, it has been shown that babies as young
as four to five months old can make the difference between their moving limbs and
the limbs of other infants (Rochat and Morgan, 1995; Schmuckler, 1996).

The fact that some visible objects are perceived to be part of oneself while
others are not, or that some actions are considered to be self-generated, is not as
evident as it first might seem. Under certain circumstances external objects can
become part of a person’s body image (Botvinick and Cohen, 1998), and lesions in
particular brain areas may result in abnormal perception of the body. In the case
of somatoparaphrenia—a delusion leading to sense of disownership over one’s body
parts—patients may deny ownership of their limbs despite all the contrary evidence
given to them (Vallar and Ronchi, 2009). Additionally, some schizophrenic patients
may attribute factually self-generated actions to an external agent (Franck et al.,
2001; Spence et al., 1997).

How is our brain able to make the distinction between ourselves and the external
world? This ability is believed to result from the integration of multimodal information
available to the brain. Of particular importance is the information provided by the
visual, proprioceptive, and motor systems (Kilteni et al., 2015). In addition to
creating a representation of the body, the integration of these cues is important for
movement control. During motor actions the brain constantly tries to predict the
next state of the body and makes adjustments when the prediction does not agree
with sensory feedback (Wolpert, 1997).

In this work, the integration of sensorimotor information was studied in a sudden
conflict situation. To this end, a magnetoencephalography (MEG) experiment was
performed with 16 subjects. Using mirrors, a video camera, and custom software,
the experimental setup allowed subjects to control a virtual version of their hand.
With real-time processing of the video feed, a conflict regarding the location of the
right hand could be created. The brain activation following the conflict situation was
studied to uncover those brain regions that would react to the disagreement between
different sources of information.

This work aims to shed light on the brain processes underlying the integration
of sensorimotor information related to the position and sense of ownership of the
hand. Earlier studies in this field have mostly been performed either using functional
magnetic resonance imaging (fMRI) or positron emission tomography (PET), and to
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my knowledge MEG has never been used in this kind of a study before. MEG may
offer information on the temporal dynamics of brain activity with reasonable spatial
resolution that would be hard or even impossible to acquire with other neuroimaging
modalities.
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2 Background
This section covers the background of the study. First, the basic principles of
magnetoencephalography are discussed. Second, the sensory systems most important
for this work, namely vision and proprioception, are addressed along with the motor
system. Third, two relevant phenomena arising from the integration of sensorimotor
cues are reviewed: the sense of body ownership and the sense of self-agency. Finally,
a few earlier neuroimaging studies along with their results are described.

2.1 Magnetoencephalography
Brain activity comprises communication in complex networks of neurons. At the
fundamental level, neurons interact using electrical and chemical signals. In accor-
dance with Maxwell’s laws, the electrical activity of neurons produces a magnetic
field. With sophisticated enough equipment, it is possible to measure the magnetic
field outside the head.

Magnetoencephalography, or MEG, is a noninvasive method for recording magnetic
fields produced by neuronal activity. Currently, MEG mainly uses superconducting
quantum interference device (SQUID) sensors, which are able to detect extremely
weak magnetic fields. Modern MEG devices use hundreds of sensors covering the
whole head. Because the magnetic fields emanating from the environment are many
orders of magnitude stronger than those produced by the brain, the measurements
are generally performed in a magnetically shielded room. Even so, synchronous
activation of tens of thousands of neurons is required to produce a signal strong
enough for detection (Hansen et al., 2010). The MEG device used in this work is
shown in Figure 1.

A particular advantage of MEG is its high temporal resolution, which is in the
order of milliseconds. This can be contrasted to the temporal resolution of functional
magnetic resonance imaging (fMRI), for example, which is on the scale of seconds.
Another advantage is that MEG is not as sensitive to conductivity inhomogeneities
inside the head as electroencephalography (EEG), which makes modeling of the
underlying neuronal activity more accurate and straightforward. Nevertheless, the
spatial resolution of MEG is worse compared to that of fMRI (Hari and Puce, 2017).

The main source of MEG signals is postsynaptic currents in apical dendrites
of pyramidal neurons. These currents are referred to as primary currents. The
primary currents produce volume currents in the surrounding medium according to
Ohm’s law. Inside a sphere, radial primary currents are associated with symmetric
volume currents, which leads to cancellation of magnetic fields outside the sphere.
The human head, of course, is not a perfect sphere, but nevertheless, MEG is more
sensitive to tangential currents, which are mainly found in fissural cortex (Figure 2).
Additionally, MEG is most sensitive to superficial currents in the cerebral cortex as
opposed to deeper sources (Hansen et al., 2010; Hari and Puce, 2017).

Because the sensors record signals from outside the head, estimating the exact
locations of the sources introduces an inherent difficulty known as the inverse problem.
There is an infinite number of solutions to this inverse problem; for any given magnetic
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Figure 1: The Elekta Vectorview MEG device in Aalto University’s MEG Core.

Figure 2: Magnetic field (light blue) produced by a tangential current source (red)
in the fissural cortex. Simultaneous activation of thousands of neurons is modeled as
a current dipole.
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field distribution measured outside the head, no unique source configuration inside
the head exists. However, by imposing certain constraints based, e.g., on minimizing
the amount of source current, it is possible to come up with a unique solution. In
order to localize current sources inside the brain, the head position with respect to
the MEG sensors must be known; it is usually measured using head position indicator
(HPI) coils.

In addition to external interference, MEG is sensitive to artifacts arising from the
body, muscular activity, eye movements and blinks. These effects are often confronted
with elaborate signal processing methods and tracking of non-neural signals using,
for example, electrooculogram (EOG) electrodes around the eyes (Hari and Puce,
2017).

2.2 Visual system
Visual perception is a constructive process that can be divided into three stages: low-,
intermediate-, and high-level processing (Kandel et al., 2013). The lowest level begins
in the retinae, where light is transformed into neural signals. At the intermediate
stage in the brain, objects are recognized and separated from the background based
on visual primitives such as contours. The highest level of processing combines visual
information with other sources, such as memories and behavioral goals, bringing
visual percepts to consciousness. A unified perception of the world is achieved by
distributed and parallel processing of visual signals involving almost half of the
cerebral cortex (Bear et al., 2007).

Visual information first arrives at the retinae of the eyes as photons. In the retinae,
photoreceptor cells transform the photons into electrical signals, which are projected
to ganglion cells, whose axons form the optic nerves. The optic nerves from both
eyes cross at the optic chiasm, where axons originating from the nasal hemiretina
cross to the opposite hemisphere (Figure 3). Thus, visual information from the right
visual field is first processed in the left hemisphere and vice versa. From the optic
chiasm, the axons form the optic tract and continue to the lateral geniculate nucleus
located in the thalamus. From there, visual information is transmitted to the primary
visual cortex (V1) in the occipital lobe. Although the main output from the lateral
geniculate nucleus is to the primary visual cortex via the primary visual pathway,
information is additionally relayed through other pathways (Kandel et al., 2013).

The visual cortex can be divided into distinct areas based on their anatomical
and functional properties. Over 30 areas are found in the visual cortex of macaque
monkeys, and humans are postulated to have at least the same number (Kandel et al.,
2013). The primary visual cortex, V1, is the first target of visual information. V1 is
a retinotopic area; its neurons represent a map of the visual field. Many neurons in
V1 are orientation selective and respond to contours of a specific orientation. This
begins a process called contour integration, which is important in separating objects
from the background. In addition to contours, depth is used to determine the shape
of objects. The primary visual cortex also has neurons with directional sensitivity,
allowing determining objects’ direction of movement. Two major pathways emerge
from V1: the ventral and dorsal pathways. The ventral pathway proceeds to the
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Figure 3: The visual pathway starting from the retinae and ending to the primary
visual cortex (Kandel et al., 2013).
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temporal lobe and is associated with object recognition. The dorsal pathway, in turn,
extends to the parietal and frontal lobes and contributes to, e.g., movement guidance
(Kandel et al., 2013).

The ventral pathway extends all the way to the inferior temporal cortex (Figure 4),
which has paramount importance in object recognition. It acts as an integration center
for visual information acquired from a wide range of other areas. There is evidence
that object recognition proceeds in two stages (Kandel et al., 2013): First, visual
features acquired from other areas are integrated to form a sensory representation of
the object. Secondly, the representation is integrated with contextual information to
give meaning to the object. Areas such as V2, V4, and the temporal-occipital junction
are part of the ventral pathway. Lesions in the ventral pathway may lead to the
inability of identifying objects even though features such as color and shape are still
correctly inferred. The inferior temporal cortex has major outputs to the prefrontal
cortex, which is involved in high-level visual processing, and to the perirhinal and
parahippocampal cortices. The latter cortices are connected to areas important in
long-term memory, such as the hippocampus (Kandel et al., 2013).

Figure 4: Dorsal (blue) and ventral (red) visual pathways in the cerebral cortex of
a macaque monkey. The visual cortex of humans is likely to be very homologous
(Kandel et al., 2013).

The dorsal pathway proceeds to parietal and frontal areas (Figure 4). One
important purpose of visual processing is to guide movement. The dorsal pathway
signals supplementary and premotor areas to adjust motor actions and is involved in
managing visual attention and controlling saccades. Lesions in the dorsal pathway
can lead to the inability to reach an object even though the ability to identify
the object is retained. Conversely, if the dorsal pathway is intact while the ventral
pathway is lesioned, patients may sustain the ability to grasp an object, but be unable
to describe it. The dorsal pathway includes intraparietal areas that have neurons
responding to multimodal information. Some neurons in the anterior intraparietal
cortex (AIP), for example, selectively respond to specific shapes and orientations of
objects. These neurons activate when looking at a specifically shaped object and
when reaching for the same object. The ventral intraparietal cortex (VIP), in turn,
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has neurons responding both to visual and somatosensory information (Kandel et al.,
2013).

2.3 Proprioception
If we only relied on visual feedback to perform motor actions, the result would be slow
and awkward movement lacking the coordination necessary to perform complex tasks.
To enable efficient and accurate motor functionality, we use proprioception—the
sense of orientation and movement of body parts. Proprioception is part of the
somatosensory system, and it allows us to be aware of the location of our limbs and
other body parts even without looking at them.

Proprioceptive information is transmitted to the brain from the periphery via
spinal and cranial nerves. The signals are generated by sensory neurons that contain
special receptors called proprioceptors. Proprioceptors transduce movements and
posture of body parts to neural signals, and there are two main types of them: muscle
spindles and Golgi tendon organs. Muscle spindles are found parallel to muscle fibers,
where they monitor changes in muscle length. Golgi tendon organs are located in
tendons, next to skeletal muscles, from where they provide information about the
force of muscle contractions. In addition to these, stretch receptors in the skin seem
to have a role in conscious sensations of body part position (Kandel et al., 2013).

The axons of sensory neurons are bundled together with axons of motor neurons
to form peripheral nerves. Conscious proprioceptive signals, along with tactile signals,
are relayed through the posterior column–medial lemniscal pathway inside the spinal
cord and brain stem. Somatosensory information, including proprioception, arrives
at the contralateral hemisphere; the right side of the body is processed in the left
hemisphere and the left side in the right hemisphere. In the brain, the signals first
arrive at the superior ventral posterior nucleus in the thalamus from where they are
relayed to the first somatosensory cortex (S1) in the parietal lobe. In addition to
the posterior column–medial lemniscal pathway, proprioceptive signals are conveyed
through the posterior and anterior spinocerebellar tracts to the cerebellum. These
signals, however, do not lead to conscious percepts and are mainly used to maintain
posture and balance (Tortora and Derrickson, 2014).

The first somatosensory cortex can be divided into four interconnected Brodmann
areas: 1, 2, 3a, and 3b (Figure 5). Areas 2 and 3a are mostly processing proprioceptive
information. Area 3a receives signals mainly from muscle spindles whereas area 2
receives signals from a wider range of receptors. Areas 1 and 3b receive tactile signals
from cutaneous receptors. Each of the four areas contains a somatotopic map of the
body: somatosensory information arising from different body parts are processed in
distinct areas of S1. In addition, adjacent body parts correspond to neighboring areas
of S1 (Figure 6). Certain sensitive body parts, such as the fingers and lips, cover
proportionally larger areas of S1 than other body parts, such as the trunk. From S1,
information is forwarded to other areas, including the second somatosensory cortex
(S2), the primary motor cortex (M1), and the posterior parietal cortex, where higher
level processing takes place (Kandel et al., 2013).

The second somatosensory cortex is located next to S1, on the parietal operculum



16

Figure 5: The somatosensory cortex (Kandel et al., 2013).

Figure 6: The first somatosensory cortex is organized as a somatotopic map. Specific
regions of the cortex respond to information arising from distinct body parts (Tortora
and Derrickson, 2014).
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situated in the upper bank of the lateral sulcus (Figure 5). Similar to S1, four
somatotopic maps of the body can be identified there. The rostral part of S2 is
concerned with proprioceptive signals of hand movements. The second somatosensory
cortex seems to be important in cognitive processes such as object recognition using
the hands. Some evidence suggests that neuronal processing in S2 is modified by
previous stimuli (Kandel et al., 2013). From S2, information is conveyed farther to
areas such as the prefrontal, premotor, and insular cortices.

Another important higher level area of the somatosensory system is the posterior
parietal cortex corresponding to Brodmann areas 5, 7, and 39 (Figure 5). Area
5, particularly, responds to active hand movements. Lesions in these areas do not
usually lead to loss of somatosensory sensations, but may cause difficulties in more
complicated processes, e.g., in recognizing textures (Kandel et al., 2013).

2.4 Motor system
The previous chapters dealt with afferent information arriving at the brain. In order
to react to this information and interact with the world, we have to be able to realize
our intentions to the environment. This is the purpose of the motor system. In
addition, the motor system is involved in several other processes, such as evoking
the sense of agency (see Section 2.6) and evaluating actions of others. Humans have
approximately 640 skeletal muscles that are all controlled by the brain (Kandel et al.,
2013). This chapter covers voluntary movement, e.g., movement that is consciously
controlled, as opposed to, for example, reflexive movement.

To produce an appropriate movement, the brain has to use the available sensory
information of the external world as well as internal information concerning the body,
such as joint angles and velocity of body parts. This is referred to as sensorimotor
transformation (Kandel et al., 2013). To this end, the motor system exploits various
internal models: An inverse model is used to calculate the sequence of motor com-
mands necessary to reach a goal. On the other hand, a forward model produces a
prediction of the consequences of an action (Wolpert, 1997).

The motor system has a hierarchical structure that can be thought to have three
levels (Bear et al., 2007; Kandel et al., 2013). At the highest level, in the prefrontal
cortex and the basal ganglia, the brain processes the goal of an action and the
best strategy to achieve it. At the mid-level, involving the premotor cortex and
cerebellum, the necessary motor commands are planned. Finally, at the lowest level,
in the primary motor cortex, brain stem, and spinal cord, the motor commands
are relayed to muscles to produce movement. Although this model is useful as a
simplification, in practice the motor system is more complex, involving for example
parallel processing in all of the above stages (Kandel et al., 2013).

As mentioned above, the important motor areas are located in the precentral
cortex (Figure 7). Traditionally, it has been divided into three regions: The primary
motor cortex (M1), the premotor cortex (PMC), and the supplementary motor area
(SMA). These areas can be further divided into several functional areas. Most of
these distinct regions are interconnected (Kandel et al., 2013).

The primary motor cortex is located in the precentral gyrus and corresponds
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to Brodmann area 4. Similar to S1 (Figure 6), it has a topographic map of the
body; electrical stimulation of specific parts of M1 evoke muscle contractions in
the corresponding body parts on the contralateral side. However, recent discoveries
have revealed that rather than having strictly bounded areas for each muscle, it
has a more complex map where muscles can be represented in multiple locations
(Kandel et al., 2013). The primary motor cortex has direct outputs to the spinal
cord. In addition to other cortical areas, it receives input from the basal ganglia and
cerebellum through the thalamus (Bear et al., 2007).

Figure 7: Brain regions related to voluntary motor control. A) The human precentral
cortex and motor areas. B) Functional regions discovered in the brain of macaque
monkeys (Kandel et al., 2013).

The premotor cortex is located next to M1 in Brodmann area 6. Although
at first perceived as only one region, it is now recognized as having at least three
functionally distinct areas: dorsal premotor cortex (PMd), predorsal premotor cortex
(pre-PMd), and ventral premotor cortex (PMv). The premotor cortex is important
in the planning of movements, and it seems to take part in higher cognitive processes
as well (Kandel et al., 2013). It is connected to the visual dorsal stream by the
parietofrontal network and is involved in reaching and grasping actions. The caudal
part of PMv appears to have a spatial map of the space we can reach. Many neurons
in it are multimodal, responding to somatosensory, visual, and even auditory signals.
The receptive fields of these neurons seem to be body-part centered (Kandel et al.,
2013).

The supplementary motor area is located next to M1 in the dorsal part of the
precentral cortex. The rostral part of SMA is recognized as a distinct functional area:
the pre-supplementary motor area (pre-SMA). It is thought that SMA is involved in
the intention to act. This has been indicated by the readiness potential—a potential
rising preceding an action—that is strongest in SMA (Kandel et al., 2013).

In addition to the cerebral cortex, the basal ganglia and cerebellum are important
in motor control. The basal ganglia form a motor circuit with the sensorimotor
cortex and have been associated, among other things, with the preparation and
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selection of actions. The cerebellum has a role in forming sequential movements and
maintaining coordination. Patients with lesions in the cerebellum often demonstrate
various difficulties of motor control, such as having to consciously think about each
step of a sequential movement (Kandel et al., 2013).

From the precentral cortex, voluntary muscle commands are conveyed to the
direct motor pathways: commands to the trunk and limbs are propagated through
the corticospinal pathways, and commands to the muscles of the head through the
corticobulbar pathway (Tortora and Derrickson, 2014).

2.5 Bodily self-consciousness
We hardly ever have to consciously think about the spatial limits of our body. Making
the distinction between oneself and the environment seems almost trivial. This was
not the case, however, for GH, a 41-year-old salesman, who after suffering a stroke
lost complete sense of ownership over his left arm and leg, believing them to belong
to someone else (Halligan et al., 1995). Although otherwise more or less sane, he
described waking up next to a stranger’s hand in his bed, and that his real limbs were
stored in a box under his bed and in his mother’s suitcase. The stroke had damaged
GH’s right temporoparietal cortex, leading to a delusion called somatoparaphrenia.

For a healthy person, the body image is formed by the integration of multisensory
information and motor cues. Vision and proprioception appear to be important in
this context, especially in the perception of having body parts with a spatial location.
However, rather than depending on a specific sensory modality, the body image
seems to emerge from the integration of whichever type of information is available at
any given moment (Kilteni et al., 2015). In this respect, the body image is somewhat
flexible and dynamic, constantly being updated.

An illustrious example of the multisensory origins of the body image is the rubber
hand illusion (RHI) discovered by Botvinick and Cohen (1998): When a rubber hand
is placed in front of a subject while his or her real hand is covered, and both the
real and the rubber hand are simultaneously touched for some time, the subject
starts to “feel” the touch in the rubber hand. The illusion is not produced when the
touching is asynchronous between the hands. Subsequent studies have revealed that
when the rubber hand is violently threatened, the brain and body respond as if the
rubber hand was a real hand (Armel and Ramachandran, 2003; Ehrsson et al., 2007).
Effectively, the rubber hand becomes part of the subject’s body image (Figure 8).
The rubber hand illusion does not emerge, or is at least weaker, if the rubber hand
is in a proprioceptively incongruent orientation (Ehrsson et al., 2004; Lloyd, 2007).

The neural correlates of bodily self-consciousness are associated with distinct
brain regions (Figure 9). Areas such as the premotor cortex, intraparietal sulcus
(IPS), somatosensory cortex, anterior cingulate cortex (ACC), extrastriate body area
(EBA), cerebellum, and the insula have been recognized in this context (Blanke,
2012). When it comes to making the distinction between the self and someone else,
the right temporoparietal junction (TPJ) seems to have a significant role (Limanowski
and Blankenburg, 2016b; Tsakiris et al., 2008). In general, the right hemisphere
appears to have precedence in self-recognition (Decety and Sommerville, 2003; Devue
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Figure 8: A rubber hand is placed in front of a subject while the real hand is covered,
and both hands are synchronously touched. After some time, the subject starts to
feel as if the rubber hand was part of his body (Kilteni et al., 2015).

Figure 9: Some brain areas related to body ownership illusions and bodily self-
consciousness (adapted from Blanke (2012)).
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and Brédart, 2011).
Although the importance of multisensory integration in the emergence of the body

image and body ownership illusions, such as RHI, is understood, a generally agreed
theoretical framework behind the phenomenon is still underway (Kilteni et al., 2015).
One proposed model is based on the free-energy principle and the minimization of
prediction error (Apps and Tsakiris, 2014). According to the free-energy principle,
the brain tries to minimize the amount of surprise, or free energy, associated with
the environment and events within it (Friston, 2009). To do this, it must make
probabilistic predictions about the sensory consequences of external events and, thus,
about the causes of sensory input. The amount of free energy can then be expressed
as the prediction error. One way to minimize the prediction error is by updating
estimates and probabilities of expected sensory input related to an event after an
incongruency has been confronted. This way sensory consequences of a similar event
in the future can be better predicted. The model explains the emergence of RHI
as minimizing the prediction error related to the felt and seen touch in the rubber
hand. This is achieved by updating beliefs about the location and appearance of
one’s real hand to match that of the rubber hand (Apps and Tsakiris, 2014; Kilteni
et al., 2015).

2.6 Self-agency and the forward comparator model
Philosophers have debated over the concept of ’immunity to error through misidenti-
fication’, or as Gallagher (2000) calls it: ’the immunity principle’. According to this
principle, it should be impossible for us to make a mistake when referring to ourselves
as a subject. As an example: ”if someone says ‘I think it is raining outside’, she could
be wrong about the rain. It might not be raining. But it seems that she could not be
wrong about the ‘I’ ” (Gallagher, 2000). However, schizophrenic patients frequently
have sensations of delusional control, which has been used as evidence against the
immunity principle. Such patients might believe, for example, that someone else
is thinking inside their head or moving their limbs when, in fact, it is they who
are performing the action (Franck et al., 2001; Spence et al., 1997). Studying such
patients has lead to models attempting to explain the sense of self-agency (Frith
et al., 2000).

Self-agency is concerned with the feeling that ’I am causing this action’ (Haggard,
2017). This sensation is different from the sensation of self-ownership—the feeling
that ’I am the one who is experiencing this action’—since involuntary movements
are not associated with a feeling of self-agency (Gallagher, 2000). The cortical areas
activating from producing a movement and observing a movement of someone else are
partially overlapping. Thus, multiple individuals may share a common representation
of a motor action, and the problem of resolving the agent of the movement arises
(Georgieff and Jeannerod, 1998).

To solve the problem of self-agency, a forward comparator model has been proposed
(Frith et al., 2000; Georgieff and Jeannerod, 1998; Haggard, 2017). The model is
based on existing frameworks of motor control (Wolpert, 1997). It assumes that all
motor actions produce an internal “efference copy” of the action in question. The
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efference copy, combined with state variables such as joint angles, is used by the
brain to predict the outcome of the action. The prediction is sent to a comparator
system that compares the predicted sensory feedback of the movement to actual
received sensory feedback (Figure 10).

The comparator is used for several purposes: First, it allows automatic movement
correction and adjustment. This can be achieved even before the sensory feedback
has arrived by comparing the prediction to the desired goal of the action. Second, if
the error detected at the comparator is small enough, an action is considered as self-
generated, leading to the sense of self-agency. In this case, the sensations produced
by the movement are attenuated by the comparator. Attenuation of self-generated
sensory input has been confirmed by experimental data, and it could explain, for
example, why tickling oneself is hard or even impossible (Blakemore et al., 1998,
1999; Weiskrantz et al., 1971). If, however, the sensory feedback is incongruent with
the prediction or there is no prediction at all, it is likely that an observed action is
externally produced, and the related sensory input is not attenuated. The forward
comparator framework explains delusional schizophrenic sensations as malfunctioning
of the comparator system in such a way that the prediction is not correctly conveyed
to the comparator (Frith et al., 2000). The comparator model, however, is probably
not the only factor related to the sense of agency (Haggard, 2017).

Figure 10: The forward comparator is used to compare the predicted state of a
movement to the desired state and the actual state (adapted from Frith et al. (2000)).

.

A meta-analysis reviewed 15 PET and fMRI studies concerning the sense of
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self-agency (Sperduti et al., 2011). The brain region around the temporoparietal
junction (TPJ) was consistently observed as active when subjects felt a sensation of
’non-agency’. In addition, activity in the dorsolateral prefrontal cortex (DLPFC) and
supplementary motor area (SMA) was observed. These areas seem to be critical in the
ability to distinguish an external action. Indeed, there is evidence that schizophrenic
patients having sensations of delusional control, e.g., an external force controlling
their actions, show hyperactivity of the right inferior parietal lobe and TPJ (Wible,
2012). Conversely, the meta-analysis found activity in the insula to be related to the
sense of self-agency.

Experiments on awareness of action suggest that there exist separate systems
for integrating movement-related information for automatic motor control and for
conscious judgment of the movement (Georgieff and Jeannerod, 1998). In fact, we do
not seem to be extremely good at judging our movements or always be conscious of
them, although we are able to correctly perform them. Most of the time, we seem to
be completely unaware of sensory feedback generated by our motor actions as long
as the desired intention of the movement is achieved (Frith et al., 2000).

2.7 Earlier studies on self-agency and body image
Multiple neuroimaging experiments have been conducted to study multisensory
integration related to hand movement and position. Most of the studies have been
performed using either fMRI or PET. A few interesting ones are reviewed here.

Limanowski and Blankenburg (2016a) performed an fMRI experiment to study
the integration of visual and proprioceptive information regarding the position of the
right hand. Subjects wore digital stereoscopic goggles allowing them to see a virtual
3D hand approximately at the location of their right hand. The real right hand was
placed in a device that allowed rotating it 180◦ to have either the palm or the back
of the hand facing the subject. The experiment had two conditions during which the
real hand was passively rotated: In a congruent condition the real hand was first
rotated 180◦ without the visual stimulus, after which the 3D hand was shown in an
orientation congruent to the real hand. The incongruent condition was similar except
that the 3D hand was in an opposite orientation. Results showed that the congruent
condition caused significantly more activity in the posterior parietal cortex (PPC),
extrastriate body area (EBA), and the ventral premotor cortex (PMv), leading the
researchers to conclude that these areas are involved in the multisensory integration
contributing to a representation of the hand.

Fink and colleagues (1999) used PET to study sensorimotor conflict during hand
movements in an experiment consisting of three parts. During the first part, subjects
had to close and open both of their hands repetitively. The first part had four
conditions: In conditions one and three, subjects moved both hands in-phase with
respect to each other. Conversely, in conditions two and four, the hand movements
were made out-of-phase. A mirror was used in conditions three and four in such a
way that instead of their left hand, subjects saw the mirror image of their right hand.
Thus, in condition four the visual feedback from the mirror was in conflict with the
actual movement of the left hand. In the second experiment, the same was repeated
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but with the hands reversed using a different set of subjects. The third experiment
acted as a control condition where passive movements of the hands were used instead
of active ones.

The study showed increased activity in the right prefrontal cortex during the
conflict situation. Overall activity was increased regardless of whether the movement
was active or passive, but the exact locations differed: during the passive condition,
activity was discovered in the ventrolateral prefrontal cortex (Brodmann areas 44
and 45), while during the active condition it was located in dorsolateral prefrontal
cortex (DLPFC, Brodmann areas 9 and 46).

In another PET study, Farrer and colleagues (2003) studied the feeling of self-
agency using a virtual hand that subjects could control using a joystick with their
right hand, while the real hand was hidden. The virtual hand held a joystick as
well, and it was projected to the position of the real right hand using a mirror.
The experiment was composed of multiple conditions where the angle of the virtual
hand was gradually increased, creating a discrepancy between the sensory modalities
during the movement. In the final condition, the virtual hand was controlled by the
experimenter. During each condition, subjects were asked to decide whether the
hand was controlled by them or an external agent.

The study revealed stronger activity in the right supramarginal gyrus and the
right temporoparietal junction (TPJ) when the angle was increased. These areas,
thus, increased activity as the degree of conflict increased. Conversely, when there
was no conflict at all, the right posterior insula and the cerebellum showed higher
activity.

Near-infrared spectroscopy (NIRS) has also been used to study the sense of
self-ownership and sensory conflict. Shimada and colleagues (2005) measured activity
in the parietal cortex during passive movement of the right hand. Subjects placed
their hand on a turntable that could be controlled with a computer. A video camera
recorded the right hand which was covered from the view of the subjects. The video
feed was projected on a screen, and the delay of the visual feedback was increased in
successive conditions. Results indicated that as the delay increased so did activity in
the bilateral inferior parietal cortex. When there was no delay, more activity was
observed in the middle and superior areas of the parietal cortex.

A similar study by Leube and colleagues (2003) was performed using fMRI,
but active movements were used instead of passive ones. Subjects made repetitive
movements with the right hand while watching real-time video feed of the hand from
a screen. The delay of the visual feedback was gradually increased to study which
brain areas would be activated. Activity in the right posterior superior temporal
sulcus (pSTS) was correlated with the amount of delay. Conversely, activity in the
left putamen correlated negatively with the amount of delay.

Ehrsson and colleagues (2004) induced the rubber hand illusion while measuring
fMRI. They placed the rubber hand either in an orientation congruent to the real
hand or in an incongruent orientation. The rubber hand could then be brushed
synchronously with the real hand or asynchronously, leading to four different condi-
tions in total. The study found increased activity in the bilateral premotor cortex
as the illusion felt stronger. It was concluded that activity in the premotor cortex
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was related to the feeling of ownership of the seen hand. In particular, the PMv was
suggested to be important in this phenomenon.

In a later experiment, Ehrsson and colleagues (2005) again used fMRI to study
brain activity during the rubber hand illusion, but this time subjects were blindfolded.
Their left finger was moved by the experimenter to touch the rubber hand, while the
real right hand was simultaneously touched by the experimenter. Subjects started
to feel as if they were touching the real hand themselves. Again, activity in the
bilateral premotor cortex was associated with the illusion along with the bilateral
intraparietal cortex and the cerebellum. These findings showed, firstly, that the
rubber hand illusion is not dependent on visual feedback. Secondly, they suggested
that the activated brain areas are related to multisensory signals concerning the
body and not only to a visual representation of the hand.
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3 Materials and methods
This section covers the research methods used in this work. The sensitivity of MEG
to external magnetic interference places some restrictions on the equipment that can
be used during measurements. In addition to experimental design and measurements,
data analysis methods and approaches are discussed.

3.1 Experimental design
The aim of this work was to study the brain responses evoked by a sudden sensorimotor
conflict concerning the right hand. The experimental setup allowed subjects to see
real-time video feed of their hands while their real hands were covered. The video
feed could then be selectively manipulated to create a sensorimotor conflict.

A custom-built mirror system coupled with a video camera was used to this end
(Figure 11). During measurements, the video camera was aimed to record via the
lower mirror. When subjects placed their hands on the wooden board, the mirror
image was reflected to the video camera. After being processed with a computer,
the video feed was projected to the upper mirror, which reflected it on the middle
board. Thus, when hands were placed on the wooden board, subjects only saw the
virtual version of their hands. The setup is illustrated in detail in Figure 12.

The mirror system was mostly built before this project started (Helle, 2005). It
was made of non-magnetic material; e.g, the screws were of stainless steel, which in
principle is not ferromagnetic. However, waving individual screws by hand close to the
MEG sensor helmet produced slight magnetic interference. This was probably due to
small impurities in the material. Whether these impurities would cause interference
during actual measurements was studied by heavily shaking the table and examining
sensor output both from raw signal and time-locked averages. Results indicated
negligible effect on the magnetic signal. Moreover, during actual measurements,
swinging of the mirror system was minimal. This movement was further reduced by
placing lead weights on the base of the mirror system. Additionally, the stability of
the mirror system was monitored by attaching an accelerometer to the table for each
measurement.

A Stingray F033C (Allied Vision, Stadtroda, Germany) video camera was used to
record the hands. It captured 60 frames per second and was connected to a computer
using an optical FireWire cable. The camera was powered using a DC power source
located outside the magnetically shielded room. Earlier experiments had concluded
that the video camera caused no magnetic interference to the measurements (Helle,
2005). In order to increase the brightness of the visual feed, four light sources
were attached to the video camera. The light was conveyed from outside of the
magnetically shielded room using fiberglass cables.

To acquire, process, and draw video frames, a custom software, VidMan, was
developed using C++ and the Qt 5.8 framework1. VidMan was built partially on
top of existing code from the meg2meg project (Zhdanov et al., 2015)2. To process

1https://www.qt.io/
2https://github.com/andreyzhd/VideoMEG/



27

Figure 11: The mirror system used in the measurements. The mirror underneath
the middle board reflects the image of hands placed on the lowest board. The image
is recorded by a video camera and then projected on the upper side of the middle
board using the top mirror.

the video feed, the real-time computer vision library OpenCV 3.0 was used (Bradski,
2000)3. VidMan made real-time modification of the video feed possible with minimal
additional delay and allowed detecting onset and duration of movements from the
MEG data. The software runs a script that can be used to control the flow of the
experiment. The script specifies ’events’ that are added to the video feed.

Each VidMan event contains an effect and the associated trigger code. On
event onset, the trigger code is conveyed to the MEG acquisition computer via the
parallel port, making it possible to extract onset time points from the MEG signal.
The software was synchronized with the computer screen’s refresh rate, i.e., each
time the screen was updated, a new trigger code was written to the parallel port.
Measurements using an oscilloscope confirmed that there was no detectable jitter
between event onset and the trigger signal. Nevertheless, measurements revealed
a constant 36-ms delay from the trigger signal to the event appearing on screen.
This delay originated from the video projector but was harmless since it could be
compensated for during data analysis. A video splitter was used to connect the
computer to a monitor and the projector simultaneously. Figure 13 illustrates the
video feed from the subject’s point of view.

3https://opencv.org/
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Figure 12: Schematic of the experimental setup. Mirror image of hands placed on
the wooden board (1.) is reflected from the mirror above (2.) to the video camera
(3.). The projector (4.) projects the processed video feed to the upper mirror (5.),
which reflects the feed to the middle board (6.) visible for the subject.
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The experimental setup introduced an intrinsic delay from the camera to the
mirror system. The delay was not constant but varied from 60 to 92 ms. The
jitter was introduced by the experimental setup and corresponded approximately
to the length of two frames at 60 frames per second. Although noticeable during
fast movements, the brain seems to recalibrate and adapt to slight timing differences
between motor commands and expected sensory input (Stetson et al., 2006). The
same has been shown to happen with timing differences between visual and tactile
inputs during body ownership illusions (Maselli et al., 2016). Moreover, rubber hand
illusion experiments have concluded that the delay between visual and somatosensory
signals can be up to 300 ms before weakening the illusion (Shimada et al., 2009, 2014).
However, it has also been shown that during active movements subjects are more
likely to detect delays in visual feedback compared to passive movements (Shimada
et al., 2010).

Figure 13: A view from the subject’s perspective. An accelerometer is attached to
the right index finger of the subject.

3.2 Measurements
Twenty-two healthy right-handed subjects consisting mostly of graduate and un-
dergraduate students participated in the measurements. Of them, six had to be
discarded (see Section 4.1) leaving 16 subjects (13 males and 3 females, mean age
28, range 24–36) for later analysis. The measurements were performed in the MEG
Core of Aalto University using a 306-channel Elekta Vectorview MEG device (Elekta
Oy, Helsinki, Finland). The data were band-pass filtered to 0.03–330 Hz, and a
sampling rate of 1000 Hz was used during the recordings. Additionally, subjects
whose structural MRI images were not available beforehand were scanned in the AMI
Center of Aalto University on a later day. The study was approved by the Research
Ethics Committee of Aalto University.

After giving their written consent and reading through the description of the
study, subjects were prepared for the measurement. Five HPI coils were used to
track head position and four EOG electrodes to monitor eye blinks and movements.
Moreover, two electromyography (EMG) electrodes were attached to both forearms
and an accelerometer to the right index finger of the subjects. Subjects wore earplugs
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to minimize possible brain activation evoked by acoustic noise due to hand moving
against the board.

After finishing with the preparations, subjects were seated in the MEG device.
The mirror system was positioned in front of them, and after placing both of their
hands on the wooden board, subjects only saw a virtual version of their hands (Figure
14). All of the subjects confirmed that it seemed like they were looking at a slightly
blurry version of their hands as if seeing them through a window. After making sure
that they were comfortably seated, the course of the experiment was explained once
more, and subjects underwent a brief practice session.

Figure 14: The mirror system and the video camera placed in front of the MEG
system. Subjects saw a virtual version of their hands placed on the lowest board.

During the measurement, a target repeatedly appeared on the screen. The target
was positioned approximately between the right index finger and the thumb and
always appeared at the same location. Subjects were asked to close their hand as if
grasping the target each time it appeared. The duration of the hand movement was
tracked using the VidMan software. The timer started when the target appeared,
and the movement was considered as finished after no movement was detected for
100 ms. After completion, the duration was displayed on the screen as feedback.
Subjects were asked to aim for a time between 500 and 650 ms. If they succeeded,
the time was displayed in green, otherwise in red (Figure 15). The feedback time was
used because pilot measurements revealed a large variance in the movement speed
among subjects when the movement was not controlled in any manner.

A trial started with a random 1000–2000-ms prestimulus period after which the
target appeared. The target was visible for 1200 ms during which subjects had to
make the hand movement and then reopen the hand after seeing the feedback. The
subsequent trial followed immediately after the previous had ended. A sample trial



31

is visualized in Figure 16.

Figure 15: The standard condition from a subject’s perspective. When the target
appeared, subjects closed their right hand. A feedback time was shown to indicate
the duration between target appearing and movement stopping. Left: A successful
trial. Duration of movement between 500 and 650 ms shown in green. Right: Failed
trial, duration in red.

Figure 16: Each trial started with a random prestimulus period. When the target
appeared, subjects made a grasping hand movement. The feedback time appeared
after the movement had finished.

The experiment contained three conditions: standard, deviant and blank (Figure
17). Standard trials proceeded as explained in the previous paragraph. Deviant
trials differed in that the video feed was frozen when the target appeared; subjects
still closed their hand, but the video feed remained still, creating a sensorimotor
conflict. The blank condition was used as a control condition. During blank trials,
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the screen was completely dark. The target still appeared, and subjects moved their
hand without seeing it. This ensured that possible differences between conditions in
the results were not related only to moving stimulus if the deviant condition differed
from both the standard and blank conditions.

Figure 17: The three conditions used in the experiment. Left: Standard condition.
Center: Deviant condition: the feed is frozen when the target appears. Right:
Blank condition: the feed is dark.

After having already started with the measurements, it was decided that another
control condition might be beneficial. During the new ’video’ condition, subjects
took off their hands from the table, and instead of making the grasping motion, they
watched a prerecorded video of a hand doing the movement. The video condition
was only included for the last five subjects, and it was presented only at the end of
the measurement so that the first part was identical for all subjects. Unfortunately,
the video condition had to be discarded from later analysis (see Section 4.1).

The whole experiment contained 920 standard, 100 deviant, and 250 blank trials,
which were divided into five blocks. The first block started with 20 standard trials,
after which 25 deviant trials were randomly mixed with 225 standard trials, making
10% of all trials deviant. The trials were mixed in such a way that at least five
standard trials followed each deviant trial. The second block was similar to the first
one, except that it did not include the initial 20 standard trials. At the beginning of
the third block, the screen was darkened, and the whole block consisted of 250 blank
trials. The fourth and fifth blocks were similar to the second block. A sixth block
containing 144 video trials was added for the last five subjects. The duration of one
block was 11–12 minutes for the first five blocks and 7 minutes for the video block.
After each block, subjects had a brief pause. The order of the trials was identical for
all subjects. The block structure is visualized in Figure 18.

“Empty-room measurements” were performed after each recording session; a few
minutes of MEG data were recorded without a subject. This was done to facilitate
the detection of bad MEG channels and noise sources.
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Figure 18: The six experimental blocks and the number of trials within them. The
sixth block was only included for the last five subjects, and it was ultimately discarded
from data analysis.
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3.3 Data analysis
Unless otherwise stated, data analysis was performed using Python 2.7 and the
MNE-python software package version 0.14 (Gramfort et al., 2013, 2014)4. Some of
the heaviest computing was performed using computer resources within the Aalto
University School of Science ’Science-IT’ project, namely the Triton computer cluster.

3.3.1 Pre-processing

Although MEG measurements are performed in a magnetically shielded room, addi-
tional software methods for increasing the signal-to-noise ratio are generally needed.
The first step of data analysis was manual inspection of the raw data, making sure
that they were not excessively noisy. Noisy and flat sensor channels were detected
and marked as bad channels using the mne_browse_raw software (Figure 19). To aid
in the process, Elekta Neuromag MaxFilter version 2.2 software (Elekta Oy, Helsinki,
Finland) was used for automatic detection of bad channels from empty-room data.
Bad channels were later reconstructed from neighboring channels when temporal
signal space separation was applied. In practice, MaxFilter’s ’autobad’ functionality
proved not to be extremely reliable, so it was only used as additional support.

Next, temporal signal space separation (tSSS) was applied to reduce interference
from the raw data (Taulu and Simola, 2006). Temporal signal space separation is an
extended version of spatial signal space separation (SSS), which is used to separate
the recorded signal to components arising from inside of the sensor helmet and outside
of it, according to Maxwell’s laws. Considering that all of the brain signals come from
the inside of the helmet, SSS can be used to suppress external noise sources. Temporal
signal space separation additionally suppresses noise sources very close to the sensors,
such as eye movements and blinking. Signal space separation transforms the measured
data into harmonic function amplitudes called magnetic multipole moments. The
magnetic multipole moments are effectively virtual channels independent from the
MEG device, and thus, tSSS can additionally be used to compensate for subjects’
head movements, granted that the head position is continuously monitored.

Temporal signal space separation was performed using MaxFilter version 2.2. To
compensate for head movements, the data were transformed to the default head posi-
tion in which the device and head coordinate systems are aligned. This ensured that
the data from all of the measurements were set to a common reference head position
and allowed comparison in the sensor space. Large head position transformations
may introduce additional noise, so it was ensured that the transformations were not
excessive.

Apparently, the high frequency of trigger signals led to spurious events in the
stimulus trigger channel. This could be seen at the edges of the trigger pulses
(Figure 20). The stimulus trigger channel was cleaned of these spurious events before
proceeding with further processing.

The data were low-pass filtered to 40 Hz and divided into epochs time-locked to
trigger signals indicating the moment that subjects saw the first frame containing

4https://martinos.org/mne
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Figure 19: Raw MEG signal from a measurement. One noisy channel is marked in
red.

Figure 20: Segment of the stimulus trigger channel. Each trigger code signals the onset
of a certain event in the data. Codes 8 and 16 are triggered when the frame updates,
2 when the movement of the hand starts, and 5 when a successful movement finishes.
Up: Trigger channel with spurious events. Bottom: Cleaned trigger channel.
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hand movement after the target had appeared. Due to the intrinsic delay of the
visual feed, the onset times were slightly later than the actual motor actions. An
alternative would have been to detect movement onset times from accelerometer data
to obtain exact latencies. However, the moment that subjects detect a sensorimotor
conflict is when they either see the hand moving or not. Additionally, as explained in
Section 3.1, the brain seems to compensate for slight timing differences. The epochs
were set to start 500 ms before movement onset and to end 600 ms after it, making
the total epoch duration 1101 ms. The duration was chosen to be such that not
too many epochs needed to be rejected because of artifacts, while still keeping the
epochs as long as possible. The pre-event interval from –500 ms to –250 ms was used
for baseline correction.

The next step was to reject bad epochs from further analysis. First, all standard
epochs following a deviant epoch were omitted to reduce possible sustained effects
a deviant trial might have to the following trial. Secondly, all trials with failed
movement timing were discarded; only trials where the hand movement took 500–650
ms were retained. Finally, automatic rejection was used to drop epochs containing
eye blinks, eye movements, and other artifacts. A rejection limit of 200 µV was
used for the EOG channels, 4000 fT/cm for gradiometer channels, and 4000 fT for
magnetometer channels. For one subject, the rejection limit for magnetometers had
to be raised to 4200 fT to reach a minimum of 60 deviant trials. If MaxFilter was
not able to estimate the head position for a certain data segment, it set the data to
zero, and the affected epochs were manually discarded (Figure 21).

In order to increase the signal-to-noise ratio of the evoked responses, epochs were
averaged for each subject and condition type individually. As the deviant condition
contained only 100 trials in total, it was made sure that each subject had at least 60
good deviant trials for the averaging. Averaging multiple trials increases the signal-to-
noise ratio by a factor of

√
N , where N is the number of trials (Hari and Puce, 2017).

Thus, averaging 60 trials would correspond to a factor of
√

60 = 7.75. If a subject’s
data did not contain at least 60 good deviant trials, the subject was discarded from
further analysis. Figure 22 shows the topographic map of event-related fields (ERFs)
computed from averaged trials for one subject in the deviant condition.

3.3.2 Source estimation

To gain information about the location of underlying brain processes producing a
magnetic signal at the sensors, source modeling is needed. Typically a large number
of synchronously active neighboring neurons is modeled as current dipoles that can
be localized. As explained in Section 2.1, this localization introduces an ill-posed
inverse problem, and there exist several different methods to address it.

In this work, dynamic statistical parametric mapping (dSPM) was used (Dale
et al., 2000). It is a variant of L2 minimum-norm estimates, which use a large number
of dipole sources distributed in the brain. The dipole locations were constrained by
the anatomy of each subject’s cortex, obtained from the MRI measurements using
the FreeSurfer software (Fischl, 2012). Dynamic statistical parametric mapping
produces a statistical parametric map (SPM) for all time points of the measurement;
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Figure 21: Epochs in a subset of MEG channels. Trigger codes at the top mark the
event type. 1: Target appears. 2: Standard trial movement onset. 5: Successful
movement finished. 6: Failed movement finished. The event onset is marked with
green vertical lines. Bad epochs with flat signal are in red.

Figure 22: A topographic map of ERFs in one subject in the deviant condition at
three different time points. The waveforms correspond to magnetic field measured
by each magnetometer sensor.
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each source point is assigned with a statistical value corresponding to the activity
estimate normalized by noise sensitivity. Since the signal-to-noise ratio depends on
the number of responses averaged, the number of epochs had to be equalized for
each condition. This was achieved individually for each subject by randomly picking
epochs so that all conditions had the same number of epochs. The dSPM score is
equivalent to a z-score that can be used to evaluate the significance of activation at
a sample.

Before source modeling can be performed, MEG and MRI data need to be aligned
into a common coordinate system. The aligning process is called co-registration,
and it is achieved by first identifying three anatomical landmarks in the subject’s
head: Right preauricular point (RPA), left preauricular point (LPA), and nasion, as
illustrated in Figure 23. The position of the HPI coils with regard to the anatomical
landmarks is digitized before the MEG measurement, and during the measurement a
small current is fed to them, allowing the measurement of head position and movement.
The same anatomical landmarks are subsequently identified from the MRI images,
allowing the transformation from device coordinates to the head coordinates.

Figure 23: Anatomical landmarks used for co-registration.

3.3.3 Statistical analysis

The validity of the results was tested using three complementary statistical methods.
The tests were performed on a 300-ms time interval starting from the movement
onset. The analysis was constrained to these time points because approximately at
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300 ms the earliest feedback of movement timing appeared on the screen. Activity
evoked to the feedback was not relevant for this work.

In the sensor space, nonparametric spatiotemporal cluster permutation analysis
was used (Maris and Oostenveld, 2007). Permutation cluster analysis assembles the
data into clusters of neighboring samples above some threshold value. The threshold
value can be for any test statistic, e.g., a t- or F -value. The threshold value is
arbitrary, which affects how the results should be interpreted. After forming the
clusters, a cluster-level statistic is calculated for each cluster by summing the test
statistics of all samples inside the cluster. A Monte Carlo estimate of the p-value is
obtained by comparing the cluster-level statistics to a permutation distribution. The
permutation distribution is formed by randomly partitioning observations multiple
times and computing a cluster-level statistic for each partition. A histogram serving
as a probability distribution is then constructed from the observed test statistics.

Permutation cluster tests offer notable advantages for neuroimaging data, where
effects can be assumed to be clustered around neighboring samples. The test is
nonparametric and corrects for multiple comparisons. However, as mentioned earlier,
the results should be interpreted correctly. This leads to the main disadvantage of
the method if it is not constrained to a well-defined a priori region: The resulting
p-value of the test is for the null hypothesis that all of the conditions are retrieved
from the same distribution. Although the clusters point to the areas with the most
pronounced effects, the clusters themselves are not significant in the statistical sense
(Maris, 2012). This was, however, enough in the sensor space since the localization
of the effects was done at the source level. A threshold of p < 0.05 was used to
form clusters from F -values computed for each sample (standard, deviant, and blank
condition as factor levels). To create the null distribution, 10000 permutations were
used.

In dSPM contrast source estimates, each subject was independently examined to
find significant activity. The contrast source estimates were computed by subtracting
the standard source estimate from the deviant source estimate. This results in
positive values in samples where the deviant condition is stronger and negative values
if the standard condition is stronger. Significance was determined by computing the
minimum dSPM z-score corresponding to a two-tailed p-value under 0.05, corrected
for multiple comparisons using false discovery rate (FDR). Using FDR ensured that,
on average, the amount of type I errors (falsely rejected null hypotheses) is less than
5% (Benjamini and Yekutieli, 2001). The advantage of using FDR is that it has more
statistical power than family-wise error rate (FWER) methods, such as Bonferroni.
This is useful for neuroimaging experiments, where the number of comparisons can
be in the order of 10000 and correcting with more conservative methods might not
be sensitive enough to detect any real effects (Genovese et al., 2002). The challenge
of multiple comparisons is present especially in experiments where no a priori regions
of interest have been defined for statistical testing, such as in this work.

After determining an FDR-corrected threshold value for each subject, the contrast
source estimates were morphed to the FreeSurfer average brain to find consistency in
activation. For each source time point, a value equal to the percentage of subjects
with above threshold activity (p < 0.05, FDR-corrected at single-subject level) was
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computed, resulting in a consistency map. Regions of interest (ROI) were identified
from anatomically neighboring clusters of sources with a value corresponding to
more than half of the subjects (9/16 subjects, 56%). As every brain is different, it
is highly unlikely that all subjects show corresponding activity at the same exact
location and latency. Nevertheless, overlap can be expected for at least some subset
of subjects. This kind of analysis may offer advantages over random effect analysis if
the in-between variance among subjects is high. However, the consistency analysis
did not include the blank condition.

Finally, a repeated-measures one-way analysis of variance (ANOVA) was con-
ducted with the different conditions as factor levels. To reduce the number of multiple
comparisons, the ANOVA was performed on mean values over 50-ms time bins at
all source points. This corresponds to six temporal values, i.e., 0–49 ms, 50–99
ms, etc. Post-hoc pairwise paired t-tests revealed when the deviant condition was
different from all other conditions and similarly for the standard condition (p < 0.05,
FDR-corrected). It is worth noticing that the ANOVA did not involve any circular
analysis, as the whole source space was tested instead of only ROIs revealed by the
consistency analysis (Kriegeskorte et al., 2009).
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Total EOG Artifacts % Fails %
Standard 920 65 ± 107 7 166 ± 77 18
Deviant 100 4 ± 5 4 17 ± 9 17
Blank 250 20 ± 34 8 43 ± 23 17

Table 1: The average number of EOG artifacts and failed trials across subjects. Some
of the criteria for discarding a trial may be overlapping, e.g., a trial may fail and
also contain an EOG artifact.

4 Results
This section presents all the results of the measurements. The first part describes
performance of the subjects, e.g., failure rate and artifacts across conditions. Next,
the MEG results are addressed, first in the sensor space and then in the source space.

4.1 Behavioral performance and data quality
Initially, 22 subjects were measured. Two had to be discarded as a consequence of
not being able to reach the minimum of 60 acceptable deviant trials. Additionally,
four more subjects were discarded because of extremely noisy data resulting from
nearby construction work or because they were not reachable for anatomical MRI
measurements. Thus, 16 subjects were left for the final analysis.

Of the five subjects watching the video condition, two fell asleep. Moreover, the
condition failed to be as engaging as the other conditions, because no action from
subjects was required. As a consequence, the video condition was abandoned from
further analysis.

On average, subjects were able to perform successfully 754 standard (range 595–
895), 83 deviant (67–97), and 207 blank (168–241) trials. After rejection of bad
epochs, e.g., those containing artifacts and eye blinks, a total of 595 standard, 77
deviant, and 175 blank trials were accepted on average per subject. A one-way
repeated measures ANOVA test showed no significant differences in the rate of EOG
artifacts between conditions (F(2, 30) = 2.28, p = 0.12). Similarly, no significant
differences were revealed in the failure rate among conditions (F(2, 30) = 0.38, p =
0.69). Mean values for the number of discarded trials are displayed in Table 1.

To further test whether the sudden conflict in the deviant condition would somehow
alter the movement, a two-tailed paired t-test between the standard and the deviant
condition was separately performed for the accelerometer channels for all time points
between –200 ms to 300 ms. This totals to 1500 separate tests, so a threshold for
uncorrected probability of false positive action of 0.001 was chosen. At this threshold
level, two time points in the Az channel showed significant differences: 85 ms (p =
0.0006, uncorrected) and 86 ms (p = 0.0007, uncorrected). The mean accelerometer
curves are displayed in Figure 24.

Additionally, to make sure that differences in the evoked MEG signals were not
eye-movement related, the vertical EOG channel was tested between the deviant and
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Figure 24: Accelerometer channels averaged over all subjects. Each signal corresponds
to one spatial dimension.

Figure 25: Vertical EOG channel averaged over all subjects. At around 300 ms the
signals start to diverge, which is likely due to the feedback appearing on the screen.
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the standard condition using a two-tailed paired t-test. No significant differences
were found in the time interval from –200 ms to 300 ms (p > 0.001, uncorrected).
The mean EOG channel output is illustrated in Figure 25.

4.2 Sensor space
Grand-average sensor data are visualized in Figure 26. Spatiotemporal permutation
cluster analysis revealed significant differences between the conditions (p < 0.001,
corrected). In Figures 26 B) and C) clear peaks at around 200 ms can be observed
during the deviant condition.

4.3 Source estimates
All of the illustrations in this chapter are displayed on flattened and inflated cortices
as derived by FreeSurfer. Gyri are colored in light gray and sulci in dark gray.
Group-level results are displayed in the FreeSurfer average brain.

4.3.1 Consistency analysis

Source estimate contrasts for two representative subjects are shown in Figures 27
and 28. A wide range of active areas can be observed in both subjects. For example,
both demonstrate stronger activity during the deviant condition in the parietal lobe
bilaterally and during the standard condition in the occipital lobe. Additionally,
Subject 6 has stronger activity during the deviant condition in the right frontal lobe.

Figure 29 shows which areas and time points consistently differed between the
two conditions (p < 0.05, FDR-corrected at single-subject level). It can be observed
that beyond the right visual cortex, the left hemisphere starts to show differences
first. Regions of interest (ROI) were formed around clusters of anatomically adjacent
sources with a value corresponding to more than half of the subjects (at least 56%)
(Figure 30). Seven regions were identified: right middle occipital gyrus (V3/V4),
left parietal operculum (S2), left supramarginal gyrus, left postcentral gyrus (S1),
right temporoparietal junction, right parietal operculum/posterior insula (S2), and
right inferior frontal sulcus (PMv) (Table 2). It is worth mentioning that due to
the limited spatial resolution of MEG, the names for the ROIs were chosen to be
descriptive rather than claiming exact locations of activity.

Onset latencies for the ROIs were determined from the first time point reaching
the consistency threshold value of 56%. Earliest latencies were observed in the right
middle occipital gyrus (120 ms), left parietal operculum (136 ms), left supramarginal
gyrus (148 ms), and the left postcentral gyrus (149 ms). Excluding the visual areas,
the rest of the ROIs in the right hemisphere had a later latency with the right inferior
frontal sulcus having the latest latency. Grand-average time courses calculated from
the mean of all sources inside a ROI are displayed in Figures 33–39.
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Figure 26: Grand-averaged gradiometer waveforms. A) Topographic map of all
sensors. Sample sensor signals over B) the left and C) right hemispheres.
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Figure 27: Activity contrast of Subject 6. Lateral and medial views of left and right
hemispheres. Positive values indicate stronger activity for the deviant condition and
negative values for the standard condition. Values correspond to dSPM z-scores.

Figure 28: Same as in Figure 27, except for Subject 21.
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Figure 29: Consistency map at five time points. Values represent percentage of
the total of 16 subjects. Positive values indicate stronger activity for deviant and
negative values for standard condition. For visualization the image is thresholded at
38%.
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Figure 30: Maximum values in the consistency map. Values represent the highest
percentage of subjects with significant results in a common time point. Regions of
interest were formed around anatomically clustered voxels with a value corresponding
to more than half of the subjects (at minimum 56%). The ROIs are ordered based on
latency: 1. Right middle occipital gyrus (V3/V4). 2. Left parietal operculum (S2). 3.
Left supramarginal gyrus. 4. Left postcentral gyrus (S1). 5. Right temporoparietal
junction. 6. Right parietal operculum/posterior insula (S2). 7. Right inferior frontal
sulcus (PMv).
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4.3.2 Analysis of variance

Grand-average source estimate contrasts over 50-ms time bins are presented in Figure
31. From the average contrasts, first differences can be seen in the bilateral visual
cortex and the left sensory areas in the 100–150-ms interval. During the 150–200-ms
interval, the increased activity has spread to the right TPJ, operculum, insula, and
temporal lobe. Bilateral activity in some deeper areas, such as the midcingulate
cortex, is also visible. One-way repeated-measures ANOVA (deviant, standard, and
blank conditions as factor levels) revealed significant effects between the conditions (p
< 0.05, FDR-corrected). Post-hoc pairwise paired t-tests revealed which conditions
differed at each sample. Figure 32 displays the results of areas where either the
deviant or the standard condition differed from both other conditions.

Clusters revealed by the ANOVA were compared to those of Table 2, and peak
values inside the ROIs were located. In general, significant effects were found around
the same regions, but in addition, the ANOVA revealed clusters in the right superior
parietal cortex, the right postcentral gyrus (S1), the right anterior insula, the right
posterior cingulate sulcus, the right dorsolateral prefrontal cortex, the left occipital
cortex (V1), and the bilateral superior temporal cortex. Most of the effects were
seen in the 150–200-ms and 200–250-ms time bins.
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Figure 31: Grand-average activity of the source estimate contrasts. Positive values
indicate stronger activity for deviant and negative values for standard condition.
Values represent mean normalized z-scores over the indicated time interval.
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Figure 32: One-way repeated-measures ANOVA results thresholded at significance
level (p < 0.05, FDR-corrected). Only results for which either the deviant or the
standard condition was different from both other conditions according to post-hoc
analysis are shown.
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MNI
ROI Subjects (%) Latency (ms) Peak F Peak p (corrected) x y z
R. middle occipital gyrus (V3/V4) 56 120 20.42 0.009 23 –94 18
L. parietal operculum (S2) 63 136 17.72 0.015 –42 –20 17
L. supramarginal gyrus 56 148 25.58 0.005 –56 –38 33
L. postcentral gyrus (S1) 63 149 15.94 0.020 –56 –21 44
R. temporoparietal junction 69 159 14.30 0.023 55 –55 9
R. parietal operculum/posterior insula (S2) 69 173 17.26 0.016 32 –28 19
R. inferior frontal sulcus (PMv) 63 184 12.46 0.027 41 0 34

Table 2: Anatomical ROIs in which more than half of the subjects (at minimum 9/16 subjects, 56%) showed significant activity
(p < 0.05, FDR-corrected at single-subject level) in the contrast source estimate in a common sample. Latencies indicate the first
time point crossing the threshold value of 56%. F -values correspond to one-way ANOVA results with all conditions (standard,
deviant, and blank) as factor levels. The ANOVA was performed for the whole source space in 50-ms time bins. MNI coordinates
indicate the center of mass of the ROI, computed from the consistency map as by Larson and Lee (2013).
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Figure 33: Grand-average waveforms in the ROI labeled as right middle occipital
gyrus. Shaded areas indicate standard errors of mean.

Figure 34: Left parietal operculum.
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Figure 35: Left supramarginal gyrus.

Figure 36: Left postcentral gyrus.
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Figure 37: Right temporoparietal junction.

Figure 38: Right parietal operculum/posterior insula.
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Figure 39: Right inferior frontal sulcus.
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5 Discussion

5.1 Interpretation of results
The deviant condition introduced a conflict in the brain’s monitoring systems. Two
phenomena can be recognized: Firstly, in the framework of the forward compara-
tor model, the visual feedback did not match the prediction of the motor system.
Additionally, the visual feedback was in conflict with other sensory modalities that
matched the prediction, notably proprioception. Presumably, the conflict leads to
the realization that the virtual hand is no longer under control and, thus, part of
the self. Most subjects described a startling feeling that was elicited by the deviant
condition.

To address the large prediction error during the deviant condition, the motor
system must make some adjustments, e.g., stop relying on visual feedback for
movement guidance. Normally, when there is no prediction error, afferent sensory
feedback is attenuated (Blakemore et al., 1998, 1999; Hughes et al., 2013; Weiskrantz
et al., 1971). However, when we are not able to reach a goal and a prediction error
is detected, the sensory feedback is not attenuated. This is in agreement with the
results of this work, as an early increase in activity was observed in the somatosensory
areas of the left hemisphere. It is worth noticing, however, that the conflict did not
directly concern the somatosensory system, i.e., there was no prediction error in the
proprioceptive feedback. Even so, it is likely that the prediction error related to visual
feedback would also increase somatosensory activation, given that the somatosensory
system remains the only modality still providing movement-related feedback.

The earliest increased responses evoked by the deviant condition were observed
around the left parietal operculum. At a later latency, activity was observed in
the right parietal operculum as well. This region corresponds to the secondary
somatosensory cortex (S2) and the parietal ventral area (PV), and it is connected
to frontoparietal areas related to multisensory integration (Eickhoff et al., 2010).
Recent neuroimaging studies have associated parietal operculum with multisensory
activity as well (Gentile et al., 2011; Tsakiris et al., 2007). In particular, the left
S1 and S2 have been linked with making self–other distinctions (Ruby and Decety,
2001; Tsakiris et al., 2007). In addition to S2 and PV, humans seem to have a rostral
area in the parietal operculum that integrates proprioceptive and motor information
(Hinkley et al., 2007).

The left supramarginal gyrus (Brodmann area 40) is another somatosensory area
that indicated early increased activity during the deviant condition. Area 7b of
macaque monkeys may be a homologue of the human supramarginal gyrus (Krams
et al., 1998). It has been shown to have bimodal neurons that respond to visual
and tactile stimuli (Ishida et al., 2010). Likewise, multisensory activity has been
observed in the human supramarginal gyrus (Gentile et al., 2011).

It is hard to determine the exact origins of the activation observed in the ROI
labeled as right parietal operculum/posterior insula. It is known that MEG is not
extremely sensitive to signals arising from deeper brain areas, such as the insula
(Hansen et al., 2010). On the other hand, the right insula is a known area related
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to bodily self-consciousness and sense of self-agency (Sperduti et al., 2011; Tsakiris
et al., 2007). Lesions in the right posterior insula have been linked with abnormalities
concerning bodily self-awareness, such as somatoparaphrenia and anosognosia for
hemiparesis (Baier and Karnath, 2008; Karnath et al., 2005).

In other studies, the insula is typically activated when an object is associated with
a sense of self-agency or bodily ownership (Farrer et al., 2003; Farrer and Frith, 2002;
Sperduti et al., 2011; Tsakiris et al., 2007), which would correspond to the standard
condition here. By contrast, this work revealed less activity in the right insula during
the standard condition. This study differed, however, from other experiments in
certain key aspects: the conflict was sudden and only the earliest responses were
examined. It is possible that the right insula was involved in the early stages of
detecting that the virtual hand could no more be controlled.

The deviant condition increased activity in the right temporoparietal junction
(TPJ, Brodmann area 39). The ROI also included parts of the posterior superior
temporal sulcus (pSTS). There is strong consensus in the association of the right
TPJ/pSTS with self-related processing and making the distinction with oneself
and others (Blanke, 2012; Farrer et al., 2003; Leube et al., 2003; Sperduti et al.,
2011; Tsakiris et al., 2008). Interestingly, schizophrenic patients with sensations of
delusional control indicate hyperactivity of the right TPJ (Wible, 2012). In the most
extreme examples, bilateral TPJ activity has been related to out-of-body experiences
and shifting of the perceived self-location and perspective in space (Ionta et al., 2011).
Thus, it could perhaps be expected that the sense of ’non-agency’ or ’non-ownership’
over the virtual hand during the deviant condition would involve the TPJ/pSTS.
However, it is not entirely clear whether TPJ activity is involved in producing such
sensations or is merely activated as a consequence of them (Haggard, 2017).

The latest responses were observed in the right inferior sulcus corresponding to
the ventral premotor cortex (PMv). Research on macaque monkeys has revealed
that the PMv responds to multimodal information (Graziano and Gandhi, 2000;
Graziano et al., 1997). Similar results have been observed in humans (Bremmer et al.,
2001; Gentile et al., 2011). Previous studies have additionally linked premotor cortex
activity to the formation of body ownership illusions (Ehrsson et al., 2004, 2005).
The premotor cortex seems to have neurons with visual receptive fields centered to
the hand; the same neurons activate when the arm is touched and when a target
is approaching the arm (Graziano and Gandhi, 2000). It has been proposed that
during the rubber hand illusion, the receptive fields would shift to the rubber hand
(Botvinick, 2004; Makin et al., 2008). In this experiment, it is likely that the receptive
fields are centered to the virtual hand during the standard condition. When the
deviant condition occurs, the receptive fields would presumably disappear as the
virtual hand is detected to not be part of the self anymore. A possible explanation
for the observed activity in the PMv would be the reorientation of the receptive
fields.

There is clear laterality in the brain regions activated by the deviant condition.
Early activity was observed in somatosensory areas of the left hemisphere, whereas
later activity was observed in diverse multisensory areas of the right hemisphere. It
is possible that the activity of the left hemisphere is more concerned with movement
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guidance, whereas the right hemisphere with higher level processes related to sense
of ownership and agency.

The standard condition evoked stronger activity only in visual areas. This is not
surprising since the standard condition contained movement. What is unexpected,
however, is that the activity was lateralized to the right hemisphere. The stimuli
and hand movements occurred in the right hemifield, which would suggest activity
in the left visual cortex.

5.2 Future prospects
The experimental setup described in this work can be used in other experiments
as well. Some additional planning is advisable, however, to avoid difficulties en-
countered during this work. As it turned out, the attempted video condition did
not work as expected. The experiment was long, repetitive, and somewhat tiring.
Retrospectively, it is not surprising that some of the subjects fell asleep. In the
future, similar conditions should perhaps be more engaging, e.g., by having subjects
make a movement themselves while watching the movement of someone else. This
would have the additional benefit of resembling a situation where the agent of the
movement has to be inferred, which would include more of the self-agency aspect.

In this work subjects were required to have at minimum 60 successful deviant
trials, which is at the lower bound of recommended number of trials for MEG (Hansen
et al., 2010). It might be beneficial if the number of trials could somehow be increased.
This would improve the signal-to-noise ratio of the results, making statistical analysis
easier. Of course, care should be taken not to raise the duration of the experiment
too much, as the approximately one-hour experiment in this work was already quite
long and exhaustive for the subjects.

Many of the similar studies, e.g, those reviewed in Section 2.7, included behavioral
questionnaires to rate, for example, the amount of agency felt by subjects. Ques-
tionnaires might be useful in future experiments with this setup as well. They could
give additional information about correlations between brain activity and behavioral
data.

All of the movements in this study were performed using the right hand. Future
studies might include left-hand movements as well to give more direct evidence
about the laterality of involved brain processes. Tsakiris and colleagues (2007), for
example, hypothesize whether it is specifically the left somatosensory cortex that
is involved in making the distinction between self and other, as opposed to the
right somatosensory cortex. It is also possible that the choice of hand could affect
the latencies of responses, as studies concerning self-recognition have shown that
subjects tend to react faster when they use their left hand to indicate the moment
they recognize their own face in a picture. Reactions using the right hand happen at
a later latency (Devue and Brédart, 2011). This has been interpreted as evidence
of right hemisphere dominance in self-recognition concerning the face. One can
speculate whether the same is true for limbs.

This work included the motor system in addition to the sensory systems. It would
be possible to study solely the integration of the visual and proprioceptive systems by
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passively moving subjects’ hands. This would eliminate the predictive component of
the motor system, as the brain would have no prior knowledge about the movement.
Additionally, passive movements would isolate the sense of body ownership from the
sense of agency.

Another possibility would be to incrementally augment the level of discrepancy
between the sensory modalities and study the correlation of activity in certain brain
regions. This could be achieved, for example, by increasing the delay in the video
feed, as was done by Shimada and colleagues (2005) and Leube and colleagues (2003),
or by increasing the angle of the feed, making it look tilted similar to the work Farrer
and colleagues (2003).

Finally, it would be interesting to compare MEG results to fMRI results using a
similar setup. Of course, the experimental setup described in this work cannot be
replicated identically with fMRI due to spatial constraints of the MRI scanner and
possible incompatibilities with the used devices. However, fMRI studies have used
real-time video feed of hands as stimulus before (Leube et al., 2003).
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6 Conclusions
This work aimed to study the sensorimotor integration of information concerning
the limbs. Earlier studies have been mainly performed using fMRI and PET, and
the temporal dynamics of the evoked activity have mostly remained unexamined.

Magnetoencephalography was used to study the brain activity of 16 subjects.
Subjects saw real-time video feed of their right hand. The video feed could be frozen to
create a sensorimotor conflict. The conflict evoked activity first in left somatosensory
areas: the postcentral gyrus (S1), supramarginal gyrus, and the parietal operculum
(S2). Later, activity was observed in the right hemisphere on several multisensory
areas: The temporoparietal junction, the parietal operculum/posterior insula (S2),
and the inferior frontal sulcus (PMv).

The results of this study seem to agree with earlier findings of right hemisphere
dominance on self related processing.
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