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LIST OF ABBREVIATIONS

e fMRI = functional magnetic resonance imaging
e M1 = primary motor cortex

e Sl = primary somatosensory cortex




1 INTRODUCTION

Various sensory and motor signals are continuously integrated with an internal model
of the body to form mental and neural representations of the body (de Vignemont,
2010; Moseley, Gallace, & Spence, 2012). This multimodal integration process
provides us with a coherent perception of the body embedded in a world (Tsakiris,
2010). Conditions of chronic pain and various neurological syndromes are
characterized by alterations in these mental and neural body representations (Foell,
Bekrater-Bodmann, Diers, & Flor, 2014; Rousseaux, Honoré, & Saj, 2014). Both,
illusory body perception (Tsay, Allen, Proske, & Giummarra, 2015) and altered
cortical representations of the affected body part (Flor et al. 1995; Karl et al. 2001,
Vartiainen et al. 2008, 2009) have been reported. Chronic pain patients, for instance,
have been shown to have impairments in two-point discrimination thresholds,
problems to localize body sites on their affected body part or perceive their affected
body part to be enlarged (Lewis et al., 2010; Maih6fner, Neundorfer, Birklein, &
Handwerker, 2006; Wand et al., 2013).

Various types of multimodal body illusions employing mirrors, virtual-reality (Chan et
al. 2007; Foell et al. 2014) or artificial limbs (Christ and Reiner, 2014) have been
used to normalize altered body representations and to relieve pain or motor
disabilities. The frequent co-occurrence of altered body perception and chronic pain
and the efficacy of multimodal body illusions in the treatment of chronic pain, points
towards a mechanistic link between altered body representations and chronic pain
also at a neural level (Bekrater-Bodmann, Foell, & Flor, 2011; Tsay et al., 2015). A
deeper understanding of the contextual factors and neural mechanisms of such
multimodal body illusions is thus promising for the development of novel therapeutic
interventions and a better understanding of the psychobiological underpinnings of

various chronic pain syndromes (Bekrater-Bodmann et al., 2011; Wand et al., 2013).

The amputation of a limb is particularly suited to study the relationship between
altered body representations and chronic pain since an altered representation of the
body is clearly evident in amputees, where the missing body part is often still
perceived as a phantom body part (Sherman, 1997). Moreover, phantom pain is a
common consequence following amputation (Kooijman, Dijkstra, Geertzen, Elzinga,

& van der Schans, 2000) and an amputation is associated with loss of coherent




sensory input and altered motor behavior, both factors associated with the updating
of internal body representations (Moseley & Flor, 2012; Palermo, Di Vita, Piccardi,
Traballesi, & Guariglia, 2014).

The present thesis aims at contributing to our understanding of the role of
experimentally manipulated body perception in chronic pain and disability conditions.
Therefore, the psychobiological correlates of a novel mirror visual feedback device,
visually recreating a percept of having a functional limb, as well as stimulus-driven
alteration in phantom limb perception were investigated in healthy persons and
unilateral upper-limb amputees. The following sections provide an overview of
common definitions and concepts referring to mental and neural body
representations (section 1.1.), post-amputation phantom phenomena and the use of
multimodal body-illusions with a particular focus on mirror visual feedback in the
treatment of phantom pain following amputation (section 1.2).

1.1 Mental and neural representations of the body

When talking about the neural representation of the body, it is important to bear in
mind that there are a multitude (if not infinite number) of mental representations of
the body (de Vignemont, 2010). This is not surprising considering the variety of
aspects that are involved in body perception such as touch, vision, proprioception, or
motor behavior including emotional and semantic concepts of the body. Therefore,
more than a single neural representation of the body has been referred to (Medina &
Coslett, 2010; Ruzzoli & Soto-Faraco, 2014).

One approach to define body representations is based on the neuropsychological
principle of double dissociation: A double dissociation is present when a subject or a
group of subjects is impaired in ability A, but not B and another subject or group of
subjects is impaired in B, but not A, implying two independent processing systems for
A and B. Based on this principle a dyadic and even a triadic taxonomy of body
representations was proposed (Berlucchi & Aglioti, 2010; de Vignemont, 2010;
Schwoebel & Coslett, 2005). The dyadic taxonomy comprises the distinction between
body schema and body image (Bonnier, 1905; Head & Holmes, 1911, Paillard, 1980,
1999). The body schema is defined as the sensorimotor representation (based on
afferent and efferent information) of the body that guides actions, while the body

image encompasses all the other body representations that are not involved in




planning and performing actions including a visuospatial, topographical description of
the body, but also conscious perception, beliefs and attitudes towards the body by its
owner (de Vignemont, 2010). One double dissociation that has been proposed for the
dyadic taxonomy rests upon the dissociation between sensorimotor deafferentation
(body schema) and numbsense (body image) (Paillard, 1999). Numbsense is defined
as a tactile deficit with preserved tactually guided movements, whereas sensorimotor
deafferentation is characterized by loss of tactile and proprioceptive information (de
Vignemont, 2010). The triadic taxonomy of body representations preserves the
concept of the body schema as a sensorimotor representation of the body, whereas
the vague concept of the body image is further divided into the visuo-spatial ‘body-
structural description’, which represents a topological map mainly derived from visual
input that defines body part boundaries and relationships between body parts, and
the ‘body semantics’, which represents conceptual and linguistic descriptions of the
body (e.g., functional descriptions of individual body parts) (de Vignemont, 2010;
Schwoebel & Coslett, 2005). The triadic taxonomy of body representations is
referring to the triple-dissociation between apraxia (disorder of motor planning),
autotopagnosia (mislocalization of body parts and bodily sensations) and body-
specific aphasia (loss of lexical knowledge of body parts) (Schwoebel & Coslett,
2005). So far, there is no accepted taxonomy on body representations and the terms
body image and body scheme have been used sometimes with opposite meanings
(Berlucchi & Aglioti, 2010).

1.1.1 Body illusions in the study of altered body representations

A means to study the mechanisms of body perception is the investigation of the
consequences of ambiguous multisensory input on body perception and associated
psychobiological responses (Blanke, 2012; Tsakiris, Carpenter, James, &
Fotopoulou, 2010). It has been shown that there is no one-to-one mapping between
the perceived and the physical body (Chen et al. 2003; Blankenburg et al. 2006). For
instance, in the tactile funneling illusion, short simultaneous vibratory stimulation are
applied at different but nearby locations of the skin leading to the perception of only a
single pulse positioned between the stimulation sites (Hayward, 2008). This illusion is
related to a percept- rather than a stimulus-related representation in Sl (Chen,
Friedman, & Roe, 2003). These findings indicate that the brain represents perceptual

rather than physical properties of the stimulus. Indeed, perception can be in
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discrepancy to the physical world especially in situations of ambiguous multisensory
input (Blanke, 2012).

The rubber hand illusion originally introduced by Botvinick and Cohen (1998) is a
body illusion, where synchronous stroking of a visible artificial hand and a hidden
actual hand can manipulate the feeling of one’s self by inducing the perception of
body ownership for the artificial hand (Botvinick & Cohen, 1998). Blanke et al. (2015)
distinguished between non-bodily multisensory integration, only involving the
integration of exteroceptive cues (e.g., audio-visual integration), and bodily
multisensory integration, also involving bodily signals (e.g., visuo-proprioceptive
integration). This distinction may be important since multisensory integration with
bodily signals involves the remapping of sensory-dependent reference frames to a
common reference frame determined by the position of the individual body parts
(Botvinick & Cohen, 1998) or the whole body (Lenggenhager, Tadi, Metzinger, &
Blanke, 2007). Multisensory integration with bodily signals is not only determined by
laws of space, time and inverse effectiveness, important for non-bodily multisensory
integration, but also by the four constraints proposed by Blanke et al. (2015) (Fig. 1).
For instance, subjects are faster in correctly localizing a visual target when an
auditory stimulus was presented shortly before (temporal law: temporal coherence
between the different stimulus modalities) at the same location (spatial law: spatial
congruence between the different stimulus modalities), or the weaker the
effectiveness of each modality-specific stimulus is (law of inverse effectiveness)
(Stein, Stanford, & Rowland, 2014).




Figure 1 The four constraints on illusory ownership for a fake arm A. Proprioceptive
constraint: The fake arm must be presented in a biophysically appropriate position; B. Body-
related visual information constraint: An object will not be incorporated when it does not
resemble the body; C. Peripersonal space constraint: The fake arm must be presented within
the space surrounding the real hand; D. Embodiment constraint: The fake arm will not be
incorporated when the fake and the real arm receive asynchronous visuo-tactile input. Figure
adapted from Blanke, Slater, & Serino (2015).

According to Blanke et al. (2015), there are four constraints which have to be fulfilled
to either perceive a normal body or, in case of ambiguous multimodal input, a body
illusion: (1) proprioceptive constraint: for instance, the rubber hand illusion does not
work when the artificial hand is placed in a biophysically implausible position
(Costantini & Haggard, 2007) (Fig. 1a) (2) body-related visual information constraint:
an artificial object is not embodied, when it has a non-bodily shape (Tsakiris et al.,
2010) (Fig. 1b) (3) peripersonal space constraint: the artificial limb is not incorporated
when it is outside of the surrounding space of the persons’ limb being touched (Lloyd,
2007) (Fig. 1c) (4) embodiment constraint: the embodiment of the artificial hand can
only occur when the artificial and actual hand receive synchronous visuo-tactile

stimulation over a prolonged period of time (Fig. 1d).

In contrast to Blanke et al. (2015) however, research on body illusions has shown
that objects that do not resemble the body can be incorporated (Maravita & Iriki,
2004). Furthermore, it has been demonstrated that body ownership can also be
induced for extreme virtual limb sizes (Kilteni, Normand, Sanchez-Vives, & Slater,
2012), virtual bodies with associated proprioceptive drifts towards the avatar
(Lenggenhager et al., 2007) or even a portion of empty space (Guterstam, Gentile, &
Ehrsson, 2013), such as in amputees with phantom limbs. These findings underline
the importance of the embodiment constraint, where prolonged manipulation of the
spatiotemporal coherence of bodily signals can reshape the boundaries of the
peripersonal space. The interaction between the embodiment and the peripersonal

constraint thus allows a flexible, however, temporally graded updating of the body




representation via a manipulation of the internal model of the body by prolonged

multisensory input (Tsakiris, 2010).
1.1.2 Pathologically altered body representations

In contrast to body illusions in healthy persons, altered body perception in various
neurological conditions is prominent without having to establish a multimodal conflict
or can occur spontaneously (stimulus-independent). In somatoparaphrenia, for
instance, the patients show delusional misidentification and confabulations related to
contralesional body-parts such that the patient believes that his or her own leg
belongs to his/her spouse (Feinberg & Venneri, 2014). Tsakiris (2010) proposed that
body illusions further depend on already existing (stimulus-independent) internal
body representations. The need of internal body representations becomes evident in
amputees with spontaneous phantom phenomena (de Preester & Tsakiris, 2009) or
in body descriptions within dream reports (Bekrater-Bodmann et al., 2015), where the

perception of the body can be incongruent with the physical body.

To conclude, the model of Blanke et al. (2015) and the model by Tsakiris (2010) can
provide a fruitful theoretical framework for the consideration of the origins and
contextual determinants of altered body perception (phantom phenomena) in
amputees such as a referral of sensations to a missing limb when the body is
stimulated (section 1.2) or the manipulation of phantom perception within body
illusion experiments (Hunter, 2003) (section 1.3). The model by Tsakiris (2010)
emphasizes the role of internal body representations, which is important to consider
in clinical populations. These models are of particular importance when trying to
improve stimulus configurations for normalizing distorted neural representations of
the body (Senkowski & Heinz, 2016).

1.1.3 Primary sensorimotor representations of the body

Penfield and Boldrey (1937) systematically investigated the primary somatosensory
and motor representations of the body in response to intra-cortical stimulation of
different sites of the primary somatosensory (SI) and primary motor cortex (M1) in
humans. These investigations offered two major insights: (1) the body is
topographically represented in the contralateral or both ipsi- and contralaleral brain
hemisphere, for example, the arm adjacent to the hand representation (somatotopic

maps) (2) body parts revealing higher sensitivity or musculature that requires more
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fine-grained motor control show larger representations in these somatosensory or
motor maps (homuncular representation) (Purves et al., 2008a, 2008b; Tamura,
Shibukawa, Shintani, Kaneko, & Ichinohe, 2008) (Fig. 2). Somatotopic maps have
also been identified in other structures like the secondary somatosensory cortex, the
thalamus (Churchill, Arnold, & Garraghty, 2001; Hong, Kwon, & Jang, 2011; Jones &
Pons, 1998; Yamada et al., 2007), the cerebellum (Takanashi et al., 2003), & the
brainstem (Churchill et al., 2001; Marx et al., 2005).
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Figure 2 Penfield somatosensory (left) and motor (right) homunculi. Penfield showed that the
body is topographically represented in the contralateral primary somatosensory (left) and
primary motor (right) cortex with disproportional representation sizes corresponding to the
complexity of sensory and motor functions of respective body parts. The topographic maps
shown by Penfield and colleagues have been revised. Reprinted from Penfield, W., &

Rasmussen, T. (1950). The Cerebral Cortex of Man. New York, NY: Macmillan Company.

1.1.4 Higher-order neural body representations

The motor action of scratching an irritated skin site not only depends on somatotopic
maps but rather on a spatiotopic map. For an adequate motor response, the skin-
centered reference frame has to be remapped to localize the stimulus in an
egocentric extrapersonal space referring to proprioceptive or visual cues (Azafion &
Soto-Faraco, 2008). The remapping of unisensory maps to a common frame of
reference, providing a coherent perception of the self in relation to the world, has
been discussed to be dependent on brain regions with multimodal neurons like those
8




found in the premotor and posterior parietal cortices or in the posterior insula (Apps,
Tajadura-Jiménez, Sereno, Blanke, & Tsakiris, 2015; Rizzolatti, Scandolara, Matelli,
& Gentilucci, 1981a, 1981b). Transcranial magnetic stimulation over the right
posterior parietal cortex, for instance, has been shown to selectively diminish
integration of proprioceptive and tactile information and thereby the ability to localize
touch on the skin at varying body postures (Azafién, Longo, Soto-Faraco, & Haggard,
2010).

The multisensory receptive fields reveal a coarse spatial resolution generally
covering whole body parts like the arm or even the entire body and can even extend
over the body boundaries (peripersonal space) (Rizzolatti et al., 1981a, 1981b; Stein
& Stanford, 2008). Thus, multimodal receptive fields offer the opportunity of
integrating different unimodal frames of reference into a common, for example, arm-
centered reference frame to allow enhanced processing. These fronto-parietal areas
with multimodal receptive fields have been shown to be strongly interconnected
(Mars et al., 2011; Tomassini et al., 2007; Uddin et al., 2010; Uddin, Kaplan, Molnar-
Szakacs, Zaidel, & lacoboni, 2005). Thus, it is more appropriate to talk about a
fronto-parietal network. Various body part (e.g., the rubber hand illusion) and full-
body illusions have been shown to be related to activation in this fronto-parietal
network (Ehrsson, Spence, & Passingham, 2004; Ehrsson, Holmes, & Passingham,
2005). The rubber hand illusion, for example, has been shown to be linked to brain
activity in the ventral premotor cortex and the intraparietal sulcus and the strength of
the illusion correlated positively with brain activity in the ventral premotor cortex and
the cerebellum (Ehrsson et al., 2005, 2004). A recent meta-analysis by Grivaz et al.
(2017) found a widespread fronto-parietal network to be co-activated in studies either
investigating multimodal integration in peripersonal space (the space surrounding the

perceived body) or body illusions affecting ownership sensations.
1.2 Phantom phenomena in amputees

One might assume that the amputation or deafferentation of a body part is

accompanied by an immediate disembodiment from that body part. However, most

patients continue to perceive their missing or deafferented limb as a phantom

(Sherman, Arena, Sherman, & Ernst, 1989; Sherman, Sherman, & Parker, 1984).

Nearly all amputees experience perceptual phenomena that are paradoxically

allocated to the missing limb (Jensen, Krebs, Nielsen, & Rasmussen, 1985; Kooijman
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et al.,, 2000; Sherman, 1995). These phantom phenomena comprise a general
awareness of the existence of the missing body part as one’s own, lacking a specific
sensory quality (phantom awareness) or more specific non-painful somatic
sensations (phantom sensations) (Hunter et al., 2003) such as tingling, itching,
pressure, movement, warmth, cold. Moreover, some amputees describe a
telescoping phenomenon, which is the sensation that the phantom limb has changed
its length, most often shortened (Sherman, 1997). Phantom awareness can occur
without any specific phantom sensations, while phantom sensations are always
accompanied by phantom awareness (Hunter et al.,, 2003; Hunter, Katz, & Davis,
2008). Phantom phenomena can be spontaneous (stimulus-independent) or elicited
by a sensory stimulus (e.g., tactile stimulation at the stump), termed evoked phantom
sensation (Sherman, 1997). Phantom pain is a common consequence of amputation
or deafferentation and is defined as the experience of pain allocated to the
amputated body part, which is reported to occur in about 60-80% of the cases
(Carlen, Wall, Nadvorna, & Steinbach, 1978; Jensen et al., 1985). Often, the
perceptual features of the phantom pain resemble those of pain experiences prior to
the amputation (Katz & Melzack, 1990). It is important to distinguish phantom
phenomena from painful and non-painful residual limb phenomena, which are
percepts related to the body part adjacent to the amputation or deafferentation line
(Sherman, 1997).

1.2.1 Etiology of painful and non-painful phantom phenomena

The pathophysiology and etiology of painful and non-painful phantom phenomena is
not well understood (Flor, Nikolajsen, Jensen, & Staehelin Jensen, 2006; Weeks,
Anderson-Barnes, & Tsao, 2010). Peripheral and central factors have been
discussed to contribute to the experience of phantom pain (Devor, 2005; Flor et al.
2006). It is important to note that peripheral contributions are not sufficient to explain
phantom pain. For instance, local anesthesia of the residual limb (Nystrom &
Hagbarth, 1981), the plexus innervating the stump (Birbaumer et al., 1997), was not
sufficient to eliminate phantom pain in all amputees. However, reorganization takes
also place at the level of the dorsal root ganglion, potentially also contributing to the
phantom pain. But epidural and spinal anesthesia were also not sufficient to eliminate
habitual phantom pain in all amputees (Baron & Maier, 1995), emphasizing the role

of central factors for the experience of phantom pain (Flor et al. 2006).

10




Phantom pain does not occur in isolation, but often in combination with pain in the
residual limb or other body parts such as the intact limb, the neck or the back
(Desmond & MacLachlan, 2010; Ephraim, Wegener, MacKenzie, Dillingham, &
Pezzin, 2005; Hanley et al., 2009). In accordance with other chronic pain syndromes,
psychological factors like anxiety or depression have been shown to modify the
course and severity of phantom pain, however, they are not the cause of phantom
pain (Ephraim et al., 2005; Hill, 1999). For instance, amputees suffering from
phantom pain exhibit reduced physical and health-related quality of life (Taghipour et
al., 2009), poorer coping with the limitations associated with the amputation
(Giummarra et al.,, 2011) and show maladaptive coping strategies like pain-related
catastrophizing (Buchheit et al., 2015; Vase et al., 2011).

Flor et al. (1995) found a strong positive relationship between the magnitude of
phantom pain and the amount of Sl reorganization, but neither non-painful phantom
phenomena nor stump pain were related to cortical reorganization. These findings
have been replicated in other studies (Flor et al., 1998; Grisser et al., 2001, 2004;
Maclver, Lloyd, Kelly, Roberts, & Nurmikko, 2008) and have also been demonstrated
in M1 (Karl, Birbaumer, Lutzenberger, Cohen, & Flor, 2001; Lotze, Flor, Grodd,
Larbig, & Birbaumer, 2001a; Raffin, Richard, Giraux, & Reilly, 2016). The association
between topographic shifts in SI and the magnitude of pain has also been shown in
other chronic pain syndromes like complex regional pain syndrome (Vartiainen et al.,
2008), chronic back pain (Flor, Braun, Elbert, & Birbaumer, 1997) or unilateral pain

following a herpes simplex infection (Vartiainen et al., 2009).

Several factors have been discussed to facilitate these reorganizational shifts in SI.
These factors include (1) abnormal-noisy input arising from ectopic activity (abnormal
discharges) in residual limb neuroma (terminal swelling in the residual limb, which is
also characterized by axonal sprouting) (Soin, Fang, & Velasco, 2015) or the dorsal
root ganglion (Katz, 1992), (2) loss of inhibitory C-fiber input, as C-fibers have been
discussed to have a stabilizing function for cortical maps (Calford & Tweedale, 1991),
(3) long-lasting pre-amputation pain as well as pain immediately before the
amputation (Flor, 2000, 2012; Weeks et al., 2010) and (4) psychological variables like
anxiety, depression (Ephraim et al.,, 2005; Hill, 1999; Raichle et al., 2015),
maladaptive coping with pain (Giummarra et al., 2011) or pain catastrophizing (Vase
et al., 2011) (Fig. 3).
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However, there is a need to quantify the contribution of these central, peripheral and
psychological factors within longitudinal studies to enable distinction between factors
that are antecedents or consequences of phantom and residual limb pain (Weeks et
al., 2010). Moreover, the role of other brain regions known to be important for
appetitive and aversive learning or affective processing might play a role for the
chronification of phantom pain (Moseley & Flor, 2012). For instance, in hypnotically
induced phantom pain in upper-limb amputees, ratings of the intensity of phantom
pain have been shown to be significantly positively correlated with activity in the
anterior and posterior cingulum as assessed by positron emission tomography
(Willoch et al., 2000).

Central changes

* Unmasking

= Sprouting

» General disinhibition

= Map remodelling

*» Loss of neurons and neuronal function

* Denervation

* Alterations in neuronal and glial activity

* Sensory-motor and sensory-sensory incongruence

Peripheral changes

# Structural changes in neurons and axons

* Ectopic impulses

* Ephaptic transmission

» Sympathetic-afferent coupling

¢ Down- and upregulation of transmitters

e Alterations in channels and transduction molecules
* Selective loss of unmyelinated fibres

|

Figure 3 lllustration of the diversity of functional and structural, peripheral and central

alterations along the neuraxis post-amputation. Figure reprinted from Flor et al. (2006).

1.2.2 The neural correlates of non-painful phantom phenomena

Based on findings of massive topographical reorganization in Sl following dorsal
rhizotomies in macaques (Pons et al., 1991), Ramachandran et al. (1992) proposed
that painful- and non-painful phantom phenomena might be a direct consequence of
this cortical remapping. The authors found that stimulation of the face area, which is
adjacent to the upper-limb representation in Sl, elicited referrals allocated to the
phantom limb with a one-to-one topographical correspondence between individual
stimulation sites in the face and the phantom limb. Some authors proposed that this
cortical reorganization might have an adaptive (i.e., pain-preventive) function

(Merzenich et al.,, 1984; Ramachandran et al., 1992). Multiple lines of evidence,
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however, indicate that painful, but not non-painful phantom phenomena — such as
non-painful evoked phantom sensations — are related to topographic shifts in primary
sensorimotor body representations (Bolognini, Olgiati, Maravita, Ferraro, & Fregni,
2013; Grusser et al., 2004).

Flor et al. (1995) found a significant positive relationship between the magnitude of
phantom pain and the amount of Sl reorganization, but neither non-painful phantom
phenomena nor stump pain were related to cortical reorganization using
neuromagnetic imaging in upper-limb amputees. These findings have been replicated
in other studies (Flor et al., 1998; Grusser et al., 2001, 2004). For instance, Grusser
et al. (2001) found a significant positive relationship between painfully elicited painful
referred sensations, habitual phantom pain and cortical reorganization in Sl as
assessed by neuroelectric source imaging. However, non-painful phantom
phenomena, such as non-painful evoked phantom sensations, were not linked to
cortical reorganization in Sl. While phantom pain has been shown to be associated
with topographic reorganization in SI and M1, the topography of body sites capable
of eliciting phantom sensations often follows a spatial pattern that cannot readily be
explained by topographic reorganization in Sl. Various studies have shown that
phantom sensations can often be elicited from body sites that are remote in terms of
both anatomy and cortical representation in Sl (Borsook et al., 1998; Giummarra et
al., 2011; Grusser et al., 2001, 2004; Knecht, Henningsen, et al., 1996). Moreover, in
patients with spinal cord injury, Moore et al. (2000) could induce referred sensations
projected to the chest at the level of the spinal cord injury by stimulating the forearm.
The authors observed activation in brain areas corresponding to the representation of
the forearm and the chest, which were segregated by centimeters of nonresponsive
cortex in Sl. It was proposed that non-painful phantom phenomena, including non-
painful evoked phantom sensations, might rely on brain regions other than Sl (Flor et
al., 2000). Grusser et al. (2004) investigated two upper limb amputees in whom
phantom sensations could be evoked at remote body sites at the ipsi and
contralateral leg. While the authors found topographical shifts in the representation
the mouth in the deafferented hemisphere, no reorganization was observed in the
feet representation from which phantom sensations could be elicited. These finding
indicate that painful, but not non-painful phantom phenomena are related to

topographic reorganization in Sl. Candidate brain structures that have been
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discussed by the authors and others (Flor et al., 2000) are the secondary
somatosensory cortex, which shows a higher reorganizational potential and different
topography than Sl, and the posterior parietal cortex (i.e., the intraparietal sulci),
which has been shown to be important for the coherent multimodal perception and
localization of body parts (Apps et al., 2015; Avillac, Ben Hamed, & Duhamel, 2007).

A potential role of posterior parietal regions for the perception of non-painful phantom
phenomena is indicated by studies using neuromodulation techniques. For instance,
cathodal transcranial direct current stimulation over the posterior parietal cortex
temporally diminished non-painful phantom phenomena without affecting phantom
pain, while anodal (depolarizing) stimulation over the motor cortex induced short-term
reduction of phantom pain — with no alterations in non-painful phantom sensations
(Bolognini et al., 2013). Based on their findings the authors suggested that non-
painful phantom phenomena might be linked to hyperexcitability in the posterior

parietal cortex.

A recent fMRI-study with five upper and lower limb amputees and matched healthy
controls, showed a distributed network comprising the ventral inferior cortex
(BA44/45), the intraparietal sulci, the inferior parietal lobes and the secondary
somatosensory cortices to be associated with non-painful phantom sensations
(Andoh et al., 2017). However, the sample of Andoh et al. (2017) was heterogeneous
by including upper- and lower limb amputees and evoked phantom sensations were
elicited at the residual limb and remote body sites.

Appenzeller and Bicknell (1969) reported on two lower-limb amputees who later
experienced stroke with significant impairments in haptically identifying objects
(stereognosis). Stereognosis has been shown to be dependent on the processing in
posterior parietal cortex (Knecht, Kunesch, & Schnitzler, 1996). Importantly, these
patients reported perceiving non-painful phantom limbs that disappeared following
stroke. These anecdotal reports indicate an important role of the posterior parietal
cortex in the perception of non-painful phantom phenomena. Furthermore, reports on
perceiving extra limbs (supernumerary limbs) in various neurological populations
including stroke-patients (Srivastava et al., 2008) or patients with epileptic seizures
(Millonig, Bodner, Donnemiller, Wolf, & Unterberger, 2011) point towards a causal

contribution of the posterior parietal (cf., Millonig et al., 2011).
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1.2.3 Mirror visual feedback illusions in the treatment of phantom limb pain

In mirror visual feedback illusions, movements of the affected limb are visually
recreated by movements of the contralateral limb (Deconinck et al. 2014).
Ramachandran et al. (1992) originally described mirror illusions in amputees
suffering from phantom pain. The authors positioned a mirror mid-sagittal in front of
the amputee so that the intact limb visually superimposed the amputated limb and the
amputee performed movements with his or her intact limb. The authors found an
alleviation of phantom pain and a relief of spasms in the phantom in a proportion of
the patients. A randomized placebo-controlled study by Chan et al. (2007) showed
that four weeks of mirror training led to the alleviation of phantom pain in a proportion
of lower-limb amputees, whereby simple movement training, without a mirror, or
motor imagery training was ineffective. The study by Chan et al. (2007) was
conducted with some patients with recent leg amputation. Thus, their results have to
be validated in chronic amputees since spontaneous recovery from pain has been

reported in sub-acute phantom pain (Schley et al., 2008).

In accordance with the topographic alterations in the primary sensorimotor cortex
found in various neuropathic pain conditions (see section 1.2), it has been proposed
that a re-establishment of congruent input into the sensorimotor representation of the
affected limb might be the neural correlate of successful mirror visual feedback
interventions (Foell et al. 2011; Deconinck et al. 2014). Foell et al. (2014) used a 4-
week mirror training in a sample of upper-limb amputees. The authors showed that
mirror therapy was associated with a reduction in pain and accompanying reversal of
topographic reorganization in Sl (Foell et al., 2014). However, a reversal of cortical
reorganization and a reduction in phantom pain was only observed in amputees
without telescoping (section 1.2). These findings emphasize the role of body
representations under the perspective of the interplay between non-painful and

painful phantom phenomena.
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2 GOALS AND HYPOTHESES

Study 1

Study 1 investigated if a novel mirror visual feedback device (the mirror glasses)
could induce mirror illusions in healthy volunteers. Therefore, the self-reported
capacity for mirror illusions and the neural circuitry was compared between the novel
mirror glasses and the well-established mirror box in a within-subjects design in
counterbalanced order in the MRI-scanner. The conceptual difference between both
mirror devices is seeing both hands moving in synchrony with the mirror box and

seeing only the mirror reflection of the actual moving limb with the mirror glasses.

As discussed in section 1.2, the recruitment of the sensorimotor representation of the
non-mirrored limb has been reported in several studies using mirror visual feedback
in healthy subjects and has been discussed to be the neural correlate of effective
mirror therapy (Deconinck et al., 2014; Diers, Christmann, Koeppe, Ruf, & Flor, 2010;
Matthys et al., 2009). Moreover, motor mirror visual feedback tasks have been
reported to be linked to other brain regions including the primary sensorimotor
representation of the actually moving limb, the secondary somatosensory and
premotor cortex, supplementary motor area, the ipsilateral cerebellum and lateral
occipital regions (Diers et al., 2015, 2010; Matthys et al., 2009). Seeing the actually
moving limb in addition to the mirror reflection of the moving limb has been discussed
to potentially reduce the capacity for a mirror illusion by distracting attention from the
mirror reflection (Deconinck et al., 2014; Hadoush, Mano, Sunagawa, Nakanishi, &
Ochi, 2013). A magnetoencephalographic study with healthy subjects found
increased excitability in the sensorimotor cortex corresponding to the non-mirrored
limb when the view on the actually moving limb was occluded compared to seeing
both hands in a classical mirror box setup (Hadoush et al., 2013). While consistent
brain activation has been reported during mirror visual feedback, little is known about
interactions (connectivity) between different brain regions during mirror illusions and
thus about the neural networks underlying mirror illusions (Deconinck et al., 2014). It
has been proposed that mirror visual feedback is associated with a reduction of
interhemispheric inhibition from the contralateral to the ipsilateral hemisphere in
primary sensorimotor areas (Lappchen et al., 2012; Nojima et al., 2012; Nojima, Oga,
Fukuyama, Kawamata, & Mima, 2013).

16




The main hypotheses of Study 1 were as follows:

H 1. The self-reported capacity for a mirror illusion is significantly higher in the mirror

glasses versus the mirror box condition.

H 2: The representation of the non-mirrored limb in the primary sensorimotor cortex

is significantly activated in the mirror glasses and mirror box conditions.

H 3: The actual movement of a limb yields significant activation in the primary
sensorimotor cortex representing the physically moving limb, the secondary
somatosensory and premotor cortices, the supplementary motor area, the ipsilateral
cerebellum and lateral occipital regions in the mirror glasses and mirror box

conditions.

H 4: The primary sensorimotor cortex representing the non-mirrored limb is

significantly higher activated in the mirror glasses than the mirror box condition.

H 5: The mirror box and mirror glasses illusion is related to significantly increased
interhemispheric task-dependent connectivity between the primary sensorimotor

hand representations.
Study 2

Study 2 sought to assess the neural circuitry of evoked non-painful phantom
sensations in upper-limb amputees using fMRI. The topography of body sites from
which non-painful evoked phantom sensations can be elicited in amputees has been
frequently described to follow a pattern that cannot readily be explained by
topographic reorganization in Sl (section 1.2) (Andoh et al.,, 2017; Borsook et al.,
1998; Grisser et al., 2004; Knecht, Henningsen, et al., 1996). Often phantom
sensations could be elicited from body sites, which are contralateral or remote with
respect to the deafferentation line and the representation of the former limb in SI.
Phantom sensations elicited at body sites remote from the residual limb can be
explained by reorganization in the secondary somatosensory cortex, showing a
different topography and a higher reorganizational potential than SI. Non-painful
phantom sensations have been discussed to be related with activation in ventral
frontal and posterior parietal regions (section 1.2).
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The main hypotheses of Study 2 were as follows:

H 1: The topography of body sites eliciting phantom sensations follows a pattern,
which cannot readily be explained by topographic reorganization in Sl, including
elicitation sites remote and contralateral with respect to the former limb

representation in Sl.

H 2: The perception of evoked phantom sensations is related to significant activation
in brain regions with multimodal neurons including the premotor, insular, and

posterior parietal cortices.

H3: The perception of evoked phantom sensations is related to significant activation

in the secondary somatosensory cortex.

H 4. The perception of evoked phantom sensations is associated with increased

fronto-parietal connectivity.
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3 EMPIRICAL STUDIES

Study 1

Do mirror glasses have the same effect on brain activity as a mirror box?
Evidence from a functional magnetic resonance imaging study with healthy

subjects !

1 publication: Milde, C., Rance, M., Kirsch, P., Trojan, J., Fuchs, X., Foell, J., Bekrater-Bodmann, R.,
Flor, H., & Diers, M. (2015). Do mirror glasses have the same effect on brain activity as a mirror box?
Evidence from a functional magnetic resonance imaging study with healthy subjects. PLoS One. 2015
May 27;10(5):e0127694. doi: 10.1371/journal.pone.0127694. eCollection 2015.
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Abstract

Since its original proposal, mirror therapy has been established as a successful
neurorehabilitative intervention in several neurological disorders to recover motor
function or to relief pain. Mirror therapy seems to operate by reactivating the
contralesional representation of the non-mirrored limb in primary motor- and
somatosensory cortex. However, mirror boxes have some limitations which prompted
the use of additional mirror visual feedback devices. The present study evaluated the
utility of mirror glasses compared to a mirror box. We also tested the hypothesis that
increased interhemispheric communication between the motor hand areas is the
mechanism by which mirror visual feedback recruits the representation of the non-
mirrored limb. Therefore, mirror illusion capacity and brain activations were measured
in a within-subject design during both mirror visual feedback conditions in
counterbalanced order with 20 healthy subjects inside a magnetic resonance imaging
scanner. Furthermore, we analyzed task-dependent functional connectivity between
motor hand representations using psychophysiological interaction analysis during
both mirror tasks. Neither the subjective quality of mirror illusions nor the patterns of
functional brain activation differed between the mirror tasks. The sensorimotor
representation of the non-mirrored hand was recruited in both mirror tasks. However,
a significant increase in interhemispheric connectivity between the hand areas was
only observed in the mirror glasses condition, suggesting different mechanisms for
the recruitment of the representation of the non-mirrored hand in the two mirror tasks.
We conclude that the mirror glasses might be a promising alternative to the mirror
box, as they induce similar patterns of brain activation. Moreover, the mirror glasses
can be easy applied in therapy and research. We want to emphasize that the neural
mechanisms for the recruitment of the affected limb representation might differ
depending on conceptual differences between MVF devices. However, our findings

need to be validated within specific patient groups.

Keywords: mirror therapy, mirror visual feedback, phantom limb pain, stroke,
complex regional pain syndrome, functional magnetic resonance imaging, primary

somatosensory cortex, primary motor cortex, mirror box, rehabilitation
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Introduction

The idea of using altered visual feedback to relieve phantom limb pain by using a
mirror box (MB) was originally proposed by Ramachandran et al. (Ramachandran et
al.,, 1992). Since then mirror visual feedback (MVF) has been established in the
treatment of phantom limb pain (Chan et al. 2007; Moseley et al. 2008; Foell et al.
2014), but also as an important therapeutic tool for functional recovery after a stroke
(Sathian, Greenspan, & Wolf, 2000; Sutbeyaz, Yavuzer, Sezer, & Koseoglu, 2007;
Yavuzer et al., 2008), physiotherapy after wrist fracture (Altschuler & Hu, 2008), the
treatment of complex regional pain syndrome (McCabe et al., 2003; McCabe, Haigh,
& Blake, 2008) or for reinstating body ownership in somatoparaphrenia (Fotopoulou
et al., 2011).

The basic idea of MVF is that extended viewing of movements of the unaffected limb
visually superimposed on the affected limb by a sagittally placed mirror triggers the
perception that the phantom (or affected) limb is moving (Ramachandran & Rogers-
Ramachandran, 1996). Whereas the beneficial effects of MVF have been repeatedly
demonstrated, the mechanisms underlying MVF-induced improvements in motor
function and pain relief remain unclear (Deconinck et al., 2014; Nojima et al., 2012).
There is increasing evidence that a reactivation of the affected limb representation in
the sensorimotor strip and accompanying neuroplasticity is an important neural
correlate of the MVF related neurorehabilitation (Deconinck et al., 2014; Diers et al.,
2015, 2010). However, it remains unclear how the sensorimotor representation of the
non-mirrored (affected) limb becomes functionally recruited because studies
examining the functional connectivity between brain areas during MVF are still rare
(Deconinck et al., 2014; Lappchen et al., 2012).

In the MB approach, the (affected) limb is positioned behind a mirror, which is
oriented along the observer's midline so that the visual reflection of a moving (intact)
limb visually replaces the hidden (affected) limb. Using a MB in therapy and research
is constrained by several technical and conceptual limitations such as size and
weight, which reduces the degrees of freedom for possible movements in front of the
mirror and constrains its applicability in therapy and in magnetic resonance imaging
(MRI) setups (Walsh & Bannister, 2010). In contrast, mirror glasses (MG) limit the
field of view to the visual reflection of the moving (intact) limb which replaces the
hidden (affected) limb in the visual field whereby the actually moving limb is visually
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occluded. This is achieved by covering the eye ipsilateral to the movement and
mirroring the visual hemifield to the other eye. It has been proposed that seeing the
actual moving hand, in addition to the visual reflection of the moving hand, might be
an irrelevant distractor reducing the ability of the subject to stay focused on the
reflection of the moving hand (Hadoush et al., 2013; Walsh & Bannister, 2010). Thus
MG might have a higher capability of recruiting the motor representation ipsilateral to
the moving hand (further referred to as Mlipsi) compared to MB by enabling increased
spatial attention towards the reflection of the moving (affected) limb (Hadoush et al.,
2013). MG deliver a more realistic image of the mirrored limb than virtual reality
systems, which has been shown to be an important aspect of perceiving body
illusions (Tsakiris, Schuetz-Bosbach, & Gallagher, 2007). Additionally, MG are
smaller in size and weight than the MB. Thus MG might be more attractive for
healthcare providers and more appropriate in functional MRI (fMRI) paradigms
(Walsh & Bannister, 2010). Compared to other studies, which focused on classical or
virtual applications of the MB (Diers et al., 2015, 2010; Michielsen et al., 2011), this is
the first study systematically investigating the subjective quality and associated
functional brain activity provided by MG which limit the field of view to the visual

reflection of the moving (intact) limb.

To evaluate the efficiency of MG, we examined 20 healthy subjects in a
counterbalanced within-subjects design with MVF provided either by MB or MG. We
assessed ratings on the intensity and vividness of mirror illusions as well as fMRI
data. Due to the putatively distracting effect of seeing the moving hand in addition to
the visual reflection of the moving hand, we hypothesized to find higher subjective
mirror illusion capacities as well as an increased recruitment of Mlipsi in the MG
compared to the MB condition. Moreover, we analyzed task-dependent functional
connectivity between both hand areas, as one proposed neural mechanism for the
recruitment of the sensorimotor representation corresponding to the hidden (affected)
limb (Deconinck et al., 2014).

Methods
Participants

Twenty healthy subjects (M = 31.3 years, SD = 7.7 years; 15 females) took part in the

study. Participants were right handed as assessed with the Edinburgh Handedness
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Inventory (Oldfield, 1971), reported normal or corrected-to-normal vision, had no
history of neurological disease and did not use any centrally acting medication such
as opiates. We first wanted to evaluate the effects of MG in a group of healthy

subjects before using this device in specific patient groups.
Ethics Statement

The participants gave written informed consent in accordance with the Declaration of
Helsinki (2008) prior to participation. The study was approved by the Ethics
Committee of the Medical Faculty Mannheim, Heidelberg University (internal
reference: 2008-336N- MA).

Mirror Glasses

The MG (Scottish Health Innovations Limited, Glasgow, Scotland) can be used within
a MRI environment due to the absence of any ferromagnetic components. The MG
limit the field of view to the visual reflection of the moving limb by reflecting the field
of view to the eye contralateral to the moving limb. In our setup the field of view was
restricted to the mirror reflection of the moving right hand (visually appearing as left
hand) which was seen through the right eye (Fig. 1). In contrast, the MB provides a
view of the actual moving limb together with the visual reflection of the moving limb
appearing to move in synchrony. Furthermore, the MG has a larger field of view
compared to the MB, including the entire half of the body with its natural range of

movements (Fig. 1).
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Fig. 1. Mirror visual feedback (MVF) devices. A Mirror glasses: are usable within an MR
environment. The optical path was deflected by a prism, which was a 1.5-1.53 45-90-45
angled glass, Barium crown (BK-7, Abbe 63) with quarter wavelength surface tolerance. B
Mirror box: was a framed glass mirror (size: 35 by 12 centimetres / 13.8 by 4.7 inches) which
was placed on the abdomen of the subject providing view on the executing hand as well as
the visual reflection of the hand appearing to move in synchrony. During both conditions view
on the mirror reflection of the moving limb was provided by means of an additional mirror
attached to the head coil. (C) lllustration of the MVF as provided by the mirror glasses: in
contrast to the mirror box the users’ view is limited to the mirror reflection of the moving
(physical) hand as opposed to seeing both hands (physical hand and visual reflection of the
physical hand). The mirror reflection of the physical hand was seen through on eye by means
of a prism leading to a total inversion in the left-right dimension (in our setup the right hand
movements were seen through the right eye appearing as left hand movements).
Furthermore, mirror glasses provide a much larger field of view, allowing the whole limb to be

inverted.
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Experimental procedure

The participants were tested in a counterbalanced within-subjects design for the two
conditions MB and MG inside the scanner. In the MG condition, participants wore
MG, during the MB condition a MB was placed on the abdomen of the subject,
enabling them to view the mirrored right hand (appearing as left hand) as well as the
actual right hand (Fig. 1). In both MVF conditions participants were instructed to
repeatedly close and open their right hand at a frequency of 1 Hz as paced by an
auditory signal presented via earphones. During movement trials participants were
instructed to focus on the visual reflection of the moving right hand. Participants kept
their left hand immobile and out of view in a comfortable position on their abdomen.
During the experiment the participants view was redirected using a mirror attached to
the MRI head-coil. This way, they could easily observe the upper half of the body

including the actual or illusory limb movements.
Subjective ratings on mirror illusions

After each MVF condition, the intensity and vividness of mirror illusions were verbally
assessed using a seven-point numeric rating scale. The scale ranged from 1 (‘as
clear and vivid as a real perceptual experience’) to 7 (‘not at all clear and vivid’) and
was modeled after the Questionnaire upon Mental Imagery (Sheehan, 1967). The
guestions have been used in previous studies (Diers et al., 2015, 2010; Lotze, Flor,
Grodd, Larbig, & Birbaumer, 2001b). Mirror illusion items were: Did you feel that the
movement of the displayed hand belonged to your left hand? (Vividness) How clearly

did you feel the movement of your left hand? (Intensity).
MRI data acquisition

During execution of both MVF tasks, a Siemens 3 T MAGNETOM Trio whole-body
scanner (Siemens AG, Erlangen, Germany) was used in combination with a 12-
channel radio-frequency head coil to obtain eighty whole-brain T2*-weighted gradient-
echo echo planar imaging (EPI) volumes with blood related oxygen level-dependent
contrast [repetition time (TR) = 3.3 s; echo time (TE) = 45 ms; flip angle (a) = 90°].
Imaging volumes consisted of 40 slices angulated in parallel to the anterior
commissure-posterior commissure with a gap of 0.69 mm recorded in ascending
order. Each slice had a matrix size of 96 x 96 voxels with an anisotropic voxel-size of

2.3 x 2.3 x 29 mm. For each MVF condition, participants were tested in an
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alternating block design consisting of six blocks of right-hand movements
interspersed by seven baseline blocks. Each block consisted of six scans. Both
conditions were split into two separate sessions of about five minutes separated by a

five-minute break.

Within the same session, a Ti-weighted scan (160 contiguous slice, matrix size 240 x
256 voxels, voxel-size = 1 x 1 x 1.1 mm) was conducted to collect a high-resolution
structural volume for anatomical reference. The magnetization-prepared rapid
acquisition gradient-echo sequence was employed with TR = 2.3 s, TE = 2.98 ms,
and a = 9°.

Statistical analysis of fMRI data

The MRI data were analyzed using tools from FMRIB's Software Library (FSL)
version 5.02 (Smith et al., 2004). The first five EPI volumes were discarded prior to
preprocessing to account for T1-equilibration effects. Prior to statistical estimation,
the following preprocessing steps were subjected: Intramodal motion correction using
MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002), spatial smoothing using an
isotropic Gaussian kernel of 5 mm (full width at half maximum), mean-based intensity
normalization of all volumes, and high-pass temporal filtering (o = 100 s).
Registration was performed in 2-steps: EPI volumes were first spatially realigned to
the high-resolution T1-weighted volume, where non-brain structures were removed
using Brain Extraction Tool (BET) (Smith, 2002). EPI images were then registered to
the standard MNI152 space (Montreal Neurological Institute, Montreal, Canada)
using non-affine FNIRT-registration (Andersson, Jenkinson, & Smith, 2007) with a
warp-resolution of 8 mm. Time-series statistical analysis was carried out using the
prewhitening tool FMRIB’s Improved Linear Model (FILM) with local autocorrelation

correction.

Functional MRI statistical analysis was carried out using fMRI Expert Analysis Tool
(FEAT) (Smith et al., 2004). Data from each subject and session (MG; MB) were
analyzed at a first-level of analysis. Trials of performing the MVF tasks were used as
one factor of interest and convolved with a double-gamma function to model the
hemodynamic response function and were entered as a predictor into a general
linear model. To account for movement-related artifacts in the signal, the six rigid-

body movement parameters were additionally included as nuisance regressors in the
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design matrix. Brain areas were identified based on the FSL Harvard-Oxford Atlas
(Eickhoff et al., 2007)

Inter-session (MG > MB and MB < MG) and group analyses were carried out using
FMRIB’s Local Analysis of Mixed Effects (FLAME) (Mark W Woolrich, Behrens,
Beckmann, Jenkinson, & Smith, 2004). Areas of significant fMRI activations
associated with both MVF conditions were calculated by entering the first-level
(sessions) statistics into a second-level mixed-effects group analysis. To compare
brain activations between both MVF conditions, we contrasted both MVF sessions
(MG > MB and MG < MB) for each subject within a fixed-effects analysis, which was
subsequently entered into a third-level mixed-effects group analysis. Areas of
significant fTMRI response were determined using clusters identified by a z > 3.0
threshold and a corrected cluster threshold of p = 0.05 assuming a Gaussian random
field for the z-statistics.

Psychophysiological interaction analysis (PPI)

Psychophysiological interaction (PPl) analysis is a method to estimate task-
dependent functional connectivity among brain regions (Friston et al., 1997; O'Reilly,
Woolrich, Behrens, Smith, & Johansen-Berg, 2012). The PPI analysis was conducted
to specifically address the hypothesis of increased interhemispheric interaction
between both MI hand areas during both MVF conditions as a modulating factor of
the recruitment of Mlipsi corresponding to the non-mirrored hand as proposed in prior
literature (Deconinck et al., 2014). For that purpose, the deconvolved voxel time
courses of each subject and session were extracted from the native space
coordinates of peak voxels within the contralateral Ml (Mlcontra) as revealed by the t-
contrasts of the first-level analyses of both MVF conditions. We chose Mlcontra
because it was consistently activated in all subjects during both MVF. The fMRI time
course of each selected region of interest (ROI) was obtained by using the first
eigenvariate of a radial sphere of 5 mm surrounding each peak voxel. Based on the
individual voxel time series, statistical parametric maps for each subject and MVF
condition were created, representing regions in which the fMRI signal was predicted
by the PPI term (the cross product of the physiological and the psychological factors)
(Friston et al., 1997). Both the physiological and psychological factors were included
in the design matrix as confounding variables. Furthermore, we include the white
matter- and cerebrospinal fluid-signal as nuisance regressors (O'Reilly et al., 2012).
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The first-level (session) statistics were entered into a second-level group statistic to
reveal task-dependent functional connectivity for both MVF conditions. Z
(Gaussianized T) statistic images were thresholded using a cluster-based threshold

of z > 3.0 and a whole-brain corrected cluster significance threshold of p = 0.05.
Analysis of subjective ratings

The seven-point-ratings on the intensity and vividness of mirror illusions during both
MVF conditions were analyzed by SPSS Statistics 20.0.0 software (IBM Corporation,
New York, USA). Comparisons of the two mirror illusions items between conditions
were conducted using paired sample t-tests with Bonferroni adjusted alpha-levels of
0.025 (0.05/2).

Results
Ratings on mirror illusions

The participants did not report any problems in performing either of the MVF tasks
and showed high compliance with both MVF devices. We did not find significant
differences in the assessed items between the conditions (vividness: tio = 0.18, p =
.86; intensity: tio = 0.2, p = 0.84). The mean values of the ratings for the items used in
both conditions were between 4.95 and 5.8 (Table 1).

Table 1. Ratings on the intensity and vividness of mirror illusions for the mirror

box and mirror glasses conditions.

Mirror illusion item Mirror glasses Mirror box t (19) p
Intensity (M+SD) 5.8 (£ 1.44) 5.75 (£ 1.68) 0.2 0.84
Vividness (M+SD) 5.3 (£ 1.59) 4.95 (£ 2.11) 0.18 0.86

Results are reported with Mean + Standard Deviation of the Mean (M + SD). Comparisons of the two
items between conditions were conducted with paired sample t-tests with Bonferroni adjusted alpha-
values of 0.025 (0.05/2). Numerical rating scale ranging from 1 (‘as clear and vivid as a real perceptual

experience’) to 7 (‘not at all clear and vivid’).
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Functional Imaging Data
Task-related brain activation in both MVF conditions

Imaging data revealed significant fMRI activations in the left sensorimotor cortex
corresponding to the moving right hand in both MVF conditions (MNI coordinates: MB
x=-40, y=-22, z=56, Z=7.0; MG x=-38, y=-24, z=60, Z=7.26). Additionally, a
significant cluster of activation was found in the right sensorimotor cortex
representing the non-mirrored left hand in both MVF conditions (MB x=40, y=-36,
z=52, Z=3.64; MG x=42, y=-12, z=62, Z=4.99) (Table 2, Fig. 2). Furthermore,
significant clusters of activation were found in the supplementary motor area (SMA),
the premotor cortex (PMC), the ipsilateral cerebellum and the secondary
somatosensory cortex (Sll). Besides these sensorimotor activations, we found
additional peak voxels in the primary auditory cortex (Heschl's gyrus) and visual

areas like the lateral occipital cortex (LOC) (Table 2, Fig. 2).

The direct comparisons between both MVF conditions (MG > MB and MG < MB)
yielded no significant differences in whole-brain activations, indicating comparable

patterns of fMRI activations for both MVF tasks.

Mirror glasses




Fig. 2. Task-related brain activation for the mirror glasses and mirror box conditions.
fMRI activations were mapped on a FSL render image. MI/SI = primary motor/somatosensory

cortex, ipsi = ipsilateral to the executing (right) hand.

Task-dependent functional connectivity between hand areas during both MVF

conditions

In order to test whether the motor representation of the actually moving hand
(Mlcontra) was functionally coupled with Mlipsi of the non-mirrored (hidden) hand, we
used a PPI analysis with a seed region in Miconra. We found a significant positive
psychophysiological interaction between Mlcontra With the sensorimotor representation
of the non-mirrored hand (x=40, y=-24, z=66, Z=3.91) in the MG condition (Table 3,
Fig. 3). No significant positive correlation was found between MiIconra and the
sensorimotor representation of the non-mirrored hand in the MB condition. In both
MVF conditions, Micontra Showed significant positive functional connectivity with frontal
lobe regions (middle and superior frontal gyrus) and the LOC. Furthermore, in both
MVF conditions significant positive psychophysiological interactions were found with
the precentral gyrus. However, these peak voxels were located too medially to be a
correlate of the mirrored right hand (MB x=2, y=-26, z=78; MG x=6, y=-28, z=76)
(Table 3, Fig. 3). In the MB condition we found further positive psychophysiological
interactions with the SMA. In the MG condition we found additionally significant task-
related functional connectivity with the middle and superior frontal gyrus, the
paracingulate gyrus, the angular gyrus and the posterior cingulate gyrus (Table 3,
Fig. 3).

We also tested for significant negative psychophysiological interactions
(decouplings). We did not find significant decouplings between the representations of
both hands in the predefined ROIs in either of the MVF conditions. For an overview
about significant negative psychophysiological interactions other than those in the

specified ROIls see S1 Table.
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Table 2. Brain regions and peak voxel coordinates showing significant task-related brain activation for the mirror box and

mirror glasses conditions.

Region: MNI-coordinates Region: MNI-coordinates
extent extent
left hemisphere, contralateral to the Z-score right hemisphere, ipsilateral to Z-score
[voxels] [voxels]
moving hand X y z the moving hand X y z
Mirror glasses
Precentral gyrus -60 6 30 453 148 Precentral gyrus 56 0 52 5.48 838
Precentral gyrus 34  -22 70 6.47 5362 Precentral gyrus 42 -12 62 4.99 838
Postcentral gyrus -38  -24 60 7.26 5362 Postcentral gyrus 54 -18 40 4.24 107
Postcentral gyrus 42 -26 50 6.71 5362 Superior parietal lobule 38 -48 70 4.13 351
Supplementary motor area -4 -6 58 4.89 258 Planum temporale 60 -16 8 5.94 1547
Putamen -26 -8 12 4.33 146 Cerebellum 8 -56 -10 5.9 115
Lateral occipital cortex 44  -76 4 5.79 1988 Lateral occipital cortex 50 -64 6 6.02 1548
Lateral occipital cortex 30 -78 32 4.31 115
Mirror box
Precentral gyrus -62 2 32 4.6 204 Postcentral gyrus 40 -36 52 3.64 92
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Precentral gyrus -40 -22 56 7 5967 Secondary somatosensory 66 -20 18 6.43 3515
cortex

Postcentral gyrus -38  -24 62 6.97 5967 Cerebellum 8 -58 -10 5.54 109

Heschl's gyrus -50 -20 8 7.08 5967 Lateral occipital cortex 48 -68 -2 6.41 1701

Supplementary motor area -4 -4 60 5.7 445 Occipital pole 16 -96 -8 3.98 97

Thalamus 14 -20 2 5.4 109

Lateral occipital cortex -48 -76 6 5.1 1827

Occipital fusiform gyrus -18 -80 -10 4.3 181

Areas of significant fMRI response were determined using clusters identified by a z > 3.0 threshold and a corrected cluster threshold of p = 0.05 assuming a

Gaussian random field for the z-statistics. Coordinates are displayed in the Montreal Neurological Institute (MNI152) space.
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Table 3. Brain regions showing significant positive psychophysiological interactions (PPI) with the motor representation of

the moving hand for the mirror box and mirror glasses conditions.

Region: MNI-coordinates Region: MNI-coordinates
] extent ] ] o extent
left hemisphere, contralateral to the z-score right hemisphere, ipsilateral to the z-score
_ [voxels] . [voxels]
moving hand X y z moving hand X oy z

Mirror glasses

Superior frontal gyrus -22 30 46 481 671 Precentral gyrus 6 -28 76 4.05 249
Middle frontal gyrus -38 10 50 4.16 156 Postcentral gyrus 40 -24 66 3.91 95
Posterior cingulate gyrus -10 -44 34 401 246 Paracingulate gyrus 2 40 -12 414 200
Angular gyrus -46 -56 30 3.94 135

Lateral occipital cortex -34 74 42 3.93 203

Mirror box

Precentral gyrus -28 26 74 3.86 77 Precentral gyrus 2 -26 78  3.79 172
Middle frontal gyrus -26 32 46 3.84 282

Supplementary motor area -2 -2 74 3.66 78
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Lateral occipital cortex -40 -70 34 3.86 111

Seed regions of interests derived from subject specific peak voxels in the primary motor cortex of the single contrasts mirror glasses and mirror box. PPIs were
calculated based on deconvolved fMRI signals from individual seed voxels obtained with a radial sphere of 5 mm. Areas of significant fMRI-responses were
determined using clusters identified by a z > 3.0 threshold and a corrected cluster threshold of p = 0.05 assuming a Gaussian random field for the z-statistics.

Coordinates are displayed in the Montreal Neurological Institute (MNI152) space
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Mirror glasses Mirror box

Fig. 3. Brain regions showing significant positive psychophysiological interactions
(PPI) with the motor representation of the moving hand. fMRI activations were mapped
on a FSL render image. For illustrative purposes the spherical seed region of interest in the
left primary motor cortex is also shown as red-colored sphere. MI/SI = primary
motor/somatosensory cortex, LOC = lateral occipital cortex, PCC = posterior cingulate
cortex, ipsi = ipsilateral to the executing (right) hand.

Discussion

The present study evaluated the utility of MG by comparing it with the MB and yielded
three important results: (1) We did not find significant differences in subjective ratings
capturing mirror illusion capacity between either MVF intervention, indicating similar
capabilities of both to induce mirror illusions. (2) We found similar patterns of task-
related brain activation for both conditions, including the sensorimotor representation
of the non-mirrored hand as well as other brain areas typically found in MVF tasks
(Deconinck et al., 2014; Matthys et al., 2009). Critically, the direct comparison of both
MVF interventions vyielded no significant differences in fMRI activation. (3)
Furthermore, we found increased interhemispheric connectivity between both hand
representations only in the MG condition. This suggests that the motor representation
of the non-mirrored hand in the MG condition is modulated via this interhemispheric
connection. Due to the fact that the hand region in Mlipsi was activated in both MVF
conditions we assume that the MB condition works by a different neural mechanism.
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Comparable subjective quality of mirror illusions

To our knowledge this is the first study quantifying the subjective quality of MG in
comparison to the well-established MB. The MG have been discussed to be superior
to the classical MB and even virtual-reality applications of the MB because they
provide a naturalistic view on the reflection of the actually moving limb without seeing
the mirrored limb additionally which potentially has a distracting effect (Hadoush et
al., 2013; Tsakiris, Schuetz-Bosbach, et al., 2007; Walsh & Bannister, 2010). Neither
the vividness nor the intensity of mirror illusions differed significantly between both
mirror tasks. The most notable difference between both MVF conditions was the
presentation of only the visual reflection of the moving right hand in the MG
compared with both hands appearing to move in synchrony in the MB condition. We
hypothesized to find higher subjective ratings on mirror illusions in the MG condition,
because it has been proposed that seeing the moving hand in addition to the visual
reflection might interfere with mirror illusions and the accompanying recruitment of
the sensorimotor representation of the hidden hand (Hadoush et al., 2013; Walsh &
Bannister, 2010). Despite of the low to medium high ratings for the mirror illusion
items used, the subjective ratings were comparable to other studies using these
items (Diers et al., 2015, 2010) including patient studies demonstrating a therapeutic
effect of MVF (Foell et al., 2014). It is important to note that we did not instruct the
participants to perform motor imagery during the MVF task. We used the standard
(original) instruction for clinical studies as has been used, for example, by
Ramachandran & Rogers-Ramachandran (Ramachandran, Rogers-Ramachandran &
Cobb, 1995), who originally reported the effects of mirror training on phantom pain. It
has been shown that mirror illusions and the concomitant recruitment of the affected
limb representation can be improved by combining MVF with motor imagery
(Fukumura, Sugawara, Tanabe, Ushiba, & Tomita, 2007; McCabe et al., 2008). Thus,
we assume that the moderate levels of induced mirror illusions can be increased

when MVF is combined with motor imagery.
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Comparable task-related brain activation

We found comparable patterns of functional brain activation between both MVF
conditions, including those areas that have been shown to be typically activated in a
motor MVF task (Deconinck et al., 2014; Matthys et al., 2009). In contrast to our
hypothesis, we did not find significant differences in fMRI activations in the Mlipsi
corresponding to the hidden left hand or in any other brain region between both MVF
tasks (Hadoush et al., 2013).

The visual illusion of the moving hand has been discussed to be the experimental
substrate of MVF-related excitation of the MI corresponding to the non-mirrored hand
(Hadoush et al., 2013). In both MVF conditions, we found extended fMRI activations
in the right sensorimotor cortex, corresponding to the non-mirrored (hidden) hand, in
addition to a significant activation of the sensorimotor representation of the actually
moving hand. A recruitment of the sensorimotor representation ipsilateral to the
moving hand during a MB task was also found in former fMRI studies using MVF
(Diers et al., 2015, 2010; Shinoura et al., 2008) and has been reported to be a stable
neural correlate in a recent meta-analysis including 33 MVF studies (Deconinck et al.,
2014). It has been shown that ipsilateral hand movement (Liepert, Dettmers, Terborg,
& Weliller, 2001; Muellbacher et al., 2002) as well as passive observation of
contralateral limb movements can induce excitability changes in Mlipsi (Maeda et al.,
2014, Strafella & Paus, 2000). The interaction between ipsilateral motor observation
(as realized in a MB task) and contralateral motor execution has been discussed to
drive the excitability changes in Mlipsi during MVF (Garry, Loftus, & Summers, 2005).
Garry et al. (2005) were able to show that the motor observation component alone
increases excitability in Mlipsi, whereby facilitation of Mlipsi excitability was strongest
with the mirror reflection. Moreover, Diers et al. (2010) found increased fMRI
activation in Mlipsi in a group of healthy controls and amputees without phantom limb
pain in a motor execution as well as a MVF task, but activity was higher with MVF,
which suggest an additional effect of the motor observation component for the
recruitment of the hand representation corresponding to the hand seen in the mirror.
We did not include a pure motor execution condition in this study, but we can
conclude from results of previous studies that activations would be located in similar
regions, although less prominent (Diers et al., 2010; Lotze, Montoya, et al., 1999;
Lotze et al., 2001).
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In a magnetoencephalographic study, Hadoush et al. (2013) investigated the effects
of seeing the physically moving hand in addition to the mirror reflection of the moving
hand on Mlipsi excitability within a classical MB setup. The subjects were tested in a
within-subjects design performing a MB task with either their actually moving hand
out of view or visible. Hadoush et al. (2013) reported a higher capability to recruit
Mlipsi and a clearer visual illusion when the executing hand was out of view. We also
hypothesized to find a stronger recruitment of Mlipsi in the MG condition because
subjects can more easily focus on the mirror illusion (Walsh & Bannister, 2010).
Although we did not use an additional item to specifically assess the potentially
distracting effect of seeing the executing hand on mirror illusions in the MB condition
(Hadoush et al., 2013), we found no significant differences in the capability to recruit
the Mlipsi between the two MVF conditions as revealed by the direct comparison
between them. In contrast to Hadoush et al. (2013), we did not instruct the subjects
to perform motor imagery during the MVF task. It has been discussed that mirror
illusions and the concomitant recruitment of the affected limb representation can be
improved by combining MVF with motor imagery (Deconinck et al., 2014; Fukumura
et al., 2007; McCabe et al., 2008) and possibly the additional effect of motor imagery
might differ between the MB and MG condition by seeing just one compared with two
hand moving in synchrony. Thus, the proposed beneficial effect on Mlipsi recruitment
caused by disabling the vision of the actually moving limb compared with seeing both
hands moving in synchrony cannot be supported by our findings.

Moreover, we found additional fMRI activations during the mirror tasks in PMC, the
ipsilateral cerebellum, SMA, the thalamus, the LOC as well as Sll, which constitute
brain regions typically activated in hand motor tasks like the MB task (Deconinck et
al., 2014; Matthys et al., 2009). Clusters of activation were further found in the
primary auditory cortex, which were expected due to the auditory pacing signal

present during the movement trials in both mirror tasks.

Despite the differences in the amount of visual input between both MVF conditions by
seeing just one hand in the MG compared with two hands appearing to move in
synchrony in the MB, neither the single condition contrasts nor the direct comparison
between both MVF conditions revealed significant differences in visual areas. In both
MVF conditions clusters of activation in the LOC showed similar cluster extensions

and peak maxima between both hemispheres.
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Different patterns of task-dependent functional connectivity

It has been proposed that the MVF related recruitment of the affected motor limb
representation (Mlipsi) iIs due to contralateral projections arising from the motor
representation of the moving (intact) limb (Mlcontra) (Ezendam, Bongers, & Jannink,
2009; Foell et al., 2014; Hamzei et al., 2012). To specifically address this hypothesis
of an MVF-related increase in interhemispheric connectivity between both motor
hand representations, we applied PPI analysis with individually defined ROIs in the
Micontra (Deconinck et al., 2014). So far there is a lack of studies on functional
connectivity between brain areas to reveal the neural mechanisms underlying MFV
(Deconinck et al., 2014).

We found a significant increase in interhemispheric connectivity between Micontra and
the sensorimotor representation of the non-mirrored hand in the MG condition, but
not in the MB condition. The absence of significant interhemispheric communication
in the MB condition is in line with the finding of a recent MVF study examining motor
improvement in the limb seen in the mirror in two patients with callosal disconnection
(Nojima et al., 2013). These callosal patients showed improved motor function in the
untrained hand seen in the mirror after mirror training, which cannot be explained by
intermanual transfer mediated by transcallosal fibers in these subjects. Moreover,
Hamzei et al. (2012) found increased functional and effective connectivity between
various brain regions, but not between both motor hand areas in a group of healthy
volunteers performing mirror training. Thus, the recruitment of the sensorimotor
representation corresponding to the non-mirrored hand was likely not mediated by
interhemispheric communication via transcallosal fibers between the hand areas in
the MB condition.

We found a significant increase in task-related interhemispheric connectivity only in
the MG condition. However, in both MFV conditions the ipsilateral sensorimotor
representation of the non-mirrored hand was significantly activated and fMRI activity
did not differ between both MVF conditions as revealed by the direct comparison
between both MVF conditions. Thus, our findings indicate that the mechanism, by
which the ipsilateral sensorimotor representation of the non-mirrored hand was
recruited, might vary between both MVF conditions. Whereas interhemispheric
communication seems to be important for the recruitment of Mlppsi in the MG
condition, it might just play a minor role in the MB condition. How can this difference
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in the recruitment of the sensorimotor representation of the non-mirrored hand be

explained?

Our ROI was located in the motor representation of the moving hand, in order to
specifically address the hypothesis of increased interhemispheric communication
mediating the recruitment of Mlipsi. Thus, we can only speculate which alternative
mechanism might account for the recruitment of sensorimotor representation of the
hidden hand in the MB. It has already been proposed that afferent information from
the visual cortex might re-establish coherence in the limb representation in Mlipsi by
recruiting the preserved motor representation in patient groups (Giraux & Sirigu,
2003). In both MVF conditions we found increased psychophysiological interactions
between the LOC and Micontra, indicating that afferent input from visual areas might
be an attractive candidate for the recruitment of the sensorimotor representation of

the non-mirrored hand.
Study limitations

A limitation of the current study is that we only looked at the instant neuromodulatory
effects of MVF. Thus, we cannot exclude the possibility of use-dependent dynamics
in functional brain activity by long-term training with our MVF devices (Deconinck et
al., 2014; Hamzei et al., 2012).

Furthermore, it has to be considered that healthy subjects performed both mirror
tasks. In future studies, the MG will have to be evaluated in specific patient groups
such as patients with specific motor deficits or chronic pain.

A further limitation of this study is that we did not apply measures of effective
connectivity (e.g., dynamic causal modelling or Granger causality) because our
experimental design was not factorial and therefore is not suitable for applying
effective connectivity analysis (Friston, Moran, & Seth, 2013; Stephan & Friston,
2010). As highlighted in the original publication on dynamic causal modelling by
Friston et al. (2003) a multi-factorial design with one factor assumed to be a driving
input (e.g., sensory stimulation) and another factor acting as modulatory input (e.qg.,
attention) is suggested.
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Conclusions

Based on comparable patterns of brain activation and subjective ratings on mirror
illusions, we conclude that MG might be a versatile substitute of the MB in the
treatment of chronic pain as well as the functional recovery in different patient
groups. Compared with the MB, MG might be favoured due to their higher

manageability in everyday therapy and research.

Moreover, we found evidence that the recruitment of the hand representation of the
non-mirrored hand might be mediated by interhemispheric communication in the MG,
but not in the MB condition, indicating that different neural mechanisms might
contribute to the recruitment of the cortical hand representation of the non-mirrored
hand in the MB versus MG condition. This difference might be explained by the
conceptual difference of seeing both hands moving in synchrony (MB) versus seeing

only the visual reflection of the moving hand (MG).
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Supporting Information

S1 Table. Brain regions revealing significant negative psychophysiological interactions (PPI) with the motor representation of the

moving hand for the mirror box and mirror glasses conditions.

Region: MNI-coordinates Region: MNI-coordinates
extent extent
left hemisphere (contralateral to the Z-score right hemisphere (ipsilateral to the Z-score
X y 7 [voxels] X y 7 [voxels]
moving hand) moving hand)
Mirror glasses
Secondary somatosensory cortex -56 -38 22 489 2143 Inferior frontal gyrus 48 10 18 3.92 90
Thalamus -8 -16 4 3.92 73 Anterior cingulate cortex 6 12 38 4.24 152
Central opercular cortex 44 8 2 4.57 1026
Posterior cingulate cortex 8 -26 44 4.07 71
Supramarginal gyrus 60 -40 18 5.24 1175
Mirror box
Anterior cingulate cortex -8 10 38 4.19 305 Insular cortex 40 10 -4 471 1195
Insular cortex -34 22 -2 485 1154 Superior temporal gyrus 62 -36 10 4.77 1681
Planum temporale 52 24 4 4.36 905

Areas of significant fMRI-responses were determined using clusters identified by a z > 3.0 threshold and a corrected cluster threshold of p = 0.05 assuming a

Gaussian random field for the z-statistics. Coordinates are displayed in the Montreal Neurological Institute (MNI152) space.
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Study 2

Evoked phantom sensations in amputees: a link between neural processing of

body illusions and altered body perception?

2 Milde, C., Diers, M., Andoh, J., Becker, S., Fuchs, X., Trojan, J., Bekrater-Bodmann, R., & Flor, H.
(2017). Evoked phantom sensations in amputees: a link between neural processing of body illusions
and altered body perception. Manuscript in preparation.



Abstract

A disturbed body perception is characteristic for various neurological and mental
disorders and becomes particularly evident in phantom phenomena after limb
amputation. Most amputees continue to perceive the amputated limb and some
perceive sensations in their missing limb, when body parts adjacent to or remote from
the amputated limb are stimulated (evoked phantom sensations). We examined the
neural correlates of evoked phantom sensations and hypothesized that they can be
linked to neural networks underlying body illusions such as illusions inducing the
percept of having a third arm. Using functional MRI, we investigated 12 upper-limb
amputees who reliably perceived non-painful evoked phantom sensations and 12
yoked controls. We used non-painful electrical and tactile stimulation to elicit non-
painful phantom sensations and also stimulated at control sites that did not elicit
phantom sensations. All sites were remote from the amputation site to avoid
interference of local amputation-induced changes. In the controls, we stimulated at

anatomically matched body sites.

Using a conjunction analysis, we found increased brain activation in the left ventral
frontal (BA44/45) and premotor cortices as well as in the insula and putamen during
the elicitation of phantom sensations compared to both control conditions (within-
amputees and yoked controls). Moreover, the comparison between the evoked
phantom sensation and control condition in amputees showed significant activation in
inferior and intraparietal regions and the secondary somatosensory cortex.
Regressive generalized psychophysiological interaction analyses further revealed a
widespread network showing significant positive intra-parietal and fronto-parietal
connectivity. This network comprised the left ventral frontal and premotor cortices
that interacted with activation in the superior parietal lobe. The present findings
associate non-painful phantom sensations with a fronto-parietal network similar to
that reported in body illusions and altered body perception. These data emphasize

the role of crossmodal stimulation in normalizing dysfunctional body representations.
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Introduction

The perception of one’s body can substantially differ from its physical appearance if
there is a mismatch between the sensory modalities or as a consequence of brain
damage (Tsakiris, 2010; Blanke et al., 2015). This becomes patrticularly evident in the
case of amputation where patients frequently report phantom phenomena, i.e., the
continued presence of the amputated limb or perceptions that are allocated to the
missing limb. The phantom limb is often felt in a distorted or cramped position
(Jensen, Krebs, Nielsen, & Rasmussen, 1984; Jensen et al., 1985) and about 60-
80% of the amputees report phantom pain, a painful sensation perceived in the
amputated limb (Jensen et al., 1983; Hanley et al., 2009). Non-painful phantom
phenomena are phenomenologically heterogeneous — while phantom sensations are
described as a specific somatic sensation such as tingling, warmth, cold, itch or
movement noticed in the phantom limb, phantom limb awareness is defined as are
more general knowledge of the existence/presence of the missing limb as one’s own
(Hunter et al. 2003). Phantom phenomena can be spontaneous or related to external
stimulation applied to specific body parts, the latter being termed ‘evoked phantom
sensation’ (Cronholm, 1951). Evoked phantom sensations can have a specific
somatic quality or be described as a change in the general awareness of the

presence of the phantom limb (Hunter et al. 2003).

The neural mechanisms underlying painful and non-painful phantom sensations such
as evoked phantom sensations are under investigation. Based on findings of massive
reorganization in Sl following dorsal rhizotomies in macaques (Pons et al., 1991),
Ramachandran et al. (1992) proposed that both painful and non-painful phantom
phenomena might be a consequence of Sl reorganization. They observed that
stimulation applied to the face, which is represented adjacent to the upper limb in S,
elicited sensations in the phantom limb showing a one-to-one topographical
correspondence between stimulation sites on the face and the phantom. Subsequent
studies however, indicated that reorganization in Sl is related to painful but not non-
painful phantom phenomena (Flor et al., 1995; Grisser et al., 2001). These studies
found a high correlation between phantom pain and Sl reorganization, but no such
relationship for non-painful phantom phenomena, including evoked phantom
sensations. Moreover, evoked phantom sensations have often been reported to be
elicited at body sites represented remote from or contralateral to the SI
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representation of the amputated limb (Knecht et al., 1998; Grisser et al., 2004,
Giummarra et al., 2011; Andoh et al., 2017), questioning dysfunctional changes in Sl
topography. Grisser et al. (2004) investigated two upper limb amputees in whom
phantom sensations could be evoked at remote body sites at the ipsi- and
contralateral leg. The authors found a medial shift of the mouth representation,
however, no reorganization in the representation of the feet. Based on their findings,
Grusser et al. (2004) discussed the role of the posterior parietal regions and the
secondary somatosensory cortex, which reveals a greater reorganizational potential

than SlI, for non-painful phantom sensations.

The rubber hand illusion resembles the perception of non-painful phantoms. In the
rubber hand illusion synchronous stroking of a visible artificial and the participant’s
hidden hand induces a referral of touch from the actual to the artificial rubber hand
and to the experience of ownership for the artificial limb (Botvinick & Cohen, 1998).
Increased activation in ventral frontal (i.e., premotor cortex and BA44/45) and
posterior parietal (i.e., the intraparietal sulci) have been shown to be related with the
rubber hand illusion (Ehrsson et al., 2004, 2005). These findings suggest that non-
painful phantom phenomena might be also related to brain activation in ventral frontal

and posterior parietal regions.

In line with that, studies wusing neuromodulation showed that cathodal
(hyperpolarizing) transcranial direct current stimulation over the posterior parietal
cortex temporarily diminished non-painful phantom phenomena without affecting
phantom pain, while anodal (depolarizing) stimulation over the motor cortex induced
short-term reduction of phantom pain, with no alterations in non-painful phantom
sensations (Bolognini et al., 2013, 2015). An increased activation of posterior parietal
and ventral premotor areas, but not SI, was also found during non-painful phantom
sensations in a functional MRI-study with a congenital amputee (Brugger et al.,
2000). Bjorkman et al. (2012) found increased activation in bilateral SI as well as in
posterior parietal and premotor cortices during tactile elicitation of phantom
sensations at the residual limb in a functional MRI-study with six amputees and
matched controls. The authors however, were not able to dissociate between brain
activation related to stimulation of the residual limb versus the phantom sensations
due confounding input from the residual limb nerves (Schady, Braune, Watson,

Torebjork, & Schmidt, 1994). In a recent functional MRI-study with five upper and
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lower limb amputees and matched healthy controls, we found a distributed network
comprising the ventral inferior cortex (BA44/45), the intraparietal sulci, the inferior
parietal lobes and the secondary somatosensory cortices to be associated with non-
painful phantom sensations (Andoh et al., 2017). However, the sample of Andoh et
al. (2017) was heterogeneous by including upper- and lower limb amputees and
evoked phantom sensations were elicited at the residual limb and remote body sites.
Moreover, the authors did not contrast brain activation during elicitation of phantom
sensations with a matched stimulation in amputees. Thus, brain activation related to
the stimulation could not be distinguished from brain activation specific for evoked

phantom sensations.

The present study investigated the neural networks underlying evoked non-painful
phantom sensations using functional MRI. Generalized psychophysiological
interaction analysis (gPPI) was employed to study network properties involved in
non-painful phantom sensation. Based on previous research on body illusions
resembling the perception of non-painful phantoms (Ehrsson et al., 2004, 2005), we
expected evoked phantom sensation to be related with functional activation and
connectivity in ventral frontal and posterior parietal areas. Furthermore, we expected
significant activation of the secondary somatosensory cortex to be related with
evoked phantom sensation since it show a somatotopy, which is compliant with
phantom sensations elicited remote from the residual limb. Evoked phantom
sensations were elicited at body sites other than the residual limb since local
changes at the residual limb could confound the activation related to the evoked
phantom sensation (Finnerup et al., 2012; Schady et al., 1994). We also
differentiated activation related to the presence versus magnitude of phantom
sensation (Davis et al., 2015).

Materials and methods
Participants

Twelve unilateral major upper-limb amputees (mean age 47.83 years [SD=13.52,
range: 23-70]; five female] and 12 healthy controls (mean age 47.50 years
[SD=13.63, range: 24-70], five female) matched for sex, handedness and age
participated in the study. The amputees in whom phantom sensations could be

evoked remote from the residual limb, were acquired from an epidemiologic data
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base (Bekrater-Bodmann et al., 2015) of 3224 amputees. The amputees participated
in a comprehensive psychometric assessment including a structured interview about
the amputation and its consequences such as painful and non-painful phantom
phenomena (Winter et al., 2001) and the German version of the West Haven-Yale
Multidimensional Pain Inventory (Flor et al.,, 1990; Kerns et al., 1985) modified to
separately assess phantom and residual limb pain (Flor et al., 1995). Fifty of 748
upper-limb amputees in the data base reported having evoked phantom sensations.
These amputees took part in a telephone screening assessing MRI-compatibility and
the presence and perceptual features of evoked phantom sensations. Amputees who
reported to have phantom sensations that could be evoked from body sites remote
from the residual limb were invited for a laboratory assessment of evoked phantom

sensations and a subsequent MRl measurement performed at the same day.

Details on these participants are given in Supplement S1. Four of them had
amputations on the right side, and five amputees were all-day prosthesis-users. All
except for one amputee were right-handed before the amputation as assessed with
the Edinburgh Handedness Inventory (Oldfield, 1971). One amputee was unable to
report on her handedness. The participants had normal or corrected-to-normal vision,
no history of neurological or mental disorder and did not use any centrally acting
medication such as opiates. Prior to participation, they gave written informed consent
in accordance with the Declaration of Helsinki. The study was approved by the ethics
review board of the Medical Faculty Mannheim, Heidelberg University.

Laboratory assessment: Body topography of evoked phantom sensations

The topography of evoked phantom sensations was evaluated at 57 standardized
body sites, employing a detailed assessment of perception in response to tactile and
pinprick stimulation (Fig. 1) (Grusser et al., 2004). The stimuli were applied while the
participants kept their eyes closed and were given in counterbalanced order for the
two stimulation devices used: blunt and pointed metal rods, eliciting tactile and
pinprick sensations. Each body site was stimulated three times for about 2 s with an
inter stimulus interval of about 1 s. Then the amputees were instructed to report on
the localization, quality and intensity of sensations felt at the stimulated site or
anywhere else in the body. Evoked phantom sensations were defined as a sensation
felt in the phantom limb, coinciding in time with the stimulation applied at the remote
site. The body sites eliciting evoked phantom sensations were marked on the
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subject’s body, photographed and drawn into a 2D body template, in which the
perceived location of the evoked phantom sensations in the phantom limb was
indicated (Fig. 1). After stimulation of all body sites, we evaluated their
spatiotemporal stability by re-testing the previously found body sites eliciting evoked
phantom sensations with the blunt and pointed metal rods.

Stimulation techniques and body site selection for the functional MRI session

Body sites reliably eliciting evoked phantom sensations were further considered for
the MRI-measurement. We used pneumatic or electrical stimulation in the
subsequent MRI session. The decision to use either pneumatic or electrical
stimulators was based on their efficacy to induce phantom sensations. Body sites
reliably inducing evoked phantom sensations were first tested with non-painful
pneumatic stimulation. In cases, were pneumatic stimulations were not capable of
inducing phantom sensations, we used non-painful electrical stimulation. The
stimulation was presented in a block design (eight blocks of stimulation alternating
with blocks of rest, each lasting 27 s) to validate the stimulus-related on- and offset
and the intensity of the evoked phantom sensations. As a control condition an
anatomically homologous contralateral body site, not eliciting evoked phantom
sensations, was chosen. In cases, where the contralateral body site was at the
residual limb, below the amputation level or also eliciting evoked phantom

sensations, an adjacent body site was chosen as a control site (Fig. 1).

For the tactile stimulation method (N=9 amputees), pneumatic stimulation was
electronically controlled via a pneumatic relay device (MEG International Services
Ltd., Coquitlam, Canada) set to a frequency of 1 Hz and pulse-width of 100 ms at 3
bars pressure and applied to the skin using pneumatic valve connected with a plastic
tube to an elastic membrane (area 0.8 cm?). The pneumatic stimulator was attached
to the skin using medical tapes (Wienbruch, Candia, Svensson, Kleiser, & Kaollias,
2006). For the electrical stimulation method, transcutaneous electrical stimulation
(N=3 amputees) was applied using custom-made foil surface-electrodes. Monophasic
constant current stimuli were applied for 200 us duration at 1 Hz frequency at each
block (DS7A, Digitimer, Hertfordshire, England). Perception and pain thresholds were
obtained for each stimulated body site using the method of limits starting with a
stimulus, which was not perceived to an intensity the participants indicated as
‘perceivable’ (perception threshold). The stimulation was further increased to the
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level the participant highlighted to be ‘painful’ (pain threshold). The stimulation was
further increased to the level of pain tolerance. This procedure was repeated three
times. Finally, we delivered stimuli, which were at 60% between perception and pain
threshold. The same stimulation parameters were used for the control body site and
in the yoked controls.

Functional MRI
Experimental design

In the MRI, the amputees were measured in two conditions in counterbalanced order:
Stimulation at a body site eliciting phantom sensations and stimulation at a control
site, where we could not elicit phantom sensations. Each control person was yoked to
an amputee and stimulated in the same order at anatomically homologous body sites
in the MRI. The participants were tested in a block design consisting of eight blocks
of stimulation alternating with blocks of rest, each lasting 27 s. Each block was
followed by a rating on a visual analogue scale lasting 15 s assessing the intensity of
evoked phantom sensations during the preceding stimulation or rest block with the
endpoints ‘no sensation’ to ‘most intense’. The questions were as follows: “How
intense was your perception of the stimulation in your missing limb during the
stimulation/during rest?” Since it was possible that the evoked phantom sensations
did not completely resolve after stimulus-offset, the intensity of evoked phantom
sensations was also assessed during rest. In the yoked controls, the visual analogue
scale captured the perceived stimulation intensity, ranging from ‘no sensation’ to
‘most intense’. The questions were as follows: “How intense was your perception of

the stimulation at the stimulated site during the stimulation/during rest?”

After each MRI session ratings on the perceived sensations were assessed using a
numerical rating scale. Moreover, the participants were asked to report on any
sensation remote from the stimulation site to ensure validity of the control conditions.
The participants were asked to rate the perceived intensity and valence of the
stimulation at the stimulated site. The amputees were further asked to rate the
intensity and valence of evoked phantom sensations. Ratings ranged from O ‘no
sensation’ to 10 ‘most intense sensation’ for the intensity and from -10 ‘very

unpleasant’ to 10 ‘very pleasant’ for the valence ratings.
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MRI data acquisition

A MAGNETOM TRIO 3 T scanner (Siemens AG, Erlangen, Germany) with a 32-
channel head coil was used to obtain 230 whole-brain gradient-echo echo planar
images (EPI) with a blood oxygen level-dependent (BOLD) contrast (TR/TE=3000/27
ms; flip angle=90°, matrix=128x128, voxel size=1.5x1.5x2 mm, GRAPPA factor=3, 40
slices). In the same session, a high-resolution T1-weighted 3D image was recorded
(TR/TE=2300/2.98 ms; 192 contiguous slices; matrix=248x256; voxel size=1 mm?3,
bandwidth=1.184 Hz/pixel). Stimulation events were synchronized with functional
volume acquisition using Presentation software (version 15.0, www.neurobs.com).
Additionally, a double echo gradient sequence was used to acquire a static Bo-
fieldmap (TR=468 ms; short/long TE=4.92/7.38 ms; matrix=96x96; voxel-size=2x2x3

mm) to enable correction of geometrical distortions in functional images.
Functional MRI data analysis
Preprocessing

The functional MRI data were analyzed using tools from FMRIB's Software Library
(FSL, v. 5.02) (Smith et al., 2004). The first three functional volumes were discarded
prior to preprocessing to account for T1l-equilibration effects. Preprocessing
comprised Bo-fieldmap-based unwarping of echo planar images using
PRELUDE+FUGUE, intra-modal motion correction using MCFLIRT (Jenkinson et al.,
2002), slice-timing correction, mean-based intensity normalization, spatial smoothing
using a Gaussian kernel with 5 mm full width at half maximum, and high-pass
temporal filtering at 0=100 s. Registration was performed in two steps: Functional
volumes were spatially realigned to the high-resolution T1-weighted volume, where
non-brain structures were removed using the Brain Extraction Tool (BET) (Smith,
2002). Functional volumes were then registered to the standard MNI152 template
(Montreal Neurological Institute, Montreal, Canada) using non-affine FNIRT-
registration (Andersson et al., 2007) with a warp-resolution of 8 mm. Time-series
statistical analysis was performed with the pre-whitening tool of FMRIB’s Improved
Linear Model (FILM) with local autocorrelation correction (Woolrich, Ripley, Brady, &
Smith, 2001).
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Statistical analysis

The statistical analysis was carried out using the fMRI Expert Analysis Tool (FEAT v.
6.00) (www.fsl.fmrib.ox.ac.uk). Each session for a given participant was modeled
separately at the first level. The stimulation epochs were modeled as event of
interest. The rating epochs and six motion parameters were modeled as events of no
interest and nuisance, respectively. The event types were convolved with a double-
gamma function to model the hemodynamic response function with their first-order
temporal derivatives. Group statistics were computed using FMRIB’s Local Analysis
of Mixed Effects (FLAME 2) (Beckmann, Jenkinson, & Smith, 2003). Clusters of
significant brain responses were determined using a z > 2.3 threshold and a
corrected cluster threshold of p=0.05 assuming a Gaussian random field for the z-
statistics. Significant clusters were labeled using the probabilistic Julich-Histological
(Eickhoff et al.,, 2007) and Harvard-Oxford Atlases (www.cma.mgh.harvard.edu).

Brain areas related to evoked phantom sensations

We differentiated between the neural correlates of evoked phantom sensations and
the neural correlates of the perceived intensity of evoked phantom sensations.
Whereas the former reflects mechanisms related to the presence versus absence of
a sensation, the latter might reflect a more general ‘magnitude coding’ not

necessarily specific for evoked phantom sensations (Baliki, Geha, & Apkarian, 2009).

Thus, brain activation specific for the presence or absence of evoked phantom
sensations was determined by contrasting brain activation during elicitation of evoked
phantom sensations with a control stimulation, which did not elicit evoked phantom
sensations. This comparison was made within amputees using a phantom sensation
free control site and compared to yoked healthy controls who were stimulated at
homologous body sites.

In the within-subjects comparison, the brain responses were contrasted between the
evoked phantom sensation and control body site (evoked phantom sensations >
control site) using fixed-effects analysis followed by a third-level mixed-effects
analysis (Beckmann et al., 2003) to average the single-subject contrasts. In the
between-group comparison, the brain responses were contrasted between the

evoked phantom sensation condition in the amputees and the anatomically matched
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stimulation in the yoked controls (evoked phantom sensations amputees > yoked

controls) using an unpaired t-test.

To delineate brain regions with conjoint activation for both contrasts of interest
(evoked phantom sensations > control site AND evoked phantom sensations
amputees > yoked controls), we applied conjunction analysis (Friston, Penny, &
Glaser, 2005) employing cluster-based inference as enabled by easythresh_conj
(www2.warwick.ac.uk/fac/sci/statistics). Regions of conjoint activation were expected

to reveal specificity for the encoding of evoked phantom sensations.

We also investigated the neural correlates of the perceived intensity of the evoked
phantom sensation and the non-painful sensation at the stimulated body site,
potentially reflecting a more general magnitude coding. Therefore, brain activation
was correlated with the demeaned ratings on the intensity perceived at the stimulated
site and in the phantom limb. We also investigated whether the elicitation of phantom
sensations was linked to activation in the contralateral SI. Due to differences in the
perceived localization of evoked phantom sensations as well as side of amputation,
we computed subject-wise contrast between the evoked phantom sensation and
control site stimulation to check for Sl activations contralateral to amputation.

Effective connectivity analysis

Effective connectivity was computed with bivariate regressive generalized
psychophysiological interaction analysis (gPPI) using the seed-driven approach in the
CONN toolbox v.16b (Whitfield-Gabrieli & Nieto-Castanon, 2012) as implemented in
SPM8 (www.fil.ion.ucl.ac.uk/spm). In gPPI the task-dependent directional influences
between pairs of regions of interest (ROIs) are estimated (McLaren, Ries, Xu, &
Johnson, 2012; Whitfield-Gabrieli & Nieto-Castanon, 2012). gPPI was performed
using the evoked phantom sensations > control site contrast, which was expected to

show high specificity for evoked phantom sensations.

In total, 94 ROIs originating from the Juelich-Histological Atlas were used as atlas
ROIls. In addition, one functional ROI covering parts of the left ventral premotor and
inferior frontal cortices (BA44/45) and one functional ROI covering the anterior insula
were included. These functional ROIs were derived from the conjunction analysis.
Based on the imaging literature on crossmodal integration in peripersonal space

(Ehrsson et al., 2005; Grivaz et al., 2017), ROIs in the ventral premotor and inferior
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frontal cortices as well as the posterior parietal cortex were modeled as seed regions
and connectivity was computed across all ROIs. Information on seed and atlas ROIs

is given in Supplement S2.

Preprocessing was performed based on the SPM8 preprocessing routines
comprising motion correction, unwarping, slice-timing correction, co-registration of
the functional images to the anatomical images, intensity normalization, non-affine
co-registration to the MNI152 template, and spatial smoothing using a Gaussian
kernel of 5 mm full width at half maximum. Connectivity was assessed based on
Fisher-transformed correlation coefficients at the group level (Whitfield-Gabrieli and
Nieto-Castanon, 2012).

The average time series was computed across all voxels within each ROI and high-
pass filtered at 0=100 s. The CONN toolbox employs anatomically informed
component-based noise correction (“aCompCor”), correcting for physiological and
other sources of noise by regressing-out signals, for example, from the white matter
or cerebrospinal-fluid (Behzadi, Restom, Liau, & Liu, 2007). The task regressors were
convolved with a double-gamma function and their first-order temporal derivatives
and modeled as confound regressors. To control for multiple comparisons, ROI-to-

ROIl-effects were determined at a seed-level false discovery rate threshold of p<0.05.
Analysis of perceived sensations

The ratings on the percepts at the stimulated body site and in the phantom were
analyzed using R (R Development Core Team, 2015) and figures were created using
the ggplot2 package (Wickham, 2009). Linear mixed models were carried out using
the Ime4 package (Bates, Maechler, Bolker, & Walker, 2014) with maximum-
likelihood estimation. Satterthwaite’s approximation was used to estimate the
degrees of freedom as implemented in the ImerTest package (Kuznetsova,
Brockhoff, & Christensen, 2014). The individual cases were specified as a random

intercept.

In the evoked phantom sensation condition, the ratings on the intensity and valence
felt at the stimulated body site were correlated with ratings on the intensity and
valence perceived in the phantom. Moreover, we tested whether the ratings on
intensity felt at the stimulated body site differed between the evoked phantom

sensation and control conditions without stimulus-induced phantom sensations.
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The block-wise visual analogue scale ratings on the intensity of evoked phantom
sensations assessed during the MRI-session were transformed to a scale with the
endpoints 0 ‘no sensation’ and 10 ‘most intense sensation’. To investigate whether
the evoked phantom sensations could be reliably turned on and off, we modelled the
within-subject factors STIMULATION (rest/stimulation) and BLOCK (block 1 to 8) and
checked for significant differences in STIMULATION. Moreover, we contrasted the
first and last stimulation trial to investigate habituation effects in the perceived

intensity of evoked phantom sensations.

Correlational analysis was performed using Pearson correlation. Kendall's tau was
used when assumption of normality was not fulfilled. Normality of the data was
checked using the Shapiro-Wilk test. All models were carried out with two-sided

significance thresholds set at p=.05.
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Results
Laboratory assessment: body topography of evoked phantom sensations

Evoked phantom sensations with a stimulus-related on- and offset were found in all
amputees (Fig. 1). In 10 of the 12 amputees, evoked phantom sensations could be
elicited from body sites contralateral to the amputation (Fig. 1: in A4 and A6 only
from the side ipsilateral to the amputation). In four amputees, evoked phantom
sensations could be elicited from the legs (Fig. 1: A: 2, 3, 5, 12). Moreover, four
amputees showed mirror referrals (Giummarra et al., 2011), in which the body site
eliciting evoked phantom sensations was on the intact limb at the anatomically same
site as the evoked phantom sensation in the phantom (Fig. 1: A: 2, 3, 8, 12). In six
amputees evoked phantom sensations could be elicited from the residual limb (Fig.
1. A1, 2, 3,5,9, 10). In one amputee evoked phantom sensations could be evoked
at all ventral body sites tested (Fig. 1: A: 2). In most of the amputees, the quality of
evoked phantom sensations differed from the quality usually linked to the stimulation
method used. For example, the tactile stimulation delivered via the pneumatic
stimulator were associated with various types of evoked phantom sensations
comprising a pulling sensation (A: 10), tingling sensations (A: 3, 5-9, 11) or the
feeling that the phantom started to swell (A: 12) (Table 1).
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Figure 1 Body topography of evoked phantom sensations Body templates with 57
standardized body sites stimulated (outlined circles, for illustration only shown for subject Al)
to investigate the topography of body sites eliciting evoked phantom sensations for each
amputee (A 1-12). ES=elicitation site; stimulated in the MRI to induce evoked phantom
sensations with corresponding evoked phantom sensations marked as red shaded area.
CS=control site; stimulated in the MRI as control site without evoked phantom sensations.
Blue dots=evoked phantom sensations could be elicited by blunt metal rods; Green
dots=evoked phantom sensations could be elicited by pointed metal rods; Blue and green
dots=evoked phantom sensations could be elicited by blunt and pointed metal rods. Red
shaded areas mark the perceived location of the evoked phantom sensations in the phantom
limb and the intersection line marks the level of amputation. The black arrows in A: 2, 3, 8
and 12 mark amputees with mirror referrals. Body templates were adapted from Grlsser et
al. (2004).

Functional MRI session
Perceived sensations

The intensity perceived at the stimulated body site did not significantly differ between
the evoked phantom sensation (M=6.25, SD=3.19) and the control condition
(M=6.92, SD=2.71) in the amputees (t(11)=0.71, p=0.49) (Table 1). Moreover, the
intensity perceived at the stimulated body site did not significantly differ between the
amputees and the yoked controls (M=6.09, SD=2.97) stimulated at homologous body
sites (t(22)=-0.14, p=0.89) (Table 1;Supplement S3).

Correlational analysis showed that the intensity (r(10)=0.10, p=0.75) and the valence
(tau(10)=0.05, p=0.85) of the stimulation felt at the stimulated body site were not
significantly related to the intensity of the evoked phantom sensations (Table 1). The
intensity (tau(10)=0.11, p=0.65) and the valence (tau(10)=0.42, p=0.12) perceived at
the stimulated body site did also not significantly correlate with the valence perceived
in the phantom (Table 1). On average, the evoked phantom sensations were rated
with moderate intensity (M=5.67, SD=2.81) and to be neutral in valence (M=-0.42,
SD=2.68) (Table 1).

In the linear mixed model the factor STIMULATION predicted significantly the
intensity of evoked phantom sensations (F(1,165)=401.12, p<0.001) with significantly
higher ratings during the stimulation (M=5.85, SD=2.84) than during the rest (M=1.4,
SD=1.83) blocks (t(165)=7.25, p<0.001) (Fig. 2). The factor BLOCK (F(7,165)=0.54,
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p=0.80) and the STIMULATION-by-BLOCK interaction (F(7,165)=0.16, p=0.99) did
not significantly predict the intensity of evoked phantom sensations. Contrasting the
perceived intensity of evoked phantom sensations between the first (M=6.05,
SD=2.68) and last (M=5.48, SD=2.99) stimulation block, we did not find significant
habituation effects (t(11)=-0.83, p=0.42). The yoked controls and the amputees did
not report on stimulation related sensations remote from the stimulated site during

the control stimulation.
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Table 1 Perceptual qualities and intensities reported by the amputees subsequent to the elicitation of evoked phantom sensations
(EPS) condition in the MRI.

Intensity at Valence at

Stimulation , _ _ Intensity  Valence of EPS
Amputee stimulated body stimulated body EPS quality _
method _ _ of EPS EPS location
site site
) non-painful, soft electrical
Al electric 8 0 8 0 D1
currents
non-painful, loosening of a
A2 pneumatic 4 0 cramping sensation, 8 -5 D1-D3
movements, pleasant
A3 pneumatic 10 0 non-painful, tingling 6 -1 D1
A4 electric 10 0 non-painful, pressure 6 -5 D1-D5
A5 electric 10 -3 non-painful, tingling 1 2 forearm
A6 pneumatic 10 0 non-painful, tingling 8 0 D1-D3
, , o whole
A7 pneumatic 6 0 non-painful, tingling 4 0
hand
A8 pneumatic 2 0 non-painful, tingling 3 0 volar
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A9 pneumatic 5 0 non-painful, tingling 3 -1 D2-D3

non-painful, dragging

Al0 pneumatic 4 2 sensafion 3 0 forearm
All pneumatic 2 0 non-painful, tingling 10 0 D3-D5
Al2 pneumatic 4 -3 non-painful, swollen sensation 8 5 D1-D5
Mean/Median 6.25/5.5 -0.33/0 5.67/6 -0.42/0

+SD 3.19 1.37 2.81 2.68

The intensity and valence were assessed using a numerical rating scale. Intensity ratings ranged from 0 ‘no sensation’ to 10 ‘most intense sensation’ and valence
ratings ranged from -10 ‘very unpleasant’ to 10 ‘very pleasant’. D1-D5=digits from the first (D1) to the fifth (D5) digit.
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most intense
sensation

Intensity of evoked phantom sensations

no sensation

Al A2 A3 A4 A5 A6 A7 A8 A9 A10 A1l A12

Figure 2 Intensity of evoked phantom sensations across amputees. Bar-error-bar plot
(M£SEM) showing the mean intensity of evoked phantom sensations across stimulation (red)
and rest (blue) blocks for each amputee (A1-A12). The average intensity of evoked phantom
sensations across all amputees is shown during stimulation (solid line) and rest (dashed line)
blocks. The intensity of evoked phantom sensations was rated on a visual analogue scale
ranging from ‘no sensation’ to ‘most intense sensation’ after each of the eight stimulation and
rest blocks. The visual analogue scale ratings were transformed to a scale with the endpoints

0 ‘no sensation’ and 10 ‘most intense sensation’.
Brain areas related to evoked phantom sensations

The contrast between stimulation at a body eliciting phantom sensations and a
control body site without phantom sensations (evoked phantom sensation > control
site) showed significantly increased activation in the left ventral premotor and inferior
frontal cortices (BA44/45), the left anterior insula and left basal ganglia (caudate
nucleus, putamen). Moreover, significantly increased activation was found in the
bilateral secondary somatosensory cortices (OP1, OP4) and the right supramarginal

gyrus (Table 2, Fig. 4).

The between-group comparison (evoked phantom sensations amputees > yoked
controls) also showed increased activation in left ventral premotor and inferior frontal
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cortices (BA44/45), the left anterior insula, the left caudate nucleus and putamen as
well as the left secondary somatosensory cortex (OP1, OP3) (Table 2, Fig. 4).
Moreover, significantly increased activation was found in the left posterior parietal
(anterior intraparietal sulcus, BA2) and cerebellar regions (Table 2, Fig. 4). No
significant differences were found when brain responses between the control site in

amputees and the matched body site in yoked controls were contrasted.

The conjunction analysis including the within-amputee (evoked phantom sensations
> control site) and the between-group (evoked phantom sensations amputees >
yoked controls) contrasts showed increased activation in the left ventral premotor and
inferior frontal cortices (BA44/45), the left anterior insula and basal ganglia (caudate

nucleus and putamen) (Fig. 4).

EPS > control site

S2/IPL BA 6/44/45 aIPS Insula Putamen C*vd3f¢  S2/IPL
EPS > yoked controls I | nuc]eus

Caudate
nucleus

BA 6/44/45  Insula Putamen

Figure 4 Brain responses during the evoked phantom sensations (EPS) versus the
control conditions. A. Brain regions showing increased activation during stimulation at the
evoked phantom sensations versus control site in amputees (evoked phantom sensations >
control site). B. Brain regions showing increased activation in amputees during stimulation at
the evoked phantom sensations versus matched body site in yoked controls (evoked
phantom sensations amputees > yoked controls). C. Brain regions showing increased

activation during evoked phantom sensations compared to both control conditions (evoked
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phantom sensations > control site AND evoked phantom sensations amputees > yoked

controls).

S2=secondary somatosensory cortex; IPL=inferior parietal lobe; alPS=anterior intraparietal sulcus;

R=right hemisphere. Activations are overlaid on the MNI template as provided by mricron.
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Table 2 Peak coordinates and brain regions showing significantly increased activation during stimulation of evoked phantom sensation

(EPS) versus control conditions.

MNI [mm] cluster MNI [mm] cluster
Region (Peak voxel) X y z  z- extent Region (Peak voxel) X y z z- extent
score [voxel] score [voxel]
EPS > control site EPS > yoked controls
Inferior frontal gyrus, pars -54 26 24 3.64 993 Frontal pole -44 50 16 4.3 1622
triangularis
Putamen -22 6 14 3.62 Anterior insula -30 14 12 401
Inferior frontal gyrus, pars -40 34 10 3.58 Frontal pole -40 44 28 4
triangularis
Anterior insula -28 18 12 355 Caudate nucleus -12 8 2 3.97
Caudate nucleus -18 6 16 3.47 Anterior insula -36 22 -2 3.76
Central operculum -36 8 8 341 Precentral gyrus (BA6) -58 6 10 3.65
Precentral gyrus (BAG) -64 6 8 3.56 426 Parietal operculum -40 -30 20 4.67 709
(OP1)
-52 8 20 3.47 -42 26 20 3.85
Parietal operculum (OP4) -66 -28 16 3.41 Central operculum -46 -18 22 3.6
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(OP3)

Parietal operculum (OP1) 66 -8 6 341 Postcentral gyrus (BA2) -46 -38 50 3.52
-64 -16 12 3.4 Central operculum -58 -12 16 3.49
(OP4)
Precentral gyrus (BAG6) 42 2 28 3.31 Central operculum -46 -16 16 3.38
(OP3)
Parietal operculum (OP1) 60 -14 14 3.42 396 Cerebellum (Vermis) -8 -62 -12 3.98 486
48 -14 12 3.36 -14 -52 -20 3.81
Supramarginal gyrus, anterior 66 -22 26 3.3 -18 -52 -22 3.7

Clusters of significant brain responses were determined using a z > 2.3 threshold and a corrected cluster threshold of p=0.05 assuming a Gaussian random field

for the z-statistics.
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Mean brain activations during the evoked phantom sensations and control site

condition in amputees

During the elicitation of evoked phantom sensations, significant clusters of activation
were found bilaterally in the secondary somatosensory cortices. The cluster with the
peak in the right secondary somatosensory cortex (OP1, OP4) extends into the
inferior parietal lobe (supramarginal gyrus). The cluster with the peak in the left
secondary somatosensory cortex extends into the left ventral premotor (BA6) and
inferior frontal cortices (BA44/45) (Fig. 3, Supplement S4). During stimulation of the
control site, significant activations were also found bilaterally in the secondary
somatosensory cortices (OP1, OP4). Moreover, activations were observed in the
middle frontal gyrus, the frontal pole, the cingulate cortex, the dorsal premotor cortex,
inferior parietal regions and the precuneus (Fig. 3, Supplement S4). In both
conditions, deactivations were found in primary and higher-order visual areas
(BA17/18 and the lateral occipital cortex).

Moreover, we observed activation in Sl contralateral to the amputation in 9 out of 12
amputees (Supplement S4). However, Sl-activation in amputee A8 (x,y,z: 20,-36,74)
was more posterior mainly covering BA2 (Fig. 5).

phantom - IhE
sensation L BN B

Caudate Insﬁla . 1= M 4.2
silens S2/IPLBA 4?/4: s

S.‘Z/iPL BAG_{_‘?“"MS MFG Ills_ula Puténlen

Control site

Figure 3 Mean brain activations during evoked phantom sensations and sensation at

control site in amputees.

MFG=middle frontal gyrus; S2=secondary somatosensory cortex; IPL=inferior parietal lobe;
BA6=premotor cortex; BA44/45=inferior frontal gyrus; R=right hemisphere. Activations are overlaid on

the MNI template as provided by mricron.
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Correlation between brain activation and ratings on the perceived intensity at

the stimulated site and in the phantom limb

The brain activation correlated significantly with the stimulation intensity in the right
posterior insula and secondary somatosensory cortex. The intensity of evoked
phantom sensations correlated significantly with brain activation in the thalamus,

cerebellum and caudate nucleus (Table 3).
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Table 3 Peak coordinates of brain regions showing significant correlation with the intensity perceived at the stimulation site and in the

phantom.
MNI [mm] cluster extent MNI [mm] cluster extent

Region X 'y z zscore [voxel] Region x y z z-score [voxel]
Intensity of evoked phantom sensations Intensity of stimulation
Temporal fusiform cortex -32 -36 -16 4.29 334 Central operculum (OP3) 42 -14 22 5.65 1365
Cerebellum (V) 24 -42 -20 4.04 Posterior insula (1g2) 40 -16 8 551
Cerebellum (VI) -24  -62 -20 3.57 Parietal operculum (OP1) 52 -26 20 5.26
Thalamus 6 -22 16 5.27 304 Parietal operculum (OP4) 64 -14 18 5.08
Caudate nucleus -14 -10 22 4.14 Central operculum (OP1) 60 -18 14 4.97

-12 0 16 3.62 Inferior parietal lobule (PFop) 48 -28 30 4.69

Clusters of significant brain responses were determined using a z > 2.3 threshold and a corrected cluster threshold of p=0.05 assuming a Gaussian random field

for the z-statistics.
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Effective connectivity analysis

The regressive gPPl-analysis revealed a widespread fronto-parietal network (Fig. 6,
Table 4). Within this network, seven seed regions were found to exert a positive
influence on other regions of the fronto-parietal network. Four seeds in the left and
right posterior parietal cortices [right: posterior angular gyrus and superior parietal
lobe (BAS); left: superior parietal lobe (BA5)] were shown to increase brain activation
in other posterior parietal areas intra- or inter-hemispherically. The three seeds in the
left (functional ROI in BA6/44/45) and right frontal cortices (BA44 and BA45) exerted
a positive influence on the same region in the left superior parietal lobe (BA7) (Fig. 6,
Table 4).
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Figure 6 A fronto-parietal network specific for evoked phantom sensations as
identified by regressive generalized psychophysiological interaction analysis. Render
brain (left) and connectome ring (right) illustration ROI-to-ROI connectivity determined from
the evoked phantom sensations > control site contrast within amputees. Render brain: Seed
regions exerting significant influence on other brain regions are shown with red-shaded
labels and linked regions in the network are shown with blue-shaded labels. ROI-to-ROI-
effects were thresholded at a seed-level false discovery rate of p<0.05 and mapped on a MNI
surface render brain as provided by CONN v16b (Whitfield-Gabrieli & Nieto-Castanon, 2012).
Connectome ring: The strength of task-dependent ROI-to-ROI connectivity is illustrated by
hot-cool colour map conduits based on t-scores. Position of the ROls is illustrated on render

brains in sagittal view surrounding the connectome ring.

Subregions of the superior parietal lobe (SPL): 5L, 5M, 7A, 7M, 7P, 5Ci; Subregions of the inferior
parietal lobe (IPL): angular gyrus (Pga, Pgp), supramarginal gyrus (PF, PFm, PFcm); alPS
hIP1=anterior intraparietal sulcus; fROI (ventral premotor cortex)=functional ROI from the conjunctions

analysis covering BA6/44/45; L=left hemisphere.
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Table 4 Fronto-parietal network specific for evoked phantom sensations identified by

regressive generalized psychophysiological interaction analysis.

Seed ROI Hemisphere t-score Linked ROl  Hemisphere p(FDR)
1. IPL(Pga) Right t(11)=6.35 SPL(5M) Left 0.005
t(11)=5.50 SPL(5Ci) Right 0.005
t(11)=5.50 SPL(5L) Left 0.005
t(11)=5.11 SPL(7A) 0.007
t(11)=4.42  SPL(5Ci) 0.017
t(11)=3.71 SPL(7P) Left 0.047
t(11)=3.64 SPL(5M) Right 0.047
2. SPL(5L) Left t(11)=6.03  SPL(5Ci) Left 0.007
t(11)=5.54 IPL(PF) 0.008
t(11)=4.72 SPL(5M) Right 0.015
t(11)=4.64 IPL(PFm) Left 0.015
t(11)=4.46 IPL(PFcm)  Right 0.016
t(11)=4.11 IPL(Pga) 0.025
t(11)=3.49 SPL(7M) 0.045
t(11)=3.48 alPS (hIP1) 0.049
3. SPL(5L) Right t(11)=4.69 IPL(PF) Right 0.049
t(11)=4.32  IPL(PFm) 0.049
t(11)=4.01 SI(BA3a) 0.049
t(11)=3.94 IPL(PFcm) 0.049
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4. SPL(5M) Left t(11)=7.03  IPL(PFm) Right 0.002

t(11)=5.64 IPL(Pga) 0.004
t(11)=5.63 IPL(PF) 0.004
t(11)=4.16 alPS (hIP1) 0.034
t(11)=3.89 IPL(PFcm) 0.043
5. BA45 Right t(11)=5.38 SPL(7P) Left 0.019
6. fROI(BA6/44/45)  Left t(11)=4.73 SPL(7P) Left 0.049
7. BA44 Right t(11)=4.99 SPL(7P) Left 0.035

ROI-to-ROI-effects were thresholded at a seed-level false discovery rate (FDR) of p<0.05. Subregions
of the superior parietal lobe (SPL): 5L, 5M, 7A, 7P, 5Ci; Subregions of the inferior parietal lobe (IPL):
angular gyrus (Pga, Pgp), supramarginal gyrus (PF, PFm, PFcm); alPS hlP1l=anterior intraparietal
sulcus; fROI(BA6/44/45)=functional ROI from the conjunction analysis covering BA6/44/45.
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Discussion

The phenomenon of evoked phantom sensations has been reported for centuries
(Mitchell, 1872), but the neural mechanisms of evoked phantom sensations need to
be examined in more detail (Giummarra & Moseley, 2011). We were able to induce
phantom sensations with a stimulation-related on and offset in 12 amputees. The
non-painful phantom sensations were related to increased activation in the left
ventral frontal cortex, the left insula and putamen. Moreover, we found increased
activation in the right inferior parietal lobe and the bilateral secondary somatosensory
cortices when contrasting brain activation between the evoked phantom sensation
and control condition in amputees. Regressive psychophysiological interaction
analysis further showed increased connectivity between bilateral ventral frontal

cortices and bilateral posterior parietal regions.
Fronto-parietal brain activation and connectivity

The rubber hand illusion is associated with increased activation in the ventral
premotor, intraparietal sulci and cerebellar regions (Ehrsson et al., 2004, 2005).
Despite of substantial reorganization following deafferentation, amputees have been
shown to activate the same regions during the rubber hand illusion (Schmalzl,
Kalckert, Ragno, & Ehrsson, 2014). We found that amputees also showed increased
activation in ventral inferior (premotor and BA44/45) and posterior parietal areas
(inferior parietal and intraparietal cortex) during elicitation of non-painful phantom
sensations. In our recent study, significantly increased activation in the ventral inferior
and inferior and intraparietal cortex was also found to be associated with non-painful

phantom sensations (Andoh et al., 2017).

Guterstam et al. (2013) used a modified version of the rubber hand illusion to induce
the perception of feeling touch on a supernumerary limb. Therefore the experimenter
stroked synchronously the hidden actual hand and a portion of empty space in the
near-reach space of the participant. The authors investigated the neural circuitry
underlying this ‘invisible hand illusion’ showing increased task-dependent connectivity
between the left ventral frontal and the left posterior parietal areas to be linked with
the strength of the illusion. We also found increased ventral frontal-posterior parietal
coupling during evoked phantom sensations using regressive gPPl-analysis. The
bilateral ventral frontal cortex (BA44/45) showed increased connectivity with the right

superior parietal cortex. Furthermore, increased connectivity was found between
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various intra- and interhemispheric posterior parietal regions. Thus, commonalities in
brain activation and connectivity between body illusions inducing the perception of
having a supernumerary limb (Guterstam et al., 2013) or owning a rubber hand

indicate similar neural mechanisms.
Insula and putamen

In the conjunction analysis as well as the contrast between the evoked phantom
sensation and control site stimulation in amputees, we found significant activation in
the left anterior insula and putamen. In a functional MRI-study contrasting imagined
versus actual touch at the dorsum of the right hand, significantly increased activation
in the left putamen and insula was also found to be related with mental imagery of
touch (Yoo, Freeman, McCarthy, & Jolesz, 2003). In line with our findings, the
authors further reported increased activation in the left inferior ventral cortex (BA 44)
and the primary and secondary sensory cortices during imagery of touch. Besides a
prominent involvement of posterior parietal and ventral premotor regions in the
crossmodal integration of bodily signals (cf., Blanke et al., 2015), the left putamen
has also been shown to be important for the integration of the multimodal
representation of the hand (Gentile, Guterstam, Brozzoli, & Ehrsson, 2013).

Secondary somatosensory cortex

Replicating previous findings (Knecht et al., 1996; Borsook et al., 1998; Grisser et
al., 2004), we found non-painful phantom sensations elicited from body sites
contralateral to amputation (N=10) or even from the legs (N=4 amputees) in upper-
limb amputees. Since the secondary somatosensory cortex shows a larger
reorganizational potential and a different topography than SI (Pons, Garraghty, &
Mishkin, 1988), we and others (Flor et al., 2000; Grusser et al., 2004) hypothesized
that the secondary somatosensory cortex might be a neural correlate of phantom
sensations elicited remote from the residual limb. In line with that, we found
increased activation in the secondary somatosensory cortices when contrasting
evoked phantom sensation with the control condition in amputees. Taoka et al.
(2016) investigated body maps in the secondary somatosensory cortex using single-
unit recordings in awake macaques. The authors found that 282 from 1099 recorded
neurons possessed multiple body region receptive fields with a continuous extension
of trunk receptive fields into distal limb regions. Here, we observed that in half of the
amputees phantom sensations could be elicited at trunk sites. Moreover, Taoka et al.
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(2016) found that distal parts of the upper and lower limbs were highly interconnected
fitting to our observation that phantom sensations could be elicited at the ipsilateral or
contralateral leg in four amputees (see also: Grisser et al., 2004). The stimulation
intensity was matched between the evoked phantom sensation and the control
conditions, excluding the possibility of secondary somatosensory cortex activation

driven merely by the stimulation.
Correlation between perceived intensities and brain activation

The perceived intensity of evoked phantom sensations was significantly positively
correlated with brain activation in the cerebellum. Ehrsson et al. (2005) found a
positive correlation between the strength of the rubber hand illusion and brain
activation in cerebellar regions further indicating similarities between non-painful
phantom sensations and rubber hand illusions. Furthermore, a significant positive
correlation with non-painful phantom sensation was found in the right secondary
somatosensory and inferior parietal cortex. Andoh et al. (2017) also found increased
activation in secondary somatosensory and inferior and intraparietal lobe. They
observed a significant positive correlation between activation in the right intraparietal
sulcus and the intensity of evoked phantom sensation. However, they did not report

on activation in the right inferior parietal lobe and intensity ratings.

We also found a positive correlation between the perceived intensity at the stimulated
body site and activation in the right posterior insula and the primary and secondary
somatosensory cortices. Baliki et al. (2009) found intensity ratings as well as painful
sensations to be related with activation in parts of the insular cortex indicating that
this region might be involved in more general magnitude coding (cf., Davis et al.,
2015).

Conclusion

Experiments inducing similar illusory percepts such as supernumerary phantom
limbs, imagined touch, or referral of touch to an empty portion of space refer to
similar patterns of brain activation and connectivity as found during the evocation of
non-painful phantom sensations in this study. This network comprises brain regions
discussed to be important for the monitoring of crossmodal conflicts (BA44/45) (Fink
et al., 1999) as well as posterior parietal regions known to be important for a coherent
multimodal perception and localization of body parts such as a phantom, a
supernumerary limb or a rubber hand (Apps et al., 2015; Makin, Holmes, & Zohary,
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2007). Moreover, phantom sensations elicited remote from the residual limb were
associated with significantly increased activation in secondary somatosensory
cortices, which might reflect the higher reorganizational potential and different

topography of body maps in this brain area.

Body illusions are not only a matter of scientific curiosity, but have been shown to
offer successful therapeutic interventions to relief pain or recover motor function in
otherwise treatment resistant chronic pain conditions including phantom pain (Foell et
al., 2014). Knowledge about the contextual factors and neural networks underlying
non-painful phantom sensations might help to develop novel treatments to decrease
phantom pain or gain prosthesis control. Evoked phantom sensations have already
been used to develop a movement-free visuo-tactile version of mirror therapy
(Schmalzl, Kalckert, Ragnd, & Ehrsson, 2013) or to improve the acceptance and
usage of prosthesis (Rosén et al., 2009). The use of prosthetic devices has been
shown to be associated with less cortical reorganization and a reduction in phantom
pain (Lotze et al., 1999; Dietrich et al., 2012; Preil3ler et al., 2013).
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Supplement

Table S1 Clinical and demographic details of the study sample.
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Al (M, 51) Left Right 33 Trauma times a 3.00 Cosmetic 70 70 3.00
week
several
A2 (M, 53) Right Right 36 Tumor times a 1.00 Myoelectric 55 26 0.67
month
A3 (F, 42) Left Right 17 Vascular permanently 1.33 No 45 42 1.33
. . several
A4 (M, 53) Right Right 32 Trauma . 4.00 No 20 20 0.33
times a day
A5 (F, 23) Left unknown 21 Trauma no 0.00 No 100 70 0.00
) several
A6 (M, 36) Left Right 4 Trauma _ 4.33 No 38 25 0.00
times a day
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<oncea

A7 (F, 57) Left Right 30 Tumor 2.00 No 0 0 0.00
month

A8 (M, 60) Left Right 23 Trauma permanently 2.00 No 59 24 0.00

A9 (F, 28) Right Right 11 Trauma permanently 2.33 No 100 36 2.00
several

Al10 (F, 54) Right Right 31 Trauma times a 3.67 Myoelectric 0 70 2.67
week

All (M, 47) Left Right 32 Tumor no 0.00 Myoelectric 68 25 0.33

Al2 (M, 70) Left Right 67 Trauma no 0.00 Cosmetic 95 43 0.00

M/SD=47.8 5x

4R 11R 28.08/15.04 1.97/1.56 , 54.17/35.31 37.58/22.48 0.86/1.11
3/13.52 Prosthesis

*Length of residual limb is given as a percentage of the length of the intact limb as measured from caput humeri to tip of middle finger. M=male; F=female
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Table S2 Regions of interest used in the regressive psychophysiological interaction

analysis.

fROI (BA6/44/45) (L)

Precentral gyrus (R)

alPS (hIP1) (L/R)

alPS (hIP2) (L/R)

alPS (hIP3) (L/R)

BA44 (R)

BA45 (R)

IPL (PFcm) (L/R)

IPL (PF) (L/R)

IPL (PFm) (L/R)

IPL (PFop) (L/R)

IPL (PFt) (L/R)

IPL (Pga) (L/R)

IPL (Pgp) (L/R)

Insula (Id1) (L/R)

Insula (Ig1) (L/R)

Insula (Ig2) (L/R)

Insula (Ig2) (L/R)

M1 (BAda) (L/R)

M1 (BA4p) (L/R)

Sl (BA1) (L/R)

SI (BA2) (L/R)

SI (BA3a) (L/R)

S| (BA3b) (L/R)

SPL (5Ci) (L/R)

SPL (5L) (L/R)

SPL (5M) (L/R)

SPL (7A) (L/R)

SPL (7M) (L/R)

SPL (7PC) (L/R)

SPL (7P) (L/R)

BA17 (L/R)

BA18 (L/R)

V3V (L/R)

V4 (L/R)

V5 (L/R)

Hippocampus formation (L/R)"
Nucleus accumbens (L/R)
Amygdala formation (L/R)"
Caudate nucleus (L/R)
Pallidum (L/R)

Putamen (L/R)

Thalamus (L/R)

Primary auditory cortex (L/R)"
S2(0P1) (L/R)

S2 (OP2) (L/IR)

S2 (OP3) (L/R)

S2 (OP4) (LIR)

Regions that were modelled as seeds are written with bold letters. "Region consists of fusion of the
following sub-regions derived from the Juelich-Histological atlas: Amygdala (centromedial, laterobasal
and superficial group); Hippocampus formation (cornu ammonis, dentate, subiculum, enthorhinal);
Primary auditory cortex (TE 1.0, 1.1 and 1.2).
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Table S3. Perceptual qualities and intensities reported by the yoked controls

subsequent to the stimulation of body sites homologous to the amputees in the MRI.

Matched ) Sensations
Healthy control . ] Intensity at the Valence at the
stimulation . ] . ) remote from the
matched to: stimulated site stimulated site . )
method stimulated site
Al electric 5 -2 no
A2 pneumatic 8 0 no
A3 pneumatic 10 0 no
A4 electric 1 0 no
A5 electric 10 -2 no
A6 pneumatic 5 0 no
A7 pneumatic 2 0 no
A8 pneumatic 8 0 no
A9 pneumatic 6 2 no
Al10 pneumatic 6 0 no
All pneumatic 7 0 no
Al12 pneumatic 5 -4 no
Mean/Median 6.08/6 -0.5/0
+SD 2.78 1.51

Intensities and valence were assessed using a numerical rating scale. Intensity ratings ranged from 0
‘no sensation’ to 10 ‘most intense sensation’ and valence ratings ranged from -10 ‘very unpleasant’ to

10 ‘very pleasant’.
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Table S4 Peak voxel coordinates of brain regions showing mean responses during the evoked phantom sensations and control site

condition in the amputees.

MNI [mm] cluster extent MNI [mm] cluster extent

Region X y z z-score [voxel] Region X y z z-score [voxel]
evoked phantom sensations control site
Central operculum (OP1) -58 -20 20 5.17 5480 Parietal operculum (OP1) 56 -28 18 4.26 728
Precentral gyrus -60 2 2 45 42 -32 18 4.18
Central operculum (OP1) -56 -16 12 4.48 56 -20 16 4.12
Postcentral gyrus -64 -16 14 4.44 Posterior cingulum -2 -30 32 3.36 596
Parietal operculum (OP4) -66 -10 6 4.38 2 -24 36 3.33
Postcentral gyrus -66 -22 22 412 10 -30 36 3.28
Parietal operculum (OP4) 60 -26 22 455 2169 Paracingulum -4 36 36 371 433

52 -12 12 4.48 2 38 34 344
Parietal operculum (OP1) 48 -30 22 4.04 Superior frontal gyrus -4 28 48 3.38
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54 -24 16 3.98 Middle frontal gyrus -:38 12 50 3.63 376

Central operculum (OP4) 4 -12 16 3.96 -48 26 38 3.45

56 -6 6 391 -50 26 34 3.44
control site Precuneus -2 -74 44 3.53 368
Postcentral gyrus -62 -22 20 4.92 3312 4 -74 40 3.49
Precentral gyrus -58 4 4 4.01 -6 -74 42 3.35
Parietal operculum (OP1) -48 -24 20 3.88 Frontal pole 44 56 6 3.7 353
Parietal operculum (OP1) -52  -24 22 3.86 44 58 2  3.32
Central operculum (OP4) 56 0 4 386 42 46 24 331
Postcentral gyrus -52 -16 22 381 Precentral gyrus 62 6 6 4.08 300

58 4 10 3.57

Clusters of significant brain responses were determined using a z > 2.3 threshold and a corrected cluster threshold of p=0.05 assuming a Gaussian random field

for the z-statistics.

89



Evoked phantom sensation > control site
Al, left A2, right A3, left Ad, right AS, left

& : $ 13
.\~ L\ A , : , :

32-24 60 -48 -40 56 50-24 56 )-26 56 20-36 74 none

A7, left A8, left A9, right A10, right All, left A12, left

none

Figure S5 Brain activation related to evoked phantom sensations in Sl derived from
the evoked phantom sensations > control site contrast. The green shaded area shows a
probabilistic mask of the postcentral gyrus’. Clusters and peak voxel coordinates are shown
for each amputee (A1-A12). The amputees A2, A4, A9, and A10 were right-sided amputees
with expected left-hemispheric (L) Sl-representation of the phantom limb. Functional images

were derived from the subject-wise evoked phantom sensations > control site contrasts.

Images were created at a z > 2.3 and cluster-corrected p=0.05 threshold and overlaid on the MNI

template as provided by mricron. "Harvard-Oxford Atlas, 30% probability threshold.
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4 GENERAL DISCUSSION

4.1 Main Findings

The aim of the present thesis was to provide novel insights into the psychobiological
mechanisms of experimentally altered body perception in healthy subjects and
amputees. A better understanding of the psychobiological mechanisms of altered
body perception could help to develop new approaches to relieve pain and disability
in otherwise often difficult to treat conditions related to altered bod representation
such as phantom limb pain (Deconinck et al., 2014; Foell et al., 2014; Rousseaux et
al., 2014).

Study 1

Study 1 investigated the self-reported capacity for mirror illusion and the neural
correlates of the novel mirror glasses in comparison to the well-established mirror
box in healthy volunteers. Both mirror devices differ conceptually: the mirror glasses
visually occlude the actually moving limb (Walsh and Bannister, 2010), while the
mirror box enables view on both limbs that appear to move in synchrony
(Ramachandran and Rogers-Ramachandran, 1996).

In accordance with our hypothesis, functional imaging showed a recruitment of the
primary sensorimotor representation of the non-mirrored limb in both mirror
conditions (H2). Replicating previous studies using mirror visual feedback in healthy
subjects (Matthys et al. 2009; Deconinck et al. 2014), we found significant activation
in brain regions typically involved in mirror illusions in both mirror tasks, validating the
role of the mirror glasses for mirror therapy (H3) (Matthys et al., 2009). These brain
regions encompassed the premotor, superior parietal, and lateral occipital cortices,
the supplementary motor area and the ipsilateral cerebellum.

Contrary to our hypothesis, the self-reported mirror illusion capacity did not
significantly differ between the mirror glasses and the mirror box condition, as
indicated by ratings on the vividness and intensity of the mirror illusion (H1). The lack
of significant differences cannot be explained by floor effects. The ratings on mirror
illusions were comparable to former studies using similar items with moderate illusion
intensities (Diers et al., 2015, 2010). We also did not find significant differences in

brain activation in the primary sensorimotor cortex corresponding to the non-mirrored
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limb between both mirror conditions (H4). Notably, any tilt of the mirror glasses by
head-movements causes substantial rotation of the mirrored body parts as compared
to only slight displacements caused by head movements with the mirror box (Walsh
and Bannister, 2010). In relation to the four constraints determining bodily-self-
consciousness as proposed by Blanke et al. (2015) (section 1.1), these rotations of
mirrored body parts cause biophysically inconsistent positions of the virtual recreation
of the moving limb. According to the proprioceptive constraint, the hand has to be
presented in a biophysically plausible position. Due to head-movements however, the
hand was temporally seen in biophysically implausible angles with the mirror glasses,
which might have diminished the mirror illusions. Hadoush et al. (2013) used a
different experimental setup to occlude the view on the actual moving limb that was
not sensitive to head movements, which might explain higher self-reported mirror
illusion capacity in that study. Furthermore, the authors used different items to assess
the strength of the mirror illusion and used different task instructions. Noteworthy,
Hadoush et al. (2013) instructed the subjects to perform motor imagery during the
mirror tasks, while we used the standard instructions as originally used by
Ramachandran and Rogers-Ramachandran (1996). The combination of mirror
therapy with specific instructions or task using involving motor imagery has been
shown to lead to higher self-reported mirror illusions and pain reduction (McCabe,
Haigh, & Blake, 2008; Moseley, 2006).

It has been discussed that the non-mirrored limb representation is recruited via
contralateral projections arising from the motor representation of the moving (intact)
limb (Avanzino et al.,, 2014; Ezendam, Bongers, & Jannink, 2009; Nojima et al.,
2012). Contrary to our hypotheses, we found a significant increase in
interhemispheric communication between sensorimotor hand representations only in
the mirror glasses condition, while it was absent in the mirror box condition (H5). Until
now, the functional connectivity during mirror visual feedback has been rarely
addressed (Deconinck et al. 2014). Thus, knowledge about functional integration and
communication between brain regions specific for mirror visual feedback is lacking.
Moreover, the hypothesis on interhemispheric communication potentially driving
activity in the non-mirrored limb representation can only be answered using
connectivity studies or neuromodulation techniques causally manipulating neural

activity in stimulated cortical regions (Lappchen et al., 2012).
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In summary, we found that the mirror glasses, which systematically exclude the view
on the actually moving limb, lead to comparable mirror illusions and similar brain
activation. The potentially distracting effect of seeing the moving limb in addition to
the visual recreation did not diminish the quality of mirror illusions, however, head-
movements generating dynamic visuo-proprioceptive mismatches might be
confounding. Our results suggest different neural circuitry for both types of mirror

illusions and tasks contexts.
Study 2

Study 2 investigated the neural circuitry of non-painful phantom sensations in
unilateral upper-limb amputees elicited remote from the residual limb. In line with our
hypothesis, the evoked phantom sensations could be elicited at body sites that
cannot readily be explained by topographic reorganization in SI (H1). Besides
elicitation sites for non-painful phantom sensations at the residual limb, the ipsilateral
face and trunk — that are in accordance with the topographical reorganization
hypothesis for phantom phenomena (Ramachandran et al., 1992) — we also found
elicitation sites at the leg or at body sites contralateral to the amputation. Thus, we
replicated previous studies, showing that phantom sensations could be elicited at
body sites that cannot readily be explained by topographic reorganization in Si
(Borsook et al., 1998; Grusser et al., 2004; Knecht et al., 1998). In line with our
hypotheses (H2), brain activation specific for evoked phantom sensations was found
in a widespread fronto-parietal network, including areas that have been shown to be
important for body illusions or have been identified in neurological conditions linked
to altered body perception including the insula, BA44/45, and premotor and posterior
parietal regions (Blanke et al., 2015; Grivaz et al., 2017). In line with our hypothesis
(H3), we found significant activation in the secondary somatosensory cortices in the
evoked phantom sensation versus control conditions. A significant activation of the
secondary somatosensory cortex was assumed since the secondary somatosensory
cortex shows receptive field spanning multiple body regions such as trunk and upper-
limb as well as inter-limb receptive fields (Taoka et al., 2016). Thus, the topography
of the body maps in secondary somatosensory cortex could better explain phantom
sensations elicited remote from the deafferentation line. We found elicitation sites at

the ipsi- and contralateral leg in four amputees and trunk elicitation sites in half of the
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amputees, which is might be explained with body maps in the secondary

somatosensory cortex.

In line with our hypothesis (H4), we found that non-painful evoked phantom
sensations are related to significantly increased connectivity within a fronto-parietal
network. Specifically, we found increased coupling between the functionally defined
ventral frontal cortex and multiple posterior parietal regions as well as increased inter
and intraparietal coupling. Recently, a study found increased task-dependent
connectivity between left-hemispheric ventral frontal and posterior parietal regions in
a modified version of the rubber hand illusion. The authors induced the experience of
ownership and referring of touch to a portion of empty space — similar to the
perception of supernumerary phantom limbs or the perception of non-painful

phantoms.

To summarize, our findings provide evidence linking evoked phantom sensations to
neural circuitry discussed to be important for altered body perception in body illusions
or in neurological syndromes (section 1.1). In sum, both studies associate illusory
body perception with brain activity in regions discussed to be important for body
illusions. Despite of conceptual differences between mirror illusions and evoked
phantom sensations and different participant groups in both tasks, similar brain
regions including the superior parietal lobe or premotor regions were involved in both
studies. Indeed a recent meta-analysis revealed common co-activations in a
widespread fronto-parietal network to be commonly involved in altered body

perception across multiple task contexts (Grivaz et al., 2017).
4.2 Conceptual communalities and differences between the studies

This section discusses conceptual differences and commonalities between both
studies referring to the model of bodily-self-consciousness proposed by Blanke et al.
(2015) and the neurocognitive model of body-ownership proposed by Tsakiris (2010)

(see section 1.1).

Study 1 constitutes a typical experimental setup to alter body representations via
ambiguous multisensory input with bodily-signals as described in Blanke et al. (2015)
involving exteroceptive (visual recreation of a moving limb) and bodily signals (arm-
related proprioception). Hence, the mirror illusions in Study 1 were expected to be

determined by the four constraints on bodily-self-consciousness as proposed by
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Blanke et al. (2015) (section 1.1 and Figure 1). The embodiment constraint states
that a prolonged period of spatiotemporally congruent stimulation can lead to
embodiment and adaption of the peripersonal space. In line with that, it is assumed
that prolonged induction of the mirror illusion give rise to a temporally-graded
adaption of the spatially incongruent position between the resting arm and the visual
recreation of the moving limb by reshaping the peripersonal space. The
proprioceptive constraint states that the (artificial) body part must be presented in a
biophysically plausible manner and the body-related visual information constraint
states that the (artificial) body part shall resemble the human body. In line with that,
the visual recreation of a moving limb was presented in a biophysically plausible
manner and resembles the human body in both mirror conditions. The peripersonal
constraint states that the (artificial) body part shall be presented within the
perispersonal space of the subject. The ‘virtual limb’ was presented within the
peripersonal space of the hidden arm. In principle the peripersonal space could be
highly discrepant and remote from the physical body such as in full-body illusion
referring to prolonged spatiotemporal coherent stimulation, underlining the

importance of the embodiment constraint.

Study 2 in contrast did neither involve motor execution nor visual-feedback as a
constitutive component of the illusory perception. Simple unisensory stimulation was
used to induce a perception paradoxically allocated to the phantom limb. In contrast
to the studies reported by Blanke et al. (2015), Study 2 involves illusory body
perception in a clinical population (amputees) and bodily-signals were not integrated
with visual input. Tsakiris (2010) suggested that exteroceptive stimuli, such as visual,
further interact with a (stimulus-independent) internal model of the body that also
determines the experiences with body illusions. Noteworthy, in neurological patients
with distorted body perception this internal body model is already altered (de Preester
& Tsakiris, 2009). The importance of assuming internal (stimulus-independent) body
representations becomes evident in amputees with spontaneous (stimulus-
independent) phantom phenomena. In amputees with evoked phantom sensations
the perception of the phantom limb is in general also present in the absence of an
identifiable external stimulus (Hunter, Katz, & Davis, 2005). Thus, in comparison to
the mirror illusions used in Study 1 and the other body illusions described in sections

1.1 and 1.3, the unimodal elicitation of evoked phantom sensations in Study 2 does
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not necessarily involve an update of the representation of the body by prolonged
stimulation reshaping the peripersonal space. In our sample, nonpainful phantom
sensations could be evoked with a stimulation-related on and offset. The
dispensability of a prolonged stimulation periods to induce the perception of evoked
phantom sensations might indicate that evoked phantom sensations could be
allocated to an already existing internal model of a phantom, without having to
reshape the peripersonal space. To conclude, it seems reasonable to assume that
evoked phantom sensations are linked to a modulation of stimulus-independent
internal models of the body in the brain.

4.3 Clinical importance of the present results

Multiple lines of evidence point towards a mechanistic link between altered body
perception and chronic pain: Multimodal body illusion setups, such as the mirror
illusions, have been shown to be efficient in reducing pain and disability by
normalizing body perception (Bekrater-Bodmann et al., 2011; Christ & Reiner, 2014;
Longo, Betti, Aglioti, & Haggard, 2009) and to be further accompanied by a reversal
of maladaptive cortical alterations (Foell et al., 2014).

In 60-80% of the cases amputees report to have phantom pain (Carlen et al., 1978;
Kooijman et al.,, 2000). Phantom pain shows a high degree of chronicity and
successful treatment approaches are rare. The pathophysiology and etiology of
phantom pain remains unknown (Weeks et al., 2010). In addition to phantom pain,
almost all amputees also experience non-painful phantom sensations such as the
telescoping phenomenon or evoked phantom sensations (Sherman, 1997). Recent
studies using neuromodulation techniques, indicate that different neural substrates
are causally linked to painful versus non-painful phantom phenomena (Bolognini et
al., 2015, 2013).

Mirror therapy has been shown to be successful in various pain and disability
conditions including phantom limb pain (Foell et al., 2014), complex regional pain
syndrome (McCabe et al., 2003), somatoparaphrenia (Fotopoulou et al., 2011) or
motor rehabilitation following stroke (Invernizzi et al.,, 2012), although long-term
controlled studies are lacking. The mirror box, however, is constrained by its size and
weight, which reduces the degrees of freedom for possible movements in front of the

mirror. The mirror glasses are smaller in size and weight than the mirror box (Walsh
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& Bannister, 2010). Virtual reality has been used to overcome the shortages of the
classical mirror box (Diers et al., 2015; Murray et al., 2007). Compared to virtual-
reality systems, mirror glasses are cheaper and deliver a more realistic image of the
mirrored limb. The visual resemblance with the human body has been shown to be
an important factor for body illusions (Tsakiris, Schuetz-Bosbach, & Gallagher, 2007)
and is also conceptualized in the body-related visual information constraint of Blanke
et al. (2015) stating that the induction and strength of the body illusion strongly
depends on the visual resembles between the object used in the illusion and the
human body (section 1.1). Thus, the mirror glasses might be more attractive for
healthcare providers and more appropriate in research paradigms involving functional
imaging. Study 2 emphasizes important contextual differences between mirror visual
feedback paradigms, which might affect the therapeutic efficiency of the intervention.
Both mirror conditions varied in whether both hands appeared to move in synchrony
or if only the mirror image of the moving limb was in view. We did not find significant
differences in the self-reported mirror illusion capacity; however, we found significant
differences in the functional connectivity underlying both mirror conditions. These
differences in neural circuitry underlying both mirror tasks emphasize the role of
investigating the interplay between contextual factors and neural circuitry of mirror

illusions that determines therapeutic success.

Knowledge about contextual factors and neural mechanisms of non-painful phantom
phenomena in amputees might help to develop novel treatment approaches based
on multisensory integration with bodily signals (Blanke et al., 2015). For example, it
has been shown that the degree of telescoping was associated with phantom pain
alleviation and accompanying sensorimotor plasticity in mirror therapy, indicating the
importance of a deeper understanding of non-painful phantom phenomena in the
context of nonpharmacological phantom pain treatments (Foell et al., 2014). As
discussed in section 1.2, there is ample evidence that painful phantom phenomena
are linked to topographic reorganization in primary sensorimotor cortices, while non-
painful phantom phenomena have been discussed to be dependent on more
associative brain regions such as the posterior parietal cortex (Grisser et al., 2001,
2004).

Knecht et al (1996) found a significant positive correlation between cortical

reorganization in SI and the number of body sites, from which painful phantom
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sensations can be elicited by painful stimulation. However, Knecht et al (1996) did
not report on the type of evoked phantom sensations (painful, non-painful). Grisser
et al. (2001) found a significant positive correlation between cortical reorganization in
S| and the painful phantom sensations elicited by painful stimulation and habitual
phantom pain, but no such relationship for non-painful phantom sensations or stump
pain. Study 2 provides evidence that non-painful phantom phenomena depend on a
widespread network of fronto-parietal regions capable of integrating multisensory
input and to form coherent perception of the body. The interplay between painful- and
non-painful phantom phenomena and its modification within multimodal body illusions
is not well understood (Bekrater-Bodmann et al., 2011). By making use of evoked
phantom sensations, recent research on body illusions in amputees found promising
approaches aiming at increasing the sense of ownership and agency for the
prosthesis (Ehrsson et al., 2008; Rosén et al.,, 2009) or to successfully apply a
‘movement-independent’ version of mirror training to formerly mirror visual feedback-
resistant phantom pain patients (Schmalzl, Ragn6, & Ehrsson, 2013). The use of a
prosthesis, especially of a functional prosthesis, such as a myoelectric prosthesis,
might be beneficial for phantom pain relief and is associated with a reduction of
cortical reorganization (Lotze et al. 1999). But, many amputees have problems
accepting a prosthesis or to use it on a regular basis, for example, due to the missing
controllability over the prosthesis (Ehrsson et al., 2008). Somatosensory feedback is
relevant for the embodiment of prosthesis and can optimize motor control and
learning with the prosthesis, thus increasing acceptance and usage of the prosthesis
(Dietrich et al., 2012; Weiss, Miltner, Adler, Briickner, & Taub, 1999). Ehrsson et al.
(2008) induced the rubber hand illusion in subjects by simultaneous visuo-tactile
stimulation of a fake limb and residual limb sites eliciting localized evoked phantom
sensations corresponding to the visual stimulation on the rubber hand in most of the
amputees. Rosén et al. (2009) transferred the rubber hand illusion to an artificial
robotic prosthesis offering new avenues in the field of neuro-prosthetics. Schmalzl,
Ragno, et al. (2013) developed a visuo-tactile version of mirror therapy without
movements by synchronously stroking residual limb sites eliciting evoked phantom
sensations and visually stroking corresponding sites on the intact hand seen in the
mirror. The authors reported reduced phantom pain in patients who were resistant to

conventional mirror therapy due to mirror-movement-induced painful spasms in the
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phantom limb. Combining the elicitation of evoked phantom sensations with
exteroceptive cues and bodily-signals might provide new avenues to reshape
maladaptive neural and mental representations of the body, such as painfully
clenched phantoms (Rosén et al., 2009; Schmalzl, Kalckert, Ragnd, & Ehrsson,
2013).

4.4 Limitations
Study 1

Study 1 only investigated instant neuro-modulatory effects of mirror visual feedback.
Thus, the possibility of use-dependent dynamics in functional brain activity by long-

term training with the mirror visual feedback devices cannot be excluded.

Furthermore, it is important to mention that behavioral and neuroimaging data were
acquired in healthy volunteers that might show different cortical activation patterns
and self-reported mirror illusion capacity than, for example, phantom limb pain
patients with altered body representations (Deconinck et al., 2014). In a next step,
our findings have to be validated in patient groups. The aim of this study, however,
was to relate our findings to other studies using the classical mirror box in healthy
subjects (Matthys et al., 2009) and using the same or similar mirror illusion items
(Diers et al., 2015).

No additional control conditions like pure motor execution or motor execution with
motor imagery (of the non-mirrored limb) were performed. Furthermore, potential
differences between mirror visual feedback with and without motor imagery were not
evaluated. These control conditions were used by others (Bogdanov, Smith, & Frey,
2012; Diers et al., 2010) to rule out that the recruitment of the sensorimotor cortex
was simply driven by motor execution or motor imagery alone that have also been
shown to induce activation in sensorimotor representation of the non-mirrored limb
(Bogdanov et al., 2012). The main objective of Study 1 was, however, to evaluate the
efficacy of the mirror glasses in comparison to the mirror box. Thus, the focus was on
identifying differences in brain activation between both mirror tasks rather than the
additional effect of the mirror beyond pure motor execution or motor imagery, which
was already investigated in previous studies (Diers et al., 2010). Moreover, the
performance of the proposed control conditions for two different mirror devices is

likely to be too demanding for the subjects within a single measurement.
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Moreover, it was expected that the brain activation detected in the primary
sensorimotor cortex corresponds to the representation of the hand. A separate
functional region of interest analysis, however, was not performed to validate the
actual position of the hand representation (Bogdanov et al., 2012). A simple hand
execution task with unilateral movements of both hands would allow delineating the

sensorimotor hand representations.

It is possible that it was more comfortable for the subjects to perform the mirror
glasses compared to the mirror box task. The mirror box has spatial limitations
according to the degrees of freedom for movements and visualization in the MRI-
scanner that might lead to a shift in hand posture and discomfort in the subject
(Murray et al., 2007; Walsh and Bannister, 2010).

Study 2

In Study 2 the perception of evoked phantom sensations was confounded by brain
activity exclusively associated with the stimulation itself, rendering the identification of
brain activity unique to evoked phantom sensations intrinsically difficult. Therefore,
brain activation during the elicitation of phantom sensations was contrasted with brain
activation during the stimulation of a control body site without phantom sensations
using the same stimulus parameters. The control body site was either the
anatomically matched contralateral body site or an adjacent site with comparable

sensory-discriminative properties.

Evoked phantom sensations were elicited by two stimulation devices: tactile
stimulations using a pneumatic stimulator (N=9) and electrically, using surface
electrodes (N=3 amputees). However, we used the same stimulation parameters for
both body sites in the within-subjects. Thus, differences in brain activation related to
the stimulation-devices are assumed to cancel-out in the contrast we used to
determine brain activation related to evoked phantom sensations. Furthermore, we
contrasted brain activation during evoked phantom sensations with brain activation
during stimulation of matched body site in yoked healthy persons to further validate
the specificity of brain activations specific to evoked phantom sensations.

We conducted a block design with fixed block lengths potentially leading to
expectancy effects related to the elicitation of evoked phantom sensations. However,

we could not avoid expectation effects since we were further interested in the
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perceived intensity of evoked phantom sensations assessed following each block.
The intensity of evoked phantom sensations was assessed to detect potential
habituation effects across blocks and to assess if the evoked phantom sensations
vanished after cessation of the stimulus. Alternatively, evoked phantom sensations
could also be assessed using an event-related design with continuous ratings on the
intensity of phantom sensations. However, we distinguished between the mere
presence and absence of evoked phantom sensations and the intensity since the
latter might reflect a more general magnitude coding that is not necessarily specific
for thee evoked phantom sensations (Baliki et al., 2009; Davis, Kucyi, & Moayedi,
2015b). Former studies did not account for inter-individual differences or the
variability in the perceived intensity of evoked phantom sensations across stimulation
trials (Bjorkman et al., 2012; Flor et al., 2000). Noteworthy, the participants were not
naive to the study goal of investigating evoked phantom sensations.

4.5 Outlook

It is of interest to evaluate the therapeutic efficacy of mirror glasses in individual
patient groups in a longitudinal study. The potential superiority of the mirror glasses
in inducing mirror illusions compared to the mirror box might become evident with
extensive practice reducing head movements and thus avoiding biophysically
implausible visualizations of the affected limb. Moreover, the type of instruction and
the setup during mirror therapy seems to be relevant for the therapeutic outcome. For
instance, mirror visual feedback seems to be more efficient when combined with

motor imagery (Deconinck et al., 2014).

One finding of Study 1 was the presence of functional coupling between primary
sensorimotor hand representations in the mirror glasses condition, which was absent
in the mirror box condition. These findings indicate that conceptual differences
between mirror visual feedback devices and setups might be associated with different
neural mechanisms of multisensory integration. The results of Study 1 emphasize the
importance for a systematic investigation of the conceptual factors determining
differences in the induction of mirror illusions and associated brain correlates found
with different mirror visual feedback devices (Diers et al., 2010; Murray et al., 2007,
Walsh and Bannister, 2010). Thus, it is important to standardize mirror illusion setups
and to identify the contextual factors for successful mirror therapy of a given mirror
visual feedback device (Bogdanov et al., 2012).
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As discussed in section 4.3, non-painful phantom phenomena such as the
telescoping phenomenon or evoked phantom sensations have been systematically
manipulated within body illusion setups to increase acceptance and usability of
prostheses or to develop novel approaches in the treatment of phantom pain. In
those studies, however, evoked phantom sensations were triggered at the residual
limb. It remains to be elucidated if evoked phantom sensations elicited from the
residual limb are similar to the phantom sensations elicited from remote body sites,

revealing a comparable therapeutic potential.

Neuromodulation techniques such as transcranial magnetic stimulation enable the
user to experimentally manipulate certain brain regions being stimulated to establish
structure-function relationships. Therefore, the causal role of certain brain areas for a
specific task-context such as the perception of evoked phantom sensations can be
determined. Study 2 identified targetable cortical sites, like the ventral inferior frontal
or the posterior parietal cortices, which can be probed by transcranial magnetic
stimulation to gain a mechanistic understanding of the role of these brain regions for

the perception of phantom phenomena.
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5 SUMMARY

A disturbed body perception is characteristic for various neurological and mental
disorders and becomes particularly evident in phantom phenomena after limb
amputation. Body illusions, such as mirror visual feedback (MVF) illusions, have been
shown to be efficient in treating chronic pain and to be further related to a reversal of
cortical reorganization. The present thesis aimed at identifying the neural circuitry of
illusory body perception in healthy subjects and unilateral upper-limb amputees using
functional magnetic resonance imaging. Study 1 investigated the self-reported mirror
illusion capacity and the neural correlates of a novel MVF-device (the mirror glasses)
in comparison to the well-established mirror box in healthy persons. Study 2
investigated the neural circuitry of stimulus-evoked non-painful phantom phenomena

in unilateral upper-limb amputees.

During mirror illusions, movements of the affected limb are visually recreated by
movements of the contralateral limb. The visual recreation of the affected limb seems
to be linked to a recruitment of the primary sensorimotor representation of the
affected limb. In contrast to the mirror box, the mirror glasses limit the user’s view to
the visual reflection of the moving hand as opposed to seeing both hands moving in
synchrony. It has been proposed that seeing the actually moving limb in addition to
the mirror reflection might have a distracting effect. Study 1 evaluated the utility of
mirror glasses based on a comparison to the mirror box and tested the hypothesis
that increased interhemispheric communication between motor hand representations
might drive the activation in the non-mirrored limb representation. The self-reported
mirror illusion capacity and brain circuitry were measured in a within-subject design
during both MVF-conditions with 20 healthy subjects in counterbalanced order. The
self-reported mirror illusion capacity and brain activation patterns did not significantly
differ between both mirror tasks. The representation of the non-mirrored hand was
recruited in both mirror tasks. A significant increase in interhemispheric connectivity
between the hand areas, however, was only found in the mirror glasses condition,
suggesting divergent mechanisms for the recruitment of the non-mirrored hand

representation between both mirror tasks.

Most amputees still perceive their amputated limb (phantom limb awareness).

Phantom phenomena comprise a variety of non-painful and painful sensations
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allocated to the amputated limb. Some amputees experience non-painful phantom
phenomena when the residual limb or other parts of the body are stimulated (evoked
phantom sensations). The neural correlates of non-painful phantom phenomena
remain unknown. Study 2 aimed to identify the neural circuitry of evoked non-painful
phantom sensations. Twelve upper-limb amputees who reliably perceived non-painful
phantom sensations upon stimulation of distal body parts and 12 yoked controls
(matched for sex and age) were investigated. Amputees were stimulated at a body
site eliciting phantom sensation with a stimulus related on- and offset and a control
site without illusory perception. Controls were stimulated at matched body sites. A
conjunction analysis showed specificity of the left ventral premotor and inferior frontal
cortices (BA44/45) for the perception of referred sensations. Generalized
psychophysiological interaction analyses revealed a widespread network showing
significant positive intra-parietal and fronto-parietal connectivity. Our study indicates a
high convergence between the neural correlates of non-painful phantom sensations

and (other) body illusions.

Both studies of the present thesis offer new insights into the understanding the
neuronal basis of illusory body perception. Such illusory body perceptions are
frequent in chronic pain and targeting these distortions of body perception has been

shown to be fruitful for relieving pain and disability.
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