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I INTRODUCTION

Peripheral afferent input provides a critical drive for primate motor control and its
complete removal can lead to paralysis (Mott and Sherrington, 1895), while partial sensory
deficits result in loss of coordination (Bard et al., 1995; Ghez and Sainburg, 1995; Gordon et
al., 1995). Deafferentation in the absence of specific intervention also suppresses motor
plasticity and learning (Bard et al., 1995; Ghez and Sainburg, 1995; Pavlides et al., 1993;
Taub and Berman, 1968). Conversely, long term potentiation-like (LTP-like) facilitation of
neuronal discharge can be demonstrated in the primary motor cortex (M1) of the
mammalian brain following direct stimulation of the primary somatosensory cortex (51;
Kaneko et al., 1994a; Sakamoto et al., 1987). Hence, peripheral afferent stimulation has
been used to induce experimental plasticity of the human motor system (e.g., Charlton et
al, 2003; Hamdy et al, 1998; Ridding et al, 2001) and has become an important
component of techniques to improve or restore motor function (e.g., Conforto et al., 2002;
Fraser et al., 2002; Powell et al., 1999). Beyond short-term facilitation of motor responses
known since Sherrington (1906, pp. 36-37), longer duration of peripheral stimulation can
induce facilitatory changes that persist for minutes and hours (Chipchase et al., 2011).
Most commonly studied peripheral stimulation modalities include nerve stimulation by
electrical current or vibration, which are easy to control and administer (Chipchase et al.,
2011; Proske and Gandevia, 2018, 2012; Taylor et al., 2017). Natural modalities of
peripheral stimulation, such as tactile, pressure or proprioceptive, have been explored less
extensively (Rosenkranz and Rothwell, 2003), even though they represent essential

elements of clinical rehabilitation techniques and procedures.

Among the modalities of the peripheral mechanical stimulation, vibration has been more
thoroughly studied especially due to its ability to almost selectively entrain the signal from
muscle spindle afferents (Burke et al., 1976). It has thus become an invaluable tool to
investigate the proprioception, kinaesthesia and motor control (Proske and Gandevia,
2018, 2012; Taylor et al., 2017).

In contrast, non-vibratory sustained pressure stimulation has been investigated only
infrequently (Chung et al., 2015, 2014). Furthermore, processing of the proprioceptive
inputs has been shown to integrate not only muscle or tendon afferents, but also skin
receptors (Aimonetti et al., 2007; Edin and Abbs, 1991; Kavounoudias et al., 2001, 1998;
Roll et al., 2002), further highlighting the need for research that would span multiple

modalities.
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In the first part of the thesis, an overview is provided of how the sensorimotor system is
affected by manipulation of peripheral input using vibration, sustained pressure, and
reduction of the afferent input by reversible deafferentation, including intramuscular
application of botulinum neurotoxin type A (BoNT-A). The three modalities of peripheral
interventions are included for the following reasons: First, a selection of basic research on
vibratory stimulation is presented to demonstrate possible applications of peripheral
mechanical stimulation in general, being an inspiration for less thoroughly studied
stimulation modalities, such as mechanical pressure. Second, current evidence for central
effects of mechanical pressure stimulation is summarised to provide background for the
original research described in this thesis. Third, evidence for central effects of BONT-A is
presented as an effort to provide a broader perspective on the role of afferentation in
motor control and for its prominent clinical applications and rich evidence in neurological
disorders, including number of studies from our lab on which the author of this thesis
collaborated. Since a full overview of each of the modalities would be far beyond the scope
of a thesis, the literature review is focused on the central effects of prolonged
manipulation, both in sense of increase and decrease of afferent input. For the same
reasons, primarily the evidence from transcranial magnetic stimulation (TMS) and
functional magnetic resonance imaging (fMRI) studies is considered, although other

selected approaches are discussed where required to provide a sufficient background.
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II. ANATOMY AND PHYSIOLOGY OF THE SENSORIMOTOR
SYSTEM

1. Somatosensation: Cutaneous mechanoreceptors

Several somatosensory afferent systems can be distinguished in the human central nervous
system (CNS). Although defined anatomically and physiologically, they roughly
correspond to the sensory modalities they convey (Abraira and Ginty, 2013). The
perception of innocuous mechanical skin stimulation, which is the main focus of this
thesis, is mediated by the so-called low-threshold mechanoreceptors (LTMR; Abraira and
Ginty, 2013). These involve four types of afferents defined based on their discharge pattern
and receptive fields (Vallbo and Johansson, 1984), including slow-adapting type I afferents
(SA-I, Merkel endings or disks) for low-frequency (static) stimuli such as mechanical
pressure; slow-adapting type II (SA-II) for skin stretching; fast-adapting type I (FA-L
Meissner endings) for flutter up to 40-50 Hz, and fast-adapting type II (FA-II, Pacinian
corpuscles) for high-frequency (vibratory) stimuli up to 400 Hz (Delmas et al., 2011;
Johansson and Flanagan, 2009; Johansson and Vallbo, 1983; Vallbo and Johansson, 1984).
The signals from LTMR are conducted by relatively fast class AP myelinated fibres
(McGlone and Reilly, 2010).

The receptive field of FA-I and SA-I afferents is small and circumscribed, whereas FA-II
and SA-II afferents respond to stimuli from much broader and overlapping areas
(Johansson and Flanagan, 2009; McGlone and Reilly, 2010). The SA-I afferents are very
sensitive to the slightest skin displacements and have high spatial resolution (down to
0.5 mm), providing detailed image of the tactile stimuli (Abraira and Ginty, 2013). They
also respond to static pressure and their discharge rate scales with the depth of
indentation (Abraira and Ginty, 2013; McGlone and Reilly, 2010). The SA-II receptors are
likely to participate in proprioception as they detect limb shape and conformation (Abraira
and Ginty, 2013), particularly at fingers where muscle proprioceptors yield ambiguous
signals (Collins et al., 2000). Another role of the SA-II afferents lies probably in detection of
object motion that is associated with skin stretch (Abraira and Ginty, 2013). FA-I
mechanoreceptors are suggested to have a function complementary to SA-I afferents. As
they are quite ignorant of static forces, they might be tuned to detection of sudden object
or surface motion. FA-II afferents, with their large receptive fields and deep location, are
less suited to discriminate spatial characteristics of the stimuli. On the other hand, they are

extremely sensitive to high frequency stimuli, thus, particularly capable of resolving
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temporal structure of stimulation, similar to our auditory system (Abraira and Ginty, 2013;
Formby et al., 1992).

As opposed to LTMR, the high-threshold mechanoreceptors (HTMR) respond to noxious
touch and can be divided into fast Ad afferents that are implicated in mediating fast
mechanical pain or noxious thermic stimuli, and C afferents that are responsible for slow
mechanical pain sensation. Neither Ad nor C afferents form any specialised skin organs,

but rather branch into free nerve endings (Abraira and Ginty, 2013).

Much more detailed description of functional and molecular characteristics of skin
afferents has been provided elsewhere (Abraira and Ginty, 2013; Johansson and Flanagan,
2009; McGlone et al., 2014; McGlone and Reilly, 2010; Strzalkowski et al., 2018).

2. Somatosensation: Proprioceptors of the musculoskeletal system

Another group of afferents consists of sensory endings enclosed within specialised sensory
organs in joints, skeletal muscles, and their tendons. In general, they provide information
about relative body position and movement, and contribute to the sensation of body
ownership and self agency (Koch et al., 2018; Proske and Gandevia, 2018, 2012). The main
proprioceptors are the muscle spindles, which are stretch receptors of the skeletal muscles
(Proske and Gandevia, 2012; Windhorst, 2007). They are innervated by two types of
afferents: the primary endings with the group Ia afferents and the secondary endings with
the group II afferents (Windhorst, 2007). The primary endings are sensitive to dynamic
stretch (they are length- and velocity-dependent), whereas the response of secondary

endings is proportional mainly to the stretch size (Proske and Gandevia, 2012).

Another important type of proprioceptor, the Golgi organs, can be found in tendons at the
musculotendinous junction (Windhorst, 2007). They are innervated by the type Ib afferents
and are sensitive to tendon stretch, especially during muscle contraction (Proske and
Gandevia, 2012). Therefore, Golgi tendon organs are considered as muscle force receptors

rather than passive muscle stretch detectors (Windhorst, 2007).

Further afferent input comes from joint receptors, including Ruffini-like endings detecting
tissue stretch and Paciniform corpuscles sensitive to compression. The joint receptors
discharge mostly in positions near the limits of the joint movement range and produce
ambiguous signals in intermediate joint positions. Therefore, their contribution to coding
of joint position and movement is rather limited, and they have been suggested to serve as

“limit detectors” of movement (Proske and Gandevia, 2012).
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3. Somatosensory afferent pathways

Somatosensory and proprioceptive input from the trunk and limbs enters the spinal cord
via dorsal roots of the spinal nerves. The axons of the pseudounipolar dorsal root ganglion
cells either enter ipsilateral dorsal column or synapse on neurons in the ipsilateral dorsal
horn (Abraira and Ginty, 2013; McGlone and Reilly, 2010). It has been suggested that major
processing of sensory stimuli occurs already at the spinal level and only a minority of
fibres continue directly as the first-order neurons to the brainstem (Abraira and Ginty,
2013; Koch et al., 2018). Spinal grey matter is responsible for the low-level sensorimotor
integration as it contains anatomical substrates of monosynaptic and complex

polysynaptic spinal reflexes (for review, see Windhorst, 2007).

Several distinct afferent pathways can be recognised in the spinal white matter, partly
reflecting the variety of peripheral receptors. Axons responsible for thermic sensation,
pain, but also non-discriminative touch and pressure decussate soon in the spinal cord to
continue within the anterolateral system to the reticular formation, periaqueductal grey,
hypothalamus and thalamic nuclei (Abraira and Ginty, 2013; Kayalioglu, 2009). Neurons of
the spinothalamic tract send also collaterals to several structures other than thalamus, such
as the medullary reticular formation (Kevetter and Willis, 1983), the parabrachial area
(Hylden et al., 1989), the periaqueductal grey (Harmann et al.,, 1988), and the nucleus
accumbens (Kayalioglu, 2009; Kayalioglu et al., 1996). On the other hand, direct branches
of the pseudounipolar neurons as well as many post-synaptic dorsal horn projection
neurons conveying tactile and proprioceptive information ascend in the gracile (for the
lower body) and cuneate fasciculi (for the upper body) to reach two nuclei in the dorsal
medulla bearing the same names (Abraira and Ginty, 2013; McGlone and Reilly, 2010).
Another proprioceptive pathway, the dorsal spinocerebellar tract (DSCT), consists of post-
synaptic muscle afferents from the ipsilateral lower limb synapsing either in the dorsal
horns or in the Clarke’s column (Proske and Gandevia, 2012; Stecina et al., 2013). The post-
synaptic DSCT neurites ascend to the anterior cerebellum, although animal data also
indicate another termination in the nucleus Z of the medulla (Mackel and Miyashita, 1993;
Proske and Gandevia, 2012). Similar to DSCT, the ventral spinocerebellar tract also
terminates in the cerebellum. However, it conveys mostly reafferentation from the ventral
horns and spinal central pattern generators (CPG; Stecina et al.,, 2013). For a detailed
review of spinal circuits involved in somatosensory processing, see (Abraira and Ginty,
2013; Koch et al., 2018).

After the dorsal column pathway is relayed in the medulla (in the gracile and cuneate

nuclei, as well as the nucleus Z), its post-synaptic neurons cross the midline and continue
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as the medial lemniscus to the thalamus (Proske and Gandevia, 2012). In the thalamus,
inputs from the face area originating from the trigeminal nerve and trigeminal nuclei
synapse at the ventral posteromedial (VPM) nucleus, whereas the medial lemniscus
pathway carrying information from the rest of the body terminates in the ventral
posterolateral (VPL) nucleus (Hooks, 2017). In contrast, the nucleus Z neurons project to
the ventral lateral (VL) nucleus and to the oral part of the ventral posterolateral (VPLo)
nucleus, i.e., motor thalamic nuclei that also receive cerebellar inputs (Mackel and
Miyashita, 1993).

Thalamic neurons send their axons via the internal capsule to a number of cortical areas
(McGlone and Reilly, 2010). The initial somatosensory processing occurs in the S1 located
in the postcentral gyrus. It consists of four distinct cytoarchitectonic areas designated as
Brodmann area (BA) 3a, 3b, 1, and 2 in rostro-caudal order (Kaas et al., 1979; McGlone and
Reilly, 2010). The S1 is somatotopically organised mainly in the mediolateral and superior-
inferior direction. Its dorsomedial apex holds the primary somatosensory representation
of the lower limb, whereas the ventrolateral part contains the representation of the face.
The upper limb representation is found between these two on the dorsolateral convexity of
the hemisphere. This topographical organisation has been classically depicted as
a somatosensory homunculus (Foerster, 1936; McGlone and Reilly, 2010; Penfield and
Boldrey, 1937). In fact, it has been suggested that each of the cytoarchitectonic areas within
the S1 contains its own representation of the body surface, thus creating four parallel body
maps (Kaas et al., 1979; Sanchez-Panchuelo et al,, 2012). Area 3a was shown to receive
mainly proprioceptive input including afferents from muscle spindles (Delhaye et al.,
2018; Hore et al., 1976; Iwamura et al., 1993; Kaas et al., 2018; Naito, 2004), whereas areas
3b and 1 process chiefly tactile input (Delhaye et al., 2018; Iwamura et al., 1993; Kaas et al.,
2018). Area 2 receives both tactile and proprioceptive input (Delhaye et al., 2018; Iwamura,
2000; Iwamura et al., 1993; Kaas et al., 2018). Additionally, it has been shown to receive
bilateral input (Iwamura, 2000; Iwamura et al., 1994), integrate multiple afferent signals
and perform higher-order processing, such as shape recognition (Delhaye et al., 2018;
Ehrsson et al., 2005; Iwamura et al., 1993; Naito et al., 2005). Furthermore, according to the
current concept of cortical somatosensory processing, only area 3b can be truly viewed as
the proper S1, whereas areas 1 and 2 are already considered as higher-order areas (for

review, see Delhaye et al., 2018).

Besides the S1, sensory input is additionally processed in another cortical somatosensory
area located in the parietal opercular cortex, i.e., the secondary somatosensory cortex (SII
or S2; Adrian, 1940; Bretas et al., 2020; Delhaye et al., 2018; Eickhoff et al., 2006; McGlone

15



and Reilly, 2010). In a narrow sense, the S2 corresponds to the OP1 area defined by
Eickhoff et al. (2006), whereas in a broader sense, it also contains the more anterior parietal
ventral area (PV or OP4) and both OP1 and OP4 have separate body representation maps
(Bretas et al.,, 2020; Delhaye et al., 2018; Eickhoff et al., 2006). Processing of sensory
information in the S1 and S2 was suggested to occur in both parallel and serial fashion
(i.e.,, from S1 to S2; Chung et al., 2014). The S2 is a higher-order area: it receives bilateral
input, its responses to somatosensory stimulation are context-dependent, and it hosts
complex processing and multimodal sensory integration (Bretas et al., 2020; Delhaye et al.,
2018). Further higher-order cortical areas involved in somatosensory processing are the
insular cortex and the posterior parietal cortex, areas 5 and 7b, but detailed discussion of
their properties is beyond the scope of this thesis (Delhaye et al., 2018; McGlone and Reilly,
2010).

4. Motor system structures and sensorimotor integration

The classical motor system consists of several hierarchically organised cortical areas and
cortico-subcortical loops. The control of low-level dynamic characteristics of movement,
especially in distal limb muscles, has been attributed to the M1 (Chouinard and Paus, 2006;
Omrani et al., 2017), which is located in the precentral gyrus and corresponds to two
cytoarchitectonic areas, the area 4a and 4p (Roland and Zilles, 1996). Both areas seem to
contain separate body map representations and distinct functions, e.g., area 4p is
modulated by attention, whereas area 4p is not (Binkofski et al., 2002; Geyer et al., 1996).
The M1 follows similar somatotopic organisation as the S1 (Roland and Zilles, 1996),
together being also referred to as the sensorimotor cortex (SMC; e.g., Tempel and
Perlmutter, 1990). Within the motor system, M1 receives cortical input from the dorsal
premotor cortex (BA 6, dorsal PMC or PMd) located just rostral to the M1 (Picard and
Strick, 2001). The PMd is implicated in motor planing and movement generation (Picard
and Strick, 2001), as well as in selecting movements based on arbitrary or spatial cues and
motor learning (Chouinard and Paus, 2006). In contrast, ventral premotor cortex (PMv),
also densely connected with the MI, participates in object-related hand movements
(Chouinard and Paus, 2006) and has been associated with object and action observation,
containing the so-called “mirror neurons” (di Pellegrino et al., 1992; Gallese et al., 1996).
Further input into the M1 comes from the mesial part of the area 6, which has a distinct
function and has been named supplementary motor area (SMA; Picard and Strick, 2001,
1996; Tanji and Shima, 1996). The caudal part of the SMA adjacent to the M1 (the SMA

proper) can be differentiated from the more anterior pre-SMA, which does not receive
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significant somatosensory input and lacks reciprocal connections with the M1 (Picard and
Strick, 1996; Tanji and Shima, 1996). The SMA proper (further referred to as SMA) has been
associated with initiation of internally driven movements, connecting conditional rules
with actions (choosing a movement appropriate for the context), and possibly movement
sequencing or motor learning (Hoffstaedter et al., 2013; Nachev et al., 2008). Another area
involved in motor control has been identified in the cingulate cortex. In primates, it has
been termed cingulate motor area (CMA), corresponding to the anterior midcingulate
cortex in humans. It was suggested to participate in conflict monitoring, response selection
and/or transforming intentions into motor actions (Hoffstaedter et al., 2014, 2013; Picard
and Strick, 2001).

Cortical sensorimotor integration takes place at several levels. Somatosensory (mainly
proprioceptive) thalamic projections from the VL or VPLo are long known to reach PMd
and SMA (Omrani et al., 2017), which are in turn connected to the M1 (Chouinard and
Paus, 2006). Direct projections from the thalamus to the M1 were also documented (for
reviews, see Naito, 2004; Omrani et al., 2017). Namely, cortical responses in the primate
M1 have been observed following both natural and artificial muscle spindle stimulation
(e.g., Colebatch et al., 1990; Fourment et al., 1996; Hore et al., 1976; Lucier et al., 1975;
Rosén and Asanuma, 1972). Similar to PMd and SMA, the M1 is also likely to receive
direct afferentation from the muscle spindles via the thalamocortical pathway from the
VPLo (e.g., Asanuma et al., 1980; Darian-Smith and Darian-Smith, 1993; Hore et al., 1976;
Jones and Porter, 1980; Lemon and van der Burg, 1979; Wong et al., 1978) or VL nuclei
(Fang et al., 2006; Huffman and Krubitzer, 2001). Simultaneously, M1 receives indirect
input from areas 3a (e.g., Ghosh et al., 1987; Huerta and Pons, 1990; Stepniewska et al.,
1993), 2 (e.g., Darian-Smith et al., 1993; Ghosh et al., 1987; Jones et al., 1978; Stepniewska et
al., 1993), 1 (e.g., Ghosh et al., 1987; Stepniewska et al., 1993), and 5 (e.g., Darian-Smith et
al., 1993; Strick and Kim, 1978; Zarzecki et al., 1978). Somatosensory cortices are also
densely connected with SMA and PMd (Jones et al., 1978). Further convergence of
somatosensory influences and motor commands occurs via the cortico-subcortical loops
involving the basal ganglia, cerebellum, and thalamus (for reviews, see Nachev et al., 2008;
Omrani et al., 2017). Thus, considerable amount of anatomical and physiological evidence

supports close interactions between the somatosensory and motor systems.

5. Cortical plasticity

The capacity to adapt cortical representations is a hallmark of a developing brain (Ismail et

al., 2017; Krageloh-Mann et al., 2017). Even adult cortical motor representations may be
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subject to change in the process of neuroplasticity (for reviews, see Buonomano and
Merzenich, 1998, Donoghue, 1995; Froemke, 2015; Roelfsema and Holtmaat, 2018;
Sammons and Keck, 2015). Cortical reorganisation has been shown both during motor
learning (Classen et al., 1998; Hund-Georgiadis and von Cramon, 1999; Karni et al., 1998,
1995; Pascual-Leone et al., 1994, 1993) and in response to a focal brain damage (Cicinelli et
al., 1997; Liepert et al., 2000; Traversa et al., 1997; for review, see Ward and Cohen, 2004) or
spinal cord injury (SCL Ding et al., 2005; Levy et al., 1990; for review, see Topka et al., 1991)
and limb amputation (Chen et al., 1998; Cohen et al., 1991; Fuhr et al., 1992). Reversible
though sustained plasticity has also been experimentally induced in healthy subjects
(Classen et al., 1998; Stefan et al., 2000).

Several cellular mechanisms have been proposed as neurobiological substrates of cortical
plasticity (Biitefisch, 2006; Feldman, 2009). One mechanism, first discovered in the
mammalian hippocampus, involves modification of the post-synaptic membrane that can
be experimentally induced by short tetanic stimulation. After such stimulation, a long-
term potentiation (LTP) of synaptic transmission can be observed (Bliss and Lomo, 1973).
The phenomenon is first involves activation of the post-synaptic voltage-dependent
N-methyl-D-aspartate (NMDA) glutamate receptors, and is then maintained by
accumulation of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors on the post-synaptic membrane and enlargement of dendritic spines (for
reviews, see Malinow and Malenka, 2002; Nicoll, 2017). Pre-synaptic mechanisms, e.g.,
involving retrograde nitric oxide (NO) signalling, were also documented (Feldman, 2009).
The resulting strengthening of synaptic transmission underlies use-dependent learning
and memory (Bliss and Lomo, 1973; Nicoll, 2017; Rioult-Pedotti et al., 2000). Besides the
hippocampus, similar LTP-like facilitation was also demonstrated in the mammalian M1
following direct stimulation of the S1 (Iriki et al., 1989; Kaneko et al., 1994a; Sakamoto et
al., 1987). Somatosensory inputs were thus shown to directly participate in acquiring new
motor skills (Iriki et al., 1989; Sakamoto et al., 1989). Simultaneous associative stimulation
of cortico-cortical and thalamocortical pathways can also induce LTP in interneurons
receiving thalamic input (Iriki et al.,, 1989). This thalamocortical pathway was also
suggested to mediate indirect somatosensory influence relayed by the interposed nucleus
of the cerebellum (Luft et al., 2005; Manto et al., 2006).

In contrast to LTP, sustained low-frequency stimulation can induce long-term depression
(LTD) of synaptic transmission (Hess and Donoghue, 1996a; Linden, 1994). Several
mechanisms underlying LTD have been proposed including NMDA receptor-dependent
LTD, LTD mediated by metabotropic glutamate receptor, and LTD related to cannabinoid
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type 1 receptor (Feldman, 2009). Unlike LTP, the LTD is implicated in use-dependent
response weakening possibly associated with stimulus deprivation (Feldman, 2009). LTP
and LTD thus illustrate how sensory input may have bi-directional influence on

connection strength depending on stimulus parameters (Feldman, 2000; Hess and
Donoghue, 1996b; Linden, 1994).

Another mechanism has been proposed to underlie rapid adaptive reorganisation of
cortical motor output zones by unmasking latent horizontal projections (Biitefisch, 2006;
Donoghue, 1995; Jacobs and Donoghue, 1991, Rosenkranz and Rothwell, 2006a). The
mechanism was suggested to involve modification of y-aminobutyric acid A (GABA ,)-
ergic inhibitory intracortical circuits (Jacobs and Donoghue, 1991), leading to changes in
intracortical inhibition that may be assessed non-invasively using paired-pulse TMS
(pTMS) protocols (Chen et al., 1999; 1li¢ et al., 2002; Kujirai et al., 1993; Ziemann et al.,
1996a).

Besides microstructural changes at the level of receptors, plasticity may involve
experience-dependent structural changes in dendritic spines and synaptogenesis that
occur within hours and days (Biitefisch, 2006; Feldman, 2009). Slower structural changes in
thalamocortical and horizontal projections are also possible over several days or weeks
(Feldman, 2009), but a detailed account of structural plasticity is not within the scope of

this work.

In summary, this section has provided an overview of anatomical structures and
physiological mechanisms universally participating in modulation and reorganisation of
the motor cortex. The next section introduces some commonly used electrophysiological
and imaging methods allowing non-invasive assessment of the resulting macroscopic
neuroplastic changes in humans. Despite recent advances in neuroimaging techniques,
direct translation of animal neurophysiological data into human research is not
straightforward. Since multiple neuroplastic processes commonly coincide, it is likely that
effects of natural stimulation involve a combination of several mechanisms, such as
strengthening or weakening of excitatory connections (LTP/LTD), modification of
inhibitory GABA-ergic circuits, and subsequent structural changes (Biitefisch, 2006;
Feldman, 2009). It is therefore challenging to link the neuronal processes identified on the
microscale with human data from behavioural, electrophysiological, or neuroimaging
studies. Though being mostly based on indirect evidence, such conceptual relationships
are pointed out on several occasions when discussing specific effects of stimulation or
deafferentation in the sections “IV. Enhancing the afferent input: Modalities of peripheral

stimulation” and “V. Reducing the afferent input: Means of plasticity facilitation”.
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III. METHODS FOR MAPPING THE SENSORIMOTOR SYSTEM AND
ITS PLASTICITY

Human research of experimentally induced plasticity is essentially limited to non-invasive
or semi-invasive methods. Electrophysiology and magnetoencephalography (MEG) can
provide superb temporal resolution down to milliseconds. However, except for a few
direct invasive applications reserved for patients with structural brain lesions or epilepsy,
standard non-invasive electrophysiological approaches available in healthy subjects lack
the spatial resolution necessary to unambiguously relate their findings to a specific

cytoarchitectonic area (Lotze et al., 2003).

In contrast, modern neuroimaging methods, including ultra-high field magnetic resonance
imaging (MRI), can provide outstanding spatial resolution at sub-millimetre dimensions
that allows visualisation of individual cortical columns and laminae (Petridou and Siero,
2019). Yet despite technological advances, current neuroimaging methods cannot get even
close to the time scale of individual neuronal events, which are obscured not only due to
technological constraints, but also due to physiological delay caused by neurovascular

coupling (Ogawa et al., 1993).

Some limitations can be addressed by combining the evidence from both approaches.
While there have been studies combining imaging and electrophysiology recordings (e.g.,
Lotze et al., 2003), most of the available evidence originates from unimodal studies with
different protocols and study populations, which limits translation of results from one
method to another. In this section, three methodological approaches widely used in
mapping of the sensorimotor system function and plasticity are briefly introduced as they

are frequently referred to in the following sections.

1. Transcranial magnetic stimulation (TMS)

TMS is an electrophysiological method commonly used for assessment of corticomotor
excitability. The procedure involves electromyographic (EMG) recordings following
cortical stimulation delivered by a magnetic stimulator typically equipped with a figure-
of-eight coil. When the coil is positioned over the scalp approximately above the M1,
a suprathreshold stimulus elicits the so-called motor evoked potential (MEP) in a target
muscle. Due to inherent MEP variability, recordings require substantial averaging.
Parameters of the MEP that reflect cortical excitability include the amplitude, resting
motor threshold (rMT), active motor threshold (aMT), and MEP area (total MEP amplitude

time integral). Whereas the amplitude reflects the transsynaptic cortical excitability
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(Devanne et al., 1997), the rtMT is more associated with membrane excitability (Christova
et al, 2010; Ziemann et al., 1996b). MEP are commonly used clinically to assess the
integrity of the corticospinal system, sensitive to detect its lesions in the brain or spinal

cord. Additional, more elaborate, TMS protocols are used in research.

1.1. Paired-pulse protocols

Paired-pulse protocols can provide additional information about intracortical circuitry
unbiased by spinal motoneuron excitability. One of frequently used paradigms utilises
a sub-threshold conditioning stimulus (optimally 80% of rMT) followed by a supra-
threshold test stimulus (usually 120% rMT; Kujirai et al., 1993). Stimulation protocols with
short (2—4 ms) inter-stimulus intervals (ISI) between the test and the conditioning stimuli
(Rosenkranz and Rothwell, 2003) reflect the so-called short-interval (or short-latency)
intracortical inhibition (SICI), which depends on the function of the GABA x-ergic
inhibitory intracortical circuits (Chen et al., 1999; Ili¢ et al., 2002; Kujirai et al., 1993;
Ziemann et al., 1996a). Decrease in SICI presumably reflects rapid plasticity involving
unmasking of latent horizontal connections (Christova et al., 2010; Jacobs and Donoghue,
1991). Conversely, administration of GABA, agonists increases SICI and prevents plastic
changes (Ziemann et al., 2001). Longer ISIs (10-15 ms) (Rosenkranz and Rothwell, 2003)
reflect the so-called intracortical facilitation (ICF). The physiological background of the
ICF is less understood, but it is likely to rely on glutamatergic NMDA synapses (Liepert et
al., 1997; Nakamura et al., 1997). Changes in ICF have been suggested to reflect LTP-like
mechanisms (Christova et al., 2011; Kaneko et al., 1994a; Sakamoto et al., 1987).

Another pTMS protocol utilises a suprathreshold conditioning stimulus delivered 100 ms
(range 50-200 ms) before the test stimulus to evoke so-called long-interval (or long-
latency) intracortical inhibition (LICI), which reflects the function of the GABAg-ergic
inhibitory interneurons interacting with GABA s-ergic neurons (Rosenkranz and Rothwell,
2003; Swayne et al., 2008). Further parameters that could be obtained from paired-pulse
protocols include contralateral and ipsilateral cortical silent period (CSP), short-latency
afferent inhibition (SAI), long-latency afferent inhibition (LAI), and interhemispheric
inhibition (IHI; for review, see Di Pino et al., 2014).

1.2. TMS as an intervention

Several TMS protocols have been introduced as means of direct inhibitory or facilitatory
intervention, often combined with manipulations of afferent input to study their central
effects (e.g., Rollnik et al., 2001; Rosenkranz and Rothwell, 2006a; Ziemann et al., 1998a).
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A repeated delivery of a peripheral stimulus followed by a single-pulse TMS (so-called
paired associative stimulation or PAS) may lead to outlasting increases or decreases of
MEP amplitude, depending on the ISI. Repetitive TMS (rTMS) alone may also produce
short-term changes in cortical excitability. Low-frequency (< 1 Hz) continuous rTMS
applied over a cortical area has inhibitory effect on MEP, whereas high-frequency
stimulation increases MEP. For more details on rTMS alone, see a comprehensive review
by Jacobs et al. (2012).

2. Positron emission tomography (PET)

Before the era of fMRI, positron emission tomography (PET) has been one of the most
widely used methods for non-invasive imaging of brain function. The technique exploits
the ionising radiation (3" particles) emitted by radiotracer injected or inhaled by the
subject. There is a constantly growing number of clinical applications of PET in neurology,
e.g., in diagnostics of brain tumours or neurodegenerative disorders such as Alzheimer’s
disease, in which a radionuclide (usually "°F, but also ''C, O, °H, '®I, or *Cu) is attached to
a specific metabolite or ligand (Drake et al., 2020; Uzuegbunam et al., 2020). In functional
neuroimaging, use of radiotracers such as "F-fluoro-deoxy-glucose (*F-FDG or FDG),
PO-labelled water (H,”O), and "“O-butanol has allowed quantitative measurement of
regional cerebral blood flow (rCBF) and regional cerebral blood volume (rCBV; Raichle,
1986). The rCBF correlates well with neuronal activity (Raichle, 2011). With the advances
in stereotactic localisation (Fox et al., 1985), it has therefore become an important tool to
investigate human brain function (Bodegard et al., 2003; Naito et al., 1999; Raichle, 1986;
Tempel and Perlmutter, 1990). Even after the development of fMRI (see the next section), it
still retains its advantages, e.g., a great spectrum of specifically binding radioligands for

certain brain research applications.

3. Functional magnetic resonance imaging (fMRI)

3.1. Magnetic resonance imaging principles

Before discussing specific fMRI applications, some fundamental principles of nuclear
magnetic resonance imaging (NMRI or shorter MRI) have to be introduced. MRI utilises
interaction of nuclei that posses spin magnetic moment (such as 'H, “C, *'P) with an
external magnetic field. By far, 'H is the most frequently used element in neuroimaging

and is, therefore, implicitly considered in this thesis (Jezzard and Clare, 2001).
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Typical clinical and research MRI scanners consist of several electromagnets. In a strong
background magnetic field (Bg), usually between 1.5 and 3.0 T, magnetic moments of the
hydrogen nuclei in tissues become aligned parallel or anti-parallel to the external field.
A small surplus of parallelly aligned moments results in net magnetisation in the direction
of the external magnetic field. From a simplified point of view, the image is acquired when
a radio-frequency (RF) magnetic field pulse selectively excites the hydrogen nuclei, which
subsequently emit energy as they gradually return to their original state. From a more
detailed perspective, when exposed to a transverse radio-frequency (RF) magnetic field
(B:1) pulse at a certain frequency, the so-called Larmor frequency, proportion of magnetic
moments absorbs the energy and enters a higher energy state. The Larmor frequency is
determined by the strength of B, and local shielding of the electron shell depending on
electron distribution in the given compound, which are important considerations for the
selective excitation of a tissue sample. As a result of the excitation, the longitudinal
component of net magnetisation decreases, while instead, a transverse component appears
and starts to precess with the Larmor frequency, causing oscillatory signal that can be
detected by a receiver coil. As magnetic moments return to the original state, net
longitudinal magnetisation recovers with T; time constant (longitudinal relaxation time),
while transverse magnetisation decays with T, time constant (transverse relaxation time).
Whereas T, reflects spin-lattice interactions (i.e., return into a thermodynamic equilibrium
state, which is slowed down by random molecular movements), T, decay is mostly
dependent on energy exchange between nuclei due to small shifts in local (molecular-
level) magnetic fields resulting in loss of precession coherence (dephasing or spin-spin
interactions; Jezzard and Clare, 2001; Matthews, 2001).

The tissue-specific relaxation time constants depend on multiple intrinsic properties, such
as water content, the degree of myelination, or the content of iron (Gracien et al., 2019). By
adjusting the spacing between consecutive excitation RF pulses (repetition time, TR) and
between the excitation pulses and their respective readouts (echo time, TE) in the so-called
MRI sequences, the MRI scanner can be tuned to record signal that is more affected either
by T: (T:-weighted contrast) or T, relaxation (T,-weighted contrast). A sequence with
negligible T; and T>-weighting reflects the density of hydrogen nuclei in the tissue (proton
density contrast, PD). These three parameters govern most of the image properties in
routine anatomical (morphological) imaging. By applying additional magnetic fields
(gradient fields) that linearly modify the background B, field during the MRI sequence,
spatial distribution of the signal sources and, therefore, a two-dimensional or three-

dimensional image of the scanned object can be reconstructed (Jezzard and Clare, 2001).
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The T; and T,-weighted brain images are included in most protocols for standard clinical
applications. An example of a common T;-weighted MRI sequence is magnetisation-
prepared rapid acquisition with gradient echo (MPRAGE), whereas an example of a
routinely T,-weighted sequence with an additional water-suppression module is fluid-
attenuated inversion recovery (FLAIR). Note that the aforementioned sequences as well as
their names are vendor-specific. Though they are mainly used in the clinical routine, these
or similar sequences are also included in research protocols to provide anatomical
reference for functional imaging. For advanced research purposes, special quantitative
techniques measuring exact relaxation time constants or PD have also been developed (for

more details, see our recent works Gracien et al., 2019, 2017; Niirnberger et al., 2017).

3.2. Blood oxygenation level-dependent (BOLD) contrast

Ty, T,, and PD are not the only parameters affecting the image signal. In some cases,
transversal magnetisation decay is much faster than it would be just due to local molecular
tissue properties. A principle similar to that underlying T, relaxation also applies when the
homogeneity of the static B, field is compromised, e.g., at the borders of areas with
different magnetic susceptibility, such as air/tissue interfaces. The transverse relaxation
decay that includes these larger-scale field inhomogeneities is called T, relaxation. Due to
usually static nature of the inhomogeneities, their effects can be largely reversed by a 180°
refocusing RF pulse positioned exactly at %2 TE. The refocusing pulse is a key element of
a simple spin echo (SE) sequence and many more complex imaging techniques. Hence, an

almost pure T, image contrast is attainable (Jezzard and Clare, 2001).

However, the T, relaxation is not always undesired. Effects resembling artefacts at
air/tissue boundaries can be observed around the blood vessels where magnetic field is
affected by the level of deoxyhaemoglobin, which is paramagnetic (increasing magnetic
flux) as opposed to diamagnetic (slightly reducing magnetic flux) oxyhaemoglobin
(Jezzard and Clare, 2001; Matthews, 2001). It was therefore shown that increased content
of deoxyhaemoglobin reduces the signal around the blood vessels, whereas increased
oxygenation does the opposite. This phenomenon, first described by Ogawa et al. (1993,
1990), was termed blood oxygenation level-dependent (BOLD) effect.

The blood flow in the smallest cerebral arteries is, to a large degree, regulated by local
mechanisms. The continuously changing energy demands and oxygen consumption of
local neuronal populations result in corresponding fluctuations of rCBF. The exact
processes leading to changes in regional perfusion are still largely unknown (Gauthier and

Fan, 2019; Nuriya and Hirase, 2016). Put in a very simplified way, increased rate of
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synaptic activity (possibly predominantly involving transmission at glutamatergic
synapses) initiates an inter-cellular signalling cascade via astrocytes that eventually leads
to vasodilatation, increased rCBF and rCBV. Since the blood inflow exceeds the metabolic
demands (at least by afactor of 2), the process results in a local net increase in
haemoglobin oxygenation and, hence, increased BOLD signal. This reproducible response
of the cerebral vascular tree to neuronal activity has been called neurovascular coupling
(Gauthier and Fan, 2019; Gjedde, 2001; Matthews, 2001).

Some features of neurovascular coupling have critical impact on functional neuroimaging.
The signalling cascade delays the vascular response by a few seconds relative to the
neuronal activity. A response to a short stimulus appears 2-3 s later and peaks at about
6 s post-stimulus. This delay can be modelled by a haemodynamic response function
(HRF; Donaldson and Buckner, 2001; Worsley, 2001). When exposed to a longer steady-
state stimulus, the classical (canonical) HRF predicts an initial overshoot, followed by
a plateau phase, and a post-stimulus undershoot (Glover, 1999). However, the
neurovascular coupling may differ in various brain areas (Gauthier and Fan, 2019), as well

as under various clinical conditions and during healthy ageing (Chen, 2019).

Typically, BOLD signal is measured using a gradient echo (GE) sequence that basically
consists of a single excitation pulse and gradient fields. In fact, any applied gradient field
is detrimental for the transverse magnetisation and the overall signal. In contrast to SE
sequences, GE sequences have no refocusing pulse. Instead, the gradient field is reversed
at a certain point to nullify the dephasing caused by the gradient field itself. However, as
the T, effects are not removed, the resulting image still suffers from signal loss and
geometrical distortions especially around air/tissue boundaries, and for the same reason, it

also contains BOLD weighting.

Neuronal activity and the resulting BOLD signal fluctuations are fast dynamic processes.
Conventional anatomical images take up to several minutes to acquire. To allow
reasonably fast imaging (~2-3 s for the whole-brain volume), reduced resolution and fast
imaging techniques such as echo planar imaging (EPI) are required (Jones et al., 2001).
Recently, advances in acceleration techniques, such simultaneous multislice or multiband
imaging sequences, allowed for considerable improvements in temporal and/or spatial
resolution of the functional images, with special protocols achieving even <1 mm in-plane
resolution or ~300 ms TR (i.e., time between two consecutive volumes; Demetriou et al.,
2018; Setsompop et al., 2016).
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In conventional fMRI, the relatively slow acquisition (2-3 s TR) may result in overlapping
with respiratory movements and aliasing of high-frequency cardiac artefacts (Smith, 2001).
Furthermore, head motion may occur at the same time scale as the neuronal activations
(Brammer, 2001). All these artefacts may lead to signal changes of similar amplitude or
even exceeding the BOLD signal change of neuronal origin (Jones et al., 2001; Smith, 2001).
For this reason, several pre-processing steps are necessary to reduce the random and
physiological artefacts and correct for head motion (Brammer, 2001; Smith, 2001). More
recently, data driven approaches based on decomposition into independent components
have been introduced that further improve data de-noising (Pruim et al., 2015b, 2015a;
S. M. Smith et al., 2013). Most of these procedures are implemented in specialised software
tools dedicated to analysis of fMRI data, such as FSL (FMRIB’s Software Library,
developed by Analysis Group, The Wellcome Centre for Integrative Neuroimaging
[formerly FMRIB], Oxford, UK, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki; Jenkinson et al., 2012)
or SPM (Statistical Parametric Mapping, developed by The Wellcome Centre for Human
Neuroimaging, UCL Queen Square Institute of Neurology, London, UK,
https://www fil.ion.ucl.ac.uk/spm/).

Even though artefact removal strategies are constantly improving, MRI signal is
a dimensionless quantity reflecting many tissue-related and hardware-specific factors. This
means that although we can quite accurately measure the relative percent signal change
(%SC) of the BOLD signal, the signal baseline remains unknown. Consequently, the
neuronal activity under investigation needs to be compared to an adequate baseline
condition in which there is reduced or no neuronal activity in question (Bandettini, 2001).
Given the low relative %SC (0.5-5%) of the signal of interest and the abundance of noise,
repeated testing of the same condition and a subsequent statistical analysis is paramount
to achieve reasonable confidence that the observed signal change is actually related to
a relevant neuronal process (Smith, 2001; Worsley, 2001). The two basic experiment designs
for repeated stimulation include block paradigms, in which sustained stimuli or longer
active tasks (with typical duration between 15-30 s) alternate with rest or different
baseline condition, and event-related paradigms, in which single stimuli or short tasks
(<2s) are usually (pseudo-)randomly dispersed throughout the acquisition. The former
approach offers superior robustness in terms of statistical power and is easier to set up,
whereas the latter provides, at least for some psychophysiological processes, a more
natural mode of interaction and is less prone to habituation (Donaldson and Buckner,
2001). In both cases, the acquired and pre-processed functional data are usually analysed

in the same way. The externally imposed stimulation or tasks are modelled by box-car or
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impulse functions and convolved with the HRF. Next, a general linear model (GLM) is
established as a combination of individual regressors (one for each condition) with an
additional error term. The resulting GLM is fit to the data by estimating individual model
parameters () and minimising the residual error (¢). The existence of an effect (difference
between two 3 parameters or difference of a single parameter from zero) is then usually

evaluated using parametric statistical tests, such as t-test of F-test (Worsley, 2001).

Last but not least, signal of interest can be extracted using data-driven approaches, such
independent component analysis (ICA; Beckmann and Smith, 2004), and subsequent
statistical inference can be performed using non-parametric tests, including permutation
testing (Winkler et al., 2014). Such model-free techniques also allow analysis of randomly
fluctuating data, such as those from resting-state imaging acquisitions (Beckmann et al.,
2005). These methods are capable of establishing the strength of intrinsic signal
correlations among distant brain regions (i.e., functional connectivity, FC), identifying so-
called resting state networks. However, a detailed description of resting-state fMRI

acquisition and analysis techniques is beyond the scope of this thesis.

To summarise, BOLD fMRI offers superior spatial and temporal resolution compared to
PET. Furthermore, it does not involve any ionising radiation, and so far no long-term
health risks of repeated exposure to MRI have been identified. With the development of
BOLD technique (Ogawa et al, 1993), fMRI has thus become the primary tool for
functional human brain mapping (Matthews, 2001). With recent advances, it continues to
be the leading state-of-the-art method to evaluate human brain function in vivo

(Demetriou et al., 2018; Setsompop et al., 2016).

3.3. Other functional MRI techniques

Besides BOLD imaging, there are alternative MRI methods that allow mapping of human
brain function in vivo. A technique called arterial spin labelling (ASL) employs an RF
tagging pulse that labels the blood entering the brain. ASL allows obtaining quantitative
data on brain perfusion, but is considerably slower, more complicated, and offers lower
functional activation contrast than BOLD imaging, therefore, it is much less frequently
used (Bandettini, 2001).
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IV. ENHANCING THE AFFERENT INPUT: MODALITIES OF
PERIPHERAL STIMULATION

1. Vibratory stimulation

Though being typically non-natural, vibration is perhaps the most extensively studied
modality of mechanical peripheral stimulation. In particular, studies of vibratory muscle
stimulation deeply influenced our understanding of proprioception and kinaesthesia (for
reviews, see Proske and Gandevia, 2018, 2012; Windhorst, 2007). However, vibration is
a complex mechanical stimulus affecting simultaneously number of sensory structures in
different tissues. Many of those receptors respond readily to other stimulation modalities
as well, including innocuous pressure. Therefore, even though vibration has not been used
in the design of experiments included in this thesis, many of the phenomena and
observations are relevant for the related but less developed research area of mechanical
pressure stimulation, which will be the topic of the next section. Out of the rich and
extensive evidence about locally applied vibration, only a small selection most closely

related to the topic of this thesis is presented here.

1.1. Sensory structures responding to vibration

Mechanical vibration applied over the body surface stimulates several classes of cutaneous
receptors. At the site of action, vibration mainly excites Meissner (FA-I) and Pacinian
corpuscles (FA-II), but also the Merkel endings (SA-I). The FA-I afferents respond the most
to stimulation from ~5 Hz up to 40-50 Hz (so-called flutter), while the Pacinian corpuscles
are sensitive to vibration of higher frequency between 40 and 400 Hz (Johansson and
Flanagan, 2009; Johansson and Vallbo, 1983; Vallbo and Johansson, 1984). Finally, the SA-I
afferents, which otherwise register low-frequency dynamic skin deformations and static
pressure, respond to low frequency vibration usually below 5 Hz, though they could be

stimulated by vibration up to ~30 Hz (Johansson et al., 1982).

As the mechanical waves propagate into deeper tissues, they stimulate mechanoreceptors
in tendons or muscles (Gizewski et al., 2005), namely the primary and secondary muscle
spindle endings (type Ia and type II afferents, respectively) and Golgi tendon corpuscles
(type Ib afferents), especially when applied over the muscle tendon or belly (Burke et al.,
1976). Most primary muscle spindle endings discharge in a one-to-one manner to the
vibratory stimulation at frequencies up to 80-100 Hz, though some are capable to reach

frequencies 180-220 Hz (Roll et al., 1989a). In a relaxed muscle, vibration with amplitude
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below 0.5 mm is almost a selective stimulus for the Ia afferents (Roll et al., 1989a; Roll and
Vedel, 1982), while some effects of vibration were observed with amplitude as low as
0.005-0.05 mm (Fattorini et al., 2006; Marconi et al., 2008). As opposed to Ia afferents, the
secondary muscle spindle endings are entrained by vibration at much lower frequencies
up to 2040 Hz (Cordo et al., 1993), whereas Golgi tendon organs generally do not respond
to vibration in a relaxed muscle, but their sensitivity increases during contraction (Roll et
al., 1989a). The maximum discharge rate of the Ia afferents depends on the actual muscle
length, it also increases during muscle stretching and decreases or even diminishes during
muscle shortening, while the firing rate of the secondary endings is less affected by
movements (Burke et al., 1976). This illustrates the complexity of vibratory stimulus and

some of its dependence on multiple static and dynamic factors.

Since various mechanoreceptors differ in their sensitivity to vibration, the involved
afferent pathways and their central projections, it is obvious that they exert different
influence on perception, cognition, and motor behaviour, while their interaction can cause
complex effects difficult to seize. Therefore, in this section, a special emphasis is put on

disentangling the individual contributions of cutaneous and muscle mechanoreceptors.

1.2. Behavioural effects of vibratory stimulation

1.2.1. Cutaneous vibratory stimulation

The central correlates of vibratory skin stimulation have been studied since the dawn of
neuroimaging, mostly as a means of mapping the somatotopic representations in the S1
and S2 (e.g., Fox et al., 1987; Gelnar et al., 1998; Sanchez-Panchuelo et al., 2016). Although
these studies involved short stimulation restricted to a superficial skin area rather than
a particular muscle or tendon, there have been several reports of stimulus-related
activation in classical motor areas, such as the M1 and SMA. This was first observed in
early PET studies (Burton et al., 1993; Seitz and Roland, 1992) and was later confirmed in
some fMRI studies (Francis et al., 2000; Gelnar et al., 1998), indicating the potential of
cutaneous afferentation to influence motor control. Despite the relatively large amount of
neuroimaging research on cutaneous vibration with some compelling reports of
prominent sensorimotor integration, the evidence for interaction between cutaneous
vibration and motor control from behavioural and neurophysiological studies is

surprisingly scarce compared to a vast body of such literature for muscle vibration.

One of the stimulation sites that attracted wider attention is the foot sole, which is in

almost constant tactile contact with the ground, thus providing somatosensory cues

29



during stance and gait. In aseries of studies, Kavounoudias et al. (2001, 1998)
demonstrated that vibratory stimulation of the tactile afferents at the foot sole produces
body sway away from the stimulation site: backwards in the forefoot area, forwards in the
heel area, and laterally during unilateral stimulation. Similar body sways have been
elicited by low-intensity transcutaneous electrical foot stimulation (Kavounoudias et al.,
2001), muscle tendon vibration (e.g.,, Eklund, 1972; Lund, 1980), and manipulation of
visual and vestibular input (e.g., Karnath et al., 1994). Moreover, cutaneous foot sole
vibration was demonstrated to evoke a sensation of illusory body tilt (Roll et al., 2002)
similar to illusions caused by muscle vibration (Lackner and Levine, 1979; Wierzbicka et
al., 1998). These postural effects of cutaneous vibration are likely of central origin since
they follow vector addition laws when interacting with the responses to muscle vibration
(Diener et al., 1984; Kavounoudias et al., 2001, 1998; Roll et al.,, 1989b). Furthermore,
cutaneous vibration of the foot sole was recently shown to affect joint position sense at the
ankle (Mildren and Bent, 2016). This is in line with microneurographic evidence that ankle
joint position is coded by the surrounding SA-II and FA-II afferents (Aimonetti et al.,
2007). The role of foot cutaneous afferents in the maintenance of upright posture and their
modulation by peripheral stimulation has therefore been well established (for reviews, see
Rasman et al., 2018; Strzalkowski et al., 2018).

Another line of research has shown that random mechanical vibrations (i.e., white noise
vibration low-pass filtered to 100 Hz) applied to the foot soles may improve postural sway
in both healthy subjects (e.g., Priplata et al., 2003) and patients with diabetes or after stroke
(Priplata et al., 2006). Similar positive effects of added noise were also observed during
visuomotor tracking hand movements (e.g., Mendez-Balbuena et al, 2012). It was
suggested that random vibration acts by introducing so-called stochastic resonance to the
sensorimotor control loops and by improving transmission of weak signals (Priplata et al.,
2006). Clinical efficacy of stochastic resonance has been mostly assessed using whole-body
vibration applied via a standing platform (for review, see Dincher et al., 2019). However,
application of such diffuse stimulation implicates that both cutaneous and non-cutaneous
receptors are simultaneously excited, possibly masking the underlying mechanisms by
introduction of complex somatosensory interactions. The effects of whole-body vibration

therapy are therefore not reviewed in this thesis.

In general, the presented evidence illustrates two distinct mechanisms responsible for
central effects of cutaneous vibration: (1) deterministic stimulation of specific afferents
participating in motor feedback loops, possibly mimicking their normal firing rate; and

(2) random stimulation introducing stochastic resonance into the sensorimotor control
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loops. However, despite the promising behavioural data, follow-up research on cutaneous
vibration using neurophysiological and neuroimaging methods is still lacking. In contrast,
far more evidence for sensorimotor integration is available from studies using muscle

vibration, which is therefore discussed to a greater extent in the next section.

1.2.2. Vibratory muscle stimulation

In comparison to cutaneous vibration, stimulation of muscle afferents has attracted much
wider interest in physiological research. Careful observations of behavioural effects of
muscle vibration led to discovery of several phenomena that can be generally described as
alterations of conscious perceptions, implicit motor behaviour, or both. Although the
extensive literature on muscle vibration has already been covered elsewhere (Proske and
Gandevia, 2018, 2012; Souron et al, 2017b), some physiological background is still
discussed here, as it is crucial for understanding the rationale and correct interpretation of

the recent imaging studies.

Notably, the vast majority of human research was conducted at elbow or wrist flexors and
extensors, whereas more complex joints or lower limbs were investigated less frequently.
Therefore, unless otherwise stated, the discussed evidence is based on data from the arm

and/or the forearm.

Immediate effects of vibration

It has been long known that muscle vibration can interfere with proprioception. If the
visual feedback is obscured (regardless whether the eyes are open or closed), muscle
vibration is accompanied by erroneous judgement of the corresponding joint position
(Goodwin et al, 1972). By observing the vibration-evoked position sense errors,
researchers came to believe that muscle spindle afferents significantly contribute to
kinaesthesia and motor control, and distinguished two independent pathways for static
(Il afferents) and dynamic (Ia afferents) position sense (McCloskey, 1973). Static position
information prevails in the slow movement control, whereas the (dynamic) velocity
information dominates in the control of faster movements (Sittig et al., 1987). These two
systems respond differentially to vibration. Performance in slow position matching tasks
reflecting static position sense is consistently disturbed by vibration irrespective of the
tested movement direction (Sittig et al., 1985). In contrast, velocity matching (Sittig et al.,
1985) or dynamic position matching (e.g., Capaday and Cooke, 1981) is only affected when
the stimulated muscle is lengthening, usually causing target undershooting (i.e., velocity
overestimation). Both systems also show different dependence on vibration frequency

(Cordo et al.,, 1995; Sittig et al., 1987). However, motor control does not always rely on
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proprioception. For instance, very fast movements seem to be pre-programmed and
completely unaffected by vibration (Sittig et al., 1987). Moreover, the interaction with
motor planning is context-specific, depending on the frame of reference imposed by the
task (Tsay et al., 2016). Further specific situations in which muscle vibration interferes with

motor control are discussed below.

Selective excitation of the primary endings (Ia afferents) by sustained muscle vibration
entraining elicits so-called tonic vibration reflex (TVR) characterised by tonic contraction
of the stimulated muscle and relaxation of its antagonist (e.g., Hagbarth and Eklund,
1968). Furthermore, if the visual feedback is removed and the stimulated muscle is fully
relaxed or restrained to isometric conditions (i.e., not allowed to shorten under the
influence of the TVR or not moved voluntarily), an illusory kinaesthetic (proprioceptive)
sensation of limb movement usually arises (Calvin-Figuiere et al., 1999; Goodwin et al.,
1972). The illusory movement sensation is often accompanied by gradually developing
tonic contraction of the antagonist muscle, the so-called antagonist vibratory response
(AVR; Roll et al., 1980), or inverted TVR (Calvin-Figuiere et al., 1999).

When in freestanding upright position, vibration of specific muscles (usually at the neck or
lower limb) can elicit an overt involuntary postural response called vibration-induced
falling (VIF; Eklund, 1972). If the body movement is prevented or if the subject is deprived
of visual cues, an illusory body tilt or rotation is perceived (Wierzbicka et al., 1998).
Besides the effects on static posture, leg vibration may also affect locomotion (for review,
see Layne et al., 2019). For instance, hamstring vibration was shown to increase forward
gait velocity, whereas quadriceps vibration increased backward gait velocity (Ivanenko et
al., 2000). Furthermore, vibration of an air-suspended thigh, shank, or foot can evoke
complex gait-like phasic movements of the entire lower limb. The observed air-stepping is
similar to voluntary movements, both in terms of kinematics and EMG patterns, and is
even accompanied by alternating movement of the contralateral limb (Gurfinkel et al.,
1998).

Different illusory movements and overt motor responses share many fundamental
characteristics. During vibration-evoked illusion of static limb displacement, the apparent
stretch of the vibrated muscle is constantly overestimated, i.e., the muscle stimulated is
perceived longer than it actually is (Goodwin et al., 1972). These illusions are not bound by
physical limitations. If the muscle is vibrated when extended close to its anatomical limit,
subjects may feel the joint in a position beyond its maximum operating range or even
experience multiple forearms (Craske, 1977). Congruent with the apparent static

displacement, the direction of the dynamic illusion of movement or body tilt is opposite to
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the stimulated muscle action (i.e., opposite to the effect of TVR) and is therefore perceived
as if the vibrated muscle was lengthening (Calvin-Figuiere et al.,, 1999; Goodwin et al.,
1972). The motor response associated with AVR is consistent with the kinaesthetic illusion,
as it is evoked in the muscle group that would cause the corresponding movement if it
were to be carried out voluntarily (Calvin-Figuiere et al.,, 1999). In contrast, the overt
whole-body tilts, compensate for the perceived lengthening of the vibrated muscle by
leaning in the opposite direction (Eklund, 1972; Kavounoudias et al., 2001). A hallmark of
all vibration-evoked involuntary responses is their vulnerability to attentional shifts,
sensorial preference, and dependence on the current task and postural context (e.g.,
Calvin-Figuiere et al., 1999; Wierzbicka et al., 1998), reflecting the cortical integrative
processes maintaining internal body representation. Notably, these responses emphasise
the context-dependence of central mechanisms that are constantly weighting the
continuous multimodal afferent inflow into the brain, and highlight the need for careful
control of the experimental conditions, such as body posture, when assessing motor

sequelae of peripheral stimulation.

Vibration after-effects

In addition to phenomena that accompany the vibration, such as kinaesthetic illusions,
TVR, and AVR, there have been reports of sensory and motor effects emerging after the
stimulation cessation (Gilhodes et al., 1992; Rogers et al., 1985; Wierzbicka et al., 1998). For
instance, kinaesthetic illusions accompanying the muscle vibration are usually followed by
a short (up to several s) movement sensation in the opposite direction (i.e., as if the muscle
were shortening) when the stimulation is stopped (Kito et al., 2006; Roll et al., 1980;
Seizova-Cajic et al.,, 2007). This effect was suggested to be due to cortical sensory

processing of post-vibratory decline of muscle spindle activity (Kito et al., 2006).

Besides these brief post-vibratory effects, a more enduring disruption of the position sense
was observed up to 4 min after vibration applied for 30-60 s, producing position matching
errors in an opposite direction than during the vibration (Cordo et al., 1995; Rogers et al.,
1985), disruption of gait trajectory (Bove et al., 2001), or unidirectional sway in the upright
stance (Wierzbicka et al., 1998). Some of these effects could still be observed 3 hours post-
stimulation (Wierzbicka et al., 1998).

Vibration applied for at least 30 s may also elicit sustained involuntary contractions of the
stimulated muscle after the cessation of vibration (Gilhodes et al., 1992). These motor after-
effects develop in the muscle previously vibrated, have low amplitude and last up to

several minutes, but can repeatedly switch to the antagonist muscle after change of visual
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input. Similar characteristics and EMG patterns were observed in muscular responses after
a strong voluntary contraction, i.e., the ‘Kohnstamm’s phenomenon’, thus a common

possibly supraspinal origin was suggested, such as LTP (Gilhodes et al., 1992).

Regardless of the central mechanisms involved, numerous studies assessed the effect of
muscle vibration on force-generation capacity as a training modality (for review, see
Souron et al, 2017b). Maximal voluntary contraction (MVC) was shown to decrease
immediately following prolonged vibration (e.g., Bongiovanni et al., 1990), possibly due to
fatigue and depression of spinal loop excitability (Farabet et al., 2016; Souron et al., 2017b).
Repeated muscle vibration was shown to increase MVC, although this was consistently
observed only when combined with simultaneous muscle contraction (Souron et al.,
2017b). A detailed account of research on vibration effects on force-generation is, however,

beyond the scope of this thesis.

Vibration was also shown to positively influence the control of fine skilled hand
movements: Increased movement speed and decreased reaction times were observed in
healthy subjects following wrist vibration at 80 Hz applied for 30 s (Macerollo et al., 2018).
It was suggested that additional noise from proprioceptors increases the internal estimate
of afferent input uncertainty, thus, lowering the gain of the afferent input, which facilitates

initiation of movements (Tan et al., 2016).

Interventions using extended periods of vibration were also tested in pre-clinical stages of
research on possible therapeutical applications of vibration. In one of repeatedly employed
protocols, stimulation was typically delivered for 3 consecutive days. Each day, vibration
was applied for 30 min in total, either as a single train or split into 3 blocks of 10 min
duration (e.g., Fattorini et al.,, 2006). For instance, such vibration protocol applied to
deltoid, biceps, and pectoralis muscles in healthy subjects was shown to improve
performance of phasic movements 10 days post-treatment (Aprile et al., 2016). The effects

of muscle vibration in various patient cohorts are discussed separately below.

1.2.3. Vibration in motor system disorders

Possible therapeutical applications of vibratory muscle stimulation have been extensively
explored since the first studies of muscle vibration in healthy subjects (for review, see
Cochrane, 2011; Murillo et al., 2014). Besides focal muscle vibration described here, an
indirect or whole-body vibratory stimulation has also been frequently investigated, but the
physiological effects of indirect vibration are not yet fully understood (Cochrane, 2011)

and therefore are not covered in this thesis.
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Focal muscle vibration was shown to either briefly facilitate or depress the voluntary
contraction (and range of movement) in hemi- or paraparetic patients or in experimentally
partially anaesthetised muscles, depending on whether the contraction was tested in the
vibrated muscle (facilitation), or in its antagonist (attenuation; e.g., Hagbarth and Eklund,
1968). Interestingly, a marked transient motor improvement was observed when the
vibration was applied to an antagonist of a spastic muscle, possibly by alleviating the
spasticity (Hagbarth and Eklund, 1968). Since then, several studies confirmed positive
effect of muscle vibration on spasticity after SCI or stroke (e.g.,, Marconi et al., 2011;
Murillo et al., 2011).

Beneficial effects of vibration are not limited to alleviation of spasticity. In a study by
Conrad et al. (2011), wrist vibration in patients after stroke caused improvement of arm
target tracking outlasting the stimulation. Positive effect on balance parameters in various
patient groups was observed as well (e.g., Pazzaglia et al., 2016). Complex behaviour such
as gait can also be improved by prolonged and repeated muscle vibration, as
demonstrated in patients after stroke (Paoloni et al., 2010) or incomplete SCI (Cotey et al.,
2009). More elaborate patterns of multifocal vibration were also shown to improve
qualitative gait parameters in cases of incomplete SCI (Barthélémy et al., 2016) or patients
with idiopathic Parkinson’s disease (IPD; De Nunzio et al., 2010).

Vibration can also have more specific influence on some disorders. In patients with IPD,
improved movement speed and reaction times were demonstrated following brief wrist
vibration (Macerollo et al., 2018). It was suggested that the failure to attenuate the sensory
input underlies the symptoms of bradykinesia in IPD, and that increased sensory noise
lowered the gain of sensory information (Macerollo et al., 2018). Muscle vibration has also
become a frequent tool to investigate the neurobiological basis of dystonia since the
suspected mechanisms involve abnormal proprioceptive processing (Rosales and Dressler,
2010). In patients with focal dystonia, the perception of kinaesthetic illusions is reduced in
comparison to healthy controls or patients with IPD, even though perception of passive
movements is unimpaired (Rome and Griinewald, 1999). Likewise, the VIF response from
neck muscles is absent in patients with cervical dystonia despite intact VIF response to
soleus vibration (Lekhel et al., 1997). The abnormal perception of illusion in patients with
dystonia improves with muscle fatigue, suggesting that central motor programs could be
adapted to the fatigued state, which is inappropriate for relaxed muscles (Frima et al.,
2003). Furthermore, transient positive effect of vibratory stimulation applied at certain
anatomical areas was observed in some patients with cervical dystonia, possibly as an

analogy to the sensory tricks (Leis et al., 1992). However, other studies showed worsening

35



of dystonic signs in response to vibration (Kaji et al., 1995; Tempel and Perlmutter, 1990).
More in-depth evidence from TMS and imaging studies is discussed in separate sections

below.

1.3. Electrophysiological evidence for central effects of vibration

1.3.1. Immediate effects of vibration

Number of studies indicate that muscle vibration at frequency up to 120 Hz is associated
with a concomitant augmentation of the MEP amplitude in a stimulated muscle at the
hand (Claus et al., 1988; Rosenkranz et al., 2005; Rosenkranz and Rothwell, 2003) or
forearm (Kossev et al., 2001, 1999; Rosenkranz et al., 2003, 2000; Steyvers et al., 2003b),
which is accompanied by MEP depression in the non-vibrated antagonist (Kossev et al.,
2001; Rosenkranz et al., 2003; Siggelkow et al., 1999). Similar inhibition was observed in
the adjacent non-vibrated muscles at the hand (Rosenkranz et al., 2005; Rosenkranz and
Rothwell, 2003). The effects in the vibrated muscle have been termed “homotopic”,
whereas the typically opposite effects on other muscles have been named “heterotopic”
(Rosenkranz and Rothwell, 2004). Distant muscles, such as abductor pollicis brevis (APB)
or first dorsal interosseus (FDI) when vibrating the flexor carpi radialis muscle (FCR), are
usually not affected by vibration (Rosenkranz et al, 2003). However, contralateral
inhibition in the homologous antagonist (Kossev et al., 2001) or even homologous agonist

was observed (Swayne et al., 2006).

Changes in paired stimulation protocols were also observed during vibration, reflecting,
among others, modulation of the GABA s-ergic inhibitory intracortical circuits (Kujirai et
al., 1993; Ziemann et al., 1996a). In the vibrated muscle, increased ICF (Rosenkranz et al.,
2003) as well as decreased SICI (Rosenkranz et al., 2005, 2003; Rosenkranz and Rothwell,
2003) and increased LICI (Rosenkranz and Rothwell, 2003) were demonstrated. An
opposite effect was observed in the non-vibrated, yet adjacent hand muscles (Rosenkranz
et al., 2005; Rosenkranz and Rothwell, 2003). As an exception, a recent study showed that
random frequency wrist vibration also reduced SICI for the non-vibrated though adjacent
APB muscle (Seo et al., 2019), suggesting that vibrating across a range of frequencies may
induce less focal effects in the vibrated limb. In contralateral hand muscles, SICI and IHI
also increase non-selectively, affecting both agonist and antagonist muscles likely via

transcallosal commissural pathways (Swayne et al., 2006).

The mechanisms underlying the vibration-induced changes in cortical excitability are

thought to be mediated by Ia afferents as the effects depend on optimal vibration
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frequency of primary muscle spindle endings around 75-80 Hz, whereas frequencies
below 20 Hz or above 160 Hz elicit no changes (Siggelkow et al., 1999; Steyvers et al.,
2003b). The role of muscle afferents is further supported by analogous consequences of
voluntary contraction (Rosenkranz et al., 2003), and lack of similar effects during electrical
cutaneous stimulation (Rosenkranz and Rothwell, 2003). Although spinal mechanisms
were originally suggested (Claus et al., 1988), prevailing evidence indicates that the effects
involve a supraspinal mechanism rather than a spinal one (Kossev et al., 1999; Rosenkranz
and Rothwell, 2003; Smith and Brouwer, 2005). First, the MEP augmentation during
muscle vibration was demonstrated using TMS but not using transcranial electrical
stimulation. Since the TMS activates cortical cells transsynaptically, whereas transcranial
electrical stimulation activates corticomotoneurons at the axon hillock, the vibration-
induced augmentation of MEPs elicited by TMS indicates a cortical rather than subcortical
origin of the phenomenon (Kossev et al., 1999). Second, the augmentation/suppression of
the SICI and LICI is unlikely to be caused by spinal mechanisms (Rosenkranz and
Rothwell, 2003). Third, muscle vibration at 80 Hz was shown to evoke cortical responses in
the contralateral perirolandic cortex, confirming that afferentation from primary endings
reaches the sensorimotor cortex (Miinte et al., 1996). It was suggested that intracortical
interactions between S1 and M1, possibly similar to the LTP-like mechanisms observed in
the feline brain (Sakamoto et al., 1987) mediated by cortico-cortical pathways between
BA 3a and 4 (Ghosh et al., 1987), might be responsible for the homotopic effects (Marconi
et al., 2008), though direct effect of proprioceptive afferentation on area 4 is also possible
(e.g., Hore et al., 1976). Different mechanisms were suggested for the MEP depression in
the non-vibrated muscles (Kossev et al., 2001; Siggelkow et al., 1999). A spinal reciprocal
inhibition or inhibition of the corticospinal output to antagonist muscles was proposed as
a possible underlying mechanism ipsilaterally, whereas an involvement of IHI was

suggested contralaterally (Kossev et al., 2001).

Taken together, the available evidence supports the idea that afferent input from muscle
spindles is involved in supraspinal motor control (for reviews, see Cochrane, 2011; Souron
et al, 2017b) and that muscle vibration can be used to selectively manipulate motor
cortical representations, an effect possibly unique for muscle vibration (Rosenkranz and
Rothwell, 2004).

1.3.2. Effect of kinaesthetic illusions

There is growing evidence for changes in cortical excitability associated with kinaesthetic
illusions and AVR (for review, see Dilena et al., 2019). Kito et al. (2006) evaluated MEP
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amplitude during AVR in forearm muscles and showed increased cortical excitability in
the non-vibrated antagonist muscle representation during vibration, but decreased
excitability after vibration. However, there were no changes in excitability in the vibrated
muscle (Kito et al, 2006). The imbalance between cortical excitability in M1
representations of the vibrated and non-vibrated muscle correlated with the degree of the
kinaesthetic illusion (Kito et al., 2006). The MEP facilitation in the antagonist muscles can
also be observed in the contralateral limb, following the so-called transfer of the illusion
that takes place when both limbs are in contact (Naito et al., 2002). Mancheva et al. (2017)
demonstrated that the effects of kinaesthetic illusions interact with the visual input, as the
antagonist responses were only augmented in no-feedback eyes-open condition, but not in
the eyes-closed condition. The eyes-closed condition was suggested to increase the gain of
proprioceptive input, reinforcing the heterotopic antagonist suppression possibly of spinal
origin (Mancheva et al., 2017). Finally, Suzuki et al. (2019) observed interaction with
complex visual stimuli as well: whereas a visual stimulus congruent with the kinaesthetic
illusion (video of flexing wrist) increased MEP in the non-vibrated antagonist muscle
(FCR), conflicting (static) visual stimulus increased MEP in the vibrated agonist (extensor

carpi radialis, ECR), i.e., in line with homotopic vibration effect.

To summarise, effects of kinaesthetic illusions demonstrate that sensorimotor integration

strongly depends on multi-sensory interactions and possibly higher-order processing.

1.3.3. Sustained effects of vibration

Short vibration of a relaxed muscle seems to be ineffective in producing sustained effects
detectable using TMS as no post-vibratory effects on MEP amplitude following up to
30 s of stimulation could be demonstrated (Siggelkow et al., 1999; Steyvers et al., 2003b). In
contrast, periods of stimulation longer than 15 min were associated with changes
outlasting the stimulation itself (Forner-Cordero et al, 2008; Marconi et al., 2008;
Rosenkranz and Rothwell, 2006b, 2004; Smith and Brouwer, 2005; Steyvers et al., 2003a). In
comparison, robust changes of cortical excitability require 1.5 h of much less specific

electrical nerve stimulation (Ridding et al., 2000).

Smith and Brouwer (2005) showed that muscle vibratory stimulation applied for 15 min to
a relaxed ECR increased both the MEP size and the cortical representation area of the
target muscle and the effect was maintained for at least 5 min. Nevertheless, 30 min of
vibration did not lead to any significant changes compared to baseline. The fact, that
longer stimulation produced no changes was speculated due to mutual cancellation of
effects due to SICI and LICI (Smith and Brouwer, 2005). Similarly, the existence of optimal
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stimulus duration with lower effect of both shorter and longer stimuli was observed
following electrical stimulation (Fraser et al., 2002). The effects of sustained vibration also
suggest high inter-subject variability, as seen in study by Lapole and Tindel (2015).
Whereas no significant group effect on SAI and LAI was observed immediately following
15 min of APB vibration, a proportion of subjects showed profound increase in cortical
excitability (Lapole and Tindel, 2015).

However, some of those studies (Lapole and Tindel, 2015; Smith and Brouwer, 2005) might
have missed the effects of longer stimulation simply by not measuring long enough post-
vibration. Steyvers et al. (2003a) observed that the increase in cortical excitability following
a 30-min stimulation of the FCR had gradual onset and reached significance only
25-30 min post vibration. In the same study, a more robust facilitation was found in the
antagonist muscle (ECR), which became significant already 10 min after vibration and
could be still detected 4045 min later. The fact that amplitudes in the antagonist muscle
were increased could be due to the AVR reported consistently by the subjects (Steyvers et
al., 2003a). A corresponding delayed effect of AVR on MEP amplitude was also reported
following 60-min stimulation of FCR (Forner-Cordero et al., 2008). Sustained effects with
decreased SICI and increased ICF were also documented after less specific low frequency
(25 Hz) whole-hand vibration (Christova et al, 2011). Since analogous delayed and
prolonged effects were reported also following electrical stimulation (Fraser et al., 2002),
the vibration after-effect were likewise speculated to involve synaptic plasticity, such as
LTP or LTD (Forner-Cordero et al., 2008; Fraser et al., 2002).

1.3.4. Cortical reorganisation due to vibration

Prolonged vibration below the threshold of sensory illusions is associated with less
obvious effect on motor cortex excitability since unconditioned MEP remain unchanged
(Rosenkranz and Rothwell, 2006a, 2004). Nevertheless, vibration was shown to influence
the highly organised patterns of immediate cortical responses to short-term vibration,
affecting both homotopic and heterotopic effects up to 30 min post-intervention
(Rosenkranz and Rothwell, 2006a, 2004). Following 15 min of intermittent vibration
simultaneously applied to two hand muscles (APB and FDI), the heterotopic effects (on
MEP amplitude, SICI, and LICI) were replaced by homotopic effects when tested in one of
the two previously co-vibrated muscles. Thus, the vibration resulted in facilitation rather
than inhibition, possibly due to an overlap or fusion of cortical representations without
changing the overall cortical excitability (Rosenkranz and Rothwell, 2004). A follow-up

study with single muscle vibration reported a similar switch of the homotopic and
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heterotopic effects in the non-vibrated FDI, suggesting that the nearby representation of
vibrated APB governed the responses in FDI (Rosenkranz and Rothwell, 2006a). Overall,
these focal effects are in sharp contrast with sequelae of rather non-specific electric
cutaneous stimulation (Ridding et al., 2001; Rosenkranz and Rothwell, 2006a) and motor
training (Rosenkranz and Rothwell, 2006a), which are likely mediated by a different,
possibly LTP-like mechanism. As there were no changes in unconditioned cortical
excitability following focal vibration, it was suggested that its effects were confined to the
input side of the motor cortex circuitry, possibly acting by unmasking latent horizontal

connections (Jacobs and Donoghue, 1991; Rosenkranz and Rothwell, 2006a).

Furthermore, it was demonstrated that the cortical reorganisation following muscle
vibration is only apparent when subject’s attention is focused on the vibration frequency
during the intervention. When the attention is directed elsewhere (e.g., to a cognitive task
or a different body part), both heterotopic and homotopic effects in the vibrated muscles
are reduced or completely abolished, possibly by a general mechanism suppressing
unattended stimuli. In contrast, the heterotopic inhibition remains unaffected in a non-
vibrated muscle (Rosenkranz and Rothwell, 2006b, 2004). The results of Rosenkranz and
Rothwell (2006b, 2004) are not surprising considering how different vibration-induced
phenomena switch depending on the attention level and multisensory feedback (Calvin-
Figuiere et al., 1999; Goodwin et al., 1972). This suggests that cortical circuits subserving
sensorimotor integration and plasticity are also subject to dynamic context-dependent
adjustments and it might explain some counter-intuitive findings from other studies (cf.
Smith and Brouwer, 2005).

1.3.5. Effects of vibration during voluntary contraction

Opposite effects on cortical organisation were observed when vibration was applied
during voluntary contraction (Marconi et al., 2008). Using longer stimulus duration
(90 min daily for 3 consecutive days), vibration applied at FCR during contraction led to
reduction of the corresponding cortical map and increased SICI, whereas an enlargement
of cortical map and decreased SICI was detected for the antagonistic extensor digitorum
communis (EDC) muscle. Notably, these effects lasted for up to 2 weeks after last session
and no changes were observed after vibration or contraction alone, either in cortical maps
or in SICI (Marconi et al., 2008). In contrast, Christova et al. (2010) observed increased
cortical excitability in the FDI following a single session of 10-min tonic index finger
abduction with concomitant 60-Hz vibration. The enhanced MEP amplitude in the FDI
was accompanied by reduced SICI and later by augmented ICF. The effects of vibration
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were maintained up to 30 min post-intervention, whereas tonic contraction alone
produced no post-effects (Christova et al., 2010). The conflicting results of the two studies
might be due to different duration of the applied protocols: With longer repeated
stimulation, different plastic mechanisms including microstructural changes may take

place.

1.3.6. Lower limb vibration

In comparison to upper limbs, cortical excitability changes during local vibration of the
lower limb muscles were evaluated much less frequently (Farabet et al., 2016; Lapole et al.,
2015, 2012; Mileva et al., 2009; Souron et al., 2018, 2017a, 2017b, 2017c). Mileva et al. (2009)
were first to show increased MEP amplitude in the tibialis anterior muscle but not in the
soleus during lower limb vibration. However, since the stimulation was delivered via
a standing platform, it is difficult to characterise what mechanisms contributed to this
effect. In fact, Lapole et al. (2015) reported the opposite, i.e., increased cortical excitability
in the soleus muscle during Achilles tendon vibration. Surprisingly, this finding was
accompanied by decreased ICF and wunchanged SICI, implicating that different
mechanisms than those previously demonstrated in upper limbs were involved.
Regarding the vibration after-effects, neither Farabet et al. (2016) nor Souron et al. (2017a)
found any convincing change in cortical excitability immediately following 30 min of
tibialis anterior or quadriceps vibration. Indeed, in an earlier study assessing sustained
effects of Achilles tendon vibration, initially, no change in cortical excitability was
observed immediately following 1 hour of stimulation, but the MEP amplitude
significantly increased both in the soleus and in the antagonistic tibialis anterior after
1 hour of subsequent resting (Lapole et al., 2012). Such delayed and non-specific effects are
similar to those observed in the upper limbs (Steyvers et al., 2003a). However, a series of
follow-up studies (Souron et al., 2018, 2017c) assessed chronic post-vibration effects, but
found no change in cortical excitability despite increased maximal voluntary contraction
following repeated sessions of tibialis anterior or quadriceps vibration (Souron et al.,
2017c). The observed changes in MVC were thus hypothesised to be of spinal or muscular
origin. Therefore, the persistence of cortical excitability changes in lower limbs remains

unconfirmed.

1.3.7. Vibration in motor system disorders

In line with the large amount of evidence at the behavioural level (e.g., Lekhel et al., 1997;
Rome and Griinewald, 1999; Rosales and Dressler, 2010), frequent vibration-associated

abnormalities of the corticospinal excitability were identified in patients with focal
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dystonia, although different patterns were observed in various forms (Rosenkranz et al.,
2005; Urban and Rolke, 2004). Whereas in non-professional patients with writer’s cramp,
the vibration-induced reorganisation of cortical representations of hand muscles was
completely abolished, professional musicians with musician’s dystonia showed an
opposite change since the effects of vibration were rather exaggerated in comparison to
healthy controls (Rosenkranz et al., 2005). More specifically, in healthy controls, SICI
increased in all non-vibrated muscles and decreased in the vibrated muscle only (see
homotopic and heterotopic effects in the section “IV.1.3.4. Cortical reorganisation due to
vibration”), whereas in musicians with musician’s dystonia, SICI decreased in all muscles.
However, yet another control group consisting of healthy professional musicians exhibited
coupling (i.e., reciprocal facilitation) between FDI and APB muscles with preserved
reciprocal inhibition of the abductor digiti minimi. This sensorimotor cortical organisation
pattern resembled the effect of prolonged attended vibration and was interposed between
those in non-professional healthy controls and in patients with musician’s dystonia
(Rosenkranz et al., 2005; Rosenkranz and Rothwell, 2004). It was therefore suggested that
normal practice-evoked changes that support sensorimotor integration during skilled
performance may become excessive in musician’s dystonia (Rosenkranz et al., 2005). In
contrast, the findings in writer’s cramp indicated that sensory feedback had less influence
on the motor control, hence different pathophysiological mechanisms were proposed.
Patients with writer’s cramp either fail to focus sensory afferentation on the intended
movement representation, or simply filter it as excessive or useless signal (Rosenkranz et
al., 2005). Indeed, the abnormal cortical organisation pattern could be reversed by
a proprioceptive training involving 15 min of attended hand muscle vibration in patients
with musician’s dystonia, but not in patients with writer’s cramp (Rosenkranz et al., 2009,
2008).

In cervical dystonia, the vibration-induced MEP facilitation is also attenuated in the
affected sternocleidomastoid muscle (SCM; Urban and Rolke, 2004). This again resembles
the pattern previously described in writer’s cramp (Rosenkranz et al., 2005) and suggests
decreased sensory input from the affected muscle. However, it could not be ruled out that
this was a carry-over effect of previous BoNT-A treatment as the facilitation further
decreased after the next BONT-A injection and returned partially to baseline after the effect
wore off (Urban and Rolke, 2004).

Vibration was also shown to affect cortical excitability in stroke patients. In a TMS study in
hemiparetic patients, Marconi et al. (2011) demonstrated positive effects of an add-on

repeated muscle vibration (FCR and biceps brachii, 30 min daily for 3 days) on spasticity
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and motor function as compared to physiotherapy alone. The improvement was associated
with lowered rMT, as well as increased motor map areas in the vibrated muscle. Motor
map volumes (sum of MEP amplitudes of excitable scalp sites) increased in all muscles,
including the non-vibrated EDC, whereas SICI increased in the flexors, but decreased in
the extensors, paralleling the effect on flexor spasticity. The affects were maintained for

2 weeks following the intervention (Marconi et al., 2011).

1.3.8. Summary of evidence from electrophysiological studies

TMS research has unveiled complex intracortical processes following vibratory
stimulation occurring at multiple time scales, both immediate and substantially delayed.
In normal brain, the observed experimentally evoked sustained cortical reorganisation
likely reflects the plasticity driven by ever-changing proprioceptive input. These
fundamental mechanisms have been shown to be significantly altered in some
neurological conditions, especially in focal forms of dystonia. The putative plasticity-
inducing capability of vibration has already attracted attention of clinical research in
various forms of physiotherapy. We discuss in the next section how are these conclusions

from neurophysiological research mirrored in neuroimaging studies.

1.4. Neuroimaging evidence for central effects of vibration

The evidence from TMS studies discussed in the previous section implicates that
stimulation of muscle spindle afferents affects the primary motor regions associated with
the muscle vibrated (Kossev et al.,, 2001, 1999; Rosenkranz et al., 2005, 2003, 2000;
Rosenkranz and Rothwell, 2003; Smith and Brouwer, 2005; Steyvers et al., 2003b), but also
with other muscles on the ipsilateral limb (Kossev et al., 2001; Rosenkranz et al., 2003;
Siggelkow et al., 1999) or even contralaterally (Swayne et al., 2006). Sustained post-
vibratory changes in cortical excitability (Forner-Cordero et al., 2008; Marconi et al., 2008;
Rosenkranz and Rothwell, 2004; Smith and Brouwer, 2005; Steyvers et al., 2003a) and
cortical sensorimotor organisation (Rosenkranz and Rothwell, 2006a, 2004) were
documented. Considering the available data from animal preparations showing
intracortical sensorimotor interactions (Sakamoto et al., 1987) and direct involvement of
the M1 in processing of the muscle spindle input (Hore et al., 1976), as well as human data
on cortical evoked responses (Miinte et al., 1996), the task for imaging studies was not to
tell whether the vibration-generated afferentation is processed in the motor cortex, but to

define the spatial boundaries and temporal scales at which these processes take place.
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Several PET and fMRI studies indicated that high-amplitude cutaneous vibration, which is
likely to stimulate also nearby muscles and tendons, is associated with motor cortex
activation (Burton et al.,, 1993; Gelnar et al., 1998; Golaszewski et al., 2002a; Seitz and
Roland, 1992). However, in these papers, no specific muscle was vibrated, possibly
obscuring differential effects of vibration applied at various sites as described in TMS
research (e.g., Rosenkranz et al., 2005; Rosenkranz and Rothwell, 2003). More specific
evidence of motor cortex activation during muscle vibration was provided by later PET
studies (e.g., Naito et al., 1999) and was subsequently extended in fMRI research (e.g.,
Gizewski et al., 2005; Kavounoudias et al., 2008; Naito et al., 2007, 2005; Romaiguere et al.,
2003). However, since the central effects of muscle vibratory stimulation have been shown
to depend on multiple variables, e.g., site, duration, amplitude and frequency of the
stimulation (Cignetti et al., 2014; Gizewski et al., 2005; Naito et al., 2007; Roll and Vedel,
1982; Romaiguere et al., 2003), an overall summary of results from different studies is not
possible. Considering the vast behavioural and neurophysiological evidence of manifold
context-dependent interactions between the sensory and motor systems, the central
correlates of vibratory stimulation are best grasped from the point of view of the
vibration-related behavioural phenomena. Here, we first discuss the muscle vibration as it
is better behaviourally and physiologically characterised, followed by physiologically less

grounded sensorimotor effects of vibrotactile stimulation.

1.4.1. Kinaesthetic illusions

Number of studies employing muscle vibration focused on the central correlates of
vibration-evoked kinaesthetic illusions (e.g., Amemiya and Naito, 2016; Cignetti et al.,
2014; Naito et al., 2007, 2005, 1999; Romaiguere et al., 2003). As these studies focused on
sensory precessing rather than interaction of vibration with motor control, we provide
only a brief and condensed overview of the main results. For detailed reviews, see (Naito,
2004; Naito et al., 2016).

Imaging of vibration-induced illusory kinaesthetic perceptions demonstrated that cortical
processing of proprioceptive afferentation involves both higher-order somatosensory,
including BA 2, BA 5, and inferior parietal lobule (IPL; e.g., Naito et al., 2005; Romaiguere
et al., 2003), and proper motor areas implicated in the corresponding real movement (M1,
PMd, SMA, CMA; e.g., Naito et al., 2007, 1999). The activation of motor areas reflects their
somatotopic organisation, with hierarchical integration from multiple limbs occurring in
the rostral parts of the SMA and CMA (Naito et al., 2007), thus, motor cortices are thought

to process and transform afferent information from the skeletal muscles (Naito et al., 2016).

44



Parietal cortices (BA2and 5), as well as the insula and cerebellum participate in
multisensory integration (e.g., Hagura et al.,, 2009; Naito et al., 2008). On top of this,
a shared right-sided frontoparietal network (including BA 44 and IPL) subserves the actual
awareness of the kinaesthetic perception and it is possibly the substrate the internal body
representation (self-awareness; e.g., Amemiya and Naito, 2016; Cignetti et al., 2014),
whereas left-sided IPL participates in somatosensory integration information required
during external object manipulation (Naito et al.,, 2008; Naito and Ehrsson, 2006). In
summary, imaging of kinaesthetic illusions has demonstrated an indeed revolutionary
notion that motor cortices are involved in sensory processing even in situations when
there is no intention to move. This implicates that motor cortices are inherently under
continuous proprioceptive sensory influence (not just on demand) and integrate motor
programs into the constant sensory inflow rather than the opposite. Such idea is
compatible with the active inference theory proposing that sensorimotor system is fine-
tuned to create predictions of sensory consequences of actions which are then updated by

the actual sensory feedback (Friston, 2011).

1.4.2. Postural effects of vibration

The maintenance of balance requires central processing of proprioceptive and
multisensory input to continuously update the internal model of the body geometry
(Kavounoudias et al., 2001; Roll et al., 1989b). The central representation of body posture
can be perturbed using vibration of antigravitational muscles (Eklund, 1972; Lackner and
Levine, 1979; Lekhel et al., 1997; Wierzbicka et al., 1998).

In fMRI studies by Goble et al. (2012, 2011) in young and elderly healthy individuals,
vibration of toe extensors associated with an illusion of plantar flexion elicited limb-
specific activations in the contralateral primary sensorimotor cortices and bilateral
activations in the secondary/associative areas (IPL, BA 2, 44, 45, SMA, anterior insula) and
thalamus. Right-sided activations in the PMv, orbitofrontal cortex (BA 47), dorsolateral
prefrontal cortex (DLPFC, BA 46) and dorsal anterior cingulate cortex (BA 32) were
detected, in line with studies by Naito et al. (2007, 2005). In the elderly, activation
decreased in the right putamen regardless of the vibrated side. Activity in the putamen
was positively correlated with the accuracy of lower limb position sense and was higher in
elderly with higher fractional anisotropy in the putamen, possibly reflecting its role as
a “sensory analyser” with respect to proprioceptive feedback (Goble et al., 2012).
Moreover, activation in the right-sided basal ganglia (pallidum and putamen), parietal
(BA 2 and IPL), frontal (PMv, pre-SMA, anterior cingulate, BA 44, 45, 46 and 47), and
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bilateral insular and opercular cortex (S2) was positively correlated with balance
performance, regardless of age and vibrated side. It was proposed that, in part, these areas
correspond to the right-sided salience network, possibly monitoring the changes in body
sway (Goble et al., 2011).

1.4.3. Sustained effects of vibration

Only a few imaging studies evaluated the correlates of prolonged vibration and the motor
after-effects. Gizewski et al. (2005) observed that activation in contralateral sensory (S1, S2)
and motor (M1, SMA, PMv) areas during biceps vibration associated with illusory
movement followed an exponential decay over 34 s, which is in line with behavioural
observations of gradually degrading movement illusion (Seizova-Cajic et al., 2007).
Interestingly, the motor areas briefly engaged bilaterally after the stimulation was stopped
(Gizewski et al., 2005), coinciding with a kinaesthetic after-sensation reported by the
subjects (Cordo et al., 1995, 2005; Kito et al., 2006; Roll and Vedel, 1982; Seizova-Cajic et al.,
2007).

On a larger time-scale, it was shown that extended vibration associated with kinaesthetic
illusion may replace the missing proprioceptive input from an immobilised limb.
Repeated complex neuromimetic vibratory stimulation applied for 30 min daily was
shown to prevent neuroplastic changes of cortical motor hand representations following
5 days of experimental hand immobilisation (Roll et al., 2012). However, despite extensive
evidence for sustained after-effects of vibration in neurophysiological studies, to our
knowledge (Forner-Cordero et al., 2008; Marconi et al., 2008; Rosenkranz and Rothwell,
2006a, 2004; Smith and Brouwer, 2005; Steyvers et al., 2003a), the corresponding data from
fMRI or other imaging methods are still limited.

1.4.4. Vibrotactile stimulation: combined effects of muscle and skin
vibration?

The effects of muscle vibration are always mixed with afferentation from cutaneous

receptors. Whereas in the previously discussed studies, the skin vibration was kept

minimal or the effects were separated by specific contrasts (i.e., tendon vs. bone vibration),

a number of studies tested vibration protocols, in which skin mechanoreceptors were

significantly stimulated along with the muscle endings, either on purpose or as

a consequence of non-specific stimulation.

Several PET studies assessed brain activation during vibrotactile stimulation applied to
fingers (Fox et al., 1987; Meyer et al., 1991), palm (Burton et al., 1993; Seitz and Roland,
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1992), forearm (Coghill et al., 1994), or toes (Burton et al., 1993; Fox et al., 1987). The
stimulation amplitude (2 mm) and frequency (110-130 Hz) were similar across the
paradigms. High amplitude vibration implicated that besides the skin mechanoreceptors,
deeper afferents in muscles and joints were also likely stimulated by the propagating
mechanical waves (Burton et al., 1993; Gizewski et al., 2005). Activation was consistently
reported in the contralateral S1, bilateral S2, and contralateral SMA (Burton et al., 1993;
Coghill et al.,, 1994; Fox et al.,, 1987; Seitz and Roland, 1992). An involvement of the
contralateral M1 (or SMC) was reported less frequently (Burton et al., 1993; Seitz and
Roland, 1992), though it was probably not directly evaluated by others (Coghill et al., 1994;
Fox et al., 1987). Additional activations were observed in the IPL (Seitz and Roland, 1992),
bilateral posterior insular cortices (Burton et al., 1993; Coghill et al., 1994), and ipsilateral
cerebellum (Fox et al., 1987). Besides activations, deactivations in multiple frontal, parietal,
and temporal associative areas were demonstrated as well (Coghill et al., 1994; Seitz and
Roland, 1992). However, the spatial uncertainty of PET data and lack of reliable anatomical
reference decreases the capability to draw definite conclusions regarding the anatomo-
functional relationships (i.e., preventing any reliable distinction between the M1 and S1).
Furthermore, the relative contribution of cutaneous and muscle afferents was neither
controlled nor evaluated in these studies, making the interpretation of the findings even
more challenging. In some cases, activations reported in the M1 might have been biased by

the reflex movements, such as TVR, as reported by Seitz and Roland (1992).

It can be assumed that some fMRI studies of vibrotactile stimulation also unintentionally
evaluated effects of mixed rather than pure skin vibration. Possible reasons include high
amplitude stimulation (Burton et al., 1993; Gizewski et al., 2005) and/or frequencies within
the range of muscle spindle afferents (Roll et al., 1989a). For example, Gelnar et al. (1998)
reported that 50 Hz vibration of a fingertip with 2 mm amplitude elicited activation of
contralateral somatosensory cortices (S1, S2, posterior parietal cortex, posterior insula), but
also of the M1. Contralateral sensorimotor activation was also observed in response to
relatively high-amplitude (1 mm) bursts of vibrotactile finger pad stimulation despite low
stimulus frequency within flutter range at 25 Hz (Brouwer et al., 2015). The inconsistent
appearance of motor activation compelled the authors to consider them as potentially
spurious and refrain from inspecting them in greater detail (Brouwer et al., 2015; Gelnar et
al., 1998).

Combined skin and muscle stimulation is even more likely to occur when broad body
surface areas are stimulated. In an fMRI study by Golaszewski et al. (2002a), a 50-Hz high-

amplitude (2 mm) vibratory stimulation of hand palm over the flexor tendons (roughly
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36 cm’) was compared to a finger tapping task. Both paradigms elicited similar activation
pattern mainly in the contralateral precentral and postcentral gyrus (M1, S1), medial
frontal gyrus (SMA/pre-SMA), cingulate cortex, and bilaterally in the superior and inferior
parietal lobule. The brain activation pattern during vibrotactile stimulation of the palm has
been deemed similar to the activation during voluntary motor task. The vibratory
cutaneous and muscle stimulation has been therefore proposed as a surrogate task in
subjects unable to perform voluntary movements (Golaszewski et al., 2002b, 2002a). Two
follow-up studies evaluated vibrotactile stimulation applied to a foot sole over approx.
20 cm® (Golaszewski et al., 2006; Siedentopf et al.,, 2008). Using 50-Hz stimulation with
1 mm displacement, most significant activations were found in the contralateral primary
sensorimotor cortex, posterior insula, bilateral S2, cingulate cortex, thalami, basal ganglia
and cerebellum (Golaszewski et al., 2006). When applying 100-Hz stimulation either with
0.4-mm or 1.6-mm displacement, activations were observed in bilateral S2, posterior
insulae and contralateral sensorimotor cortex. On direct comparison, higher amplitude
was associated with increased activation in the contralateral S2, whereas lower amplitude
vibration evoked higher activation in the dorsolateral sensorimotor cortices (S1, M1, PMd;
Siedentopf et al., 2008).

1.4.5. Are there motor effects of pure cutaneous vibration?

Studies of mixed cutaneous and muscle vibration cannot provide definite answers
regarding the influence of cutaneous receptors on motor control. Fortunately, some of the
discussed limitations have been better addressed by studies on somatotopic organisation
of the somatosensory cortex that utilised low-amplitude cutaneous vibration (< 0.5 mm)
and higher magnetic field strength (> 1.5 T). Using very low-amplitude (< 0.15 mm) 80-Hz
fingertip vibration, Francis et al. (2000) observed motor activations in predominantly
contralateral precentral gyrus (BA 4 and 6) in addition to contralateral activations in S1,
BA 5, posterior insula and bilateral S2 (Francis et al., 2000; McGlone et al., 2002). A series of
follow-up studies at ultra-high magnetic field (7 T) (e.g., Sanchez-Panchuelo et al., 2018,
2016, 2012) also reported simultaneous activation of the M1 and S1 during low-amplitude
(0.1 mm) 150-Hz fingertip stimulation (Sanchez-Panchuelo et al., 2012), as well as during
high-amplitude (1 mm) 30-Hz (Sanchez-Panchuelo et al., 2016). The unilateral stimulation
evoked bilateral activations in the primary sensorimotor cortices, S2, PMd, and
contralateral activation in posterior insula (Sanchez-Panchuelo et al., 2016). Notably, using
a microneurographic technique capable of stimulating a single cutaneous afferent, it was
also demonstrated that the contralateral primary motor cortical projections of the SA-I and

FA-I units overlapped with activations evoked by vibrotactile stimulation applied over
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their receptive fields (Sanchez-Panchuelo et al., 2016). Yet despite their superb spatial
resolution (1.5 mm in-plane), authors did not rule out the possibility that M1 activations
were due to small finger movements or the haemodynamic response extending from the
nearby postcentral gyrus (Sanchez-Panchuelo et al.,, 2016). Therefore, though clearly
depicted in the published figures, activations in the M1 were completely ignored in the

most recent studies (e.g., Puckett et al., 2020; Sanchez-Panchuelo et al., 2018).

Another research area frequently investigated using pure cutaneous vibrotactile
stimulation is somatosensory working memory (e.g., Schmidt et al., 2017; Sor6s et al., 2007;
Wu et al.,, 2018). Although, a detailed account of this function is beyond the focus of this
review, one study is worth noting. Using multivoxel pattern analysis, Schmidt et al. (2017)
identified structures encoding memory of vibration frequency in the SMA, anterior
cingulate cortex, bilateral PMd, and right inferior frontal gyrus. Though the finding was
not replicated by Wu et al. (2018), who rather observed involvement of bilateral parietal
and associative frontal cortices, it may still point to a more universal role of motor areas in
somatosensory processing, analogous to processing of proprioceptive afferentation (Naito
et al., 2016).

In spite of the numerous evidence for motor cortex activation during pure cutaneous
vibration, just as many imaging studies found no reliable responses beyond the
somatosensory network, either using low-frequency vibration (15-40 Hz; e.g., Maldjian et
al., 1999; Nelson et al., 2004; Vidyasagar and Parkes, 2011) or even stimulation across wide
range of frequencies between 20 and 200 Hz (e.g., Chung et al., 2013; Harrington et al.,
2000; Kim et al., 2014). Out of these, only two studies (Kim et al., 2014; Nelson et al., 2004)
reported activity in the SMA in addition to parietal cortices. However, direct comparison
among the studies is only possible to a limited extent as the exact vibration amplitude was
not reported by the authors (Chung et al., 2013; Harrington et al., 2000; Maldjian et al.,
1999; Nelson et al.,, 2004; Vidyasagar and Parkes, 2011). Furthermore, sensorimotor
activations due to finger pad vibration were shown to be strongly modulated by the

attention shifts and the task context (e.g., Albanese et al., 2009).

Regarding the effects of mechanically evoked stochastic resonance, only one study
evaluated the effects of random noise vibration applied to the whole body via a standing
platform. The study found increased activation in the left caudate nucleus during a simple

motor task, however, only after small-volume statistical correction (Kaut et al., 2016).

Hence, despite some compelling evidence, it is yet to be confirmed whether (and/or under

what conditions) the M1 and other motor areas responds to pure cutaneous vibratory
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stimulation as they do to muscle afferentation. Future studies with carefully controlled
vibration parameters (such as frequency, amplitude, stimulation site, or subject’s attention)

and control conditions are warranted to elucidate this outstanding issue.

1.4.6. Vibration in motor system disorders

In an early PET study, patients with idiopathic dystonia, including writer’s cramp, showed
abnormally reduced rCBF in the bilateral sensorimotor cortex during high-amplitude
130 Hz finger pad vibration (Tempel and Perlmutter, 1990). Similarly, patients with focal
hand or arm dystonia showed later also reduced separation of S1 digit separation and
reduced activation in S2 and posterior parietal cortex as assessed using 80 Hz digit tip
vibratory stimulation in fMRI (Butterworth et al., 2003). In patients with blepharospasm,
PET revealed that sensorimotor responses to perioral vibratory stimulation were also
decreased bilaterally, whereas finger vibration was associated with a non-significant

decrease of the contralateral sensorimotor rCBF (Feiwell et al., 1999).

Similar high-frequency (150 Hz) vibrotactile stimulation applied to the right index finger
was also evaluated in a PET study in IPD and Huntington’s disease patients compared to
healthy controls (Boecker et al., 1999). In IPD patients, rCBF was lower in the contralateral
M1/S1, PMd, S2, posterior cingulate, basal ganglia, and bilateral prefrontal cortex, whereas
in Huntington’s disease, decreased activation was found mostly in contralateral sensory
areas (52, posterior parietal cortex), basal ganglia and bilateral prefrontal cortex. Both IPD
and Huntington’s disease were associated with increased activation of the ipsilateral S1,
S§2, and insular cortex. It has been suggested that the altered sensory processing

contributes to the motor deficits in both conditions (Boecker et al., 1999).

1.5. Summary of sensorimotor interactions during vibratory
stimulation

In this section, it was demonstrated that vibratory stimulation is a powerful tool capable of
evoking robust and replicable behavioural and cognitive effects that interact with one’s
internal body representation and control of voluntary movements. Especially, the effects of
local muscle vibration have been extensively studied using electrophysiological and
functional neuroimaging methods and are becoming increasingly well understood.
Besides providing detailed descriptions of normal sensorimotor integration, vibration
proved to be a valuable tool to investigate pathophysiological mechanisms in motor
system disorders, such as idiopathic focal dystonia. Moreover, there is increasing evidence
supporting potential therapeutical application of muscle vibration in various neurological

conditions. In contrast, the relative contribution of cutaneous mechanoreceptors to these
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phenomena remains largely unknown as the available data has not yet converged to
answer some fundamental questions, such as the integration of cutaneous vibratory
stimuli in proper motor cortical areas. It can be argued that, whereas during muscle
vibration, the afferentation simulates natural stimuli likely occurring during normal limb
movements, skin vibration does not produce any commonly occurring percept. We
suggest that different modes of mechanical stimulation that are closer to natural
interaction with the environment, such as mechanical pressure stimulation, could provide

complementary data on the role of other types of tissue mechanoreceptors.
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2. Mechanical pressure stimulation

Whereas innocuous peripheral mechanical pressure stimulation has been repeatedly
employed in studies focusing on somatosensory processing (e.g., Chung et al., 2015, 2014;
Hao et al., 2013; Miura et al., 2013) and noxious mechanical pressure stimulation has been
utilised to study central pain processing (for review, see Baliki and Apkarian, 2015), there
has been little interest in the interaction of pressure stimulation with the “classical” motor
system. Following chapter provides therefore a new perspective on integration of

mechanical pressure sensation into motor control.

Parts of the following section have been submitted as a review paper: Hok, P., and Hlustik,
P., in submission. Modulation of the sensorimotor system by manipulation of afferent
somatosensory input: evidence from mechanical pressure stimulation. Biomed Pap-

Olomouc.

2.1. Sensory structures responding to innocuous pressure

Mechanical pressure stimulation excites mainly SA-I afferents which, in addition to static
pressure, respond to low frequency (usually below 5 Hz) mechanical stimulation and skin
deformation (Johansson et al., 1982; for review, see Johansson and Flanagan, 2009; Ribot-
Ciscar et al., 1989; Vedel and Roll, 1982). Therefore, unlike FA-I and FA-II afferents, the
SA-I afferents (Merkel endings) are not particularly entrained by vibration and probably
do not participate in kinaesthetic sensations during muscle vibratory stimulation (Roll and
Vedel, 1982; Vedel and Roll, 1982). Still, some SA-I endings were shown to participate in
coding joint positions in microneurographic studies (Aimonetti et al.,, 2007; Edin, 1992;
Edin and Abbs, 1991), suggesting their participation in mediating proprioceptive

information about relative limb positions (for review, see Proske and Gandevia, 2012).

2.2. Behavioural effects of peripheral pressure stimulation

Central effects of peripheral pressure stimulation on motor control are best demonstrated
by taking a closer look at the phenomena that alter motor behaviour and performance.
A rather thorough physiological background is introduced here, as it is crucial for
describing the observed behavioural effects as well as understanding the rationale and

correct interpretation of the electrophysiology and imaging studies.

Peripheral mechanical stimulation modalities, such as vibration, have been long known to
elicit muscle contraction, overt involuntary tonic and phasic movements, postural sways,

and modification of voluntary motor actions during and after the stimulation (Proske and
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Gandevia, 2012; Souron et al., 2017b). Similar modulation of motor behaviour, including
involuntary motor responses and outlasting motor after-effects, has also been
demonstrated after mechanical pressure stimulation (Bauer, 1926; Vojta, 1970, 1968). It is
therefore no surprise that pressure stimulation has been incorporated into a number of
physiotherapeutic techniques, such as clinical massage, acupressure (Wong et al., 2016),
reflexology, or myofascial trigger point therapy (Smith et al., 2018). Another example of
mechanical pressure stimulation in clinical use is stimulation according to Vojta, i.e.,
a component of physiotherapeutic technique also known as reflex locomotion therapy
(RLT) or Vojta method (Bauer et al., 1992; Vojta, 1984, 1973a, 1970, 1968, 1966; Vojta and
Peters, 2007) which is clinically employed in several European (Gajewska et al., 2018;
Giannantonio et al., 2010; Juarez-Albuixech et al., 2020; Jung et al., 2017; Kiebzak et al.,
2012; Laufens et al.,, 2004; Meholji¢-Fetahovi¢, 2007; Pavlikova et al., 2020) and Asian
countries (Kanda et al, 2004; Lim and Kim, 2013). Given the lack of comprehensive
literature on RLT and its relevance to some published imaging research, we provide here

a broader historical perspective on this topic.

2.2.1. Involuntary motor responses to pressure stimulation

Inspired by the published neurophysiological and clinical studies (Bauer, 1926; Bobath,
1959; Fay, 1954a, 1954b; Kabat, 1958; Magnus and de Kleijn, 1912; Peiper, 1956) and his
own clinical observations (Vojta, 1968, 1964), Vojta noted that, in several body
configurations, sustained manual pressure stimulation of specific points on the skin
surface (“stimulus points” or “stimulation/reflex/trigger zones”) gradually evokes
a widespread motor response (asymmetrical muscle contraction in both sides of the neck,
trunk, and limbs) which has been called “reflex locomotion” and involves two basic
patterns, “reflex creeping” (also called crawling) — first observed by Bauer (Bauer, 1926;
Vojta, 1968) — and “reflex turning” (also called rotation or rolling; Vojta, 1973a, 1970, 1968,
1966). These tonic motor responses share some similarities with other automatisms
described in neonates, pre-term infants, human fetuses, and under certain conditions in
healthy adults (Hellebrandt et al., 1962; Hooker, 1938; Vojta, 1973a, p. 269, 1972a, p. 468,
1966, p. 235; Zafeiriou, 2004). Reflex locomotion is likewise easiest to observe in healthy
newborns up to 6 weeks of age (Vojta, 1973a, p. 275), but can also be elicited in children
with cerebral palsy, adults with nervous system injury, as well as in healthy humans upon
longer sustained peripheral stimulation of multiple trigger zones (temporal and spatial
summation; Bauer et al., 1988; Vojta, 1973a, p. 276; Vojta and Peters, 2007, pp. 21-22,34,108).
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Besides evoked (involuntary) muscle contraction, further effects of reflex locomotion have
been described as well: voluntary movement facilitation, improvement of neurological
abnormalities, and autonomic changes (Bauer and Vojta, 1979; Judrez-Albuixech et al.,
2020; Jung et al., 2017; Laufens et al., 1995; Tomi, 1985; Vojta, 1973a, p. 269, 1973b, 1972a, p.
475; Vojta and Peters, 2007, pp. 18-19,96-98,108,155). The effects have been observed to
persist for at least 30 min (Vojta and Peters, 2007, p. 35). It has been originally speculated
that these sequelae of stimulation are mediated by massive, mainly proprioceptive
afferentation which accompanies the reflex locomotion (Vojta, 1973a, pp. 257-276, 1972a, p.
475; Vojta and Peters, 2007, p. 20). Supported by the published works (Fulton, 1949, p. 161;
Rushworth, 1959; Windle, 1966) and his own observations (Vojta, 1965, 1964), Vojta
emphasised the central role of proprioception also in the development of spasticity, as
opposed to a mere loss of inhibitory control from higher-order motor centres (Vojta, 1972a,
p. 467,476, 1966, p. 235, 1964, p. 336).

Despite the decades of clinical use of RLT, there has been limited knowledge of its
neurobiological basis, as the available evidence mostly consisted of kinesiology and
observation studies (Vojta and Peters, 2007, p. 19). Originally, proprioception has been
suggested to dominate the sensory afferentation triggering the motor response (Vojta,
1973a, p. 275,281; Vojta and Peters, 2007, p. 105). Indeed, pressure sensation from the foot
soles contributes to maintenance of upright stance (Kavounoudias et al., 2001; Rasman et
al., 2018). It was further emphasised that, in certain cases, the initial body configuration is
essential to elicit the complete motor response (Vojta, 1973a, p. 278). Such posture-
dependent involuntary responses were also demonstrated using cutaneous and muscle
vibration (Gurfinkel et al., 1998; Smetanin et al., 1993). The efferent pathways mediating
reflex locomotion have been speculated to involve extrapyramidal or parapyramidal
system (i.e., bypassing the corticospinal tract), since reflex locomotion is best observed in
neonates whose motor cortex is not yet mature (Vojta, 1973a, pp. 276-277). Due to its
complex nature involving all extremities and truncal muscles at the same time, a common
coordination centre has been suggested (Vojta, 1973a, p. 280). The horizontal gaze
deviation observed during the motor response indicates that its neural substrate involves
supraspinal, at least upper brainstem structure, including the midbrain reticular formation
(Vojta, 1973a, p. 276,283, 1972b, p. 466, 1968, p. 329, 1964, p. 330; Vojta and Peters, 2007, p.
98). In fact, the evidence for CPG from animal experimental research suggests an existence
of similar structures also in humans, possibly located to the midbrain or neighbouring
structures (Grillner, 1975; Grillner and Wallén, 1985; Laufens et al., 1991). However,

a frequent observation of partial motor responses limited to one or more extremities
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additionally suggests an existence of multiple lower-level independent sources of the
motor responses (Vojta and Peters, 2007, p. 4,20). This is again in line with the animal
research evidence showing that lower-order generators of simple locomotion patterns
independent for each extremity reside on the spinal level and are under top-down control
of higher-order areas (Laufens et al., 1991). Reflex locomotion has been also contrasted
with other primitive reflexes, e.g., “tonic neck reflexes” (Magnus and de Kleijn, 1912; Vojta,
1973a, 1970, p. 446, 1968), which have could be suppressed by reflex locomotion (Vojta,
1973a, p. 277,291). The structures responsible for the tonic neck reflexes have been
therefore suggested to lie hierarchically lower than those implicated in reflex locomotion,
namely in the lower brainstem (Vojta, 1973a, p. 279). However, at the time of
methodological development of RLT, there were no non-invasive human methods

available to test these hypotheses.

2.3. Electrophysiological evidence for central effects of pressure
stimulation

Several studies using EMG recordings in both animals and humans evaluated the reflex
muscle activity during pressure stimulation. In cats, complex tonic reflexes were elicited
by short as well as longer maintained pressure applied at the pads (Hongo et al., 1990),
whereas pressure stimulation of the chest modulated posture-dependent muscle activity
(D’Ascanio et al.,, 1986). In humans, EMG studies demonstrated gradual and rhythmical
motor response during RLT (Bauer et al.,, 1988) and confirmed the spatial and temporal
summation of these responses (Laufens et al.,, 1994). Despite slight inter-individual
differences, the order of muscle engagement seems to be relatively constant across subjects
(Cemusova et al., 2011; Gajewska et al., 2018). Gajewska et al. (2018) suggested that the
stereotypic and crossed nature of the observed muscle activations reflected excitation via
long propriospinal pathways, but an influence of supraspinal motor centres could not be

ruled out.

Currently, there are no non-invasive methods available to directly investigate
electrophysiological activity in the brainstem sensorimotor nuclei. However, non-invasive
assessment of cortical excitability may still provide some indications of changes occurring
in cortico-subcortical loops, beyond the cortex itself. Studies employing pTMS (Kujirai et
al., 1993) have evaluated corticomotor excitability changes due to extended peripheral
electrical (Chipchase et al., 2011) and mechanical stimulation (Christova et al., 2011) and
revealed that longer periods of sustained or repetitive stimulation (up to 2 hours) lead to

an increase of motor cortical excitability outlasting the stimulation period (on the order of
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several hours). It is likely that sustained pressure stimulation involving the same
cutaneous afferents would evoke similar changes of cortical excitability. The underlying
mechanisms within intracortical circuits potentially involve changes in intracortical
inhibition (SICI) and/or ICF as seen in a number of studies using different modalities of
peripheral stimulation (Christova et al., 2011; Golaszewski et al., 2012, 2010; Ridding and
Rothwell, 1999; Rosenkranz and Rothwell, 2006a). However, to our knowledge, there are

currently no published studies regarding such changes following mechanical pressure.

2.4. Neuroimaging evidence for central effects of pressure stimulation

The lack of neurophysiological evidence for the central motor effects of peripheral
pressure stimulation has been compensated for by an increasing body of neuroimaging
research. However, in most of these studies, the relationship between sensory stimulation
and motor control has not been purposefully investigated. In this section, we therefore
present mostly indirect evidence for sensorimotor integration based on the reported motor

cortex co-activations.

A pioneering PET study assessed activation during discrimination task of slow-onset yet
short pressure stimuli applied to the distal phalanx of the right index finger (Bodegard et
al., 2003). Compared to a rest condition, subjects activated the contralateral S1 (BA 3b,
1 and 2), M1 (BA 4a), PMd, posterior insula and S2, and ipsilateral supramarginal gyrus
(SMG). The study thus demonstrated immediate involvement of motor cortices during

steady pressure stimulation.

Two fMRI studies evaluated static pressure stimulation applied over the right index
fingertip using an air-cuff (Chung et al., 2015, 2014). Stimulation evoked an extensive
activation pattern including bilateral postcentral gyrus (S1), S2, paracentral lobuli, insulae,
ipsilateral dorsolateral precentral gyrus (M1), and contralateral midcingulate gyrus
(Chung et al., 2014). Subsequent dynamic connectivity modelling revealed that the
intrahemispheric processing of the pressure stimuli employed both serial (from S1 to S2)
and parallel processing in the S1 and S2 (Chung et al., 2014). In the follow-up study,
Chung et al. (2015) evaluated temporal evolution of the cortical activation during static
sustained pressure stimulation of the index finger tip applied over 3 to 15 s. On overall,
they found most consistent activations in the contralateral postcentral gyrus (S1),
ipsilateral precentral gyrus (M1), bilateral S2, insulae, cingulate cortices, thalami and
cerebellum. Notably, they observed that activations differed substantially depending on
duration of stimulus and the time-window chosen and provided evidence for gradual

adaptation of the activated areas to stimulation.
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However, several studies of sustained pressure finger stimulation reported much less
extensive activations restricted to somatosensory areas. Contralateral S1 and SMG
activations were observed in a small group of 8 subjects in response to air-cuff sustained
30-s pressure applied to one of the four fingers: index, middle, ring, and little finger.
A multivariate analysis found that activation in the contralateral SMG encoded the
stimulated finger locations (proximal vs. distal; Kim et al, 2016a). Another study
evaluated the effect of sustained pressure applied via a plastic piston to a thumb in
24 subjects during a working memory n-back task. No effect on task performance was
observed and imaging data revealed pressure-related activation (contrast n-back with
pressure vs. n-back without pressure) again only in the contralateral S1 and S2, but motor
activations could be masked by the required button responses (Dehghan Nayyeri et al.,
2019).

Several studies also evaluated pressure stimulation applied to lower limbs. In the first yet
still preliminary fMRI study, only limited activation in the primary sensorimotor cortex
and bilateral 52 was observed during sustained 1-Hz sinusoidal pressure stimulation
applied for 30 s to the foot sole (Hao et al., 2013). In a follow-up fMRI study with twice as
many participants (16), sustained right foot sole stimulation evoked more widespread
activations in the bilateral precentral, postcentral, middle and superior frontal cortices,
CMA, and IPL, as well as in the contralateral insula, temporal cortex, superior parietal
lobule (SPL; Wang et al., 2015). In an even bigger sample (30 subjects), Miura et al. (2013)
reported more circumscribed activation in the contralateral S1, S2, M1, SMA, and
ipsilateral cerebellum in response to considerably shorter 5-s manual pressure stimuli

applied over the base of the toes of either foot.

Further fMRI studies (Boendermaker et al., 2014; Meier et al., 2014) investigated central
correlates of manual pressure applied over the lumbar vertebrae in the prone position.
Besides bilateral activation in the medial S1 and S2, insular and cingulate cortices as well
as cerebellum were significantly activated (Meier et al., 2014). Nevertheless, the roles of

cutaneous afferents from the limbs and trunk in motor control may be essentially different.

To summarise, non-therapeutic pressure stimulation of the fingers, foot sole, or lower back
were mostly associated with somatosensory cortical activity in the S1 and S2, and in
sufficiently powered studies, also with widespread sensorimotor activations including M1,
SMA, posterior parietal cortices, insulae and cerebellum. The differences among studies
may be related not only to various sample sizes, but also to different stimulus intensities,
duration, tactile stimulus properties, attention level, or differences in statistical analysis.

The analytic approach seems to be especially important since Chung et al. (2015)
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demonstrated that canonical haemodynamic response function may be insensitive to
adapting cortical activations. An intriguing picture emerges when we contrast these results
with different stimulation modalities, such as mechanical vibration. The widespread
activation pattern observed in sufficiently powered focal pressure stimulation studies is
consistent with studies using rather broad-area vibrotactile stimulation (Golaszewski et
al., 2006; Siedentopf et al., 2008) or muscle stimulation (e.g., Naito et al., 2007, 2005) and far
exceeds cortical maps of relatively circumscribed finger vibrotactile stimulation in other
studies (e.g., Francis et al., 2000; Gelnar et al., 1998; Kim et al., 2016b). Though qualitatively
different stimuli are not directly comparable, this illustrates that pressure stimulation can
be associated with robust motor activations that provide the neuroanatomical substrate for

sensorimotor interactions and motor after-effects of mechanical pressure stimulation.

However, as shown in vibration studies, sensorimotor activations are sensitive to
modulation by higher-order processes, such as attention and cognitive task demands
(Albanese et al., 2009; Goltz et al., 2015; Loayza et al., 2011). This necessitates an adequate
control condition, e.g., a comparison between similar kinds of stimulation with or without
known motor consequences. Therefore, the specific effects of some types of pressure
stimulation, such as stimulation according to Vojta (1970, 1968), were contrasted with non-
specific control (sham) stimulation. Besides the project reported in this thesis, there was
only one previous neuroimaging study of RLT, which utilised pressure stimulus applied to
an active site at the anterior thorax (Vojta, 1970) and reported the main effect of
stimulation site (active versus control) in the ipsilateral putamen (Sanz-Esteban et al.,
2018). However, due to unbalanced group sizes, a control stimulation site in a distant body
part, and uncorrected statistical thresholds, the conclusions that can be drawn are
substantially limited and further evidence for specific effects of pressure stimulation are

still warranted.
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V. REDUCING THE AFFERENT INPUT: MEANS OF PLASTICITY
FACILITATION

1. Reduction of cutaneous and mixed-nerve input

Cortical motor representations are not only subject to change in response to enhanced
afferentation or practice, but also due to sensory loss. Cortical reorganisation with
increased cortical excitability and decreased intracortical inhibition was observed in
upper- and lower-limb amputees (Chen et al., 1998; Cohen et al., 1991; Fuhr et al.,, 1992;
Ridding and Rothwell, 1997), i.e., changes similar to effects of some plasticity-inducing
peripheral stimulation protocols such as PAS (Rosenkranz and Rothwell, 2006a). Similar
changes have been observed following reversible means of deafferentation. During
ischaemic nerve block (INB), the intracortical GABA-ergic inhibitory influence decreases
proximal to the block, thus, cortical excitability and the readiness for plastic changes are
increased (Brasil-Neto et al.,, 1993; Ridding and Rothwell, 1997; Ziemann et al., 1998b,
1998a). The same was observed during pharmacologically induced regional anaesthesia
(Brasil-Neto et al., 1992). The effects of INB can be further facilitated by muscle practice
(Ziemann et al., 2001) or rTMS (Ziemann et al., 1998b, 1998a). Similar effect could be
elicited also in distal hand muscles with improvement of skilled performance when the
experiment was inverted and anaesthetic drug was applied to induce upper arm
anaesthesia in chronic stroke patients (Muellbacher et al., 2002). Analogous effects have
also been demonstrated in homotopic cortical regions of the limb contralateral to the
deafferented extremity, which was associated with decreased IHI (Werhahn et al., 2002).
Furthermore, anaesthesia of the healthy arm was shown to improve skilled motor

performance of the paretic arm in patients after stroke (Floel et al., 2004).

However, opposite changes can be observed in the limb parts deprived of
somatosensation. Cortical representation of hand muscles is reduced during pure
cutaneous sensory loss around the particular muscle due to nerve anaesthesia even though
the muscle afferentation is spared (Rossini et al., 1996). Reduction of sensory input with
concomitant decrease of muscle use due to immobilisation also diminishes the cortical

representation of the muscle (Liepert et al., 1995).

In general, sensory deprivation increases cortical excitability and promotes plasticity of
nearby non-deprived muscles, as well as in contralateral limbs. In contrast, muscles in the
deafferented segment show reduced cortical excitability. These effects thus resemble

inverted sequelae of peripheral stimulation (cf. Christova et al., 2011; Fraser et al., 2002).
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2. Selective muscle denervation: botulinum neurotoxin (BoNT-A)

Besides rather non-selective deafferentation using INB or anaesthetic drugs, afferentation
can be selectively reduced from muscles using BONT-A. Primary action of BONT-A occurs
at the neuromuscular junction: Following an intramuscular application, BONT-A enters
presynaptic terminals and acts as a metalloproteinase by cleaving soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex,
effectively blocking acetylcholine release and neuromuscular transmission. This peripheral
effect is transient though long-lasting; it has gradual onset as maximum changes at the
synapses can be observed at approx. 4 weeks after application, and it slowly wears off as
the neuromuscular junction recovers within 12 weeks (Caleo and Restani, 2018; Weise et
al., 2019).

Thanks to the long-lasting effect and good safety profile, intramuscular injections of
BoNT-A have become a first-line treatment in therapy of focal spasticity (Dressler et al.,
2017; Rosales et al.,, 2011; Simpson et al., 2016) and dystonia (Albanese et al., 2015;
Kanovsky and Rosales, 2011). Although, in general, clinical improvement usually follows
the timecourse of the peripheral changes, there are many reports of discrepancies between
the clinical symptoms and the duration or degree of neuromuscular junction blockade
(Weise et al.,, 2019). Since BoNT-A hampers neuromuscular transmission not only in
extrafusal, but also in intrafusal muscle fibres, it inevitably alters also the afferentation
from muscle spindles. It was therefore suggested that some of the BONT-A effects could be
mediated (indirectly) by central structures, including supraspinal motor control centres
(Curra et al., 2004; Giladi, 1997; Kanovsky and Rosales, 2011). These central effects of
intramuscular BONT-A have been summarised in a recent comprehensive review by Weise
et al. (2019). However, due to the relevance to the research related to this thesis, some

evidence is discussed here in greater detail as well.

2.1. Electrophysiological evidence for central effects of BONT-A

2.1.1. Healthy subjects

The electrophysiological evidence in healthy subjects is scarce (Palomar and Mir, 2012).
The only study using TMS by Kim et al. (2006) evaluated cortical excitability in 10 healthy
subjects following BoNT-A application into the extensor digitorum brevis muscle. Authors
reported increased SICI and decreased ICF, and significant shortening of CSP. Notably,
these changes were present 1 month after injection and were maintained at least for
3 months (Kim et al.,, 2006). However, much more data on central effects of BoNT-A is

available from clinical studies in patient cohorts, in which BoNT-A is a recommended
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treatment, such as dystonia and spasticity.

2.1.2. Dystonia

As indicated in “IV.1.2.3 Vibration in motor system disorders”, patients with dystonia
show abnormal sensory processing of muscle spindle afferentation (Griinewald et al.,
1997; Rome and Griinewald, 1999). There is some evidence that BONT-A injections may
normalise some of those findings. For instance, abnormal sensorimotor integration in
cervical dystonia was demonstrated in the precentral P22/N30 component of the median
nerve somatosensory evoked potentials (SEP). Namely, patients exhibited higher P22/N30
amplitude in the side contralateral to the involuntary head rotation, as compared both to
the ipsilateral side and to healthy controls (Kanovsky et al., 1998, 1997). Following BoNT-A
treatment, the amplitude of P22/N30 was reduced to normal levels (Kanlovsky et al., 1998).
However, neither baseline SEP abnormalities nor treatment-related changes were later
observed in patients with focal hand dystonia, suggesting that various forms of dystonia
may involve distinct pathophysiological mechanisms and responses to therapy (Contarino
et al., 2007).

Further studies indicated that dystonia might be associated with other electrophysiological
abnormalities confined to the motor cortex, including changes affecting inhibitory circuits.
In fact, the previously reported abnormal augmentation of P22/N30 was associated with
decreased SICI in the same hemisphere (Karlovsky et al., 2003) that also improved after
BoNT-A (Kanovsky et al., 2004). Decreased SICI was also demonstrated in 15 patients with
focal hand dystonia (Ridding et al., 1995) and in a mixed cohort of 12 patients with the
majority of generalised forms of dystonia (Gilio et al., 2000). Although Ridding et al. (1995)
did not assess the treatment effect, Gilio et al. (2000) observed that SICI transiently
normalised after BONT-A. However, a later study in a smaller group of 6 patients with
focal hand dystonia found no evidence of changes in MEP amplitude or intracortical
inhibition and failed to observe any treatment-related changes (Boroojerdi et al., 2003).
Similarly, no such changes were reported in a group of 10 patients with blepharospasm
(Allam et al., 2005). The absence of effects in some of the studies might be related either to
differences among the phenotypes of dystonia or to relatively low sample sizes.
Nevertheless, even when the overall MEP amplitude remains unchanged, there can still be
treatment-related changes in cortical organisation, as shown by a series of studies
demonstrating shifts and distortions of cortical motor maps in patients with cervical or
focal hand dystonia and their temporary normalisation after BONT-A (Byrnes et al., 2005,
1998; Thickbroom et al., 2003).
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Additional evidence for central effects of BONT-A originates from studies that evaluated
how the treatment interfered with processing of muscle vibration. A study by Trompetto et
al. (2006) demonstrated that BoNT-A treatment in writer’s cramp patients reduced
otherwise normal TVR and decreased peripheral response (maximal M-wave) from the
injected muscle. Longitudinal evaluation in 2 patients revealed that persisting clinical
effects were still associated with decreased TVR despite normalised M-wave. The
outlasting BoONT-A effect might have thus affected the supraspinal component of the TVR
(Romaiguere et al., 1991). In cervical dystonia patients, BONT-A injection into the affected
SCM muscle prevented MEP facilitation during muscle vibration, which is considered to
be of cortical origin (see “IV.1.3 Electrophysiological evidence for central effects of
vibration”). The effect returned partially to baseline after the expiration of the BoNT-A
blockade. However, in comparison to healthy control subjects, vibration-induced MEP
facilitation in patients was somewhat attenuated at baseline, possibly as a carry-over effect

from previous injections in pre-treated patients (Urban and Rolke, 2004).

Besides affecting the immediate responses to peripheral stimulation, BONT-A was also
shown to prevent abnormal plasticity triggered by peripheral stimulation in patients with
focal dystonia. In untreated patients with dystonia, both facilitatory and inhibitory
protocols of PAS cause changes in cortical excitability that spread beyond the somatotopic
representations of the stimulated sites and are more diffuse than in healthy controls. These
changes were observed in various forms of focal dystonia, including cervical dystonia,
blepharospasm, and writer’s cramp, suggesting more global abnormalities in the processes
mediating the LTP-like and LTD-like plasticity (Weise et al.,, 2011, 2006). Following
application of BONT-A in cervical dystonia patients, the facilitatory effect of PAS was
completely abolished after 1 month and was partially restored after a 3-month follow-up
(Kojovic et al., 2011).

2.1.3. Spasticity

The available literature on central effects of BONT-A in spasticity is more limited than in
dystonia (Weise et al., 2019). Still, several studies reported that, apart from alleviation of
spasticity, BONT-A also improved abnormal SEP (Basaran et al., 2012; Frascarelli et al.,
2011; Park et al., 2002). In general, spasticity was associated with decreased SEP amplitude
that increased after treatment, which is quite opposite to the effect reported in dystonia
(Kanovsky et al., 1998). However, recent data from our lab in a large cohort of 30 patients
show that, despite confirming decreased SEP at baseline, BONT-A did not lead to any

changes in SEP amplitude throughout a 3-month follow-up (Veverka et al., in submission).
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Although SEPs seem to be affected differently in spasticity and dystonia, the processing of
vibratory stimuli in patients with spasticity was similarly altered by BoNT-A, i.e., with
decreased TVR amplitude outlasting the peripheral effects of BONT-A (Trompetto et al.,
2008).

Among the few TMS studies evaluating motor cortical excitability following BoNT-A
treatment in spasticity disorders, one has evaluated BoNT-A in lower limb and one in
upper limb spasticity. Pauri et al. (2000) observed increased MEP latency and central
conduction time following BoNT-A application into shank muscles in patients with
paraparesis, however, there was no change in MEP amplitude that would suggest
supraspinal effect. On the other hand, Redman et al. (2008) evaluated the shift in cortical
representation of FDI in children with cerebral palsy following BoNT-A, but found no
statistical difference in comparison to controls. This illustrates the paucity of direct
evidence of motor cortex involvement in the therapeutic effects of BONT-A (for review, see
Phadke et al., 2012).

In summary, electrophysiological data available to date provide strong indications that
BoNT-A affects cortical motor representations and somatosensory processing, similar to
experimental procedures reducing the afferentation in a more diffuse way or to protocols
enhancing the afferent input. However, the literature is still too scarce at least for some

applications, and several controversies are yet to be resolved.

2.2. Neuroimaging evidence for central effects of BONT-A

Similar to electrophysiology research, imaging studies of central effects of BoNT-A in
healthy subjects are virtually non-existent. However, numerous studies investigated
effects of BONT-A in multiple forms of dystonia and spasticity. As shown below, the
spectrum of findings is quite broad, which probably reflects distinct aetiologies of dystonic
and spastic movement disorders, differences among patient cohorts, as well as the
diversity of imaging protocols. The studies in the following section are therefore discussed

with special emphasis on factors that potentially account for those inconsistencies.

2.2.1. Dystonia

Since BoNT-A is the recommended first-line treatment for focal dystonia, many imaging
studies on dystonia involve patients receiving regular BONT-A injections. However, most
of them assessed brain activation at a single time point (e.g., Burciu et al., 2017; de Vries et
al., 2008; Obermann et al., 2010, 2008), either in the middle (Feiwell et al., 1999; Obermann
et al., 2010) or at the end of the 3-month treatment cycle (Burciu et al., 2017; Obermann et
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al., 2008). Some studies included patients with history of BONT-A treatment, but currently
off treatment for several years (Castrop et al., 2012), or did not provide any information on
treatment schedule and timing (Ceballos-Baumann et al.,, 1997; de Vries et al., 2008).
Hence, only interventional studies involving at least two measurements (before and after
BoNT-A) are further discussed in detail, with a few exceptions where substantiated by
relevant findings. Notably, prominent differences may be observed even among studies
that evaluated BoNT-A effects using repeated examinations before and after treatment.
These inconsistencies may arise from long-term effects of BONT-A involving neuronal
plasticity, which may differ from short-term effects of the first dose (Curra et al., 2004;
Giladi, 1997, Kanovsky and Rosales, 2011, Weise et al.,, 2019). For this reason, the
distinction between BoNT-A-naive and pre-treated cohorts has been taken into

consideration in the following paragraphs.

BoNT-A effect on somatosensory task-related activation

As discussed in previous sections and illustrated in many electrophysiological
(Griinewald et al., 1997; Kanovsky et al, 2003, 1998; Rome and Griinewald, 1999;
Rosenkranz et al., 2005) and imaging studies (Butterworth et al., 2003; Feiwell et al., 1999;
Tempel and Perlmutter, 1990) involving peripheral stimulation, dystonia is rightfully
considered a disorder of sensorimotor integration (Karovsky and Rosales, 2011). Two
studies have, therefore, evaluated the central effects of BoNT-A by comparing pre-
treatment and post-treatment brain responses to external stimulation, using either affected

or unaffected body parts (Dresel et al., 2011; Opavsky et al., 2012).

A study in pre-treated patients with blepharospasm and Meige’s syndrome compared
somatosensory activations during tactile stimulation of the forehead, lips, and hand.
Before BoNT-A, patients hypoactivated bilateral S1 and right S2 (regardless of the
stimulated side). This hypoactivation, however, remained significant even after treatment,
which in turn, reduced activation in the left mesial PMd/SMA in several stimulation
paradigms, and in the bilateral thalami and contralateral putamen during forehead

stimulation only (Dresel et al., 2011).

An fMRI study from our laboratory utilised electrical median nerve stimulation in patients
with cervical dystonia who were regularly receiving BoNT-A. The study demonstrated
that at baseline, i.e., after the expiration of the previous BoONT-A injection effect, patients
with cervical dystonia also hypoactivated the contralateral S2 and insula compared to
healthy controls. In this study, the hypoactivation was restored back to normal 4 weeks
after the BONT-A injection (Opavsky et al., 2012).
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Therefore, it seems that although abnormal (reduced) sensory processing in S2 is
a common hallmark in several forms of focal dystonia, BONT-A treatment exerts specific

effects depending on the stimulation site and underlying disease.

BoNT-A effect on motor task-related activation

Patients with various forms of dystonia have been also shown to exhibit abnormal
sensorimotor activations during voluntary movements, including pure activation increases
(Ceballos-Baumann et al., 1995a; Obermann et al., 2008; Opavsky et al., 2011), decreases
(de Vries et al., 2008; Haslinger et al., 2005; Nevrly et al., 2018), and both (Ali et al., 2006;
Burciu et al.,, 2017; Ceballos-Baumann et al., 1997, 1995b; Dresel et al., 2006). Some
recurring observations of baseline differences between patients and control subjects
include overactivation of the basal ganglia (Ceballos-Baumann et al., 1995b; Obermann et
al., 2008), cerebellum (Ali et al., 2006; Burciu et al., 2017; Ceballos-Baumann et al., 1997,
1995a; Dresel et al., 2006), anterior cingulate (Ali et al.,, 2006; Ceballos-Baumann et al.,
1995a, 1995b), lateral premotor (Ali et al., 2006; Burciu et al., 2017; Ceballos-Baumann et al.,
1997, 1995b, 1995a) and parietal cortices (Ali et al., 2006; Ceballos-Baumann et al., 1997,
1995a; Dresel et al., 2006; Opavsky et al., 2011), but also hypoactivation of the parietal
cortices (Burciu et al., 2017; Haslinger et al., 2005), basal ganglia (de Vries et al., 2008;
Nevrly et al., 2018), SMA (Ali et al., 2006; Ceballos-Baumann et al., 1997, 1995b; Haslinger
et al., 2005; Nevrly et al.,, 2018), PMC (Dresel et al., 2006; Haslinger et al., 2005), M1
(Ceballos-Baumann et al., 1997, 1995b; Dresel et al., 2006; Haslinger et al., 2005), anterior
cingulate cortex (Ceballos-Baumann et al., 1997; Haslinger et al., 2005; Nevrly et al., 2018).
Further abnormalities in patients with dystonia were documented during passive
movements (Obermann et al., 2010) and motor imagery (Castrop et al., 2012; de Vries et al.,
2008), but a complete account of all differences is beyond the scope of this thesis. This list
only illustrates that it is currently impossible to delineate a single activation pattern
associated with dystonia in general, and it implicates that it will be equally difficult to
identify a universal pattern of changes following BoNT-A injections. Nevertheless, the
following text attempts to provide a comprehensive overview of treatment-related
activation changes in a search for common features that might be identified in the future as
specific effects of BONT-A.

Among studies directly assessing BoNT-A effects, two utilised H,O PET. A study by
Ceballos-Baumann et al. (1997) evaluated activation during writing in patients with
writer’s cramp receiving chronic BoNT-A treatment who were off medication for
>3 months. It revealed reduced activation in the contralateral M1 and SMA with

simultaneously enhanced rCBF in the ipsilateral frontal association cortices, bilateral
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parietal cortices, and in the cerebellum. In a follow-up examination after BONT-A injection,
treatment did not affect the hypoactivation in M1, but instead, it further increased
activation in the already hyperactivated contralateral S1, normalised activation in the SMA
and reduced activation in the anterior cingulate and cerebellum. Compared to controls,
patients after treatment showed even stronger hyperactivation of bilateral premotor and
parietal cortices, expressed no differences in the cerebellum or SMA, but still
hypoactivated the contralateral M1. It was suggested that increased activation in the
parietal regions reflected cortical reorganisation following BoNT-A (Ceballos-Baumann et
al., 1997).

The second H,"O PET study (Ali et al., 2006) showed that speech-related activation was
decreased in patients with spasmodic dysphonia in the left temporoparietal cortex, SMA,
and brainstem, whereas it was increased in the cerebellum, left S2, right M1 and PMC,
insula, primary auditory cortex and anterior cingulate before BONT-A. Most of the patients
were chronically treated (7 out of 9), but did not receive any BoNT-A injection within last
6 months. In a follow-up PET after treatment, activations increased in the left temporal and
parietal cortices and brainstem originally attenuated in patients, and decreased in areas
originally hyperactivated, including the cerebellum, right M1/PMC, anterior cingulate,
right insula and auditory cortex. BONT-A further lowered activation in right thalamus, left
caudate and right putamen, and in pre-SMA, and enhanced activation in the left ventral
M1/PMC, frontal operculum and insula. The activation decrease in the cerebellum,
anterior cingulate and right thalamus, as well as increase in the left temporoparietal

cortices, brainstem, left BA 44 were consistently correlated with clinical improvement (Ali
et al., 2006).

An even larger body of neuroimaging research on central effects of BONT-A on motor-
related activations in dystonia was conducted using BOLD fMRI imaging. One study
evaluated activation during passive forearm movements in patients with cervical dystonia
chronically treated with BONT-A. The activation was increased in the S1, S2, cingulate
cortex and cerebellum in the middle of the 3-month treatment cycle. Although only one

time point was evaluated, activation in the SMA was strongly negatively correlated with
the applied dose of BONT-A and the TWSTRS (Obermann et al., 2010).

In pre-treated patients with spasmodic dysphonia, vocalisation and whispering at baseline
were associated with attenuated activation of the bilateral primary SMC, anterior
cingulate, SMA, PMd, and sensory association cortices, however, subsequent BoNT-A
treatment had no effect on these abnormalities (Haslinger et al., 2005). A study by the same

group also evaluated activation during whistling in mostly pre-treated patients with
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blepharospasm and Meige’s syndrome. Both patient groups were associated with
overactivation in the bilateral S1, SMA, and cerebellum. In the group of pure
blepharospasm, baseline activation was additionally decreased in a different part of the
cerebellum, whereas in Meige’s syndrome, baseline activation was additionally reduced in
the bilateral M1 and PMv. After treatment, activation decreased in the SMA and right
parietal cortex (S1/IPL) in the Meige’s syndrome group, but there was no change in the

blepharospasm group (Dresel et al., 2006).

Two fMRI studies from our lab evaluated activation during sequential finger opposition
(SFO) in patients with cervical dystonia (Nevrly et al., 2018; Opavsky et al., 2011). In the
first study, Opavsky et al. (2011) demonstrated that previously treated patients
hyperactivated the contralateral S2 at the time of their next scheduled BoNT-A injection.
Application of BoONT-A led to activation decrease in the SMA and PMd 4 weeks later. At
that point, patients hypoactivated the bilateral pallidum compared to healthy subjects.
A follow-up study by Nevrly et al. (2018) in a cohort of previously untreated patients
revealed that baseline performance of the same motor task was associated rather with
hypoactivation of the bilateral SMA, cingulate and paracingulate cortices and the
ipsilateral caudate, pallidum and thalamus. Application of BoONT-A resulted in a wide-
spread activation increase throughout the sensorimotor cortices, including the bilateral
PMd, SMA, anterior cingulate cortex, S1 and S2, insulae, posterior parietal cortices, and
contralateral M1. Furthermore, activation increased in several mostly ipsilateral
subcortical areas, including the thalamus, putamen, midbrain and ipsilateral cerebellar
hemisphere and vermis (Nevrly et al., 2018). The apparently opposite changes in SMA and
PMd observed by Opavsky et al. (Opavsky et al., 2011) were speculated to reflect plastic
changes in long-term treated patients (Nevrly et al.,, 2018). These shifts in motor cortex
responses to BONT-A treatment may also explain some inconsistencies among studies.
Whereas most of the studies evaluating BoNT-A intervention in task-related fMRI
included patients already on regular treatment (Ceballos-Baumann et al., 1997; Dresel et
al., 2011; Haslinger et al., 2005; Opavsky et al., 2012, 2011), some actually involved mixed
cohorts of treated and untreated patients (Ali et al., 2006; Dresel et al., 2006). The study
from our group (Nevrly et al., 2018) has thus provided so far the only evidence of BONT-A

effects in naive patients with dystonia.

To summarise, in pre-treated patients with dystonia, BONT-A led to task-related activation
increase (Ceballos-Baumann et al., 1997), decrease (Dresel et al., 2006; Opavsky et al.,
2011), both (Ali et al., 2006), or none (Haslinger et al., 2005). The individual observations

differ considerably, including increased activation in the parietal cortices (Ali et al., 2006;
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Ceballos-Baumann et al., 1997), M1/PMC (Ali et al., 2006), SMA (Ceballos-Baumann et al.,
1997), insula and brainstem (Ali et al., 2006), but also reduced activation in the parietal
cortices (Dresel et al., 2006), M1/PMC (Ali et al., 2006; Opavsky et al., 2011), SMA (Dresel et
al., 2006; Opavsky et al., 2011), anterior cingulate (Ali et al., 2006; Ceballos-Baumann et al.,
1997), insula, thalamus and basal ganglia (Ali et al., 2006), and cerebellum (Ali et al., 2006;
Ceballos-Baumann et al., 1997). In contrast, BONT-A naive patients expressed only large
activation increases after treatment, including the parietal cortices, M1/PMC, SMA,
anterior cingulate cortex, insulae, basal ganglia, brainstem, and cerebellum (Nevrly et al.,
2018). The data thus indicate that treatment induces global sensorimotor adaptations that
manifest in different ways depending on imaging protocols and dystonic phenotypes.
While some intersections among the results are apparent, they are far from being a basis
for consensus. Therefore, current state of evidence requires further confirmation in better
characterised and larger patient cohorts, as well as clear outcome measures that can be

associated with activation changes.

BoNT-A effect on resting-state activation

More insight into central effects of BONT-A may be gained by analysing data at rest, which
are unaffected by specific stimulation or task. While several studies evaluated resting state
brain function in dystonia at a single time point (Delnooz et al., 2012; Dresel et al., 2014;
Haslinger et al., 2017; Jiang et al., 2019; Li et al., 2017; Sarasso et al., 2020), this section
focuses on studies specifically evaluating BoNT-A intervention. An FDG PET study
(Suzuki et al., 2007) evaluated resting state metabolism in patients with blepharospasm at
a single time point following BoNT-A injections. Patients were divided into two groups,
either showing complete or incomplete response. The results revealed that patients had
increased resting metabolism in the bilateral thalami and pons. Uncorrected maps
additionally showed that patients with incomplete improvement had increased glucose
metabolism in the cerebellum (Suzuki et al., 2007). The same group evaluated later the
effects of BONT-A on resting FDG intake in non-dystonic abnormal movements, namely in
hemifacial spasm. They again revealed bilateral glucose hypermetabolism in the thalamus
that decreased after BONT-A treatment, though it still remained higher than in controls.
However, there was significant correlation with the score of neurovascular compression,
confirming that this cohort of patients involved different underlying pathophysiological
mechanisms than those previously demonstrated in focal dystonia forms (Shimizu et al,,
2012).

Alteration of brain function in the resting state has also been evaluated in several fMRI

studies. In contrast to PET, which provides a meaningful baseline data directly comparable
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between groups of subjects, fMRI cannot provide information on absolute resting brain
activity. Instead, fMRI data have been frequently utilised to evaluate correlations in
spontaneous BOLD signal fluctuations among different brain areas, the so-called FC (see
“II1.3.2. Blood oxygenation level-dependent (BOLD) contrast” for more details). A study
by Mohammadi et al. (2012) evaluated resting-state FC using ICA decomposition in
16 patients with writer’s cramp on chronic BONT-A therapy in comparison to healthy
subjects. They observed increased FC of the default mode network with the contralateral
putamen, and decreased FC of the bilateral sensorimotor network with the contralateral
S1. However, none of these differences were affected by the subsequent BoNT-A

application.

A study in pre-treated cervical dystonia patients using ICA (Delnooz et al., 2013) revealed
baseline abnormalities in three large-scale networks in comparison to healthy controls. The
observed differences between groups involved decreased FC of the sensorimotor network
(consisting of PMC, SMA, primary SMC, and S2) with prefrontal and premotor cortices
and SPL, as well as decreased FC of the (primary) visual network with the prefrontal and
premotor cortices, SPL, and middle temporal gyrus. On the other hand, connectivity was
enhanced between the executive control networks (consisting of the anterior cingulate,
prefrontal, and parietal cortices) and the M1, PMC, prefrontal and visual cortices.
Application of BoNT-A led to partial normalisation of the abnormal connectivity within
the sensorimotor and visual network. Namely, connectivity with the visual network
increased in the M1 and within secondary visual cortices, whereas connectivity with the
sensorimotor network increased in the PMv. Notably, FC between PMv and the rest of the
sensorimotor network decreased again at the second follow-up before the next BoNT-A
injection (Delnooz et al., 2013). In a follow-up study by the same group (Delnooz et al.,
2015), authors examined voxel-wise connectivity of the basal ganglia in a similar cohort of
pre-treated patients with cervical dystonia. They found that patients exhibited weaker FC
between the left (associative) frontoparietal network and right putamen and right external
pallidum. In contrast, the bilateral putamen showed trend towards increased FC with the
sensorimotor network. However, treatment affected different connections as it led to
increase in FC between the executive control network and the right ventral striatum and

external pallidum (Delnooz et al., 2015).

More recently, resting state connectivity was studied in patients with blepharospasm and
Meige’s syndrome (Jochim et al., 2018). In a cohort of regularly treated patients, baseline
(off BONT-A) connectivity was abnormally reduced between the caudate nucleus and

primary SMC, parietal and visual cortices; between the putamen and parietal cortices;
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between the cingulate cortex and primary SMC, PMC, and parietal cortices; between PMC
and S1; and between S1 and S2, cingulate cortex and cerebellum. Cerebellum also showed
decreased connectivity to visual cortices, which was the only connection augmented after
BoNT-A. In contrast, several areas exhibited decreased connectivity. Connectivity strength
was reduced between the pallidum and cerebellum, caudate nucleus, and putamen;
between the cerebellum and posterior cingulate cortex, prefrontal, parietal, temporal,
visual, premotor cortices, and SMA; and between the thalamus and SMA/cingulate cortex
(Jochim et al., 2018). The study therefore supports the central role of the cerebellum in the
manifestation of dystonia (Corp et al., 2019; Filip et al., 2013; Shakkottai et al., 2017), in line
with previous reports of abnormal cerebellar resting-state connectivity (Dresel et al., 2014;
Haslinger et al., 2017) and task-related activation (Filip et al., 2017).

Our recent efforts to elucidate the role of the cerebellum in mediating the effects of
BoNT-A in a cohort of naive patients (Nevrly et al., in preparation) indicate that cortico-
cerebellar connectivity is significantly affected by treatment in several areas: on average,
treatment reduced FC between the vermis lobule VIIla and the left dorsal mesial frontal
cortex. Furthermore, reduction in FC between the nearby vermis lobule VIIIb and bilateral
prefrontal cortices and right temporoparietal junction was positively correlated with
reduction in clinical scores. The same was observed for the right crus II. Additionally, the
similar positive correlations were observed for intracerebellar connectivity between the
anterior (right VI) and posterior (right crus II) cerebellum, as well as between the right IX

and left VI-VII (Nevrly et al., in preparation).

To summarise, the changes in resting-state connectivity occurring after BoNT-A
application are as manifold as the observations in task-related studies. Whereas resting-
state PET studies indicated changes in thalamic activation (Shimizu et al., 2012; Suzuki et
al., 2007), fMRI studies pointed to more wide-spread effects including changes in
intracortical (Delnooz et al., 2013), cortico-subcortical (Delnooz et al., 2015; Jochim et al.,
2018), cortico-cerebellar (Jochim et al, 2018; Nevrly et al, in preparation), striato-
cerebellar, pallido-cerebellar (Jochim et al., 2018), and intracerebellar connectivity (Nevrly
et al., in preparation). While such variety of results certainly indicates far-reaching effects
of BoNT-A, it is challenging to identify a single key structure or network that would be
responsible for all observed changes. In fact, these data rather support the notion that
dystonia is a network-wide disorder in which a lesion of any single node could lead to
a common manifestation (Gracien et al., 2019; Lehéricy et al., 2013; Nevrly et al., 2018).
Likewise, the central effects of BONT-A may hinge upon dynamic modulatory changes in

multiple nodes of the sensorimotor network, which could be differently weighted in
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various patient cohorts, reflecting the variability of clinical manifestations and individual

responses to treatment.

2.2.2. Spasticity

As opposed to relatively scarce electrophysiological evidence, there has been an increasing
number of imaging studies assessing central effect of BONT-A in spasticity. Since spasticity
is a common consequence of stroke (Dornidk et al., 2019), most of the research was
dedicated to stroke patients, whereas studies in other patient cohorts are less frequent. For
the same reason, effects of BONT-A have been most frequently investigated in patients
with upper limb spasticity. Importantly, comprehensive treatment in stroke patients
requires also regular physiotherapy, therefore, the reported effects of BONT-A are usually
combined with effects of physiotherapy (Thibaut et al., 2013). As this is the recommended
treatment approach, application of BONT-A without physiotherapy would be unethical
and, therefore, their effects have usually been studies together (Bergfeldt et al., 2015;
Senkarova et al., 2010; Toméasova et al., 2013; Veverka et al., 2019, 2016, 2014, 2012), but see
(Chang et al., 2015; Manganotti et al., 2010). Despite a wide range of structural lesions that
lead to spasticity, the following paragraphs illustrate that changes observed in spasticity

seem to be much more uniform than observations in dystonia.

A study by Bergfeldt et al. (2015) in 6 chronic stroke patients used finger extension-flexion
to investigate motor task-related activity before the BoNT-A injection and at a follow-up
after 6 and 12 weeks. Using a region of interest (ROI)-based analysis of individual BOLD
responses rather than group-wise statistics, authors demonstrated increased activation
levels in patients in the contralesional M1/PMC with reduced lateralisation of activation as
compared to controls. As spasticity improved after BONT-A, activation levels decreased
numerically in both ipsilesional and contralesional cortices after treatment, with larger
change in the ipsilesional cortex, thus normalising partially the left-to-right lateralisation.
At the second follow-up, activation increased nominally, but on overall, it remained lower
than at baseline. However, the within-group differences were not formally statistically
tested by the authors, casting some doubt on the statistical significance of the observed
differences (Bergfeldt et al., 2015). However, the results are in line with those observed by
Manganotti et al. (2010) who utilised combined EMG-fMRI imaging in 8 chronic stroke
patients naive to BONT-A during an isotonic hand grip task. Before BoONT-A, patients
activated a bilateral network of areas consisting of primary SMC, SMA, and the
cerebellum. Using an ROI-based approach, study revealed that the extent of activation

(number of active voxels) decreased bilaterally and the distribution of active voxels was
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more lateralised than at baseline. Importantly, EMG recordings showed no muscle activity
in the contralateral hand at any time point, instead, it illustrated a reduction of co-
contractions in the paretic hand (Manganotti et al.,, 2010). Another small study of in
4 chronic stroke patients using similar task showed an overactivation in the cerebellum
during gripping with the paretic hand, however, there were no significant changes 1 week
after injection, possibly due to small sample size and too short follow-up (Chang et al.,
2015).

The effects of BONT-A on brain activations in patients with spasticity have also been
extensively evaluated in a large series of fMRI studies from our lab (Hok et al., 2011;
Senkérovd et al., 2010; Tomagova et al., 2013; Veverka et al., 2014, 2013, 2012). In several
studies on upper limb spasticity, our lab has utilised complex SFO (Tomasova et al., 2013;
Veverka et al., 2019, 2014) according to Roland et al. (1980). In patients with hand paralysis
who were not able to perform active movements, we have utilised passive hand
movements (Veverka et al., 2016) and kinaesthetic movement imagery (Senkérova et al.,
2010; Veverka et al., 2014, 2012). All patients included in the studies were naive to the

BoNT-A treatment and all received concomitant physiotherapy.

The feasibility of movement imagery as a substitute for real movements in assessment of
central effects of BONT-A was demonstrated by Senkarova et al. (2010) in a preliminary
study including 4 hemiplegic patients. The task involved performance of kinesthetic
imagery of complex SFO using the plegic hand after training the same movement with the
unaffected hand. Comparison of BOLD activations before and 4 weeks after BoONT-A
showed significant decrease in activation in the posterior cingulate cortex. The average
activation maps also indicated a global decrease of activation throughout the sensorimotor
system (Senkéarova et al., 2010). These findings were further expanded by a follow-up
study by Veverka et al. (2012) that utilised the same task in 14 patients following
a longitudinal design with examination scheduled before BONT-A and 4 and 11 weeks
post-treatment. Group-wise maps again showed overall reduction of the activation extent,
which continued throughout the follow-up. Direct contrasts confirmed decreased
activation in the posterior parietal cortex (IPL and precuneus). At the final follow-up,
activation further decreased in the bilateral prefrontal cortices and ipsilesional insular
cortex. The differences were the most extensive when the first examination was contrasted
with the final one when they could also be observed in the contralesional primary SMC
(Veverka et al., 2012).

In patients with severe hand paresis, effect of BONT-A was also assessed using passive

wrist movements (Veverka et al., 2016). The study in 7 hemiplegic patients followed the
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same longitudinal design with baseline exam before treatment and re-evaluation at 4 and
11 weeks post-treatment. In contrast to the active movement imagery, application of
BoNT-A resulted in activation increase in the bilateral posterior cerebellum and occipital
cortices. At the second follow-up, activation decreased in the anterior cerebellum and
SMA/pre-SMA. The decrease in the SMA, along with the reduced activation in the
ipsilesional primary SMC (foot area), was also significant when compared to the study
baseline. While it may seem that BONT-A effects in kinesthetic imagery (Senkarova et al.,
2010; Veverka et al., 2012) and passive movements (Veverka et al., 2016) are contradictory,
it was argued that BONT-A may have essentially distinct influence on internally driven and
externally evoked activation. For instance, it was further suggested that reduced abnormal

(noisy) afferentation evoked implicit motor visualisation (Veverka et al., 2016).

In patients with less severe hand paresis, use of overt active movements allowed for
a more direct investigation of central influence of BONT-A on motor control. In a group of
5 hemiparetic patients after stroke, Tomasova (formerly Senkéarova) et al. (2013) utilised
SFO to assess longitudinal changes in brain activation following BoNT-A. The study
showed that, 4 weeks after BONT-A application, the extent of group-wise activation was
apparently reduced, but it returned to the original state at week 11. Although direct
comparison revealed no significant voxel-wise differences, a weighted contrast between
session 2 and sessions 1 and 3 revealed treatment-related activation decrease in the
ipsilesional inferior frontal gyrus, DLPFC, PMd, postcentral gyrus and IPL, representing
the transient effect of BONT-A controlled for the effect of concomitant physiotherapy
(Tomasova et al., 2013).

In another study (Veverka et al., 2014), BONT-A effects on real and imagined movements
were more closely compared in two groups of patients matched for age (7 patients per
group). In the plegic group performing kinaesthetic imagery, activation transiently
decreased in the posterior cingulate and occipital cortices 4 weeks after BONT-A and
increased again at 11 weeks post-treatment. In the paretic group performing overt SFO,
activation extensively decreased throughout the sensorimotor system, predominantly in
the ipsilesional DLPFC, PMd, SMA, primary SMC (foot area) and posterior parietal cortex
(SPL and IPL), but also in bilateral inferior frontal, orbitofrontal, and occipital cortices. At
the final follow-up, activation increased again in a subset of these areas, namely in the
anterior cingulate, ipsilesional posterior parietal (IPL, SPL) and inferior frontal cortices. In
contrast, activation remained reduced in the bilateral occipital cortices (Veverka et al.,
2014).
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Our most recent and largest study so far evaluated 30 patients with post-stroke spasticity
and mild paresis (Veverka et al., 2019). It again followed the same longitudinal design and
analysis aimed at disentangling the effects of BONT-A from the effects of concomitant
physiotherapy using a weighted contrast. It demonstrated that the central cortical
structure reflecting the transient improvement of spasticity was localised to the ipsilesional
posterior parietal cortex (SPL and intraparietal sulcus, IPS) that decreased transiently after
BoNT-A. No consistent effect of time (on physiotherapy) was observed. This result is in
line with our previous reports, where decrease in posterior parietal activation was
consistently observed (TomasSova et al., 2013; Veverka et al., 2014), including kinaesthetic
motor imagery data (Veverka et al., 2012). While differences in other cortical areas are
likely to accompany the changes in parietal cortices, modulation of the ipsilesional
SPL/IPS seems to be the least variable change. However, further studies are required are
warranted in order to establish whether activation decrease in SPL/IPS is simply a marker

or has causal relationship to the clinical improvement.

Besides evidence from chronic stroke patients, our preliminary fMRI study assessed
activation changes following BoNT-A in 4 multiple sclerosis patients with lower limb
spasticity and 4 control subjects (Hok et al., 2011). In the study, patients received their first-
time BoNT-A into spastic hip adductor muscles. During the fMRI acquisition, they
performed extension-flexion of the knee. The examinations were scheduled immediately
before BONT-A as well as 4 and 12 weeks after injection. In general agreement with data on
post-stroke spasticity, patients showed overactivation in the bilateral sensorimotor cortices
(mostly PMd and SPL) at baseline, which was reduced to normal level after BONT-A, but
returned close to original state at week 12 when mostly parietal cortices were again
hyperactivated by patients relative to controls. This illustrates that effects of BoONT-A on
spasticity are likely to have more universal impact on brain activation, independent on

injection site and underlying aetiology of spasticity.

2.2.3. Summary of central effects of BONT-A

As illustrated in the previous paragraphs, muscle denervation using BoNT-A has
a considerable impact on function of the CNS structures. Most consistent findings include
imaging reports of decreased sensorimotor activation during voluntary movements and
kinaesthetic imagery in post-stroke spasticity, with possibly central role of the contralateral
SPL/IPS. Widespread activation changes were also observed in patients with dystonia,
however, the individual patterns of changes seem to differ considerably among patient

cohorts, potentially reflecting different underlying aetiologies, but also variety of imaging
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protocols. Electrophysiological evidence for central effects of BONT-A was also reported,
but the amount of literature is scarce, especially in spasticity. For complete understanding
of the central effects of BONT-A, studies in healthy subjects are also desirable, although
they are certainly more controversial to conduct. Moreover, to establish any causal
relationship between clinical improvement and central effects of BoNT-A, specific
interventions should be designed that would either mitigate or augment the clinical effects

by interaction with the putative central targets of BONT-A.

Finally, with respect to general theme of this thesis, BONT-A is an example of peripheral
intervention that, based on empirical observations, became gradually accepted as a tool to
enact plastic changes affecting central sensorimotor control. While mechanical stimulation
of peripheral receptors and invasive blockade of the neuromuscular junction may seem
fundamentally different, the resulting imbalance of afferentation (or restoration of balance
in case of disease) might be in fact the critical drive for plastic changes as the brain seems
to rely in some cases more on relative contribution of afferents rather than on absolute
signal (cf. Sittig et al., 1985). From this perspective, reduction of some peripheral input
may be considered as an “inverted” stimulation with relative overflow of the otherwise
normal remaining afferentation. Under such assumption, evidence from peripheral
stimulation studies and research on deafferentation or BONT-A is, in fact, complementary.
Thus it could be speculated that proper combination of the two approaches could evoke
even more profound plastic changes. However, thorough assessment of central effects of
each individual method is a necessary prerequisite before studies of combined multimodal

stimulation protocols can be commenced.

75



VI. PREMISES AND THEORETICAL BACKGROUND OF THE
EXPERIMENTAL STUDIES

As outlined in the introduction, neuronal plasticity is a key component in restoration of
human motor function. Plastic changes can be induced via transient peripheral afferent
stimulation (Powell et al., 1999). Outlasting modulatory effects in the sensorimotor cortex
have been observed following sustained electrical (Chipchase et al.,, 2011), magnetic
(Gallasch et al., 2015), and vibratory (Rosenkranz and Rothwell, 2003) stimulation.
Peripheral pressure stimulation has been studied as well, though less extensively (e.g.,
Chung et al., 2015; Kim et al., 2016a; Sanz-Esteban et al., 2018) despite the fact that it serves
as a major component of clinical physiotherapeutic techniques, including RLT (Vojta,
1973b).

The technique, also known as Vojta method, uses sustained manual pressure stimulation
of specific body surface areas to gradually evoke a stereotypic pattern of tonic muscle
contractions in both sides of the neck, trunk, and limbs (Vojta, 1973b). It has been
speculated that the motor response is controlled by a brainstem region (Laufens et al.,
1991), possibly related to the so-called CPG that were discovered in vertebrate animals
(Grillner and Wallén, 1985) and more recently became associated with human locomotion
and postural control (Jahn et al., 2008; la Fougere et al., 2010; Takakusaki, 2013). However,
direct evidence of involvement of supraspinal CPG during therapeutic stimulation has

been until now missing.

Previous imaging studies of pressure stimulation recently provided valuable, yet still
incomplete picture of the central somatosensory processing (Bodegard et al., 2003; Chung
et al., 2015, 2014; Dehghan Nayyeri et al., 2019; Hao et al., 2013; Kim et al., 2016a; Miura et
al, 2013; Sanz-Esteban et al., 2018, Wang et al., 2015). These studies reported
predominantly somatosensory activations and remarkable though inconsistent
involvement of motor cortices. However, wide-spread sensorimotor activations are non-
specific as they are sensitive to modulation by higher-order processes, such as attention
and cognitive task demands (Albanese et al., 2009; Goltz et al., 2015; Loayza et al., 2011).
Only one study assessed specific cortical activation during manual stimulation according
to Vojta applied to an active site at the anterior thorax in comparison to a sham stimulation
(Sanz-Esteban et al., 2018). However, methodological issues, such as unbalanced group
sizes, a control site in a distant body part, and statistical maps uncorrected for multiple
comparisons, do not permit drawing strong conclusions (Sanz-Esteban et al., 2018). To our

knowledge, no previous imaging study evaluated immediate central effects of pressure
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stimulation of the foot according to reflex locomotion therapy (Vojta, 1973b, 1968) prior to
initiation of this research, and in general physiology literature, there have been no fMRI
data on responses to pressure foot stimulation delivered continuously over at least 30 s.
More specifically, it is also unknown whether the sensorimotor system response is

influenced by the choice of specific stimulation site, e.g., one used in RLT.

After the stimulation, changes in motor behaviour have been observed for at least 30 min
(Vojta and Peters, 2007). Despite ongoing clinical use of the reflex locomotion therapy (e.g.,
Jung et al., 2017; Lim and Kim, 2013), there is limited knowledge of the neurobiological
basis of these after-effects since the available evidence is mostly based on clinical
observation studies (Vojta and Peters, 2007). Whereas prominent modulation of task-
related activity in the sensorimotor cortex was repeatedly observed after transcutaneous
electrical or magnetic stimulation (Gallasch et al., 2015; Golaszewski et al., 2004; Wu et al.,

2005), no such data have been available for the sustained mechanical pressure stimulation.

Outlasting effects of extended peripheral electrical (Chipchase et al., 2011) or mechanical
stimulation (Christova et al., 2011) were further demonstrated using motor evoked
potentials and pTMS (Kujirai et al., 1993). In these studies, extended periods of sustained
or repetitive stimulation (up to 2 hours) have lead to longer lasting increase of motor
cortical excitability, outlasting the stimulation period (on the order of several hours). The
changes were accompanied by reduced SICI and/or increased ICF (Christova et al., 2011;
Golaszewski et al.,, 2012, 2010; Ridding and Rothwell, 1999; Rosenkranz and Rothwell,
2006a). Decrease in intracortical inhibition facilitates plasticity (Ziemann et al., 2001) and
has been associated with motor learning (Liepert et al., 1998; Perez et al., 2004; Smyth et al.,
2010). SICI is therefore a possible candidate mechanism participating in motor
improvement observed immediately after RLT (Vojta, 1973a; Vojta and Peters, 2007). Both
the length of the experimentally tested sustained stimulation and the duration of effects
are quite similar to the clinical applications of RLT (Jung et al., 2017; Vojta, 1973a; Vojta
and Peters, 2007). Yet again, there are currently no data available on cortical excitability

changes following sustained mechanical pressure.

An important consideration for assessment of motor effects of RLT and pressure
stimulation in general are the associated autonomic nervous system (ANS) responses
(Dimitrijevi¢ and Jakubi, 2005; Vojta and Peters, 2007). Though repeatedly observed, the
effects of RLT and pressure stimulation in a broader sense on autonomic activity and
autonomic control have not yet been systematically investigated in the published literature
prior to commencement of this study. At the same time, changes in heart rate variability

(HRV) reflecting the sympathovagal balance have been studied and reported for many
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other types of surface or other somatosensory stimulation, including nociceptive (Baker
and Shoemaker, 2013; Joseph et al., 2004; Koenig et al., 2014; S. L. Smith et al., 2013; Wijnen
et al., 2006).

Considering the available indirect neurophysiological (Chipchase et al., 2011; Christova et
al., 2011; Gallasch et al., 2015; Rosenkranz and Rothwell, 2003), imaging (e.g., Gallasch et
al., 2015; Golaszewski et al., 2004; Wu et al., 2005) and direct clinical (Vojta, 1973b; Vojta

and Peters, 2007) evidence, following hypotheses were formulated:

1. HypothesisI
The first hypothesis states that different peripheral stimulation sites would differentially

influence sensorimotor system during the stimulation. Furthermore, a site used in the RLT
would specifically activate the putative brainstem nuclei participating in the involuntary

motor responses.

To address the hypothesis, a block-design fMRI experiment was prepared involving
sustained pressure stimulation applied at either an active (Vojta, 1968) or control site on
the foot. This was expected to identify a general activation pattern involved in central
processing of sustained pressure stimulation of the foot under conditions close to the

clinical setting of RLT and the differences related to the stimulation site itself.

2. Hypothesis II

The second hypothesis proposes that extended peripheral pressure stimulation would
cause modulation of the motor system outlasting the stimulation itself. Evidence from
different stimulation modalities suggests such changes in the primary SMC (Gallasch et
al., 2015). However, previous observations in RLT led researchers to postulate that the
primary site of action resides in the brainstem CPGs (Laufens et al., 1991). Hence, it is
speculated that the site used in RLT would alter specific motor areas as compared to

a nearby silent control site on the foot.

To this end, a block-design fMRI experiment was proposed with a paced SFO task
repeated before and after sustained pressure stimulation at either an active or control site.
SFO robustly activates the motor system at both cortical and subcortical levels, providing

an efficient probe into the motor control of fine finger movements (Solodkin et al., 2001).
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3. Hypothesis III

The third hypothesis postulates that short-term changes after peripheral pressure
stimulation involve increased cortical excitability of the M1 as shown following different
modalities of peripheral stimulation (Christova et al., 2011; Golaszewski et al., 2012, 2010;
Ridding and Rothwell, 1999; Rosenkranz and Rothwell, 2006a). More specifically, reduced
SICI and/or increased ICF is expected to follow stimulation of the active site, but not

control stimulation.

A pTMS protocol was designed to evaluate motor cortex excitability (including SICI and
ICF; Kujirai et al., 1993) before and after sustained pressure stimulation applied either to

an active site according Vojta (1968) or to a similar sham site.

4. Hypothesis IV

The fourth and the last hypothesis states that pressure stimulation would be associated
with changes in autonomic control. Specifically, active stimulation site is expected to elicit
greater changes than control stimulation (Dimitrijevi¢ and Jakubi, 2005; Vojta and Peters,
2007).

To test this hypothesis and probe the ANS, an experimental protocol was prepared using
a modification of spectral analysis of HRV (SAHRV) with the imposed changes of
orthoclinostatic load (Opavsky, 2002; Opavsky and Salinger, 1995; Salinger et al., 1998).

To avoid further confounds of various motor system disorders, all hypotheses were

applied to and subsequently tested in healthy subject population.
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VII. AIMS OF THE THESIS

The aim of this thesis was to evaluate central correlates of sustained manual pressure
stimulation depending on the stimulation site: either a specific stimulation site according
to reflex locomotion therapy associated with known motor behaviour after-effects or
a non-specific control stimulation site with no associated motor consequences. To this end,

four partial aims were formulated, each constituting a separate study:

1. Study I: Brain activation patterns associated with sustained manual pressure
stimulation (fMRI during stimulation)

The aim of the study was to assess average brain activation patterns and the specific
differences during the experimental interventions using functional magnetic

resonance imaging in healthy subjects.

2. Study II: Brain activation changes following sustained manual pressure stimulation
(fMRI of stimulation after-effects)

The aim of the study was to assess average brain activation patterns and the specific
differences during a complex hand motor task following experimental interventions

using functional magnetic resonance imaging in healthy subjects.

3. Study III: Cortical excitability changes following sustained manual pressure
stimulation (TMS)

The aim of the study was to evaluate cortical excitability changes following the

experimental interventions using transcranial magnetic stimulation.

4. Study IV: Changes in function of the autonomic nervous system following

sustained manual pressure stimulation (HRV)

The aim of the study was to evaluate function of the autonomic nervous system
following experimental interventions using spectral analysis of heart rate

variability.

The research specified in aims of the thesis have been supported by the project Central
and autonomic nervous system correlates of prolonged peripheral stimulation in the
human, PI: prof. MUDr. Ing. Petr Hlustik, Ph.D., Czech Science Foundation (GACR) grant
number GA14-225728S.
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VIII. MATERIALS AND METHODS

1. Study design

All studies were conducted as randomised cross-over experimental studies in a cohort of
healthy adults to determine the immediate or outlasting central and autonomous effects of
the sustained manual pressure stimulation according to RLT (Vojta, 1973b; Vojta and

Peters, 2007) versus a sham stimulation.

All studies were carried out in accordance with World Medical Association Declaration of
Helsinki. The study protocol was approved by the Ethics Committee of the University
Hospital Olomouc and the Faculty of Medicine and Dentistry of Palacky University
Olomouc under a common approval number 9.4.2013 and all participants gave their

written informed consent prior to their inclusion in the study.

2. Participants
The study participants were university students naive to the technique of reflex
locomotion, with no history of any neurological condition and no signs of motor disability.

The samples were very similar across the four studies (for an overview, see Table 1):

2.1. Study I and II (fMRI)

Thirty healthy volunteers enrolled in Study I and II (16 women and 14 men, mean age
24.20, standard deviation [SD] 1.92). Twenty-seven subjects were right-handed and three
were left-handed according to the Edinburgh handedness inventory (Oldfield, 1971).

2.2. Study III (TMS)

Twenty healthy volunteers enrolled in the third study (10 women and 10 men, mean age
23.87, SD 1.82). Data from one participant were lost due to technical error, final sample
thus consisted of 19 participants (9 females, mean age 23.93, SD 1.85). According to the
Edinburgh handedness inventory (Oldfield, 1971), 1 subject was left-handed (laterality
index [LI] -0.2) and 18 subjects were right-handed, out of these 13 were strongly right-
handed (LI >0.7).

2.3. Study IV (HRV)
Thirty healthy participants were included in Study IV. Two participants were excluded

after initial autonomic examination, one of them manifested extremely high and the other
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extremely low values of HRV spectral parameters, which did not permit reliable
assessment of changes during different phases of testing. The investigated group therefore
included 28 participants (15 women and 13 men), mean age 23.3 years, range
20.4-25.7 years. All participants had to keep a recommended regime prior to the scheduled

examination.

3. Tasks and procedures

Although the stimulation procedure was essentially almost identical in all studies, some
details of the stimulation protocols had to be adjusted to address specific conditions of the
used experimental methods. As a result, slight differences in stimulation parameters
among the Studies I-IV could not be avoided. However, due to a considerable overlap,
experimental tasks and procedures for Studies I-IV are still described together in this
section to prevent unnecessary repetition, with the differences marked in text. For a better
overview of the differences among the protocols, they have been also listed at the end of
the section “VIIL3. Tasks and procedures” in Table 1.

3.1. Visit schedule

In each study, every participant underwent two stimulation sessions, each involving either
heel stimulation (HS) or ankle stimulation (AS). The session order was randomised and
counter-balanced, and the participants were not informed in advance that the stimulation
would be performed in two different sites. The sessions were scheduled at least 7 days
apart. Within each study, sessions were scheduled for the same part of day (for details, see
Table 1).

3.2. Pressure stimulation

During the stimulation, participants were lying prone in the scanner bore (Studies I and II:
fMRI) or on a comfortable examination table (Studies III and IV: TMS and HRYV,
respectively) with their arms positioned along the trunk. In Studies I and II, participants
were positioned with their head prone and were asked to keep their eyes closed and not to
think about anything in particular. In Studies III and IV, participants had their head
rotated to the left and were asked to keep their eyes open and lie still. In Study III, they

were additionally encouraged to report if the stimulation became painful.

The pressure was applied manually by an experienced therapist (MK or MS) using his/her
thumb placed on one of two predefined sites located on the lateral side of the foot over

bony structures and within the same dermatome (Foerster, 1933): either (1) the right lateral

82



heel zone (processus lateralis tuberis calcanei, HS) according to Vojta (1973b, 1968), or
(2) a control site at the right lateral ankle (AS), see Fig. 1. Throughout the session, the
stimulated limb was semi-flexed in the knee joint and supported above the table by the
therapist who maintained constant tactile contact with the participant’s foot to further

simulate natural conditions of a therapeutic procedure.

Figure 1. Stimulation procedure and stimulation sites. The upper photograph shows the body position
during the stimulation (Study III [TMS] and IV [HRV]). The lower right photograph shows the stimulation
site (zone) at the right lateral heel according to Vojta (HS), whereas the lower left photograph shows the

control stimulation site at the right lateral ankle (AS).

The therapists were instructed to apply manual pressure similar to that routinely used
during physiotherapy according to Vojta. In Study III (TMS), they were encouraged to
decrease the pressure if the stimulation was reported painful by the participant. The use of
a single stimulation site, the specific body position and stimulation duration, were chosen
to elicit only partial motor response (Vojta and Peters, 2007), avoiding gross body

movements and/or head displacement in the scanner bore in Studies I and II.

The exact stimulation timecourse differed between the imaging and non-imaging studies

due to methodological constraints of fMRI analysis. In Studies I and II (fMRI), stimulation
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was delivered while inside the scanner bore during two consecutive 10-min functional
imaging acquisitions. During each acquisition, stimulation was applied in twelve blocks
(each 30s long) alternating with jittered rest to permit modelling of the extended
haemodynamic response (Dale, 1999). In total, this resulted in 6 min of stimulation and

4 min of rest per acquisition run.

In Studies III and IV (TMS and HRV), the stimulation was delivered in a single 20-min

block in a quiet room lit with natural light dimmed with window blinds.

3.3. Pressure-related behavioural measures

After each session, participants reported discomfort/pain perceived during the stimulation
using a visual analogue scale (VAS) for discomfort/pain, with 0 (no discomfort/pain) and

10 (the worst possible pain) marked as the extreme values.

In Studies I-III (fMRI and TMS), the force applied was continuously recorded during the
stimulation using a custom-made (MRI-compatible) calibrated pressure/force monitor
(based on a FlexiForce sensor, Tekscan, South Boston, MA, USA).

3.4. Motor task in Study II (fMRI of stimulation after-effects)

During fMRI acquisition, participants performed SFO with their right hand. They were
asked to tap sequentially the right index, middle, ring and little finger against the thumb,
and to repeat the sequence during 15-s blocks alternating with 15-s rest throughout
a 6-min acquisition run. The performance was paced at 2 Hz by high-pitch (500 Hz) tones
delivered using MR-compatible headphones. The rest was marked by low-pitch tones
(300 Hz) of the same volume and pace. The motor task was trained briefly outside the
scanner room before every session. Two SFO runs were separated by 20 min of
intermittent manual pressure stimulation and by subsequent 8-min rest. In effect, the SFO

was tested before (condition H1 or Al) and after the stimulation (condition H2 or A2).
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Table 1. Differences among study samples and stimulation protocols

Study I Study II Study IIT Study IV

(fMRI during (fMRI of stimu- (TMS) (HRV)

stimulation) lation after-effects)
Zﬁﬁgz enrofled / 30/2 30/5 20/1 30/2
Women / men 16/12° 14 /11 9/10 15/13
Right-handed 25 22" 18 26
Mean age (SD) [years] 24.2 (1.92) 24.2 (1.92) 23.9 (1.82) 23.3 (1.44)
Head position prone prone rotated to the left rotated to the left
Eyes closed closed open no instruction
Instruction rest rest rest, report pain rest
Session onset 1:00—4:00 p.m. 1:00—4:00 p.m. 12:30-1:30 p.m. 11:00 a.m.
Stimulation timecourse intermittent intermittent continuous continuous
Pressure duration [min] 12 12 20 20
Force monitor Yes Yes Yes No
Real-time pain feedback No No Yes No
Discomfort/pain rating post-hoc VAS post-hoc VAS post-hoc VAS post-hoc VAS
Median interval between 70 (7-294) 70 (7-294) 28 (14-91) 14,5 (7-61)

sessions (range) [days]

Abbreviations: fMRI — functional magnetic resonance imaging; HRV — heart rate variability; IQR —
interquartile range; SD — standard deviation; TMS — transcranial magnetic stimulation; VAS — visual

analogue scale.

*) Only included participants.

4. Data acquisition

4.1.

Study I and II (fMRI)

Data acquisition parameters were kept as similar as possible in Studies I and II, therefore

they are described together, with differences between protocols highlighted in the text

below.

MRI data were acquired using 1.5-Tesla scanners (Siemens Avanto and Symphony,

Erlangen Germany) with standard head coils. The scanning schedule was counter-

balanced to account for any possible differences due to the scanner used. The subject’s

head was immobilised with cushions to assure maximum comfort and minimise head
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motion. The MRI protocol included functional T,"-weighted BOLD images during task
performance, acquired with GE EPI sequence (30 axial slices parallel to the anterior
commissure-posterior commissure line, 5 mm thick, TR/TE 2500/41 ms, flip angle 70°/80°,
field of view 220 mm, matrix 64 x 64) to provide 3.4 x 3.4 x 5.0 mm resolution. GE phase
and magnitude field map images were acquired to allow correction of the EPI distortions.
Anatomical high-resolution three-dimensional MPRAGE scan was acquired to provide the
anatomical reference. In-plane FLAIR images were used to screen for unsuspected brain

lesions.

In Study I (fMRI during stimulation), each imaging session included 2 functional imaging
acquisitions during 10 min of right foot stimulation as described above. In total,

240 images were acquired per each functional run.

In Study II (fMRI of stimulation-after effects), each imaging session included 2 functional
imaging acquisitions during 6-min right hand SFO. In total, 144 images were acquired per

each 6-min functional run.

4.2. Study III (TMS)

4.2.1. Motor evoked potentials (MEP)

MEPs were elicited using transcranial magnetic stimulator with a butterfly-shaped coil
with outer diameter 97 mm and wing angle 150° (MagPro X100 including MagOption,
MagVenture, Farum, Denmark). During the pTMS, participants were lying supine on
a comfortable examination table and fully relaxed. The level of participants’ attention was

constantly monitored by the examiner and no subject fell asleep during the examination.

The pTMS was performed according to a previously published protocol (Bares et al., 2007;
Karnovsky et al., 2003). The coil was positioned with the handle oriented backwards and
inclined to the sagittal plane at approximately 45° (Rosenkranz and Rothwell, 2003).

Surface electromyographic recordings were obtained from the fully relaxed FDI muscles in
both hands using (Ag—-AgCl) electrodes. The recorded signal was amplified, filtered using
a bandpass filter in the range 2 Hz-10 kHz, digitised using the Keypoint software
(Medtronic, Minneapolis, MN, USA), and exported using Cross Neuro Database software
(Stefan Stalberg Software AB, Helsinborg, Sweden) for subsequent analysis.

First, the optimal stimulation site was established manually by moving the coil on the
scalp around the expected hand area over the left/right motor cortex until a site

consistently producing the largest MEPs in the target muscle at a slightly suprathreshold
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stimulus intensity was detected. Throughout the session, the coil was fixated in a frame

and the position on the scalp was marked with ink.

Next, we determined the motor threshold in the resting right/left FDI (Bares et al., 2007).
The motor threshold was defined as the minimum stimulus intensity that evoked an MEP
between 300 and 450 pV peak-to-peak size in at least three out of six consecutive trials.

Threshold intensities were expressed as a percentage of maximum stimulator output.

4.2.2. Paired-pulse TMS protocol

Cortical excitability was evaluated using a paired conditioning-test stimulus paradigm
with biphasic pulse shape (Kujirai et al., 1993) in the fully relaxed FDI. The subthreshold
conditioning stimulus was delivered at 80% intensity of the motor threshold, whereas the
test stimulus was set to 125%. The pairs of conditioning and test stimuli were applied with
six different ISI pseudo-randomly mixed with single stimuli: 3, 5, 10, 15, and 20 ms. Single
or paired pulses were applied every 3 s. In each session, 9 MEPs were recorded for each ISI
and 9 MEPs were recorded using the test stimulus alone. In total, 63 MEPs were recorded

for each side in each session.

The median MEP amplitude values were calculated from the single-trial peak-to-peak
MEP amplitudes. The median conditioned MEP at a given ISI was expressed as
a percentage of the size of the median single-trial MEP obtained in the same session (Bares$
et al., 2007).

4.3. Study IV (HRV)

4.3.1. Spectral analysis of heart rate variability (SAHRYV)

Cardiac autonomic control was studied on short-term electrocardiographic (ECG)
recordings, evaluating so-called short-term heart rate variability (Task Force, 1996). We
have used a modification evaluating the orthoclinostatic reaction in the supine-standing-
supine test (Opavsky, 2002; Opavsky and Salinger, 1995; Salinger et al., 1998) to be able to
register changes (shift) in cardiac autonomic control in situations with different orthostatic
load. It was chosen due to the fact that vagal activity prevails in the supine body position,
whereas in the standing position vagal influence on heart decreases and sympathetic
activity increases. The acquired short-term ECG recordings were subjected to temporal
and spectral analysis of HRV using the DiANS PF8 system (Dimea Group, Olomouc,
Czechia). Spectral calculations were performed with fast Fourier transform using
a partially modified algorithm of coarse-graining spectral analysis (CGSA; Yamamoto and

Hughson, 1991), with suppression of noise components.
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The duration of each of the three phases of the supine-standing-supine test depended on
the heart rate of each investigated individual, about 5 min on average. The entire supine-
standing-supine test thus lasted about 15 min (at a heart rate of 60 beats per minute).
Details of the investigation and evaluation for SAHRV examination have been published
elsewhere (Opavsky, 2002).

The HRV analysis yielded the following parameters in the frequency domain related to
cardiac autonomic control for short-time recordings: spectral power of the very low
frequency band 0.02-0.05 Hz (VLF Power [ms’]); spectral power of the low frequency band
0.05-0.15 Hz (LF Power [ms’]); spectral power of the high frequency band 0.15-0.50 Hz
(HF Power [ms’]); ratio of spectral powers LF over HF (LF/HF ratio); relative
representation of the VLF component in the entire frequency range (0.02-0.50 Hz),
(Relative VLF [%]); relative representation of the LF component in the entire frequency
range (Relative LF [%]); relative representation of the HF component in the entire
frequency range (Relative LF [%]); total spectral power over the entire frequency range
0.02-0.50 Hz (Total Power [ms?]). In the time domain: mean squared successive differences
(MSSD) — indicator of HRV, and duration of the RR interval derived from ECG (RR

interval [s]). See Fig. 2 for graphical representation of the spectral analysis.
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Figure 2. Spectral analysis of heart rate variability in a young healthy subject during the supine-standing-
supine test. PSD — Power spectral density, F — frequency, T — time. T1 — first supine phase, T2 —
standing phase, T3 — repeated supine phase. Frequency ranges: Low frequency (LF) — 0.05-0.15 Hz, high
frequency (HF) 0.15-0.50 Hz. Note the clear decrease in the HF component in the standing position (T2),
corresponding to decreased vagal activity, and its return to the previous level (or above that) in the

repeated supine position (T3).
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The whole supine-standing-supine test was performed twice within each examination:

before and immediately after 20 min of peripheral pressure stimulation.

4.3.2. Respiratory rate assessment

Respiratory rate is another autonomic variable, which needs to be recorded and
considered for an SAHRV study. Participants were breathing at their natural pace,
respiration was recorded continuously with the DiANS PF8 system and simultaneously
using adjustable chest belt with sensor. Respiration frequency was assessed in each of the
three phases of the supine-standing supine test, together with SAHRV parameters in the

same protocol.

5. Data analysis

5.1. Analysis of behavioural data

For all studies, the discomfort/pain scores for HS and AS were compared using Wilcoxon
two-sample signed rank test, whereas mean pressure (where applicable) was compared

using paired Student's test. Study-specific procedures are described below.

5.2. Study I (fMRI during stimulation)

5.2.1. Data pre-processing

The fMRI data were processed using FEAT Version 6.00, part of FSL (FMRIB’s Software
Library, www.fmrib.ox.ac.uk/fsl), version 5.0.9 (Jenkinson et al., 2012). The FEAT pre-
processing pipeline included: correction of B, distortions using FUGUE (Jenkinson, 2003),
motion correction using MCFLIRT (Jenkinson et al., 2002), non-brain removal using BET
(Smith, 2002), and spatial smoothing using a Gaussian kernel with 8.0 mm full width at
half maximum (FWHM). Functional data were registered to the individual’s anatomical
reference image, which was subsequently normalised non-linearly to the Montreal
Neurological Institute (MNI) 152 standard space (Grabner et al., 2006). The fMRI data were
then visually checked for susceptibility artefacts and two subjects were excluded due to an
excessive signal loss in the brainstem. The final sample thus consisted of 28 subjects

(16 women, 12 men, 25 right-handers).

Next, motion-related artefacts were removed from each time series using ICA-AROMA
tool (Pruim et al.,, 2015b, 2015a), followed by high-pass temporal filtering with sigma
60.0s. In a parallel preprocessing pipe-line, the ICA-AROMA noise components were

removed from a dataset, which had no spatial smoothing applied. This dataset served for
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extraction of nuisance signal from six sources in the supratentorial white matter and one
source in the lateral ventricles. The masks were based on the MNI 152 Harvard-Oxford
cortical atlas labels at 95 and 85% probabilistic threshold, respectively (Desikan et al.,
2006). The white matter mask was split along the orthogonal planes into 6 areas roughly
corresponding to the frontal (Y > 0 mm), parietal (0 mm > Y > -36 mm, Z > 18 mm) and
occipital white matter (Y < -36 mm), excluding the deep white matter around basal
ganglia. From each source, the first eigenvariate was used to represent the non-neuronal

signal.

5.2.2. Statistical analysis

The statistical analysis of the time-series was carried out in all remaining 28 subjects using
FILM with local autocorrelation correction (Woolrich et al., 2001). The analysis of fMRI
responses to sustained pressure stimulation had to address two physiological challenges:
First, cortical response adapts rapidly within somatosensory areas, where it decreases
exponentially over several seconds (Chung et al, 2015). Second, activation of the
presumed generators of the gradually developing widespread tonic motor reflex response
would be expected to follow the same slow timecourse supposedly resulting from
temporal summation over tens of seconds (Bauer et al., 1988; Laufens et al., 1994; Vojta,
1973a; Vojta and Peters, 2007). Both phenomena preclude the use of common models
convolving a rectangular stimulus function with the canonical HRF (Glover, 1999).
Therefore, a more flexible modelling approach, such as a convolution with a set of finite

impulse response (FIR) basis functions, was employed.

The GLM thus consisted of 9 delta functions (i.e, 9 temporally shifted unit spikes
approximating Dirac delta function) that covered a 45-s time window (30 s on task and
15 s off task) aligned with the onset of each block with a 5-s (2 TR) steps to avoid noise
over-fitting (Liu et al.,, 2017). To suppress residual physiological noise, the final model

included also 6 nuisance signal regressors from the white matter and 1 from the ventricles.

The resulting beta parameters (in FSL terms, contrasts of parameter estimates or COPE)
were carried over to a middle-level analysis in order to account for repeated measures in
each subject. At this step, each time point (i.e., basis function) was still considered
independent and analysed separately for each subject. Since only within-subject effects
were modelled at this point, the middle-level analysis was carried out using the fixed
effects mode in FEAT. To test the main hypotheses, three within-subject models were
designed and evaluated in parallel pipelines: In the first one, the beta parameters from

each session (involving either HS or AS) were averaged separately, resulting in Contrasts
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I.1 (HS) and 1.2 (AS). These contrasts represent the mean condition effects related either to
HS or AS. In the second model, the functional series from both sessions were pooled
together, providing Contrast 1.3 (HS + AS). This contrast was necessary to obtain a mean
activation map for HS and AS, which would provide common clusters for a post-hoc ROI
analysis. Finally, the within-subject differences were assessed on a voxel-wise basis by

subtracting the beta parameters from both sessions, yielding Contrast 1.4 (HS — AS).

In the final third-level analysis, group-wise effects for all within-subject contrasts were
evaluated. The group model consisted of one regressor for each basis function and an
F-test collapsing all 9 basis functions to assess the overall effect over the entire stimulation
block. In Contrast 1.4 (HS — AS), additional linear covariates were included to account for
the time difference between the two sessions and for individual differences in self-rated
discomfort/pain intensity (condition HS - condition AS), with an additional F-test to
evaluate the average discomfort/pain effect (Contrast 1.5 [Pain]). The random effects
analysis was performed using FLAME (FMRIB'’s Local Analysis of Mixed Effects) stage 1
(Woolrich et al., 2004). The whole-brain analysis was limited to the MNI standard brain
mask (Grabner et al., 2006) minus a white-matter mask derived from the Harvard-Oxford
probabilistic atlas (Desikan et al., 2006) using a conservative probability threshold of 95%
as defined in the section “VIIL.5.2.1. Data pre-processing”. The masked Z (Gaussianised t)
statistic images were thresholded using clusters determined by Z> 5 in case of Contrasts
I.1 to 1.3, or Z> 3 in case of Contrasts 1.4 and 1.5. The family-wise error (FWE) corrected
cluster significance threshold was p < 0.05 (Worsley, 2001). Clusters in the thresholded
maps were objectively labelled using the Harvard-Oxford Cortical and Subcortical
Structural Atlases (Desikan et al., 2006), and the Probabilistic Cerebellar Atlas (Diedrichsen
et al.,, 2011). Cytoarchitectonic labels were derived from the Jiilich Histological Atlas
(Eickhoff et al., 2007). The resulting statistical images were rendered in Mango v4.0
(Research Imaging Institute, UT Health Science Center at San Antonio, TX, United States,
http://ric.uthscsa.edu/mango/).

5.2.3. Post-hoc ROI analysis: Mean condition effects

FIR model does not assume any specific shape of the haemodynamic response, which may
differ slightly among different brain areas and even within one functional system (Glover,
1999; Lewis et al., 2018). Therefore, full comparison of two stimulation sites requires not
only information where the differences are located, but also when they take place relative
to the stimulation onset. Therefore, on top of the paired analysis of stimulus-related

differences, a post-hoc analysis of the activations in the temporal domain (i.e., the shape of

91



HREF) is also needed.

The post-hoc ROI analysis was performed and visualised using custom scripts created in
Matlab version R2017b and the Statistics Toolbox (MathWorks, Natick, MA, United States).

Only clusters in Contrast 1.3 (HS + AS) containing more than 5 voxels were considered.

First, average group-wise activations were investigated. Using the cluster mask from
Contrast 1.3 (HS + AS), group-wise beta parameters were extracted from the Contrasts
I.1 (HS) and 1.2 (AS) for each time point (i.e., basis function). The representative cluster-
wise values were obtained using median of beta parameters in each cluster. Vectors of
9 consecutive median beta parameters in each cluster thus provided cluster-wise
timecourses, each representing median response during a single stimulation block and the

subsequent rest.

To assure that the extracted medians represented a homogeneous population of voxels,
each median timecourse was correlated using Pearson’s correlation coefficient with the
first principal component (PC) obtained from the same cluster using singular value
decomposition (Wall et al., 2003, pp. 91-109). In case of low correlation between the
median of the whole cluster and the first PC (r < 0.7), the median was extracted only from
a subset of voxels highly correlated with the first PC in both HS and AS (r> 0.75).

The resulting representative cluster-wise timecourses (i.e., vectors of the median beta
parameters) were then correlated with each other using Pearson’s correlation coefficient,
providing one correlation matrix for HS and one for AS. Next, hierarchical clustering was
applied to both correlation matrices in order to distinguish “subsystems” (sets of clusters)
with similar haemodynamic responses. Agglomerative clustering trees were built using
unweighted average distance algorithm and Euclidean distance as a dissimilarity measure
(Rencher and Christensen, 2012). The optimal number of resulting subsystems was

indicated using Calinski-Harabasz criterion (Calinski and Harabasz, 1974).

For visual comparison, the correlation matrix for AS was reordered according to the
correlation matrix for HS. Finally, the original HRF in each cluster was reconstructed by

multiplying the convolution matrix and the group-wise beta weights of each FIR regressor.

5.2.4. Post-hoc ROI analysis: Within-subject differences

Further post-hoc analysis was performed to determine the timing and directionality of
differences detected in Contrast 1.4 (HS — AS). This was done by extracting the median
within-subject beta parameters from Contrasts 1.1 (HS) and 1.2 (AS) within the boundaries
of the clusters from Contrast 1.4 (HS — AS). To identify time points of significant
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differences, corresponding beta parameters for HS and AS were compared using paired
Wilcoxon signed-rank test at p < 0.05 (post-hoc confirmatory analysis without additional
correction). Finally, the differences in activation levels in clusters from Contrast 1.5 (Pain)
were correlated with discomfort/pain rating difference using Spearman’s correlation

coefficient and marked significant at p <0.05.

5.3. Study II (fMRI of stimulation after-effects)

5.3.1. Data pre-processing

Due to a considerable overlap of the acquisition parameters in Studies I and II, some pre-
processing steps and settings could also remain identical. However, due to several
significant differences and for clarity, a shortened description of the methods is still

provided here.

The fMRI data were processed using FEAT Version 6.00 (Jenkinson et al., 2012). Standard
pre-processing was applied (see Study I for more details), including high-pass temporal
filtering with sigma 45.0 s. Time series statistical analysis included a temporal derivative of
the main effect to account for slice timing shift and functional data were registered non-
linearly to the MNI 152 standard space (Grabner et al., 2006). The fMRI data were then
visually checked for susceptibility artefacts and two subjects were excluded due to an
excessive signal loss in the brainstem. Three subjects were excluded due to a maximum
frame-wise head displacement exceeding 3 mm in a single run as estimated during motion

correction. The final sample thus consisted of 25 subjects (14 women, 22 right-handers).

For an additional analysis, motion-related artefacts were removed from each time series
using ICA-AROMA tool and nuisance signal regressors of mean signal from cerebral
ventricles and white matter were added to the model (Pruim et al.,, 2015b, 2015a). The

following steps were performed for both original, and de-noised time series.

5.3.2. Statistical analysis

The group-level general linear model consisted of four conditions: SFO before and after
the HS (conditions H1 and H2, respectively), and SFO before and after the AS (Al and A2,
respectively). Additionally, two subset conditions H1" and A1 were defined, including
only datasets acquired at the first session. Using these conditions, five group post-hoc
contrasts were constructed, including (IL.1) a pooled group-wise activation image
(H1 + H2 + A1 + A2), (I1.2) differences between the baseline conditions at the first session
(H1 vs. A1l’), and (I1.3) differences between the task repetitions regardless of stimulation

type (H1 + Al v. H2 + A2). The main research questions were assessed using (I1.4) a two-
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by-two interaction between the condition and the task repetition (H2 - H1 vs. A2 - A1). An
additional linear covariate modelled individual differences in self-rated pain intensity
(condition HS - condition AS), yielding statistical maps of (I1.5) pain intensity effect on the
interaction. All within-subject contrasts were first computed using a fixed effects analysis
and the resulting parameter estimates (beta values) and variance were then carried over to
the third-level analysis. The primary outcome measure was significant F-test in Contrasts
I.4 and IL5, followed by post-hoc voxel-wise and cluster-wise analyses to assess

directionality of the significant F-tests.

The random effects analysis was conducted using FLAME stage 1 (Woolrich et al., 2004).
The whole-brain analysis was constrained to the MNI standard brain mask (Grabner et al.,
2006) excluding white matter voxels according to the Harvard-Oxford probabilistic atlas
(Desikan et al., 2006) using a conservative probability threshold of 95%. The masked
Z (Gaussianised t) statistic images were thresholded using clusters determined by
Z>2.3 and a corrected cluster significance threshold of p <0.05 (Worsley, 2001). The post-
hoc t-tests in Contrast 1.4 were carried out within the significant F-test clusters and
thresholded voxel-wise at corrected significance level p < 0.05. The thresholded maps were
objectively labelled based on Harvard-Oxford Cortical and Subcortical Structural Atlases
(Desikan et al.,, 2006), and Probabilistic Cerebellar Atlas (Diedrichsen et al., 2011).
Cytoarchitectonic labels were provided by Jiilich Histological Atlas (Eickhoff et al., 2007).

A confirmatory third-level analysis was carried out for Contrast II.4 using non-parametric
Conditional Monte Carlo permutation testing implemented in Randomise v2.9 (Winkler et
al., 2014). An identical design with the pain intensity covariate was employed. Ten
thousand permutations were performed using sign-flipping to estimate the null

distribution of the maximum cluster mass under the cluster forming threshold of #>3.0.

A post-hoc ROI analysis was performed to investigate the contribution of each condition to
the overall interaction in Contrasts II1.4 and II.5 and to assess the correlation with the self-
reported pain intensity. First, significant voxels in each cluster were identified using a post-
hoc voxel-wise ttest carried out within the F-test mask and the resulting mask was
transformed back to the individual subject space. Next, average (mean) Z scores and %SC
values across the ROI were extracted from each individual single-subject statistical map in
the specified mask using the Featquery tool, part of FSL. The obtained values were plotted
and compared group-wise using paired Wilcoxon signed-rank test and correlated with the

ain intensity covariate usin earman’s correlation coefficient.
tensity t S ’ lat fficient
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5.4. Study III (TMS)

Ratios of normalised MEP responses (After/Before) were calculated to evaluate the effect of
both interventions (Rosenkranz and Rothwell, 2006a). Differences between HS and AS
were evaluated for SICI (ISI 3 ms) and ICF (ISI 15 ms) using linear regression analysis with

difference between mean force for HS and AS as an independent variable.

5.5. Study IV (HRV)

As data from the “supine 1” phase may be influenced by interfering factors both somatic
and psychological (e.g., pre-examination stress, new experimental situation, white-coat
syndrome, etc.), heart rate, SAHRV and respiration rate obtained during the third phase of
the test, “supine 2” (supine position following orthostatic load in the prior standing), were
used for statistical analysis (see also Opavsky, 2002; Opavsky and Salinger, 1995; Salinger
et al., 1998).

The acquired data were processed with the software Statistica 12 (StatSoft, Tulsa, OK,
USA). For within-subject effects, the non-parametric paired Wilcoxon signed-rank test was
used, whereas between-session effects for the respiratory rate and the degree of

stimulation-related discomfort were tested with the Mann-Whitney U test.
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IX. RESULTS

1. Study I and II (fMRI): Behavioural data

In all subjects, the therapist observed discrete irregular focal muscle contractions in the

stimulated extremity during stimulation, but no gross limb or trunk movements.

For technical reasons, continuous pressure recordings were only obtained in 15 subjects.
The mean force applied at the sensor during HS was 22.33 N (SD 11.64 N) and 26.45 N (SD
9.72 N) during AS. The difference was not significant (p = 0.32, two-sample #-test). A paired
t-test was possible in 11 subjects with a non-significant difference (p = 0.22, mean
difference HS - AS=-3.94 N, SD 9.96 N).

After HS, the median reported discomfort/pain intensity (VAS) was 1.85 (range 0-6.9),
while it was 0.90 after AS (range 0-5.5). HS was thus associated with significantly higher
discomfort/pain intensity than AS (p < 0.01, Wilcoxon signed-rank test), with median
difference 1.25 (range —5.0-6.4). The difference in discomfort/pain rating has been therefore
included as a covariate in the Study I (fMRI during stimulation) in Contrast 1.4 (HS - AS).
Likewise, Contrast I1.4 (H2 — H1 vs. A2 — Al) in Study II (fMRI of stimulation after-effects)

was evaluated with and without the discomfort/pain rating as a covariate.

2. Study I (fMRI during stimulation): Imaging results

The study results were published as an original paper: Hok, P., Opavsky, J., Labounek, R.,
Kutin, M., Slachtov4, M., Tiidés, Z., Kanovsky, P, Hlustik, P, 2019. Differential Effects of
Sustained Manual Pressure Stimulation According to Site of Action. Front. Neurosci. 13,
722. https://doi.org/10.3389/fnins.2019.00722 WoS 2018: IF 3.648, Rank: 92/267

2.1. Heel and Ankle: Mean activation maps and their conjunction

Group Contrasts 1.1 (HS) and 1.2 (AS) yielded separate Z statistical maps depicting areas
with significant response either to HS or to AS (Fig. 3). The areas involved in the
somatosensory processing of the pressure stimulation of each site overlapped partially
(spatial correlation between thresholded Z statistical maps for HS and AS was 0.56 using
Pearson correlation coefficient). The overlapping areas (binary conjunction, see yellow
overlay in Fig. 3, row C) included mainly the left dorsomedial primary somatosensory and
motor cortex (S1 and M1, respectively) in the somatotopic representation of the stimulated
lower limb and the bilateral parietal operculum cortices (S2). Less extensive overlap was

observed in the more posterior right postcentral gyrus and SPL, i.e., ipsilateral to the
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stimulated limb. Both stimulation sites were also associated with signal changes in
bilateral dorsolateral sensorimotor cortex (primary SMC, ie., S1 and MIl) in the
somatotopic representation of the upper limb and face (Long et al., 2014). These were later
identified as transient deactivations, see below. Further similarities between the responses
to stimulation at either site were found in the left prefrontal and bilateral parietooccipital
cortices, bilateral lingual gyri and thalami, but the involved areas mostly did not overlap.
Several qualitative differences were observed: AS was associated with more involvement
of temporal and prefrontal areas in the left hemisphere, whereas HS elicited responses in

the left insular and bilateral frontal operculum cortices and the brainstem in the

contralateral (left) pons.

@ O

Figure 3. Areas associated with sustained pressure stimulation. The red-yellow Z statistical overlays in the
top and middle rows represent significant F-tests of mean response to heel stimulation (HS, Contrast 1.1)
and ankle stimulation (AS, Contrast 1.2). The bottom row shows the binary conjunction (C) of HS and AS
(red = heel, blue = ankle, yellow = conjunction of both). The images were superimposed on top of a grey-
scale mean T;-weighted background image. Clusters of activation were determined by Z > 5 and
thresholded at corrected p < 0.05. The slices are numbered according to coordinates in the Montreal
Neurological Institute (MNI) 152 standard space template. The right is right, according to neurological

convention.
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The analysis of pooled data (Contrast 1.3 [HS + AS], sum of all colour overlays in Fig. 4A)
yielded significant effects in all areas associated with either HS or AS alone. Therefore,

a complete list of clusters with anatomical labels is only provided for Contrast 1.3
(HS + AS; see Table 2).

A 8.8 C

[ "Task-positive"

0 20 40 s
— Heel Pressure
—— Ankle ON block

Figure 4. Timecourses of BOLD signal in the significant clusters. In panel (A), the colour Z statistical
overlays represent together significant F-test of mean pooled response to both heel (HS) and ankle

stimulation (AS). Significant clusters were separated into three colour-coded groups (red, green, and blue)
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according to the shape of haemodynamic response function (HRF), as explained in panels (B,C). For
remaining conventions in panel (A), see Fig. 3. In panel (B), the left matrix (Heel) represents cross-
correlations of haemodynamic responses in 30 largest clusters from panel (A) as measured during HS,
whereas the right matrix (Ankle) represents cross-correlations observed during AS. Both matrices are
identically ordered according to the minimal Euclidean distance between neighbouring clusters in Heel
condition (see section “VIIL.5.2.3. Post-hoc ROI analysis: Mean condition effects”). Note the two well-
formed anti-correlated subsystems in Ankle condition (right matrix), encoded in red and blue on the
horizontal bar above the matrix. In Heel condition, another subsystem emerges in addition to the previous
two. The three networks are encoded in red, green and blue. In panel (C), the plots display median (solid
dark line) and inter-quartile range (semi-transparent fill) of HRF across all clusters in each network from
panels (A,B) (from top to bottom: red, green, and blue). In the middle plot, a smaller plot represents
a single cluster with a distinct timecourse during AS. Abscissa represents time since the block onset in s,
whereas ordinate represents fitted blood oxygenation level-dependent response in arbitrary units. Dashed
orange line shows the average applied pressure function (scaled to fit the plot), whereas the orange bar

below indicates the duration of the stimulation block (ON).

2.2. Characterising temporal dynamics: Post-hoc ROI analysis

The ROI analysis of the clusters obtained from Contrast 1.3 (HS + AS) was limited to the
30 biggest clusters with more than 5 voxels (see Table 2 for a complete list). The median
group-wise beta parameters were highly correlated with the first principal component in
all but one cluster, namely, Cluster 1. In this cluster, the first PC was dominant for both
stimulation sites (r > 0.75) in 2,798 voxels (47.5% of the original cluster size), which were
used to extract the representative response timecourse. The remaining voxels were not

considered.
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Table 2. Significant F-test clusters in Contrast 1.3 (HS + AS): Overall stimulation effect

Cluster Anatomical atlas labels® Cytoarchitectonic atlas labels® Volume Cluster Zp.. Zy.x MNI
m [em?] P coordinates
(HS/AS) (xyr2 [mm])
1 15.5% L Frontal Pole 14.6% L Broca's Area BA45 47.10 <0.001 8.21 -50, 24, -10
P/P 11.4% L Parietal Operculum C  10.1% L Inferior Parietal Lobule PF
10.8% L Angular G 9.6% L Secondary Somatosensory C /

9.0% L Supramarginal G, p. d. Parietal Operculum OP1

7.5% L Central Opercular C 8.8% L Inferior Parietal Lobule PFm

5.9% L Inferior Frontal G, 8.6% L Inferior Parietal Lobule PGa
pars triangularis 6.3% L Inferior Parietal Lobule PFcm

5.8% L Supramarginal G, a. d.

2 23.2% R Lateral Occipital C,s.d. 19.9% R Visual C V2 BA18 39.51 <0.001 8.04 -16,-88,32
N/N 21.2% R Lingual G 6.9% R Visual C V1 BA17
16.8% L Lateral Occipital C,s.d. 6.1% L Superior Parietal Lobule 7A
7.3% R Occipital Pole 6.1% L Visual C V2 BA18
5.9% R Cuneal C
5.5% L Cuneal C
3 20.8% L Postcentral G 21.3% L Premotor C BA6 33.38 <0.001 8.79 -14,-40,70
P/P 16.6% L Superior Frontal G 14.7% L Primary Motor C BA4a
14.8% L Precentral G 11.2% L Superior Parietal Lobule 5L
9.3% R Precuneous C 10.1% R Superior Parietal Lobule 5L
9.2% L Precuneous C 9.0% L Superior Parietal Lobule 7A

7.2% L Superior Parietal Lobule 6.1%L Superior Parietal Lobule 5M
5.7% R Superior Parietal Lobule

4 20.9% R Supramarginal G, p. d. 22.4% R Inferior Parietal Lobule PF 28.24 <0.001 821 56,-50,10
P/P 16.3% R Parietal Operculum C = 17.6% R Inferior Parietal Lobule PGa
13.2% R Angular G 13.2% R Secondary Somatosensory C /

12.7% R Supramarginal G, a. d. Parietal Operculum OP1
10.1% R Superior Temporal G,  12.0% R Inferior Parietal Lobule PFm
p-d. 10.8% R Inferior Parietal Lobule PFcm
9.4% R Middle Temporal G,
temporooccipital part
7.9% R Planum Temporale

5 63.7% R Precentral G 34.3% R Premotor C BA6 25.13 <0.001 8.21 42,-14,36
N/N 36.0% R Postcentral G 14.3% R Primary Somatosensory C
BA3b

12.7% R Primary Motor C BA4a

11.2% R Primary Somatosensory C BA1
8.9% R Primary Motor C BA4p

5.3% R Primary Somatosensory C BA3a

6 54.8% L Precentral G 24.3% L Premotor C BA6 19.50 <0.001 8.21 -50,-8,34
N/N 45.2% L Postcentral G 17.7% L Primary Somatosensory C BA1
14.3% L Primary Somatosensory C
BA3b

12.8% L Primary Motor C BA4p
10.9% L Primary Motor C BA4a
7.9% L Primary Somatosensory C BA3a
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a. d.

20.0% R Hippocampus Subiculum

Cluster Anatomical atlas labels® Cytoarchitectonic atlas labels® Volume Cluster Zp.. Zy.x MNI
Response [em?] P coordinates
(HS/AS) (xyz [mm])
7 62.0% L Lingual G 26.2% L Visual C V2 BA18 14.12 <0.001 8.04 -16,-58,-10
N/N 13.7% L Cerebellum V 20.9% L Visual C V4
11.0% L Precuneous C 11.1% L Visual C V1 BA17
10.4% L Occipital Fusiform G~ 9.5% L Visual C V3V
9.7% L Cerebellum VI
5.4% L Temporal Occipital
Fusiform C
8 50.9% R Thalamus N/A 5.06 <0.001 7.84 8 -16,12
0,
P/P 43.8% L Thalamus
9 95.1% R Lateral Occipital C, i. d. 54.7% R Visual C V5 2.75 <0.001 6.72 44,-78,6
N/N 14.2% R Visual C V4
12.8% R Inferior Parietal Lobule PGp
10 54.2% R Cingulate G, p. d. N/A 0.86 <0.001 6.63 4,-16,32
p/P 24.3% L Cingulate G, p. d.
15.0% R Cingulate G, a. d.
6.5% L Cingulate G, a. d.
11 99.0% R Central Opercular C 75.0% R Secondary Somatosensory C/  0.77  <0.001 7.17  50,2,6
S/p Parietal Operculum OP4
13.5% R Secondary Somatosensory C /
Parietal Operculum OP3
7.3% R Broca's Area BA44
12 33.3% R Frontal Orbital C 43.3% R Broca's Area BA45 048 <0.001 7.00 50,18, -8
s/p 28.3% R Temporal Pole 33.3% R Primary Auditory C TE1.2
21.7% R Inferior Frontal G,
pars triangularis
11.7% R Frontal Operculum C
13 89.7% L Lateral Occipital C, s.d. 100.0% L Superior Parietal Lobule 7A 046 <0.001 5.73 -28,-64,58
o . .
N/N 10.3% L Superior Parietal
Lobule
14 79.1% R Occipital Pole 86.0% R Visual C V3V 034 <0.001 570 32,-92,0
N/N 20.9% R Lateral Occipital C, i. d. 9.3% R Visual C V4
15 81.4% L Middle Frontal G 32.6% L Premotor C BA6 0.34 <0.001 7.02 -30,16,60
N/N 18.6% L Superior Frontal G
16 79.5% L Cingulate G, a. d. 64.1% L Premotor C BA6 0.31 <0.001 6.15 -10,-4,40
0,
P/P 20.5% L SMA
17 54.8% R Cingulate G, p. d. 96.8% R Superior Parietal Lobule 5Ci 025 <0.001 5.70 12,-30,42
P/P 25.8% R Precuneous C
19.4% R Precentral G
18 100.0% R Hippocampus 80.0% R Hippocampus Cornu 024 <0.001 5.83 26,-16,-16
N/N 20.0% R Parahippocampal G, Ammonis
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Cluster Anatomical atlas labels® Cytoarchitectonic atlas labels® Volume Cluster Zp.. Zy.x MNI
Response [em?] P coordinates
(HS/AS) (xyz [mm])
19 48.3% R Frontal Orbital C N/A 023 <0.001 542 32,26,0
s/p 41.4% R Insular C
10.3% R Frontal Operculum C
20 92.6% Brain-Stem N/A 0.22 <0.001 6.04 -8,-28,-6
P/P 7.4% L Thalamus
21 87.0% L Paracingulate G N/A 0.18 <0.001 5.72 -6,44,622
/N 13.0% R Paracingulate G
22 100.0% Brain-Stem N/A 0.18 <0.001 5.93 -8, -30,-34
S/P
23 100.0% R Lingual G 85.7% R Visual C V2 BA18 0.17 <0.001 5.31 8, -82,-10
o .
N/N 14.3% R Visual C V1 BA17
24 100.0% L Frontal Pole N/A 0.16 <0.001 5.69 -18,54,30
N/N
25 100.0% L Frontal Pole N/A 0.14 0.001 5.67 -18,62,22
N/N
26 100.0% R Inferior Frontal G, 64.7% R Broca's Area BA45 0.14 0.001 5.47 54,20,16
S/p pars opercularis 35.3% R Broca's Area BA44
27 100.0% L Middle Frontal G 18.8% L Premotor C BA6 0.13 0.001 5.45 -42,12,54
N/N
28 100.0% R Cingulate G, p. d. N/A 0.12 0.001 5.63 6,-40,24
P/P
29 100.0% R Cerebellum VIIIb N/A 0.11 0.001 6.17 18,-46,-54
P/P 7.1% Brain-Stem
30 100.0% L Insular C 25.0% L Broca's area BA44 0.06 0.002 537 -36,22,-2
S/P

Abbreviations: a. d. — anterior division; AS — ankle stimulation; C — cortex; BA — Brodmann area; G — gyrus; HS —
heel stimulation; i. d. — inferior division; L — left; N — task-negative; N/A — not available; MNI — Montréal

Neurological Institute; P — task-positive; p. d. — posterior division; R — right; S — sustained task-positive; s. d. —
superior division; SMA — supplementary motor area (also juxtapositional lobule cortex); Z..« — maximum Z score.

) Anatomical and cytoarchitectonic labels are provided including the proportion of labelled voxels. Only labels
consisting at least 5% of activated voxels are provided. Note that cerebellar labels may overlap with cortical labels and
that cytoarchitectonic labels do not cover the whole brain.
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In the 30 evaluated clusters, the modelled BOLD responses could be mostly separated into
two distinct subsystems with anti-correlated timecourses (Fig. 4B). This was especially
apparent in AS. Therefore, all clusters in AS condition and most clusters in HS condition
were labelled either as “task-positive” or “task-negative” based on the sign of the
immediate BOLD signal change. According to the timecourse plots, the median activation
in the task-positive subsystem (“Task-positive” plot in Fig. 4C) increased immediately
after the stimulation onset and peaked at 3.75 s, namely, at the centre of the second volume
after onset. It decreased back to baseline as early as 10 s after onset. Following the
stimulation offset, activation transiently increased again and remained positive 0 to
17.5 s after offset, peaking at 8.75 s. As opposed to the task-positive areas, the responses in
the second subsystem (“Task-negative” plot in Fig. 4C) involved deactivations at the onset
and at the offset of the stimulation. The median response remained negative 5 to
12.5 s after onset and 5 to 17.5 s after offset. Please note that the real time resolution of the

plots is roughly 5 s, which is the approximate width of a single regressor spanning 2 TR.

Whereas there were only two subsystems with homogeneous responses in AS, a third type
of response could be distinguished in HS (see dendrograms in Fig. 5). The 23 clusters with
consistent task-positive or task-negative responses, which were similar in both conditions
are represented by red and blue overlay, respectively, in Fig. 4A. The responses in the
remaining 7 clusters in HS condition followed a distinct timecourse that deviated from the
common task-positive or task-negative pattern (compare the matrices in Fig. 4B; see also
Fig. 5, dendrogram “Heel”). Six out of these clusters were task-positive in AS and one was
task-negative in AS, including the right frontal and central opercular cortex, inferior
frontal gyrus, frontal orbital cortex, bilateral anterior insular cortex, left paracingulate
gyrus and the left pons (see green overlay in Fig. 4A). In these clusters, the initial response
in HS condition remained positive for the duration of the stimulation block (peak at
8.75 s after onset) instead of dropping immediately to baseline. After the offset, the second
positive response could be observed at 8.75 s after offset. Therefore, the subsystem was
labelled as “sustained task-positive” (compare the red solid line representing HS to the

blue line representing AS in “Sustained” plot in Fig. 4C).

103



Heel Ankle

8 8
367 86
c c
8 3
2 2
T4t T4
s | S
3 3
52 27
, LT | th AATI0 | LeTarha mﬂﬁﬁwﬁ
1 2 3 1 2
Network Network

Figure 5. Hierarchical clustering of group-wise BOLD signal responses. Dendrograms illustrate
agglomerative hierarchical clustering of correlation coefficients of BOLD signal responses in significant
clusters obtained from Contrast 1.3 (AS + HS, i.e, mean pooled response to both heel and ankle
stimulation). On the left, clusters are grouped according to distance of correlation coefficients in Heel
condition, whereas on the right, responses were clustered in Ankle condition. Abscissa represents the
Euclidean distance between clusters, whereas ordinate represents correlation coefficient vectors, one per
a significant cluster in Contrast 1.3. Colours distinguish clusters as indicated by Calinski-Harabasz

criterion (Calinski and Harabasz, 1974).

2.3. Heel versus Ankle: Within-subject differences between conditions

Contrast 1.4 (HS — AS) yielded a map of average within-subject differences between HS
and AS (Fig. 6A), as well as the interaction with the self-reported discomfort/pain intensity
(Fig. 6B). The differences between HS and AS were observed in the IPL (area PGp;
Cluster 1 in Fig. 6A) and in the left M1 and PMC in the somatotopic representation of the
lower limb (BA 4a and 6; Cluster 2 in Fig. 6A). The discomfort/pain effect (Contrast 1.5
[Pain]) was observed in the left SPL (BA 7A and 5L; Cluster 1 in Fig. 6B) posterior to the
Cluster 2 in Contrast 1.4 (HS — AS). A complete list of clusters with their anatomical labels
is provided in Table 3.
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Figure 6. Significant differences according to stimulation site. In panel (A), the colour Z statistical overlays
represent significant F-test of within-subject differences between the heel (HS) and ankle stimulation (AS),
i.e., Contrast .4 (HS - AS). The two clusters (labelled anatomically in Table 3) are coded either in red, if HS
yielded higher activation than AS, or in blue, if the opposite was the case. The plots on the right side of
each slice display median (solid dark line) and inter-quartile range (semi-transparent fill) of the modelled
haemodynamic response function in the specified cluster across all subjects (HS in red, and AS in blue).
Grey bars and background indicate epochs (each epoch represents one finite impulse response basis
function) that significantly differed between HS and AS (Wilcoxon signed-rank test). Differences were
significant at uncorrected p<0.05, "p<0.01, or ~ p <0.001 (post-hoc confirmatory analysis). For remaining
conventions see Fig. 4. In panel (B), a cluster showing significant correlation between pain difference
HS - AS and activation difference (HS - AS) is displayed in green (see Contrast 1.5 [Pain] in the
“VIIL5.2.2. Statistical analysis”). In the corresponding timecourse plot, green bars and background
indicate significant correlation according to Spearman’s correlation coefficient (¢), which is plotted as
a green dotted line (the ordinate range is marked on the right). Note that correlations were significant in
different areas and epochs than the significant differences between activation levels in HS and AS. For

remaining conventions see panel (A).
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Table 3. Significant clusters in Contrasts 1.4 and L.5: Differences between stimulation sites

and pain effect

Contrast Cluster Anatomical atlas labels® Cytoarchitectonic atlas labels® Volume Cluster Zy.x Zn.x MNI
index [em?] P coordinates
(xyz [mm])
Contrast 1 100.0% L Lateral Occipital C, ~ 81.5% L Inferior Parietal 2.81 0.003 7.00 -30,-80, 48
L4 s.d. Lobule PGp
HS - AS 7.1% L Inferior Parietal Lobule
PGa
5.1% L Superior Parietal
Lobule 7A
2 48.5% L Postcentral G 65.0% L Primary Motor C 2.08 0.014 6.74 -4,-36,74
36.5% L Precentral G BA4a
8.8% R Precentral G 18.1% L Premotor C BA6
6.2% R Postcentral G 8.5% R Primary Motor C BA4a
Contrast 1 53.0% L Superior Parietal 46.0% L Superior Parietal 1.58 0.043 4.16 -8,-48,70
L5: Lobule Lobule 5L
Pain effect 29.8% L Postcentral G 45.5% L Superior Parietal
12.1% L Lateral Occipital C, Lobule 7A
s. d.

5.1% L Precuneous Cortex

Abbreviations: AS — ankle stimulation; C — cortex; BA — Brodmann area; G — gyrus; HS — heel stimulation; L — left;
MNI — Montréal Neurological Institute; R — right; s. d. — superior division; Z,.« — maximum Zscore.

) Anatomical and cytoarchitectonic labels are provided including the proportion of labelled voxels. Only labels
consisting at least 5% of activated voxels are provided. Note that cerebellar labels may overlap with cortical labels and
that cytoarchitectonic labels do not cover the whole brain.

The ROI analysis of clusters in Contrast 1.4 (HS - AS; see Table 3) revealed that the
modelled BOLD response in the left M1 and PMC (Cluster 2 in Fig. 6A) was significantly
higher in HS condition. This was observed mostly during short activation increases after
stimulation onset and offset. In contrast, activation levels in the left IPL (Cluster 1 in
Fig. 6A) were higher in AS condition than in HS condition. The differences in the IPL were
spread almost over the entire stimulation block and the subsequent rest. The ROI analysis
of the cluster obtained from Contrast 1.5 (Pain) showed that the discomfort/pain difference
(HS - AS) was negatively correlated with the difference in activation levels (HS — AS). The
significant correlations were detected during the sustained phase of the stimulation

(Fig. 6B).
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3. Study II (fMRI of stimulation after-effects): Imaging results

The study results were published as an original paper: Hok, P, Opavsky, J., Kutin, M.,
Tidos, Z., Kanovsky, P, Hlustik, P, 2017. Modulation of the sensorimotor system by
sustained manual pressure stimulation. Neuroscience 348, 11-22.
https://doi.org/10.1016/j.neuroscience.2017.02.005 WoS 2017: IF 3.382, Rank: 105/261

3.1. Mean fMRI activation during sequential finger opposition (SFO)

As illustrated in Fig. 7, the analysis of mean activation pooled across all conditions (H1,
H2, Al, and A2) yielded a single significant cluster representing predominantly
contralateral (left) frontoparietal and subcortical sensorimotor areas, as well as
predominantly contralateral midbrain and pons, and ipsilateral (right) cerebellar

hemisphere and vermis.

L 2.3z 8.4 R

Figure 7. Mean activation during sequential finger opposition. The red-yellow Z statistical overlay
represents mean activation during the right hand sequential finger opposition pooled across all runs and
sessions. The image was superimposed on top of a grey-scale mean T;-weighted background image.
Clusters of activation were determined by Z> 2.3 and thresholded at corrected p < 0.05. The axial slices are
numbered over the z axis of the Montreal Neurological Institute (MNI) 152 standard space template.
Panels (a) (top view) and (b) (left lateral view) show the statistical overlay on top of a three-dimensional

reconstructed cortical surface. The right is right, according to neurological convention.
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3.2. Differences between baseline conditions

The ttest comparing the condition H1" and condition Al (i.e., the baseline at the first

session) did not show any significant difference at the whole-brain level.

3.3. Repetition effects: Mean activation difference before and after the
stimulation

The paired ttest before and after the stimulation averaged across both sessions showed

that there was no significant mean activation increase after the stimulation. However, it

revealed a decrease in activation in several areas, including the bilateral SMA and lateral

PMC (lateral BA 6); SPL (mainly BA 7); S1 (mainly BA 2); intracalcarine (V1, V2) and

ventral visual occipital cortex (V4); cerebellar hemispheres (mainly lobule VI) and vermis

(blue in Fig. 8). Significant clusters are summarised in Table 4.

e & OO

z=172 z =56 z=40 z=24

z=-24 z=-40 y = -38

L 2.3z 3.6 2.3z 3.7 2.3EmEx 4.7 R

Figure 8. Mean activation decrease post-stimulation and interaction between condition and repetition. The
blue Z statistical overlay represents a decrease in task-related activation after the stimulation common to
both conditions, i.e., Contrast IL.3: (H1 + Al) - (H2 + A2). The red-yellow Zstatistical overlay shows
significant F-test of interaction between the condition and repetition (Contrast II.4: H1 - H2 v. A1 - A2)
with the pain intensity covariate. The green Zstatistical overlay shows the significant F-test of the pain

covariate effect in the interaction (Contrast II.5). Remaining conventions, see Fig. 7.
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Table 4. Significant clusters in Contrast I1.3: Comparison before and after stimulation

Contrast Anatomical atlas labels® Cytoarchitectonic atlas labels  Volume Cluster Zn. Zumax MNI
[em?] p coordinates
(%2 [mm])
Contrast 22.9% R cerebellar hemisphere 8.0% L visual C V1 (BA17) 989 <0.001 4.75 -26,-68,-18
I.3: (10.7% right VT) 7.7% R visual C V1 (BA17)
(H1+ Al) 15.7% L cerebellar hemisphere 7.4% L visual C V4
> (7.3% left VI) 6.3% L visual C V2 (BA18)
(H2 +A2) 14.3% Llingual G 5.6% R visual C V2 (BA18)
original 10.3% R lingual G
data  8.6% L occipital fusiform G
6.4% R occipital fusiform G
6.1% L intracalcarine C
6.0% R intracalcarine C
6.0% R temporooccipital fusiform C
5.0% cerebellar vermis
38.6% R superior parietal lobule 33.4% R superior parietal lobule 17.6  <0.001 4.59 42,-40, 64
30.5% R postcentral G (BA?)
16.3% R lateral occipital C 25.9% R primary somatosensory C
13.9% R supramarginal G (BA2)
15.1% R inferior parietal lobule
8.3% R primary somatosensory C
(BA1)
7.7% R superior parietal lobule
(BA5)
38.6% R precentral G 93.8% R premotor C (BA6) 11.3  <0.001 3.58 16,-14, 68
31.3% R SMA 5.5% L premotor C (BA6)
17.0% R superior frontal G
65.7% L superior parietal lobule 78.5% L superior parietal lobule 10.3  <0.001 4.50 -30,-56, 64
32.7% L lateral occipital C (BA?)
11.2% L primary somatosensory C
(BA2)
49.6% L precentral G 97.4% L premotor C (BA6) 6.0 0.017 347 -42,0,60
35.7% L superior frontal G
9.0% L middle frontal G
5.7% L SMA

Abbreviations: A1 — condition before AS; A2 — condition after AS; AS — ankle stimulation; BA — Brodmann area; C
— cortex; G — gyrus; H1 — condition before HS; H2 — condition after HS; HS — heel stimulation; L — left; N/A —
not available; MNI — Montréal Neurological Institute; R — right; SMA — supplementary motor area (also
juxtapositional lobule cortex); Z,.« — maximum Z score.

) Anatomical and cytoarchitectonic labels are provided including the proportion of labelled voxels. Only labels
consisting at least 5% of activated voxels are provided. Note that cerebellar labels may overlap with cortical labels and
that cytoarchitectonic labels do not cover the whole brain.
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3.4. Heel versus Ankle: Interaction between stimulation site and task
repetition

The F-test of two-by-two interaction between the condition and repetition (H2 — H1 vs.
A2 - Al) yielded a single significant cluster in the left ventral pons and bilateral
pontomedullary junction at the base of the 4" ventricle. The cluster extended to the
bilateral cerebellar hemispheres and vermis (mainly bilateral lobule IX and less right
lobule VIII), bilateral interposed and the right dentate nucleus (red-yellow in Fig. 8), while
there was no significant interaction in the cerebral cortex, thalamus or basal ganglia. The
significance of the cluster in the brainstem was not affected by adding the pain intensity
covariate and the same cluster was also observed in the confirmatory analysis using non-
parametric thresholding (Randomise). Although additional data de-noising using ICA-
AROMA (Pruim et al., 2015a, 2015b) led to decrease in the F-test cluster volume in each
analysis, it remained significant in most analyses. These results are summarised in Table 5.
To maintain clarity, only the results of original data analysis are further presented and
discussed. The F-test cluster resulting from parametric analysis of interaction with pain
intensity covariate is further referred to as the hindbrain cluster. The post-hoc voxel-wise
t-test within the hindbrain cluster showed that only the contrast H2 - H1 > A2 - Al was

significant.

Table 5. Significant F-test clusters for Contrasts II.4 and IL.5: Interaction and pain effect

Contrast Anatomical atlas labels® Cytoarchitec- Volume Cluster Z.x ZnxMNI
tonicatlas  [cm’] P coordinates
labels® (%,y,z [mm])
Contrast I1.4: 50.3% brainstem N/A 8.17 0.004 3.68 -4,-36,-40
(H2-H1v. A2- A1) 25.7% R cerebellar hemisphere (15.3% right
without pain IX, 7.6% right VIII)
covariate (F-testin  15.4% vermis (9.0% vermis IX)
FEAT) 9.2% R dentate nucleus
original data 9.0% L cerebellar hemisphere (7.2% left IX)
Contrast I1.4: 42.0% brainstem N/A 4.94 0.034 3.40 -2,-54,-38
(H2-H1v. A2- A1) 30.6% L cerebellar hemisphere (30.5% left IX)
without pain 27.4% vermis (16.9% vermis IX, 6.3% vermis
covariate (F-test in X)
FEAT) 26.6% R cerebellar hemisphere (19.4% right

de-noised data IX, 7.1% right VIII)

Contrast I1.4: 51.4% brainstem N/A 7.98 0.004 3.64 -6,-38,-40
(H2-H1v. A2~ A1) 25.2% R cerebellar hemisphere (16.0% right
with pain covariate  IX, 6.7% right VIII)
(F-test in FEAT) 15.5% vermis (8.7% vermis IX)
original data 9.1% R dentate nucleus
8.9% L cerebellar hemisphere (7.1% left IX)
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Contrast Anatomical atlas labels® Cytoarchitec- Volume Cluster Z.. Zunax MNI

tonicatlas  [em’] P coordinates
labels® (X,y,z [mm])
Contrast I1.4: 39.2% brainstem N/A 506  0.029 3.80 30,-54,-52
(H2-H1v. A2- A1) 32.8% R cerebellar hemisphere (18.7% right
with pain covariate  IX, 13.3% right VIII)
(Ftestin FEAT)  27.7% L cerebellar hemisphere (27.5% left IX)
de-noised data 25.6% vermis (16.6 vermis IX, 6.2% vermis X)
Contrast I1.4: 58.8% brainstem N/A 4.74 0.048 5.27° -4,-38,-42
(H2-H1>A2-A1) 27.2% R cerebellar hemisphere (17.1% right
with pain covariate  IX, 7.9% right VIII)
(#test in Randomise) 14.2% vermis (7.4% vermis X, 5.1% vermis IX)
original data 9.8% R dentate nucleus
8.4% L cerebellar hemisphere (7.9% left IX)
Contrast I1.4: 45.3% brainstem N/A 325  0.081° 4.49° -8 -50,-36
(H2 -H1>A2-A1) 30.5% L cerebellar hemisphere (30.5% right IX)
with pain covariate 30.3% R cerebellar hemisphere (30.3% right IX)
(#test in Randomise) 28.3% vermis (20.4% vermis IX, 6.9% vermis X)
de-noised data
Contrast I1.5: 37.5% R inferior frontal G, pars triangularis 56.1% 5.55 0.03 3.75 58,2210
Correlation of 20.0% R frontal orbital C R Broca’s
(H2-Hl1v.A2-Al) 17.9% R insular C area (BA45)

with pain intensity ~ 10.8% R frontal operculum C
difference (H>A)  7.6% R inferior frontal G, pars opercularis
original data 5.8% R temporal pole

Abbreviations: A1 — condition before AS; A2 — condition after AS; AS — ankle stimulation; BA — Brodmann area; C
— cortex; FEAT — FMRIB’s Local Analysis of Mixed Effects; G — gyrus; H1 — condition before HS; H2 — condition
after HS; HS — heel stimulation; L — left; N/A — not available; MNI — Montréal Neurological Institute; R — right;
Zmax — Maximum Z score.

) Anatomical and cytoarchitectonic labels, including the proportion of labelled voxels. Only labels consisting at least
5% of activated voxels are provided. Note that cerebellar labels may overlap with cortical labels and that
cytoarchitectonic labels do not cover the whole brain.

® Maximum #score listed instead of 7.

) Cluster was listed despite non-significant ttest to allow comparison among performed analyses.

The effect of pain intensity yielded one cluster encompassing the right inferior frontal
gyrus (BA 45), anterior insular cortex, frontal operculum, and frontal orbital cortex, as
shown in green in Fig. 8 and Table 5. This cluster is further referred to as insulo-opercular

cluster.
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3.5. Decomposing the interaction: Post-hoc ROI analysis

The ROI analysis of average Z scores derived from the hindbrain cluster (Contrast I1.4)
showed that the activation increased significantly after the HS (H2 - HI1: median
Zdifference = 0.63, p < 0.001, uncorrected), and decreased significantly after the AS
(A2 - Al: median Z difference = 1.1, p < 0.001, uncorrected), see Fig. 9. Likewise, the two
effects differed significantly (p <0.001, uncorrected).
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Figure 9. Post-hoc analysis of significant F-test. The box plots show average effects of main conditions in
individual subjects extracted from the significant voxels in the hindbrain cluster (Contrast I1.4). Gray
boxes indicate average Z scores, whereas the white boxes indicate the average percent signal change
(%SC) of the same conditions. The conditions are: H1 — before heel stimulation, H2 — after the heel
stimulation, A1 — before the ankle stimulation, and A2 — after the ankle stimulation. Each box shows the
interquartile range, median (inner horizontal line), extreme (whiskers) and outlier values (crosses). The
asterisks above each box and above the horizontal lines indicate conditions and differences where Z scores

were significantly different from zero at p < 0.05, using Wilcoxon signed-rank test.

In contrast, the insulo-opercular cluster representing the pain intensity effect did not show
any significant difference in Z scores between the conditions or task repetitions (p > 0.05,
uncorrected). The post-hoc ROI analysis confirmed that the interaction in Z scores
(H2 - H1) > (A2 - Al) in the insulo-opercular cluster was negatively correlated with the
pain intensity difference (HS — AS), see Fig. 10. The o was 0.54 (p = 0.006, uncorrected). In

other words, the higher the perceived pain during the stimulation, the larger the decrease
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in the BOLD response in the insulo-opercular cluster after the stimulation (i.e., in H2 or
A2) relative to baseline (H1 or Al). However, the activation differences between the task
repetitions (i.e., H2 — H1 and/or A2 - Al) were not significantly correlated with the
average pain intensity in HS or AS condition (p > 0.05, uncorrected). Likewise, none of

these correlations were significant in the hindbrain cluster (p > 0.05, uncorrected).
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Figure 10. Correlation with pain intensity. The scatter plot shows negative correlation between the self-
reported pain intensity difference heel stimulation — ankle stimulation (H - A) and the within-subject
interaction (H2 - H1 > A2 — Al) represented by Z scores extracted from the pain effect cluster in the right
frontal operculum and insula (Contrast I1.5). Each circle represents a single subject, while the solid line

represents the least-squares linear fit.
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4. Study II (TMS)

The study is a part of a manuscript under preparation: Hok, P., Nevrly, M., Otruba, P,
Valosek, J., Trneckova, M., Kutin, M., Opavsky, J., Kanovsky, P, Hlustik, P. Decreased

intracortical inhibition after peripheral manual pressure stimulation. In preparation.

4.1. Behavioural data

Due to hardware technical issues, complete continuous force measurements were only
obtained in 14 subjects. The mean force applied during HS was 14.30 N (SD 3.79 N), and
20.75 N (SD 9.24 N) during AS. The difference was significant (p = 0.03, Student's paired
t-test).

After HS, the median reported pain/discomfort intensity (VAS) was 4.40 (inter-quartile
range [IQR] 3.25-5.55), while it was 4.10 (IQR 2.90-5.75) after AS. The difference was not
significant (p = 0.45, Wilcoxon signed-rank test), with median difference 0.10 (IQR
HS - AS: -0.70-1.65).

4.2. Electrophysiology

No participant reported any side effects of the pTMS. The mean size of the unconditioned
MEP did not differ significantly before and after the stimulation in any condition
(Student’s paired t-test, Fig. 11).
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Figure 11. Unconditioned MEP sizes. Dot-and-whisker plots show (single-pulse) average unconditioned
MEDP sizes in mV for the right and the left hand (right hand [RH] and left hand [LH], respectively), either

for the heel or ankle stimulation (HS and AS, respectively) session. Values before the stimulation are
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shown with white downward pointing triangles, whereas values after the stimulation are shown with
black upward pointing triangles. Whiskers indicate standard deviation (SD). There were no significant
differences between any of the baseline and post-stimulation means (N =19, pruns = 0.83, pru.as = 0.66,

Puuas = 0.11, praas = 0.23, paired Student’s #test).

4.2.1. Heel versus Ankle: pTMS results

Using linear regression analysis, we found a significant difference in the normalised MEP
ratios (After/Before) for SICI (ISI 3 ms) in the right hand (RH, mean MEP ratio for HS was
2.38, SD 1.87, whereas for AS it was 1.09, SD 0.73; p = 0.04 for the intercept in linear
regression, see Fig. 12), but not in the left hand (LH, mean MEP ratio for HS was 1.97, SD
2.94, whereas for AS it was 1.69, SD 1.50; p = 0.46 for the intercept). In RH, mean
normalised MEP changed from 40.8% to 78.1% after HS, whereas in AS, the change was
from 37.5% to 34.8% (Fig. 13). The individual differences in normalised MEP ratios were
independent of the differences in mean pressure (p =0.44, and p =0.41, for interaction in

RH and LH, respectively).
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Figure 12. Normalised MEP ratio After/Before. Dot-and-whisker plots show average normalised MEP
ratios (normalised MEP After/Before) for the right and the left hand (RH and LH, respectively), either for
the heel or ankle stimulation (black circles and white squares, respectively) session. Whiskers indicate
standard deviation (SD). Abscissa shows inter-stimulus interval (ISI) between the conditioning and test
stimulus in ms. Significant difference controlled for the applied pressure using linear regression analysis
is indicated with asterisk. Only the ISI 3 ms (/N =14, pru= 0.04, pix = 0.46) and 15 ms (/N =14, pru = 0.37,

pua = 0.54) were formally tested.
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There was neither a significant difference in the ICF (ISI 15 ms) between the two
stimulation sites (RH, p = 0.37; LH, p = 0.54), nor a significant relationship with the
pressure (RH, p=0.96; LH, p = 0.45). The mean normalised MEP and standard errors for
all ISI are shown in Fig. 13.
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Figure 13. Normalised MEP sizes. Dot-and-whisker plots show average normalised MEP sizes (in %)
before (white triangles) and after the stimulation (black triangles) for the right and the left hand (RH and
LH, respectively), either for the heel or ankle stimulation (HS and AS, respectively) session. Whiskers
indicate standard deviation. Abscissa shows inter-stimulus interval (ISI) between the conditioning and test
stimulus in ms. There was no significant difference between any of the baseline and post-stimulation

mean (post-hoc paired Student’s #test).
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5. Study IV (HRV)

The study was published as an original paper: Opavsky, J., Slachtovd, M., Kutin, M.,
Hok, P, Uhlit, P,, Opavska, H., Hlustik, P, 2018. The effects of sustained manual pressure
stimulation according to Vojta Therapy on heart rate variability. Biomed Pap-Olomouc 162,
206-211. https://doi.org/10.5507/bp.2018.028 WoS 2018: IF 1.141, Rank: 119/136

5.1. Heel versus Ankle: SAHRV

SAHRV of the first test phase, i.e., the first supine position (baseline), yielded in all
participants spectral characteristics typical of healthy subjects of their age group (Opavsky,
2002), with the possibility to distinguish individual spectral bands and with sufficiently
high values of spectral power within individual frequency components to permit
quantitative analysis, including assessment of the responses to changes in body position.
The values of the calculated HRV parameters before and after active (heel) stimulation are
provided in Table 6. Statistical significance refers to results of the Wilcoxon signed-rank

test.

Table 6. Duration of RR intervals and heart rate variability: Heel stimulation

Parameter Pre-stimulation Post-stimulation Statistical
median (Q1-Q3) median (Q1-Q3) significance

RR interval [s] 1.00 (0.92-1.15) 1.08 (1.00-1.20) p<0.001
VLF Power [ms’] 240.80 (164.69-344.74) 382.69 (199.19-641.88) p=0.04
LF Power [ms’] 627.73 (398.88-849.29) 757.46 (462.45-1373.38) p=0.01
HF Power [ms’] 1270.71 (462.45-1373.38) 2194.41 (934.12-4842.71) p=0.02
LF/HF ratio 0.419 (0.173-0.951) 0.409 (0.163-0.767) n. s.
Relative VLF [%] 11.60 (6.29-15.66) 10.92 (6.33-14.79) n.s.
Relative LF [%] 26.00 (13.74-39.65) 27.35 (12.80-36.01) n.s.
Relative HF [%] 62.40 (45.74-77.24) 61.73 (45.23-78.62) n. s.
Total Power [ms’] 2246.04 (1486.41-5140.27) 4089.94 (2066.12-6912.44) p=0.01
MSSD [ms?] 4681.60 (2735.95-14112.02) 8937.38 (4604.74-16404.76) p<0.001

Abbreviations: HF Power — spectral power of the high frequency band; LF Power — spectral power of the
low frequency band; LF/HF ratio — ratio of the spectral powers LF over HF; MSSD — mean squared
successive differences, indicator of heart rate variability in the time domain; n. s. — not significant; Q1, Q3
— 1 and 3" quartile; Relative HF — relative representation of the HF component within the entire
frequency range; Relative LF — relative representation of the LF component within the entire frequency
range; Relative VLF — relative representation of the VLF component within the entire frequency range;
RR interval — duration of the RR interval derived from ECG; Total Power — total spectral power over the
entire frequency range 0.02-0.50 Hz; VLF Power — spectral power of the very low frequency band.
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Values of the assessed ECG and SAHRV parameters before and after ankle stimulation

(control site) are provided in Table 7.

Table 7. Duration of RR intervals and heart rate variability: Ankle stimulation

Parameter Pre-stimulation Post-stimulation Statistical
median (Q1-Q3) median (Q1-Q3) significance

RR interval [s] 0.99 (0.86-1.10) 1.07 (0.95-1.21) p<0.001
VLF Power [ms?] 283.48 (163.63-478.29) 451.86 (203.26-797.65) p=0.009
LF Power [ms?] 701.21 (306.40-975.36) 750.45 (287.81-1721.95) n.s.
HF Power [ms?] 1405.82 (720.84-3076.14) 2436.48 (835.47-3768.58) p=0.03
LF/HF ratio 0.476 (0.203-0.908) 0.534 (0.177-0.913) n.s.
Relative VLF [%] 10.31 (7.82-14.95) 13.43 (5.16-19.08) n.s.
Relative LF [%] 27.42 (15.93-36.10) 29.86 (12.09-41.26) n.s.
Relative HF [%] 62.27 (38.55-75.95) 54.91 (42.28-76.30) n.s.
Total Power [ms?] 2617.85 (1689.78-4043.30) 3770.58 (1893.02-6456.51) p=0.001
MSSD [ms?] 4814.96 (2388.49-8435.96) 8908.95 (3451.13-12689.16) p<0.001

For legend, see Table 6.

The results indicate that both stimulation types, i.e., stimulation in an “active” site
according to Vojta (HS) and stimulation in a control “inactive” site (AS) were followed by
statistically significant changes in MSSD values, duration of RR interval, and concurrently
also in respiration rate. MSSD, which represents overall heart rate variability in the time
domain, increased after both stimulation types. RR intervals lengthened (thus heart rate

decreased) and respiration rate decreased after both active and control stimulations.

In the frequency domain, both stimulation types were associated with a statistically
significant increase in VLF Power, HF Power and Total Power. LF Power increased

significantly only after the active stimulation.

Neither the LF/HF ratio, nor the relative parameters of SAHRYV, indicating the relative
representation of individual frequency components, manifested any statistically significant

changes after either stimulation type when compared to the pre-stimulation baseline.

5.2. Respiratory rate

Respiratory rate was assessed both before stimulation of each site (active versus control),

and after stimulation. Before active stimulation (HS), the group mean respiratory rate was
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12.3 breaths/min (SD 2.61), whereas before the control stimulation (AS), the rate was
12.9 breaths/min (SD 2.69); these values were not statistically significantly different.

After stimulation of the active zone (HS), respiratory rate decreased significantly to
10.9 breaths/min (SD 2.73), p =0.003. Similarly, after control stimulation (AS), respiratory
rate decreased significantly to 11.3 breaths/min (SD 2.88), p = 0.003. The respiratory rates
after the two stimulation types were not significantly different (Mann-Whitney U test).

5.3. Stimulation discomfort

The VAS of pain indicated mean discomfort after active stimulation (HS) 3.01 (SD 1.94),
range 0.2-7.4, whereas after control stimulation (AS) the mean VAS score was 1.62 (SD
1.48), range 0.2-6.2, this difference was statistically significant (p = 0.003). This reveals,
even in young healthy participants, a certain unpleasantness associated with pressure at
the active stimulation site. Nevertheless, despite this difference in perceived discomfort,
no SAHRV parameters were apparently affected since the results were similar in both

stimulation types.

5.4. Behavioural and motor responses to stimulation

During stimulation of the active site (HS), 9 out of the 28 participants (32%) manifested
involuntary signs of muscle activation — fasciculations, finger movements, muscle
twitches or the development of head rotation and/or deeper breathing. In contrast, three

participants (10.7%) were falling asleep.

During stimulation of the control site (AS), slight head rotation appeared only in one
participant (3.5% of the group), and another one manifested deeper breathing. Tendency
to fall asleep appeared in 3 participants (10.7%), two of whom were also sleepy after the

active stimulation.
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X. DISCUSSION

In this section, the immediate central effects during the stimulation are first put into
context of neuroimaging of somatosensory processing. Next, the evidence for stimulation
after-effects is discussed, following by a synthesis of the results in an attempt to provide
a bigger picture and integration of the findings. Finally, implications for physiotherapeutic

techniques and summary of future directions conclude this work.

1. Patterns of activation associated with pressure stimulation

In this section, the main findings are discussed in the following order: brain structures
associated with pressure stimulation of the foot, the dynamics of the BOLD responses,
deactivations observed during the stimulation, and the site-specific differences, which are

the main novel findings of the Study I (fMRI during stimulation).

Using a FIR model to deconvolve the haemodynamic response, we have confirmed that
sustained peripheral pressure stimulation influences multiple elements of the
sensorimotor system. The stimulus-related activation increases that we observed mainly in
the contralateral S1 and bilateral S2 regardless of stimulation site (Fig. 3) are consistent
with previous descriptions of the core somatosensory network activated during pressure
stimulation applied either at the upper or the lower limb (Chung et al., 2015; Hao et al,,
2013; Miura et al., 2013). Further consistent activations that we detected in the contralateral
dorsomedial M1/PMC have only been observed in lower limb stimulation (Hao et al., 2013;
Miura et al., 2013), whereas activations in the ipsilateral dorsomedial S1/SPL have been
previously reported only in one study (Miura et al., 2013). Other brain structures activated
either by HS or AS, or observed in the pooled analysis (Contrast 1.3 [HS + AS]), such as
frontal, insular or cingulate cortices and bilateral thalami, also agree with previous studies
(Chung et al., 2015; Miura et al., 2013). Therefore, the described general activation pattern
during sustained pressure stimulation of the foot may be considered rather independent

of stimulation site and duration.

1.1. Temporal features of the BOLD responses
Apart from the localisation of signal changes, we also deconvolved the timecourse of the

regional haemodynamic responses to natural manual pressure stimulation.

First, this allowed us to confirm that fast adaptation (Chung et al., 2015) occurs also during
longer and repeated sustained stimulation. The sensation of static mechanical pressure is

believed to be conducted via SA-I afferents (Johansson and Flanagan, 2009). These
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afferents adapt exponentially to static stimuli (indentation or vibration) with a time
constant of 8.4 s (Leung et al., 2005). Considering the time lag of the BOLD response, the
activations in our data in the task-positive areas (coded in red in Fig. 4A,C) occurred and
diminished within the expected time window (0 to 10 s after onset), which is in overall

agreement with previous observations (Chung et al., 2015).

Second, we show that an equal response follows the release of pressure (Fig. 4C). Similar
response has been observed after offset of sustained non-nociceptive vibratory (Marxen et
al., 2012) or electrical stimulation (Hu et al., 2015), but it has not been reported so far in
sustained pressure stimulation (Chung et al., 2015). Importantly, the offset responses have
been shown to occur only after non-nociceptive stimulation (Hu et al.,, 2015), suggesting
that the task-positive areas with offset responses in our data (red overlay in Fig. 4A) were
not associated with processing of painful sensations and could potentially receive input
mediated by FA afferents (Hu et al., 2015), but this has to be confirmed by future

electrophysiological studies.

Regarding the magnitude of the offset responses, it should be noted that both positive and
negative offset responses were apparently of higher amplitude and longer duration (0 to
17.5 s after offset) than the responses at the stimulation onset. We speculate that the reason
might be to some extent related to our experimental design: the offset pressure decrease
may have been on average more abrupt and less variable than the pressure increase at the

block onset. As a result, onset responses might by slightly “blurred” in time.

1.2. Deactivations associated with pressure stimulation

In addition to areas activated during the stimulation, we also report a complementary set
of brain areas, which were transiently suppressed by the stimulation and the pressure
release. Similar inhibition in the bilateral S1 and M1 has been previously documented
during vibrotactile finger or tactile foot stimulation (Hlushchuk and Hari, 2006; Tal et al.,
2017). We extend this observation by showing that such suppression occurs also in
response to sustained pressure stimulation of the lower limb. In line with Tal et al. (2017),
we show that foot stimulation deactivates sensorimotor cortices in the bilateral
somatotopic representations for upper limbs and face (blue overlay in Fig. 4A) as defined
by Long et al. (2014). A new finding in the context of lower limb stimulation is the
deactivation in areas outside the sensorimotor system, such as the temporal and occipital
cortices. Similar cross-modal deactivations have been observed in humans only during
somatosensory processing of tactile input from the upper limbs, and they have been

speculated to enhance the somatosensory processing by suppressing unnecessary sensory
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input (Ide et al., 2016; Kawashima et al., 1995; Merabet et al., 2007).

The observed deactivations are unlikely to be caused by local redistribution of blood flow
(haemodynamic steal) as most of the areas showing differential responses are supplied by
different main cerebral arteries (Tal et al., 2017). Electrophysiological evidence from direct
intracortical recordings suggests that negative BOLD response is associated with
suppressed neuronal activity in the deep cortical layers (Boorman et al., 2010; Yin et al.,
2011). Simultaneous fMRI/electroencephalography (EEG) recordings in humans show
considerable correlation between the EEG mu power and BOLD signal decrease,
confirming its neuronal origin (Mullinger et al., 2014). Recent data show that inhibitory
neurons may also contribute to the positive haemodynamic response, hence, deactivations
could conversely reflect decreased neuronal activity of both excitatory and inhibitory cells
(Vazquez et al., 2018). However, there is also evidence suggesting that the deactivated
areas are not necessarily always “shut down.” Decrease in BOLD signal and cerebral blood
flow may be at least in some cases accompanied by increased spiking (Hu and Huang,
2015) and/or glucose uptake (Devor et al., 2008). Since the underlying neuronal processes
and functional role of negative haemodynamic responses are not yet clearly understood,
they should be interpreted with caution (Tal et al., 2017).

1.3. Differences between the stimulation sites

1.3.1. Characterising temporal dynamics: Group-wise activation patterns

As outlined in the “VIIL5.2.3. Post-hoc ROI analysis: mean condition effects”, FIR model
does not expect any specific shape of the haemodynamic response. As the BOLD signal is
tightly coupled with the neuronal discharge at glutamate synapses (Logothetis, 2003),
different HRF timecourses might reflect discharge patterns of distinct neuronal ensembles.
Knowing that the motor response to stimulation according to RLT is rather gradual and
results from temporal summation (Bauer et al., 1988; Laufens et al., 1994; Vojta, 1973a;
Vojta and Peters, 2007), it can be expected that sets of brain structures (“networks”) with
a distinguishable delayed or sustained haemodynamic response could play a specific role
in generation of the motor or autonomic after-effects, apart from those structures related to
fast somatosensory stimulus processing. The goal of the post-hoc hierarchical clustering
analysis was therefore to identify the ensembles of brain regions with correlated HRF
timecourse potentially implementing the same (or related) function, specifically looking

for those with responses compatible with slow-onset motor activity.
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During HS, average activation in several areas indeed followed a timecourse with more
sustained positive BOLD response (red solid line in “Sustained” plot in Fig. 4C), whereas
in AS, only transient onset/offset activations were detected (blue solid lines in Fig. 4C).
Interestingly, some of these areas that were identified in the pooled analysis (Contrast 1.3
[HS + AS]), including insular cortices and pons, were not observed in the group-wise map
for AS condition (Contrast 1.2), but they were still detected in HS (Contrast 1.1; Fig. 3).

The involvement of the insular cortex in HS may in fact reflect increased discomfort/pain
ratings during HS since the insular cortex is known to participate in emotional processing
of pain (Apkarian et al., 2005 Hu et al., 2015; Kurth et al, 2010). However, other
explanations remain possible as there was no significant correlation with discomfort/pain
intensity difference in the insulo-opercular areas in Contrast 1.5 (Pain). For further
discussion on pain-related areas, see “X.6.Brain structures associated with

discomfort/pain processing”.

Another structure associated with HS (but not significantly with AS, see Fig. 3, row C) was
included in the sustained task-positive subsystem (green overlay in Fig. 4A) and located in
the pontine tegmentum. The area most likely encompassed the pontine reticular formation
(PRF) and pontine nuclei (Nieuwenhuys et al., 2008). These structures are adjacent to the
pontomedullary reticular formation (PMRF) in which motor-related activation was
modulated after pressure stimulation in Study II (fMRI of stimulation after-effects), see
red-yellow overlay in Fig. 8. This area is further discussed in “X.2. After-effects of pressure
stimulation on brain activation” and “X.5.Brain structures involved in site-specific
pressure stimulation processing”. While the Study I (fMRI during stimulation) does not
provide further direct evidence for a specific role of the PRF in physiotherapeutic effects of
pressure stimulation, the sustained activation in the PRF during HS (see “Sustained” plot
in Fig. 4C) indicates a potential for interaction between the PRF and the more caudal
PMREF (Fig. 8).

1.3.2. Heel versus Ankle: Voxel-wise within-subject comparison

The hierarchical clustering analysis pointed towards several qualitatively different features
of responses to AS and HS. However, quantitative differences in brain responses between
the two stimulation sites may also occur beyond the areas identified in average activation
maps. A pair-wise analysis was designed to test for such quantitative differences in voxel-
wise responses. Furthermore, by including discomfort/pain covariate, pain-related brain
activations could be controlled for. The voxel-wise analysis discussed in the following

section (Contrast 1.4 [HS — AS]) therefore represents a different view of the data, i.e,
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showing consistent differences between HS and AS across subjects regardless of the
average activation patterns and after removing pain effect, which was evaluated in
a separate contrast (Contrast 1.5 [Pain]) and is discussed in “X.6. Brain structures

associated with discomfort/pain processing”.

The voxel-wise analysis demonstrated that, compared to control stimulation, HS was
associated with significantly increased activation in the left M1/PMC (somatotopically

lower limb area; see Cluster 2 in Fig. 6A) and decreased activation in the left IPL.

Activations in the contralateral motor cortex have already been observed during pressure
stimulation of the lower limb (Hao et al.,, 2013; Miura et al., 2013) as discussed in
“X.1. Patterns of activation associated with pressure stimulation”. Although both AS and
HS were associated with transient activations in the M1 representation for the stimulated
limb, the results indicate higher synaptic activity during HS (Fig. 6A, Cluster 2). This may
have several possible reasons: (1) Different locations of somatosensory representations.
This is unlikely as the activations in the postcentral gyrus did not differ. (2) Local
stimulation site properties. While this may also influence the activations, we believe that
there were no sources of bias other than those which may be in fact important for RLT (see
also “X.8. Limitations”). (3) The increased motor activation may also be a secondary
phenomenon, for instance, reflecting pain-evoked movements (Apkarian et al., 2005). Since
the Contrast 4 (HS — AS) was controlled for the difference in discomfort/pain rating, we
consider the M1/PMC activation differences to be less likely pain-related (see also
“X.8. Limitations”). Rather than that, (4) we propose that the increased motor activation
during HS may represent a site-specific difference in sensorimotor integration.
(5) Alternatively, the observed difference in the M1/PMC may result from an incipient
involuntary muscle response to stimulation according to Vojta and may be mediated by
a different, possibly subcortical or brainstem structure (e.g., Laufens et al.,, 1991; Vojta,
1973a), see also “X.2. After-effects of pressure stimulation on brain activation”. For further
discussion on the role of the M1/PMC in sensorimotor integration, see “X.5.Brain

structures involved in site-specific pressure stimulation processing” below.

In contrast to the task-positive motor activations, the differences in the IPL (Fig. 6A,
Cluster 1) are more likely related to cross-modal deactivations (Ide et al., 2016; Kawashima
et al., 1995; Merabet et al., 2007) as discussed in “X.1.2. Deactivations associated with
pressure stimulation” above. The posterior IPL (cytoarchitectonically the area PGp) is
considered a part of the default mode network, specifically its medial temporal lobe
subsystem (Igelstrom and Graziano, 2017). Similar stimulus-related deactivations in parts

of the default mode network have been previously observed during sustained electrical
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stimulation (Hu et al, 2015). These deactivations varied over different phases of
stimulation, left IPL being predominantly deactivated during the onset phase of periodic
stimuli (Hu et al.,, 2015). Nevertheless, the role of those deactivations remains unclear.
Since cognitive processes were not explicitly controlled in this study, we can only
speculate that the higher amplitude of deactivations in the IPL-PGp could mean that the
sensory input associated with HS was suppressing internally driven cognitive processes,

possibly by drawing more externally oriented attention.

The quantitative differences evaluated in Contrast 1.4 (HS — AS) using pair-wise (within-
subject) comparison yielded areas in which hierarchical clustering identified similar
responses during both HS and AS. Although it would be reasonable to expect that
quantitative analysis should reflect the qualitative dissimilarities, this was not the case in
Study I. There are several reasons why the two approaches might not necessarily be equal:
(1) In the hierarchical clustering approach, group-wise responses were averaged within
clusters, so only one representative timecourse per cluster was considered which reduced
the inherent variability of data within the clusters (although clusters were first confirmed
to contain highly correlated voxel-wise responses). (2) By using the group-wise data, the
chosen clustering approach disregarded the inter-subject variability, whereas voxel-wise
analysis accounted for inter-subject variability by subtracting the within-subject responses.
(3) No formal statistical comparison of the hierarchical clustering between HS and AS was
done. (4) The clustering approach using Pearson’s correlation coefficient is not sensitive to
the size of the BOLD signal relative to the background noise. In contrast, low BOLD signal
change is detrimental for GLM analysis, which is especially pronounced in noisy regions,
such as the brainstem. (5) The clustering approach considered the timecourse of a single
block as a whole, whereas voxel-wise analysis tested for differences in each of the 9 FIR
regressors separately (5 s per regressor) with a subsequent F-test. (6) Given the significant
difference in discomfort/pain rating, pain difference covariate was added to the model of
the voxel-wise analysis, further lowering the degrees of freedom and possibly filtering out
pain-related brain areas. Therefore, the voxel-wise and the clustering analyses discussed in
this section represent different perspectives on the same data, i.e., the former being more
likely to emphasise high-amplitude and low-variability differences and miss differences in

low-signal noisy areas, which is where the latter may add interesting information.

2. After-effects of pressure stimulation on brain activation

There are two main findings related to site-specific after-effects of stimulation: one using

the SFO as a robust task to probe multiple levels of the sensorimotor system (Study II
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[fMRI of stimulation after-effects]), the second, using a pTMS protocol to test corticospinal
excitability (Study III [TMS]). Study II demonstrated that despite an extensive decrease in
activation following both stimulation paradigms (blue in Fig. 8), the sustained pressure
stimulation of the heel (HS) differentially modulated the task-related activation in the
predominantly contralateral pons and ipsilateral cerebellum (red-yellow in Fig. 8),
whereas Study III, thoroughly discussed in section “X.3. After-effects of pressure
stimulation on cortical excitability”, showed that HS specifically modulated intracortical

inhibitory circuits in the contralateral M1 (Fig. 12).

The following sections put the imaging findings into a broader context, providing an
overview of the putative mechanisms underlying activation changes during a skilled hand
motor task. Further considerations regarding the specific role of the brain structures
identified in Study II in sensorimotor integration of pressure stimuli as well as clinical
implications are discussed in “X.5. Brain structures involved in site-specific pressure

stimulation processing” and “X.7. Implications for physiotherapeutic techniques”.

2.1. Average activation during SFO

The cortical, subcortical and cerebellar areas activated during SFO correspond well to
previous reports of motor control of complex finger tasks (Solodkin et al., 2001). Despite
the fact that the brainstem areas observed in this study (Fig. 7) are reported less frequently
during skilled hand movement, midbrain/pons regions have been shown to engage during
imagery of motor hand movement (Sauvage et al., 2011; Ueno et al., 2010). Moreover, PRF

participates in motor control of the forelimbs in animal studies (Sharp and Ryan, 1984).

2.2. Repetition effects: Activation decrease post-stimulation

All the areas showing activation decrease post-stimulation (blue in Fig. 8) have been
associated with control of complex finger movements (Solodkin et al., 2001) and their
activation is known to decrease when repeating the same motor task, both over shorter
(Kincses et al., 2008) and longer time scales (Steele and Penhune, 2010). These decreases
have therefore been mostly interpreted as early stages of motor learning (Steele and
Penhune, 2010) which is also the most likely explanation of the activation decrease upon
repeating the same finger motor task in the present study. Without another control group
with simple task repetition (i.e., no foot stimulation between the first and second finger
movement task), we cannot exclude the possibility that at least some of the decreases were
related to non-specific after-effects of peripheral stimulation (of a different body part),

even though such effects have not been reported so far.
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2.3. Heel versus Ankle: Site-specific effects on motor-related
activation

An interaction between the stimulation site and task repetition was found in the brainstem
and cerebellum, whereas no such effect was observed in the cerebral cortex. In contrast,
previous functional imaging studies have shown that other modalities of peripheral
stimulation, such as peripheral magnetic stimulation of the forearm between two
repetitions of a finger movement task (Gallasch et al., 2015), resulted in increased
activation of the contralateral sensorimotor cortex. We suggest that the absence of such an
effect on the cortex in this study may result from the distance between the sensorimotor

representations of the stimulated foot and of the fingers involved in the SFO.

The reported effect on hindbrain structures, on the other hand, may reflect less
topographical and more diffuse arrangement of afferent or efferent pathways in the

hindbrain, which are not necessarily related to motor control of a single extremity.

Here, the site-specific interaction was found mainly in the bilateral posterior cerebellar
hemispheres and vermis, as well as in the left ventral and bilateral dorsocaudal pons, i.e.,
in areas likely corresponding to the left pontine nuclei and bilateral lateral PMRF

according to a post-mortem brainstem atlas (Nieuwenhuys et al., 2008).

The post-hoc analysis of the interaction indicated that the activation decreased after the
AS, likely matching the non-specific extensive BOLD response reduction in other
sensorimotor areas due to early motor learning (Steele and Penhune, 2010). In contrast, the
opposite effect represented by increased activation after the HS likely reflects specific
effects of the peripheral stimulation site as the task execution pace was kept constant
across all conditions. Similar activation increase post-stimulation was previously reported
in the cerebral cortex (Gallasch et al., 2015). We argue that this effect was not due to the
associated discomfort/pain perceived during the stimulation since the activation in the
hindbrain areas did not correlate with the pain intensity and the effect remained
significant after adding pain intensity covariate. In fact, Contrast 5 (green in Fig. 8)
revealed that the task-related activation was modulated by pain intensity in the
contralateral (left) anterior insula and frontal operculum, i.e., in areas overlapping with the
pain network (Apkarian et al., 2005) as discussed below in section “X.6. Brain structures
associated with discomfort/pain processing”. Last but not least, and as mentioned already,

the discomfort/pain rating was rather small for both AS and HS.

For further discussion on the role of individual identified structures, see “X.5. Brain

structures involved in site-specific pressure stimulation processing”.
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3. After-effects of pressure stimulation on cortical excitability

The pTMS results of Study III demonstrate that sustained manual pressure stimulation
elicits additional changes within the cortical circuits of the sensorimotor system associated
with a specific site of action, namely, relative increases in conditioned MEP size,

interpreted as decrease in intracortical inhibition, see Fig. 12.

Similar decrease in intracortical inhibition was observed after sustained stimulation in
different modalities, such as vibrotactile (Christova et al.,, 2011, 2010), or electrical
(Chipchase et al., 2011; Golaszewski et al., 2012, 2010). However, to our knowledge, the
effects of sustained pressure stimulation on SICI or ICF have not been studied so far.
Therefore, the results of Study III (TMS) are further discussed in the context of previous

studies using different stimulation modalities.

3.1. Short-interval intracortical inhibition (SICI)

Models of modulation of intracortical inhibition through sustained or long-term
stimulation have been based on evidence obtained mostly cutaneous electrical (Devanne et
al., 2009; Kobayashi et al., 2003; McDonnell et al., 2007; Murakami et al., 2007; Ridding and
Rothwell, 1999; Rocchi et al., 2017; Roy and Gorassini, 2008; Sailer et al., 2002), or muscle
vibratory stimulation (Lapole et al., 2015; Marconi et al., 2008; Rosenkranz and Rothwell,
2006a, 2006b, 2004, 2003). It was shown that SICI reflects changes of the intracortical
circuits independent of spinal motor neuron excitability (Rosenkranz and Rothwell, 2003;
Ziemann et al., 1996b). There is further compelling evidence that SICI relies on activation
of GABA, receptors in the motor cortex (Hanajima et al., 1998; Ili¢ et al., 2002; Rosenkranz
and Rothwell, 2003; Werhahn et al., 1999; Ziemann et al., 1996b, 1996a). However, previous
studies have also established that the system of excitatory and inhibitory intracortical
circuits is dynamically modulated in response to multiple exogenous and endogenous
factors, which can all have a profound impact on the emergence and direction of the
changes in SICI (Rosenkranz and Rothwell, 2006a, 2006b, 2004, 2003; Sailer et al., 2002).

One important consideration is that our paradigm involved a prolonged stimulation over
20 minutes, which might lead to potentially different effects from those observed when
brief stimuli are delivered immediately before or during TMS (Ridding and Rothwell,
1999; Rosenkranz and Rothwell, 2003). In fact, the effects of prolonged electrical nerve
stimulation reported so far have been inconsistent (Chipchase et al., 2011). Whereas some
studies have reported changes in cortical excitability assessed by single-pulse TMS
(Kaelin-Lang et al., 2002; Ridding et al., 2001), overall, there have been limited (Murakami

et al., 2007; Rocchi et al., 2017) or no consistent changes in intracortical inhibition following
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paired associative stimulation (Ridding and Taylor, 2001; Stefan et al., 2002) or electrical
nerve stimulation alone (Fernandez-Del-Olmo et al., 2008; Kaelin-Lang et al., 2002; Pyndt
and Ridding, 2004). Similarly, effects of prolonged muscle vibration also vary among
different protocols, showing strong influence of attention (Rosenkranz and Rothwell,
2006b, 2004). More consistent effects require longer and repeated vibratory stimulation
and simultaneous muscle contraction (Marconi et al., 2008). Outlasting changes in SICI
were also observed when the stimulation was applied to the whole hand instead of
a single muscle or nerve: 30 min of cutaneous electrical stimulation (Golaszewski et al.,
2012, 2010) and 20 min of vibrotactile stimulation (Christova et al., 2011) caused reduction

of SICI lasting up to one hour after the stimulation.

In general, sustained pressure stimulation in Study III (TMS) modulated motor cortex
excitability in a way similar to previously published protocols that involved either long-
term or less focal form of electrical, vibratory or vibrotactile stimulation (Christova et al.,
2011; Golaszewski et al., 2012, 2010; Marconi et al., 2008). However, as there were no
changes in unconditioned cortical excitability in Study III, the changes evoked by pressure
stimulation were probably confined to the input side of motor cortex circuitry, potentially
acting by unmasking latent horizontal connections as suggested for similar effects
following muscle vibration (Jacobs and Donoghue, 1991; Rosenkranz and Rothwell,
2006a).

Further consideration is the local specificity of the stimulation effects. In other stimulation
modalities, such as electric, tactile, or muscle vibration, changes in motor cortical
excitability have been suggested to respect somatotopically organised cortico-cortical
connections from the somatosensory cortex (Kaelin-Lang et al., 2002; Kaneko et al., 1994b,
1994a; Rosenkranz and Rothwell, 2006a; Terao et al., 1999). Although the effect observed in
Study III was specific for one of two stimulation sites at the foot, it manifested in
a somatotopically unrelated site in a hand representation, suggesting a more diffuse
mechanism of action. Some less somatotopically organised effects have already been
observed after or during electric stimulation (Ridding and Rothwell, 1999; Rosenkranz and
Rothwell, 2003), but to our knowledge, there has been no evidence of peripheral foot
stimulation affecting SICI in the hand muscles (Christova et al., 2011). Still, the change in
SICI was only observed in the ipsilateral limb in this experiment, implying that the
observed plastic changes are possibly mediated via a lateralised pathway. Both
assumptions (diffuse, yet lateralised effects) are also in line with the simultaneous
observation of alateralised site-specific activation increase in the contralateral motor

cortex during the stimulation (see “X.1.3.2. Heel versus Ankle: Voxel-wise within-subject
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comparison”) and subsequent motor after-effects in the predominantly contralateral
pontomedullary reticular formation and cerebellum (see “X.2.3. Heel versus Ankle: Site-
specific effects on motor-related activation”). Based on this combined imaging and
neurophysiological evidence, it can be assumed that sustained pressure stimulation may
modulate sensorimotor structures at multiple brain levels when applied to a single specific
body site. The putative structure involved in this modulation are discussed jointly in

“X.5. Brain structures involved in site-specific pressure stimulation processing”.

3.2. Intracortical facilitation (ICF)
In Study III (TMS), we have observed no significant change in ICF. The circuits responsible

for intracortical facilitation remain incompletely described and putatively involve NMDA
excitatory interneurons (Golaszewski et al., 2010; Liepert et al., 1997; Nakamura et al.,
1997). While ICF increased after 30-min whole-hand electrical (Golaszewski et al., 2012,
2010), or 20-min vibrotactile stimulation (Christova et al., 2011), and after 1 h of associative
stimulation of two hand muscles (Pyndt and Ridding, 2004), multiple other studies of
sustained peripheral stimulation showed no change in ICF (Fernandez-Del-Olmo et al.,
2008; Kaelin-Lang et al., 2002; Marconi et al., 2008; Murakami et al., 2007; Rocchi et al.,
2017), suggesting that ICF is affected by peripheral stimulation in a more variable and less
reproducible way than SICI.

4. Autonomic after-effects of pressure stimulation

Besides motor manifestations (reflex locomotion), stimulation of trigger zones according to
Vojta has been repeatedly shown to evoke responses of the autonomic nervous system
(Dimitrijevi¢ and Jakubi, 2005; Kotnik, 2012; Vojta and Peters, 2007). Among them, the
most significant are the cardiovascular responses, where vasomotor changes have been
most frequently observed. However, these responses to stimulation according to RLT have
not yet been systematically evaluated. At the same time, changes in HRV have been
studied and reported for many other types of surface or other somatosensory stimulation,
including nociceptive (Baker and Shoemaker, 2013; Joseph et al., 2004; Koenig et al., 2014;
S. L. Smith et al., 2013; Wijnen et al., 2006).

Among the many established approaches to evaluation of HRV, some of which have
clinical application (Ernst, 2014; Gang and Malik, 2003; Opavsky, 2002; Task Force, 1996;
Vickova et al., 2010), Study IV employed the method of SAHRYV in a modification with the
imposed changes of orthoclinostatic load (Opavsky, 2002; Opavsky and Salinger, 1995;

Salinger et al., 1998) that induce a shift in sympathovagal balance. The reason for choosing
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this particular method was the possibility to record and assess the activity of vagal and
sympathetic innervation, or their relative contribution, in different body positions (in the
supine-standing-supine test) before and after specific active (RLT) stimulation as well as

before and after a control stimulation outside the described trigger zone.

The results indicate that both active and control stimulations were followed by statistically
significant lengthening of RR intervals and an increase in measures of overall variability,
both in the frequency (Total Power) and time (MSSD) domain. Likewise, both stimulation
types were associated with a statistically significant increase in the high-frequency (HF)
spectral power, which reflects vagal activity (this also corresponds to lengthening of the
average RR interval). Nevertheless, the relative representation of individual spectral
components (VLF, LF and HF) has remained mostly unchanged after both stimulation
types, which suggests that the ratio of sympathetic and vagal contribution to cardiac

autonomic control remained unchanged as well.

Somewhat surprising was the finding of decreased respiration rate after both active and
control stimulations, this usually occurs in a relaxed condition. Here, however, the
subjective perception of the two stimulation types differed according to the VAS scores,
which revealed a higher degree of stimulation discomfort (unpleasantness) during
stimulation of an active trigger zone according to RLT. In both stimulation types, though,
the VAS scores were low. The relationship between autonomic changes and
discomfort/pain is further discussed in section “X.6. Brain structures associated with

discomfort/pain processing”.

Overall, the changes in SAHRV parameters may be interpreted as similar after both
stimulation types, namely, that stimulation of the active zone on the heel has not evoked
a clearly different response than stimulation outside the active zone (ankle). This stands in
apparent contradiction to previous experience with autonomic reflex responses during
application of RLT in the clinical practice (Vojta and Peters, 2007). This is further discussed

in section “X.7. Implications for physiotherapeutic techniques”.

5. Brain structures involved in site-specific pressure stimulation
processing

In this section, brain structures showing differential responses to HS and AS are discussed.
First, from the point of view of their general function, next, from the point of view of their

putative role in sensorimotor integration of pressure stimuli.
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5.1. Primary motor and premotor cortex (M1/PMC)

In Study I (fMRI during stimulation), HS was associated with increased activation of the
M1/PMC within the somatotopic representation of the stimulated limb. The M1 is
implicated in control of low-level dynamic characteristics of movement, especially in distal
limb muscles (Chouinard and Paus, 2006; Omrani et al., 2017), whereas the dorsal PMC
(i.e., PMd) participates in motor planning and movement generation (Picard and Strick,
2001), selection of movements based on arbitrary or spatial cues, and motor learning
(Chouinard and Paus, 2006). Motor cortices have also been shown to assume sensory
functions by transforming proprioceptive input into kinesthetic sensations in absence of
overt movements or any intention to move (Naito et al., 2016). Although no kinesthetic
sensations were reported by the subjects in Study I (fMRI during stimulation), it illustrates
that motor cortices may be engaged in sensory processing not directly related to
movement execution. On the other hand, motor cortex activation may be a substrate for

subsequent plastic changes.

As various alternative explanations for the activation increase in M1/PMC have already
been considered and mostly rejected in “X.1.3.2. Heel versus Ankle: Voxel-wise within-
subject comparison”, it is therefore proposed that the increased motor activation during
HS represents a site-specific difference in sensorimotor integration. In other words, HS
may have more direct influence on the M1/PMC than the stimulation of the nearby ankle
site, provided that all stimulation parameters are kept as similar as possible. It is possible
that at least part of this effect would be related to (assumed) incipient involuntary muscle
response to stimulation according to RLT with subcortical origin (Laufens et al., 1991;
Vojta, 1973a). However, it remains to be established whether overactivation of the

M1/PMC is its result, prerequisite, or simply a parallel phenomenon.

Notably, both AS and HS were associated with concomitant activation of the M1/PMC
(Fig. 3). An outstanding question is at which level the pressure sensory input is redirected
to the motor cortex. The M1 is known to receive cortical input from the PMd just rostral to
the M1 (Picard and Strick, 2001), direct projections from the thalamus (Naito, 2004;
Omrani et al., 2017), as well as indirect input, either from area 3a, 2, 1 (e.g., Ghosh et al.,
1987), or 5 (Strick and Kim, 1978). Somatosensory cortices are also densely connected with
SMA and PMd (Jones et al., 1978) and somatosensory influences are exerted via the
cortico-subcortical loops involving the basal ganglia, cerebellum, and thalamus (Nachev et
al., 2008; Omrani et al., 2017). Motor activations may therefore reflect a direct interaction
between the adjacent somatosensory and motor cortices (Kaelin-Lang et al.,, 2002) or

influence of a parallel bottom-up thalamocortical pathway (e.g., Asanuma et al., 1980;
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Huffman and Krubitzer, 2001), although the direct dorsal column pathways ending in the
M1 mostly serve muscle spindle afferentation (Naito, 2004, Omrani et al., 2017). An
indirect influence from a more caudal structure, for example mediated by collaterals of the
spinothalamic pathway and brainstem reticular formation (Kayalioglu, 2009), is also
possible. As a result, multiple afferent pathways are most likely to converge in the motor
cortex. It still remains to be established which of these channels is specifically
strengthened by HS.

Further involvement of M1 was demonstrated in Study III (TMS), showing increased
cortical excitability (decreased SICI) in the M1 after stimulation of the contralateral heel.
As already outlined in “X.3.1. Short-interval intracortical inhibition (SICI)”, the effect was
diffuse, though lateralised. Such a diffuse effect could result from a less somatotopically
arranged afferent input, potentially the same affecting the M1/PMC during stimulation
(see above), including but not limited to diffuse thalamocortical pathways to the M1
(Asanuma et al., 1980; Huffman and Krubitzer, 2001), indirect pathways via collateral
branches of the spinothalamic tract relayed multiple brainstem areas (e.g., medullary
reticular formation or parabrachial nuclei), (Hylden et al., 1989; Kayalioglu, 2009, p. 149;
Kevetter and Willis, 1983), or spinoreticular and spinocerebellar tracts. Evidence from
rodents suggest that the cerebellum may also play a key role in this process (Oulad Ben
Taib et al., 2005). Indeed, repetitive TMS using theta burst stimulation of the cerebellum
was shown to affect SICI even in human subjects (Koch et al., 2008). These candidate
“relay structures” are discussed below in “X.5.2. Brainstem” and “X.5.3. Cerebellum” as

the focus of the text shifts caudally.

5.2. Brainstem

Within the area of significant site-specific stimulation effect in Study II (fMRI of
stimulation after-effects), the local maxima were identified in the PMRF. Stimulation of the
reticulospinal pathway originating in the PMRF, especially in its lateral part (Takakusaki et
al., 2016), elicits bilateral asymmetrical motor patterns in cats (Dyson et al.,, 2014) and
monkeys (Hirschauer and Buford, 2015), which can be related to stereotypic tonic
responses observed by Vojta (Vojta, 1973a; Vojta and Peters, 2007). In cats, the PMRF was
also shown to contribute to postural control (Stapley and Drew, 2009) and locomotion
(Dyson et al., 2014). In humans, the PMRF has been suggested to participate in locomotor
control as well, being implicated in anticipatory postural control before gait initiation
(Takakusaki, 2013). Neuroimaging studies during imagery of standing (Jahn et al., 2008)
and walking (la Fougere et al, 2010) demonstrated activation in the lateral PMRF
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corresponding to the area reported here. The PMREF is likely to support the locomotion by
integrating descending cortical influences (Takakusaki, 2013) and ascending spinoreticular
inputs (Kevetter et al., 1982; Sahara et al.,, 1990). Functions of the PMRF likely extend
beyond locomotion control, since its neurons project also to the distal forelimb muscles in
non-human primates (Riddle et al., 2009) and are modulated during voluntary reaching

(Schepens and Drew, 2004) or finger movements (Hirschauer and Buford, 2015).

The presented results provide further evidence for such striking integration of seemingly
heterogeneous functions by showing that BOLD response during skilled upper limb
movements may be modulated by lower limb stimulation. Importantly, Study I (fMRI
during stimulation) showed that HS elicited sustained activation in the nearby, though
slightly more rostral PRF. We speculate that both regions might serve as input (PRF) or
output areas (PMRF) of a more complex circuit involved in involuntary motor responses

and motor after-effects of RLT.

Apart from PMRE, the brainstem cluster in Study II (fMRI of stimulation after-effects)
included also pontine nuclei. In contrast to the PRMF, there is no anatomical evidence for
bottom-up inputs to the pontine nuclei (Nagao, 2004), which have been suggested to serve
merely as a relay station between the cerebral cortex of the same side and contralateral
cerebellum (Nagao, 2004). The question remains whether pontine nuclei were activated
along with the cerebellum or the activation in the PMRF was detected in the surrounding

tissue due to spatial smoothing of the imaging data.

5.3. Cerebellum
In Study II (fMRI of stimulation after-effects), the peripheral stimulation modulated also

cerebellar activation, mainly in the lobule VIII and IX. Both lobuli are known to receive
spinal inputs (Brodal and Jansen, 1941), either via bilateral spinocerebellar tracts
(Yaginuma and Matsushita, 1989) or via the lateral reticular nucleus, which has been
suggested to integrate multimodal inputs from spinal afferents and spinal locomotor
centres (Alstermark and Ekerot, 2013). In patients, lesions of the spinocerebellum lead to
dyscoordination of upright posture and gait (Ilg et al., 2008). However, lobule IX is also
implicated in oculomotor control and postural orientation in space and receives
vestibulocerebellar fibres and cortical inputs via the contralateral pontine nuclei (Voogd et
al., 2012).

The posterior cerebellum is also involved in sensorimotor circuits related to upper
extremities, e.g., it is active during finger tapping task (Stoodley et al.,, 2012). Meta-

analyses of functional imaging studies showed overlapping motor and somatosensory
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activations in lobule VIII, suggesting a prominent role in the sensorimotor integration
(Riedel et al., 2015).

By combining previous functional and anatomical evidence with observations presented
here, we suggest that, first, the PRF/PMRF and posterior cerebellar areas interact during
the motor performance within a common reticulocerebellar network, possibly integrating
cortical and peripheral inputs. Second, this network may be transiently up-regulated in
response to specific peripheral stimulation. In this circuit, the PRF/PMRF may serve both
as the primary input and output node since it receives direct spinal inputs (Kevetter et al.,
1982; Sahara et al., 1990) and can potentially elicit complex motor responses via the
reticulospinal tract (Hirschauer and Buford, 2015). Finally, modulation of cerebellar
activity may be a potential source of altered intracortical inhibition in the hand
representation within the M1 (cf. Koch et al., 2008).

6. Brain structures associated with discomfort/pain processing
Both Study I (fMRI during stimulation) and II (fMRI of stimulation after-effects) revealed

brain regions in which BOLD signal difference between HS and AS was correlated with
the difference in discomfort/pain ratings. Peripheral stimulation according to RLT has
previously been associated with concomitant pain (Miiller, 1974), and indeed, HS was
perceived more unpleasant/painful than AS in Studies I, II and IV, i.e., whenever
participant was not allowed to provide an immediate feedback. In Study I, activation in
SPL (areas 5 and 7) was negatively correlated with the discomfort/pain (Cluster 1 in Fig. 6B
and Table 3), i.e., SPL was deactivating during more unpleasant stimuli. In contrast, no
significant positive correlation was found. However, the average BOLD response map
showed that at least some areas participating in pain processing, such as anterior insula,
were engaged by pressure stimulation (Fig. 3 and Fig. 4A). In HS, these areas exhibited
a distinct HRF shape and were hierarchically clustered into the “sustained task-positive”

subsystem.

In Study II (fMRI of stimulation after-effects), anterior insular cortex, frontal operculum,
and frontal orbital cortex (insulo-opercular cluster), were significantly negatively
correlated with discomfort/pain difference (green in Fig. 8 and Table 5). A closer inspection
revealed that the motor-related activation in the left anterior insula/frontal operculum

decreased after a more painful stimulation (Fig. 10).

The insular cortex have been long associated with pain-related processing (Baliki and

Apkarian, 2015). However, the contralateral anterior insula has also been shown to activate
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during hand motor performance not associated with any pain (Sauvage et al., 2011) and
has been mostly considered to host various cognitive and affective processes (Kurth et al.,
2010; Uddin, 2015). The preceding unpleasant/painful stimulation may have therefore
affected the background cognitive processes during the motor task, possibly lowering the

subject’s attention and engagement in the task.

Anterior insula also significantly contributes to the control of autonomic responses
(Beissner et al., 2013). Nevertheless, despite some reports of various autonomic responses
associated with RLT (Dimitrijevi¢ and Jakubi, 2005; Vojta and Peters, 2007), Study IV
(HRV) did not indicate any site-specific effect of HS which would interfere with the

current results, see “X.4. Autonomic after-effects of pressure stimulation”.

7. Implications for physiotherapeutic techniques

The findings of Study I (fMRI during stimulation) indicate that sustained pressure
stimulation affects the sensorimotor system on a global scale. While some areas (e.g., the
primary SMC for the foot) respond with increased activation, other regions (such as the
primary SMC for the hand and face) become transiently suppressed. This effect seems to
be non-specific and independent of the stimulated site. However, specific effects during

the HS were observed as well.

Pressure stimulation is an integral part of number of physiotherapeutic techniques, such
as reflex locomotion (Vojta and Peters, 2007), clinical massage, acupressure (Wong et al.,
2016), reflexology, or myofascial trigger point therapy (Smith et al., 2018). Whereas in
reflex locomotion, the choice of exact stimulation site is pre-defined (Vojta and Peters,
2007), other techniques, such as myofascial trigger point therapy, do not rely on specific
body sites (Smith et al., 2018). Our data show that even non-specific pressure stimulation
may evoke far-reaching effects throughout the brain, including the motor system, which is
relevant for physiotherapy. Whether the observed non-specific (common to HS and AS)
cortical activations/deactivations in the Study I have any outlasting and clinically
significant impact, cannot be established without further studies with comprehensive

protocols employing imaging and repeated behavioural testing.

The choice of the active stimulation site (heel) was motivated by the stimulation employed
in RLT, which is known to induce significant modulatory motor after-effects, e.g.,
facilitation of voluntary movements that outlast the stimulation (e.g., Laufens et al., 1995).
While the present results provide new evidence that sustained pressure stimulation

according to RLT may influence multiple sensorimotor areas (including representations of
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distant extremities) without any evoked gross motor activity, the site-specific effects were
local, ie. confined to the motor cortex adjacent to the primary somatosensory
representation of the stimulated limb. Although the co-activation in the primary motor
and premotor cortex of the stimulated (lower) limb seems to be a relatively common
phenomenon (e.g., Hao et al., 2013; Miura et al., 2013), Study I demonstrates that it can be
augmented by the choice of a specific site, such as the lateral heel zone according to Vojta
(1973a).

The need for targeted stimulation of empirically chosen sites in reflex locomotion
resembles other therapeutic techniques, such as acupuncture. In (electro)acupuncture,
a considerable number of fMRI studies compared brain activations in response to the
“active” and sham sites, but results are often conflicting (Qiu et al.,, 2016). A specific
activation increase in response to lower limb stimulation was observed in the contralateral
primary motor cortex (Usichenko et al., 2015; Wu et al., 2002) in agreement with the results
of Study I (fMRI during stimulation), suggesting that there might be a more universal
mode of action common for both reflex locomotion and acupuncture. However, differences
in many other brain areas not corresponding to our results, including frontal and temporal
cortices and limbic structures, were also observed (Usichenko et al., 2015; Wu et al., 2002),
therefore, other mechanisms might be involved as well. A head-to-head comparison of

sites used in different techniques would be required to assess this.

The results of Study II (fMRI of stimulation after-effects) might suggest what structures are
involved in the modulatory after-effects of the stimulation according to RLT, including
facilitation of voluntary movements outlasting the stimulation (Laufens et al., 1995). These
immediate effects have been observed to persist for at least 30 min (Vojta and Peters, 2007),
which is well within the time span between the intervention and the second SFO
acquisition in Study II. As thoroughly reviewed in “IV.2.2.1. Involuntary motor responses
to pressure stimulation”, it has been originally speculated that the facilitation does not
reflect the primary stimulation but rather a secondary effect resulting from the evoked
global motor activation, contraction of numerous muscles associated with massive
proprioceptive stimulation, which in turn promotes further facilitation of voluntary
movements (Vojta, 1973a). Yet, muscle contractions and the associated proprioception
were minimal in Study II, therefore, the observed differential modulation likely reflected

other mechanisms.

Furthermore, the efferent pathways mediating the motor response to the stimulation
according to Vojta have been speculated to be mediated by the non-pyramidal system

(Vojta, 1973a), most likely involving a midbrain relay structure (Laufens et al., 1991; Vojta,
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1973a). Although the midbrain is believed to contain a midbrain locomotor centre that
plays a key role in human locomotion (Takakusaki et al., 2016), neither Study I (fMRI
during stimulation) nor II (fMRI of stimulation after-effects) revealed any specific changes
in that area. Instead, the site-specific modulation of task-related fMRI activity following
pressure stimulation was revealed in the bilateral though predominantly contralateral (to
stimulation) PMREF, a structure involved both in locomotion (Dyson et al., 2014; Jahn et al.,
2008; la Fougere et al., 2010; Takakusaki, 2013) and postural control (Stapley and Drew,
2009; Takakusaki, 2013). The provided data are therefore highly suggestive that the PMRF
could be directly associated with the effects of the RLT, especially on gait control (Laufens
et al., 1995).

Moreover, as already discussed, the PMRF has already been shown to mediate various
asymmetric reflex movement patterns, including the asymmetric tonic neck reflex (Dyson
et al.,, 2014; Hirschauer and Buford, 2015; Takakusaki et al., 2016) that share some
similarities with reflex locomotion (Vojta, 1973a). However, the fact that the stimulation in
Study I-IV was deliberately adjusted in order to avoid any consistent gross involuntary
motor responses limits the ability to connect present observations with the anatomical
structures responsible for the generation of involuntary motor patterns associated with
RLT (Vojta, 1973a). This, and possibly also the assumed gradual summation of afferent
inputs in the central generator of reflex locomotion (Bauer et al., 1988; Laufens et al., 1994;
Vojta, 1973a), might be the reasons why no quantitative differences were observed in the
brainstem in Study I (fMRI during stimulation). The sustained activation of the nearby
PRF during HS but not during AS (Fig. 3) still indicates that the brainstem reticular
formation participates in sensory processing of pressure stimuli during RLT. As far as
other subcortical areas are concerned, there was only one previous neuroimaging study of
RLT besides this project, which reported the main effect of specific stimulation in the
ipsilateral putamen as compared to non-specific sham stimulation (Sanz-Esteban et al.,
2018), but it has already been pointed out in “IV.2.4. Neuroimaging evidence for central
effects of pressure stimulation” that these conclusions should be considered at best as
preliminary. Having no other direct imaging evidence, data from Studies I and II suggest
that the involuntary response reflex locomotion involves a common set of pontomedullary

structures that also mediate the after-effects of RLT.

Another consequence of the stimulation, specific for HS, was the effect on GABA -ergic
intracortical circuits demonstrated in Study III (TMS). This finding, in addition to changes
in PMRF and cerebellum, can be potentially associated with the observed motor after-

effects of RLT on hand movements (Laufens et al., 1995). The decrease in SICI suggests
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that pressure stimulation according to Vojta may facilitate practice-dependent plasticity
(Ziemann et al., 2001) to improve motor performance as observed in clinical practice
(Laufens et al., 1998). As no specific effect was observed in the hand motor cortex in Study
I or II (fMRI), it can be speculated that the change in SICI was mediated by the cortico-
subcortical circuits, possibly involving cerebellar influence on the M1 (Koch et al., 2008).
However, longer-term motor behavioural studies in normal subjects and clinical trials in
patients suffering from disorders of the motor system that would undergo the therapeutic
stimulation under controlled conditions would be necessary to confirm the link between

the behavioural and physiological changes induced by RLT.

Finally, another implication of this project inferred from Study IV (HRV) is that sustained
pressure stimulation is associated with increased vagal and sympathetic activity, though
the ratio of sympathetic and vagal contribution to cardiac autonomic control is not
affected. Notably, this effect was non-specific and was observed to a similar degree after
both HS and AS. However, this is in apparent contradiction to empirical observation of
common autonomic responses during RLT (Vojta and Peters, 2007). There may be several
reasons for this discrepancy. (1) The typical target group for RLT, neonates and infants, has
autonomic responses different from those of adults, one of the underlying factors may be
the immaturity of the central nervous system in children. (2) The other obvious difference
is the absence of CNS lesions in the Study IV population, whereas in the clinical practice,
the therapeutic stimulation is mostly applied to children with perinatal or prenatal brain
damage. Taken together, the rather small and non-specific autonomic response to pressure
stimulation of the foot in our young healthy adult participants (university students) may
not be unexpected. (3) Finally, the therapeutic application in the clinical practice typically
includes simultaneous stimulation in several trigger zones, whereas the protocol in

Studies I-VI was simplified to using a single stimulation site.

8. Limitations

8.1. General limitations

The peripheral stimulation according to RLT is known to be associated with concomitant
pain (Miiller, 1974), and, in fact, heel stimulation was perceived slightly but statistically
significantly more unpleasant or painful than ankle stimulation in Studies I, II (fMRI) and
IV (HRV). Interestingly, this was not the case in Study III in which participants were
allowed to immediately report if stimulation became painful. On the other hand, the
therapist maintained similar pressure during both AS and HS in Study I and II, but
applied significantly less force during HS in Study III. Although this might have
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influenced some of the results, it is here argued that the main findings were unaffected by

these differences.

First, the differences in discomfort/pain rating were overall small. The median VAS score
in Study I and II (fMRI) was 1.85 for HS, while it was 0.90 after AS. In Study IV (HRV), the

mean values were 3.01 and 1.62, respectively.

Still, it has to be acknowledged that average activation maps in Study I (fMRI during
stimulation) might have reflected, at least to some degree, pain-related activity, which was
not controlled for in the Contrasts 1.1-1.3 (Fig. 3 and Fig. 4A). Previous studies employing
painful cutaneous pressure stimulation have shown discomfort/pain-related activations in
the primary motor cortex and brainstem that were not present during neutral stimulation
(Rolls et al., 2003). The occasionally observed involvement of cortical motor areas during
acute pain perception may be possibly associated with the withdrawal response to pain
(Apkarian et al., 2005). While electromyographic recordings from the stimulated and non-
stimulated limbs would be needed in future studies to completely exclude the possibility
of pain-related movements, the site-specific differences (Contrast 1.4) were controlled for
differences in discomfort/pain using a linear covariate. Since the covariate significantly
explained variance in the somatosensory cortex (areas 5 and 7, see Fig. 6B), i.e., parts of the
pain perception network (Apkarian et al., 2005), it could be conceived that the individual
variability of discomfort/pain levels was successfully captured by the model. Yet,
activation in motor areas was not correlated with the discomfort/pain rating. Similar
procedure was applied to the Study II (fMRI of stimulation after-effects), in which an even
more complex interaction model successfully explained pain/discomfort-related variance
in the contralateral anterior insula and opercular cortex, i.e., areas often associated with
pain processing (Baliki and Apkarian, 2015). Again, the PMRF/cerebellar regions showing
significant intervention effect were not correlated with discomfort/pain. Furthermore,
Study IV (HRV) showed no apparent differences in autonomic responses following either
HS or AS. This was somewhat surprising finding, as autonomic responses were often
reported during RLT (Dimitrijevi¢ and Jakubi, 2005; Kotnik, 2012; Vojta and Peters, 2007).
Likewise, in children, RLT is commonly accompanied by unpleasant feelings in children,
often with pain resulting in withdrawal or reflex behaviour (Miiller, 1974). It is therefore
possible that autonomic responses in children are related to pain or the resulting
withdrawal behaviour. Hence, the overall low levels of reported discomfort/pain might
also explain why there were no gross differences in autonomic control in the sample of

young healthy individuals.
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Further potential bias may arise from differences in local characteristics between the two
stimulation sites, such as density of sensory nerve endings, soft tissue properties or bony
structures below the skin. As mentioned in “VIII.3.2. Pressure stimulation”, both sites were
within the same dermatome (Foerster, 1933). Since the active site (heel) was defined by
Vojta (1973a), the control site was carefully chosen to match as many properties as
possible, i.e., neither site was located at the foot sole, but rather on the lateral aspect of the
foot. Neither site is considered to contribute specifically to any motor or balance control
function. Conversely, it is likely that some of the local site properties indeed play a role in
the therapeutic effect of the RLT, but further studies testing multiple sites in different

dermatomes over different types of tissues would be needed to elucidate this.

Notably, as all Studies used an “active” comparator (a different stimulation site), non-
specific stimulation effects cannot be distinguished from effects of simple task repetition
(Study II [fMRI of stimulation after-effects]) or rest (Studies III [TMS] and IV [HRV]).
A third group with no stimulation would have been necessary to clarify test-retest
variability and separate effects of stimulation from effects of motor learning and
habituation.

Some further study-specific methodological limitations are further discussed below.

8.2. Study I and II (fMRI)
Because of the whole-brain fMRI acquisition, the spatial resolution of the T, -weighted MR

images may limit assignment of activation foci to a single anatomical area in a small
structure such as the brainstem. Nevertheless, functional MR imaging of the brainstem
was successfully performed in the past using spatial resolution and hardware comparable
to ours (Jahn et al., 2008). Moreover, data acquisition using a 1.5-T scanner may be less
prone to magnetic susceptibility artefacts that affect higher-field 3-T scanners more

severely, despite their superior signal-to-noise ratio.

Another concern may arise regarding the influence of motion artefacts on the main results.
In both Study I and II (fMRI), main interaction effect remained significant after advanced
motion de-noising procedures using ICA-AROMA (Pruim et al.,, 2015a, 2015b). However,
despite this highly sophisticated approach, there was a concern that the method may
introduce another bias that may specifically affect brainstem regions. One of the image
features exploited by the ICA-AROMA to detect a noisy signal component is the overlap of
the independent component with a brain edge mask. Since the edge mask is defined as
a 10-mm outer layer of the brain mask, it was expected that some neuronal signal sources

might be erroneously removed from the data. Additionally, studies demonstrating the
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effect of additional removal of suspected motion-related signals (Muschelli et al., 2014;
Pruim et al., 2015b, 2015a) have shown its benefit for lower-level group contrasts.
However, for higher-level contrasts such as group-by-time interaction used in Study II
(fMRI of stimulation after-effects), the additional preprocessing pipelines, including ICA-
based denoising, have yielded rather heterogeneous results and may introduce
a substantial bias (Churchill et al.,, 2012). For these reasons, original (before denoising)
results are primarily presented in Study II. In contrast, due to a more flexible modelling
approach in Study I (fMRI during stimulation) inherently more prone to motion artefacts,
and due to a less complex group contrast, the analysis was performed using denoised data

only.

8.3. Study III (TMS)

It can be argued that changes in SICI are due to changes in testing pulse efficacy (Stefan et
al., 2002). However, it is shown that amplitudes of unconditioned stimuli did not differ

significantly before and after the intervention, effectively ruling out this possibility.

The changes in cortical excitability might have been affected by the non-equal pressure
applied during HS and AS. However, the difference in SICI between the HS and AS
remained significant even though the influence of the applied pressure has been controlled
by linear regression analysis with difference between mean pressure for HS and AS as an

independent variable.

Furthermore, it cannot be ruled out that certain cognitive processes affected the results,
such as directed attention that is known to modulate cortical plasticity during peripheral
stimulation (Rosenkranz and Rothwell, 2006b; Thomson et al., 2008). Since attention levels
were not directly evaluated during and after the stimulation, the influence of attention
remains to be evaluated in future studies. Only relatively young subjects were examined in
this study. Since the capacity to modulate the SICI seems to be age-dependent (Smith et al.,

2011), the results cannot be generalised to ageing subjects.

Furthermore, the history of specific repetitive motor activity or training was not assessed
in the included participants, however, the cross-over design with paired statistical analysis

was controlled for inter-individual differences among the subjects.

Finally, the stimulation coil was held at the optimal site in a mechanical frame using
a previously published protocol without a neuronavigation system (Bares et al., 2007;
Kanovsky et al, 2003), which could have affected the accuracy of TMS (see also
Rosenkranz and Rothwell, 2006a).
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8.4. Study IV (HRV)

Participants were recruited from the most accessible study population, i.e., young healthy
adults, whereas more pronounced autonomic changes might be observed in children and/
or subjects with nervous system damage. The use of a single stimulation zone as opposed
to stimulation of multiple sites at the same time has also been mentioned already. These

issues may be addressed in future research.

9. Summary of effects of pressure stimulation and future
directions

The Study I (fMRI during stimulation) confirmed that sustained manual pressure
stimulation of the foot is associated with extensive activation throughout the sensorimotor
system and, for the first time in the context of the pressure stimulation, that it is
accompanied by equally prominent cross-modal deactivations, including the occipital
cortices and sensorimotor representation of the upper limbs and face. The timecourse data
confirm fast adaptation of the sensory processing system, but also reveal previously
under-reported transient responses related to the stimulation offset. Furthermore,
sustained pressure stimulation of the (active) site at the heel, which is used in RLT, elicited
increased cortical activation in the primary motor representation of the stimulated limb
and decreased activation in the posterior parietal cortex. Moreover, the stimulation of the
active site was associated with a more sustained BOLD response in the insulo-opercular

cortices and contralateral pons.

In Study II (fMRI of stimulation after-effects), it is shown that sustained pressure
stimulation of the foot is associated with differential short-term changes in hand motor
task-related activation and that these changes depend on the site of stimulation. These
differential responses are located in the brainstem and cerebellum, namely in the bilateral,
but predominantly contralateral PMRF and bilateral posterior cerebellar hemisphere and
vermis. It is proposed that modulation of the PMRF, previously implicated in the postural
control and generation of asymmetric motor patterns, might potentially mediate some
therapeutic after-effects of RLT.

Based on Study III (TMS), it is further concluded that sustained pressure stimulation
according to RLT specifically decreases the intracortical inhibition in the contralateral
sensorimotor cortex. As in the case of the modulation of PMRF at the subcortical level, it is
suggested that changes in intracortical inhibition may be related to the clinically observed

motor after-effects of reflex locomotion therapy.
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Finally, Study IV (HRV) demonstrated that heart rate variability parameters reflecting
cardiac autonomic control changes were almost identical after both stimulation types.
Whereas several markers indicated modest increase in parasympathetic activity, other
measures suggested increased heart rate variability together with joint increase in activity
of both vagal (parasympathetic) and sympathetic activity, without significant change in
their relative contribution to cardiac autonomic control. Therefore, Study IV failed to

demonstrate autonomic responses specific for the RLT.

As a secondary finding, presented studies demonstrated that, at comparable force levels,
the stimulation at the skin area on the foot routinely used in RLT was perceived as more

unpleasant than the stimulation of a nearby control site.

Overall, available data from behavioural, neurophysiological and neuroimaging studies,
including this work, clearly demonstrate that the stimulation of peripheral afferents
providing the sensation of sustained pressure may evoke complex involuntary responses,
affect postural control, improve motor performance, locomotion, and facilitate
neuroplastic changes of the motor cortical representations in the experimental setting.
Despite the recent efforts to localise central structures potentially involved in these effects,
just as many new questions arose as have been answered. The outstanding questions

include the following:

1. What is the dynamic evolution of the cortico-subcortical activation patterns during
continuous application of specific forms of pressure stimulation, such as RLT?
Given the known slow development of responses (Bauer et al., 1988; Laufens et al.,
1994; Vojta, 1968), a time-resolved analysis of the so-called dynamic connectivity
(Calhoun et al., 2014) might prove useful for detection of slowly evolving states of
brain function and their correlation with behaviour. To permit this, detailed
behavioural and electrophysiological data (EMG) acquired simultaneously with
fMRI are necessary prerequisites since the time-courses of individual responses
may vary significantly across subjects. This might help us detect further brain
structures which participate in these processes only transiently or whose activity
gradually builds up. Such activations might be missed by classical approaches that
effectively average the signal change across the whole imaging run (Calhoun et al.,
2014).

2. Can we identify the brain structures that mediate the motor improvement? With
current imaging data, unfortunately not. Follow-up studies with well-defined

outcome measures of motor performance, both in healthy controls and patients
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with motor system disorders, are warranted. Only then may improved performance
or alleviated symptoms be directly linked to the involved brain structure. This is of
paramount importance because such studies could finally draw clinically relevant
conclusions, such as predictions of outcomes according to baseline fMRI data.
Furthermore, by knowing the structures that are related to improvement, we may
identify candidates for potential interventions that either enhance the effect of
peripheral stimulation or interfere with it, such as repetitive TMS or transcranial

direct current stimulation, eventually providing real-life causal data.

Knowing the cortical area or nuclei engaged by stimulation might not be enough to
fully appreciate the brain network(s) underlying the motor after-effects and to
understand interactions among the network nodes. Therefore, the next question is
what are the pathways connecting the individual nodes, either those identified as
potential sources of involuntary motor behaviour or those associated with motor
after-effects (e.g.,, PMRF in RLT). By evaluating diffusion-weighted imaging data,
one could identify the connecting pathways between these nodes to establish a task-
specific connectome. With the knowledge of the network topology, modelling of
causal relationships (i.e., effective connectivity) would be possible. Accurate
network models might then serve as predictors of behavioural and clinical

outcomes of various interventions.

Furthermore, knowing that muscle vibration research has demonstrated divergent
results in different muscle groups (Rosenkranz and Rothwell, 2006a; Souron et al.,
2017b) and study populations (Rosenkranz et al., 2005), the effects of pressure
stimulation on corticomotor excitability should be studied using multiple
stimulation sites and in patient cohorts with evidence of abnormal sensorimotor
processing, such as dystonia (Rosenkranz et al, 2005). Likewise, patient
populations, where RLT is routinely applied to alleviate neurological abnormalities
(e.g., spasticity after stroke or in multiple sclerosis (Laufens et al., 2004)), would be
candidates for studies correlating possible clinical improvement with cortical

excitability changes.

Finally, the diverse effects of pressure stimulation should be further looked into.
The postural responses to cutaneous stimulation of the foot sole (Kavounoudias et
al., 2001; Roll et al., 2002), which are strikingly similar to the vibration-induced
falling (Eklund, 1972), seem to be an especially interesting target for further
evaluation. The documented manifold character of effects imposed by vibration,

especially the manipulation of the internal body models and conscious percepts,
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raises a fundamental question whether similar influence can be exerted via pressure
stimulation. More well-controlled behavioural experiments tackling position sense

and balance are needed in order to explore this area of interest.

To summarise, pressure stimulation is a feasible and widely used modality of peripheral
stimulation in the clinical setting. Whereas other stimulation modalities, such as vibration,
have already attracted a high amount of research interest and much evidence has been
now gathered using state-of-the-art imaging techniques, allowing researchers to postulate
fairly concrete hypotheses, similar research of pressure stimulation has barely entered the
initial exploratory stage. This thesis highlights the recently published evidence for
involvement of brainstem and cortical structures that potentially mediate some of the
peculiar effects observed during sustained mechanical pressure stimulation. Inspired by
the latest development, future directions are proposed to shed more light on these

phenomena.
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BA Brodmann area FEAT (fMRI analysis tool, part of FSL)
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CNS central nervous system FSL  FMRIB’s Software Library

COPE contrast of parameter estimates (fMRI analysis software)
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GABA, GABA A (receptor)
GABA; GABA B (receptor)
GE gradient echo

GLM general linear model
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H,®0 "O-labelled water
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HRF haemodynamic response function
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NO  nitric oxide

OP1 (area) parietal operculum 1

OP4 (area) parietal operculum 4
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P22/N30 (component of median nerve SEP) S2 secondary somatosensory cortex

PAS  paired associative stimulation SA slow-adapting (afferents)

PC principal component SA-I  slow-adapting type I (afferents)
PD proton density SA-Il slow-adapting type II (afferents)
PET  positron emission tomography SAHRVspectral analysis of heart rate
PGp  parietal area G posterior variability

PMC premotor cortex SAI  short-latency afferent inhibition
PMd dorsal premotor cortex SCI  spinal cord injury
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rMT  resting motor threshold factor attachment protein receptor
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XVI. ABSTRACT

Peripheral afferent input provides critical drive for human motor control and motor
learning. Stimulation of skin or deep muscle mechanoreceptors has been used to alter
motor behaviour, both experimentally and therapeutically. While certain modalities, such
as vibration, have attracted researchers for decades, central effects of mechanical pressure
stimulation have been studied less frequently. This discrepancy is particularly striking
given the limited understanding of physiological principles underlying common
physiotherapeutic techniques that involve peripheral stimulation, such as reflex
locomotion therapy (RLT). First, the thesis thoroughly reviews the current literature on
central effects of pressure stimulation while contrasting it with some better understood
examples of peripheral interventions, including vibration and muscle denervation using
botulinum neurotoxin. Furthermore, results of four parallel investigations of central
correlates of pressure stimulation are reported. Each study enrolled up to 30 young
healthy individuals and was conducted according to single-blind randomised crossover
design. The schedule consisted of two functional magnetic resonance imaging (fMRI), two
paired-pulse transcranial magnetic stimulation (pTMS), or two heart rate variability (HRV)
recording sessions. During each session, sustained manual pressure stimulation was
delivered as an intervention, once at the right lateral heel according to RLT (active site),
and once at the right lateral ankle (control site). FMRI data were acquired during the
stimulation, as well as during performance of a sequential finger opposition motor task
scheduled immediately before and after the intervention. Likewise, pTMS and HRV
recordings were repeated before and after the stimulation. Statistical analyses evaluated
differences between the active and control stimulation conditions. The fMRI results
showed that stimulation at both sites evoked responses throughout the sensorimotor
system that could be mostly separated into two anti-correlated networks of areas with
transient positive or negative signal change and rapid adaptation. More sustained
activation was only observed in the insulo-opercular cortices and pons during heel (active)
stimulation. According to direct voxel-wise comparison, heel stimulation was also
associated with significantly higher activation levels in the contralateral primary motor
cortex and decreased activation in the posterior parietal cortex. In the second study,
repeated motor performance was associated with extensive activation decreases regardless
of stimulation site. However, stimulation of the heel specifically increased activation in the
predominantly contralateral pontomedullary reticular formation and bilateral posterior
cerebellum. On the other hand, heel stimulation reduced short-interval intracortical

inhibition in the contralateral motor cortex in pTMS. Finally, spectral analysis of HRV
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yielded modest increases in vagal and sympathetic activity, but revealed no differences
between stimulation sites. In conclusion, this thesis reviews literature on sensorimotor
plasticity induced by modulation of the afferent input, highlights the limited amount of
research devoted to peripheral pressure stimulation, and presents recently published
original research providing evidence for site-specific differences in brain function. These
include increased activation of the motor cortex as an immediate response to stimulation,
as well as modulation of task-related activation in the hindbrain and decreased
intracortical inhibition representing outlasting effects after extended stimulation. Finally,
these results are proposed to reflect the behavioural effects of physiotherapeutic

interventions previously observed in the clinical setting.
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Sustained pressure stimulation of the body surface has been used in several
physiotherapeutic techniques, such as reflex locomotion therapy. Clinical observations
of global motor responses and subsequent motor behavioral changes after stimulation
in certain sites suggest modulation of central sensorimotor control, however, the
neuroanatomical correlates remain undescribed. We hypothesized that different body
sites would specifically influence the sensorimotor system during the stimulation. We
tested the hypothesis using functional magnetic rescnance imaging (fMRI) in thirty
healthy volunteers (mean age 24.2) scanned twice during intermittent manual pressure
stimulation, once at the right lateral heel according to reflex locomotion therapy, and
once at the right lateral ankle (control site). A flexible modeling approach with finite
impulse response basis functions was employed since non-canonical hemodynamic
response was expected. Subsequently, a clustering algorithm was used to separate
areas with differential timecourses. Stimulation at both sites induced responses
throughout the sensorimotor system that could be mostly separated into two anti-
correlated subsystems with transient positive or negative signal change and rapid
adaptation, although in heel stimulation, insulo-opercular cortices and pons showed
sustained activation. In direct voxel-wise comparison, heel stimulation was associated
with significantly higher activation levels in the contralateral primary motor cortex and
decreased activation in the posterior parietal cortex. Thus, we demonstrate that the
manual pressure stimulation affects multiple brain structures involved in motor control
and the choice of stimulation site impacts the shape and amplitude of the blood
oxygenation level-dependent response. We further discuss the relationship between the
affected structures and behavioral changes after reflex locomotion therapy.

Front. Neurosci. 13:722. Keywords: magnetic  resonance  imaging, neurological rehabilitation, physical  stimulation,
doi: 10.338%/inins.2018.00722 sensorimotor cortex, brainstem
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INTRODUCTION

Neuronal plasticity is a key component in restoration of human
motor function. Plastic changes can be induced via transient
peripheral afferent stimulation (Powell et al., 1999). Outlasting
modulatory effects in the sensorimotor cortex have been observed
following sustained electrical (Chipchase et al., 2011), magnetic
(Gallasch et al,, 2015), and vibratory (Rosenkranz and Rothwell,
2003) stimulation. Peripheral pressure stimulation has been
studied less extensively (Miura et al, 2013; Chung et al., 2014,
2015; Sanz-Esteban et al., 2018) despite the fact that it serves as a
major component of clinical physiotherapeutic techniques, such
as the “reflex locomotion” (Vojta, 1973; Vojta and Peters, 2007;
Hok et al., 2017; Jung et al., 2017).

The technique, also known as Vojta method, uses sustained
manual pressure stimulation of specific body surface areas to
gradually evoke a stereotypic pattern of tonic muscle contractions
in both sides of the neck, trunk, and limbs (Vojta, 1973). It
has been speculated that the motor response is controlled by a
brainstem region (Laufens et al., 1991; Hok et al., 2017}, possibly
related to the so-called central pattern generators that were
discovered in vertebrate animals (Grillner and Wallén, 1985)
and more recently became associated with human locomotion
and postural control (Jahn et al, 2008; la Fougére et al,
2010; Takakusaki, 2013). Indeed, we have previously shown
that heel stimulation according to Vojta specifically modulates
subsequent motor task-related activation in the dorsal pons,
medulla (presumably in the pontomedullary reticular formation,
PMREF), and cerebellum (Hok et al., 2017). Nevertheless, there is
limited knowledge of the immediate neurobiological correlates of
the therapeutic stimulation and the resulting interaction between
the somatosensory and motor system.

Previous imaging studies of pressure stimulation recently
provided valuable, yet still incomplete picture of the central
somatosensory processing (Hao et al, 2013; Miura et al,, 2013;
Chung et al, 2014, 2015; Sanz-Esteban et al, 2018). Miura
et al. (2013) observed bilateral activation in the primary and
secondary somatosensory cortices during short manual foot sole
stimulation applied at the base of the toes over 5 s. Similar
pattern has been observed during 30 s of 1-Hz sinusoidal pressure
applied to the foot sole (Hao et al, 2013). Chung et al. (2015)
described patterns of somatosensory activations during static
sustained pressure stimulation of the index finger tip, providing
imaging evidence for gradual adaptation of the cortical areas
to stimulation of moderate duration lasting up to 15 s. Only
one study assessed cortical activation during manual stimulation

Abbreviations: AS, ankle stimulation; BA, Brodmann area; BOLD, blood
oxygenation level-dependent; EEG, electroencephalography; EPI, echo-planar
imaging; FIR, finite impulse response; fMRI, functional magnetic resonance
imaging; FWE, family-wise error; FWHM, full width at half maximum; GLM,
general linear model; HRE hemodynamic response function; HS, heel stimulation;
IPL, inferior parietal lobule; M1, primary motor cortex; MNI, Montreal
Neurological Institute; MPRAGE, magnetization-prepared rapid acquisition with
gradient echo; MRI, magnetic resonance imaging; PC, principal component;
PMC, premotor cortex; PMRE, pontomedullary reticular formation; PRE pontine
reticular formation; ROI, region of interest; $1, primary somatosensory cortex;
52, secondary somatosensory cortex; SD, standard deviation; SMC, sensorimotor
cortex; SPL, superior parietal lobule; VAS, visual analog scale.

according to Vojta applied to an active site at the anterior
thorax (Sanz-Esteban et al, 2018). However, methodological
issues, such as unbalanced group sizes, a control site in a
distant body part, and statistical maps uncorrected for multiple
comparisons, do not permit drawing strong conclusions (Sanz-
Esteban et al,, 2018). To our knowledge, no previous imaging
study evaluated immediate central effects of pressure stimulation
of the foot according to reflex locomotion therapy (Vojta, 1973;
Vojta and Peters, 2007), and in general, there are no fMRI data
on responses to pressure foot stimulation delivered continuously
over at least 30 s.

In summary, it is unknown whether the sensorimotor system
response is influenced by a specific stimulation site, e.g.,
one used in reflex locomotion therapy. Furthermore, the link
between the previously reported modulation of the motor task-
evoked activation (Hok et al., 2017) and the stimulation-evoked
responses remains to be established.

We hypothesized that, first, different body sites would
differentially influence sensorimotor system during the
stimulation, and second, that a site used in the reflex locomotion
therapy would specifically activate the PMRF (Hok et al., 2017).

To address these hypotheses, we employed fMRI during
block-designed sustained pressure stimulation at either an active
(Vojta, 1973) or control site on the foot. We expected to
identify the general activation pattern of cortical and subcortical
areas involved in the central processing of sustained pressure
stimulation of the foot while simulating clinical conditions of
manual physiotherapy.

However, analysis of fMRI responses to sustained pressure
stimulation has to address two physiological challenges: First,
cortical response adapts rapidly within somatosensory areas,
where it decreases exponentially over several seconds (Chung
et al, 2015). Second, the activation of the presumed generators
of the gradually developing widespread tonic motor reflex
response would be expected to follow the same slow timecourse
supposedly resulting from temporal summation over tens of
seconds (Vojta, 1973). Both phenomena preclude the use of
common models convolving a rectangular stimulus function
with the canonical HRF. Therefore, we utilized a more flexible
modeling approach, namely, a convolution with a set of FIR
basis functions. The main hypotheses were tested quantitatively
on a voxel-wise basis, evaluating within-subject differences
between the active and control stimulation. Nevertheless, the FIR
model does not assume any specific shape of the hemodynamic
response, which may differ slightly among different brain
areas and even within one functional system (Glover, 1999;
Lewis et al, 2018). Since there is no common reference
for the BOLD signal throughout the brain, interpretation of
significant differences critically relies on identification of brain
areas that significantly respond to the stimulation and the
timecourse of these evoked responses. Therefore, on top of
the paired analysis of stimulus-related differences, we have
employed a correlation-based clustering approach to characterize
the shape of group-wise BOLD responses at different levels
of the sensorimotor system and to delineate subsystems
that differentially respond to the stimulation and may have
different functions.
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MATERIALS AND METHODS After the session, participants reported discomfort/pain

perceived during the stimulation using a VAS for
Study Design discomfort/pain, with 0 (no discomfort/pain) and 10 (worst

This proof-of-concept study has been conducted as a randomized
cross-over experimental study in a single cohort of healthy adults
to determine the central effects of the sustained manual pressure
stimulation according to Vojta reflex locomotion (Vojta, 1973;
Voijta and Peters, 2007) versus a sham stimulation.

Participants

Thirty healthy volunteers enrolled in this study (16 females and
14 males, mean age 24.20, SD 1.92). The study participants
were university students naive to the technique of reflex
locomeotion, with no history of any neurological condition and
no signs of motor disability. Twenty-seven subjects were right-
handed and three were left-handed according to the Edinburgh
handedness inventory (Oldfield, 1971). The study was carried
out in accordance with World Medical Association Declaration
of Helsinki. The study protocol was approved by the Ethics
Committee of the University Hospital Olomouc and the Faculty
of Medicine and Dentistry of Palacky University Olomouc under
approval number 9.4.2013 and all participants gave their written
informed consent prior to their inclusion in the study.

Task and Procedures

Each fMRI session included 2 functional imaging acquisitions
during 10 min of right foot stimulation. Prior to the stimulation,
participants performed a sequential motor task with their right
hand as described elsewhere (Hok et al, 2017). During the
stimulation, participants were lying prone in the scanner bore
with their eyes closed and were asked not to think about
anything in particular. The stimulation was delivered in twelve
blocks (each 30 s long) alternating with jittered rest to permit
modeling of the extended hemodynamic response (Dale, 1999).
In total, this resulted in 6 min of stimulation and 4 min of rest
per acquisition run. The pressure was applied manually by an
experienced therapist (MK or MS) using his/her thumb placed on
one of two predefined sites located on the lateral side of the foot
over bony structures and within the same dermatome (Foerster,
1933): either (1) the right lateral heel zone (heel stimulation,
HS) according to Vojta (1973), or (2) a control site at the
right lateral ankle (ankle stimulation, AS). The therapists were
instructed to apply manual pressure similar to that routinely
used during physiotherapy according to Vojta. The force applied
was continuously recorded during the stimulation runs using a
custom-made MRI-compatible calibrated pressure/force monitor
(based on a FlexiForce sensor, Tekscan, South Boston, MA,
United States). Throughout the acquisition, the stimulated limb
was semi-flexed in the knee joint and supported above the
scanner table by the therapist who maintained constant tactile
contact with the participants foot to further simulate natural
conditions of a therapeutic procedure. However, the use of a
single stimulation site, the specific body position and stimulation
duration, were chosen to elicit only partial motor response (Vojta
and Peters, 2007), avoiding gross body movements and head
displacement in the scanner bore.

possible pain) marked as the extreme values. The discomfort/pain
scores for HS and AS were compared using Wilcoxon two-sample
signed rank test.

Every participant underwent two fMRI sessions, each
involving either HS or AS. The session order was randomized
and counter-balanced, and the participants were not informed in
advance that the stimulation would be performed in one of two
different sites. The sessions were scheduled at least 7 days apart
(median interval was 70 days, range was 7-294 days).

Data Acquisition

MRI data were acquired using 1.5-Tesla scanners (Siemens
Avanto and Symphony, Erlangen Germany) with standard head
coils. The scanning schedule was counter-balanced to account for
any possible differences due to the scanner used. The subject’s
head was immobilized with cushions to assure maximum
comfort and minimize head motion. The MRI protocol included
functional T;*-weighted BOLD images during task performance,
acquired with gradient-echo EPI sequence (30 axial slices parallel
to the anterior commissure-posterior commissure line, 5 mm
thick, repetition time/echo time = 2500/41 ms, flip angle
70°, field of view = 220 mm, matrix 64 x 64) to provide
34 x 34 x 50 mm resolution. In total, 240 images were
acquired per each functional run. Gradient-echo phase and
magnitude field map images were acquired to allow correction of
the echo planar imaging distortions. Anatomical high-resolution
three-dimensional MPRAGE scan was acquired to provide the
anatomical reference.

Data Pre-processing

The fMRI data were processed using FEAT Version 6.00, part of
ESL (FMRIB’s Software Library'), version 5.0.9 (Jenkinson et al.,
2012). The FEAT pre-processing pipeline included: correction
of By distortions using FUGUE (Jenkinson, 2003), motion
correction using MCFLIRT (Jenkinson et al., 2002), non-brain
removal using BET (Smith, 2002), and spatial smoothing using
a Gaussian kernel with 8.0 mm FWHM. Functional data were
registered to the individual’s anatomical reference image, which
was subsequently normalized non-linearly to the MNI 152
standard space (Grabner et al., 2006). The fMRI data were then
visually checked for susceptibility artifacts and two subjects were
excluded due to an excessive signal loss in the brainstem. The
final sample thus consisted of 28 subjects (16 females, 12 males,
25 right-handers).

Next, motion-related artifacts were removed from each time
series using ICA-AROMA tool (Pruim et al., 2015a,b), followed
by high-pass temporal filtering with sigma = 60.0 s. In a parallel
preprocessing pipe-line, the ICA-AROMA noise components
were removed from a dataset, which had no spatial smoothing
applied. This dataset served for extraction of nuisance signal
from six sources in the supratentorial white matter and one
source in the lateral ventricles. The masks were based on the

! www.fmrib.ox.ac.uk/fs]
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MNI 152 Harvard-Oxford cortical atlas labels at 95 and 85%
probabilistic threshold, respectively (Desikan et al., 2006). The
white matter mask was split along the orthogonal planes into 6
areas roughly corresponding to the frontal (Y > 0 mm), parietal
(0 mm > Y > —36 mm, Z > 18 mm) and occipital white matter
(Y < —36 mm), excluding the deep white matter around basal
ganglia. From each source, the first eigenvariate was used to
represent the non-neuronal signal.

Statistical Analysis of Imaging Data

The statistical analysis of the time-series was carried out in all
remaining 28 subjects using FILM with local autocorrelation
correction (Woolrich et al., 2001). To account for habituation
with minimum assumptions, the onsets of stimulation blocks
were convolved using a set of FIR basis functions instead
of the canonical HRF. The GLM thus consisted of 9 delta
functions (i.e., 9 temporally shifted unit spikes approximating
Dirac delta function) that covered a 45 s time window
(30 s on task and 15 s off task) aligned with the onset
of each block with a 5 s (2 repetition times) steps to
avoid noise over-fitting (Liu et al, 2017). To suppress
residual physiological noise, the final model included also
6 nuisance signal regressors from the white matter and 1
from the ventricles.

The resulting beta parameters (in FSL terms, contrasts of
parameter estimates or COPE) were carried over to a middle-
level analysis in order to account for repeated measures in
each subject. At this step, each time point (i.e., basis function)
was still considered independent and analyzed separately for
each subject. Since only within-subject effects were modeled at
this point, the middle-level analysis was carried out using the
fixed effects mode in FEAT. To test the main hypotheses, three
within-subject models were designed and evaluated in parallel
pipelines: In the first one, the beta parameters from each session
(involving either HS or AS) were averaged separately, resulting in
Contrasts 1 (HS) and 2 (AS). These contrasts represent the mean
condition effects related either to HS or AS. In the second model,
the functional series from both sessions were pooled together,
providing Contrast 3 (HS + AS). This contrast was necessary
to obtain a mean activation map for HS and AS, which would
provide common clusters for a poest hoc ROI analysis. Finally,
the within-subject differences were assessed on a voxel-wise basis
by subtracting the beta parameters from both sessions, yielding
Contrast 4 (HS — AS).

In the final third-level analysis, group-wise effects for all
within-subject contrasts were evaluated. The group model
consisted of one regressor for each basis function and an
F-test collapsing all 9 basis functions to assess the overall effect
over the entire stimulation block. In Contrast 4 (HS — AS),
additional linear covariates were included to account for the
time difference between the two sessions and for individual
differences in self-rated discomfort/pain intensity (condition H -
condition A), with an additional F-test to evaluate the average
discomfort/pain effect [Contrast 5 (Pain)]. The random effects
analysis was performed using FLAME (FMRIB’s Local Analysis
of Mixed Effects) stage 1 (Woolrich et al., 2004). The whole-
brain analysis was limited to the MNI standard brain mask

(Grabner et al., 2006) minus a white-matter mask derived from
the Harvard-Oxford probabilistic atlas (Desikan et al,, 2006)
using a conservative probability threshold of 95% as defined in
the Section “Data Pre-processing.” The masked Z (Gaussianised
T) statistic images were thresholded using clusters determined
by Z = 5 in case of Contrasts 1 to 3 (Figures 1, 2), or Z > 3 in
case of Contrasts 4 and 5 (Figure 3). The FWE corrected cluster
significance threshold was p < 0.05 (Worsley, 2001). Clusters in
the thresholded maps were objectively labeled using the Harvard-
Oxford Cortical and Subcortical Structural Atlases (Desikan et al.,
2006), and the Probabilistic Cerebellar Atlas (Diedrichsen et al.,
2011). Cytoarchitectonic labels were derived from the Jiilich
Histological Atlas (Eickhoff et al., 2007). The resulting statistical
images were rendered in Mango v4.0 (Research Imaging Institute,
UT Health Science Center at San Antonio, TX, United States?).

Post hoc ROl Analysis - Mean Condition
Effects

To assess temporal features of the hemodynamic responses
in the areas significantly activated or deactivated by either
stimulation, a post hoc ROI analysis was performed and visualized
using custom scripts created in Matlab version R2017b and the
Statistics Toolbox (MathWorks, Natick, MA, United States). Only
clusters in Contrast 3 (HS + AS) containing more than 5 voxels
were considered.

First, average group-wise activations were investigated. Using
the cluster mask from Contrast 3 (HS + AS), group-wise
beta parameters were extracted from the Contrasts 1 (HS)
and 2 (AS) for each time point (i.e., basis function). The
representative cluster-wise values were obtained using median
of beta parameters in each cluster. Vectors of 9 consecutive
median beta parameters in each cluster thus provided cluster-
wise timecourses, each representing median response during a
single stimulation block and the subsequent rest.

To assure that the extracted medians represented a
homogeneous population of voxels, each median timecourse
was correlated using Pearsons correlation coefficient with
the first PC obtained from the same cluster using singular
value decomposition (Wall et al, 2003, 91-109). In case of
low correlation between the median of the whole cluster and
the first PC (r < 0.7), the median was extracted only from a
subset of voxels highly correlated with the first PC in both HS
and AS (r > 0.75).

The resulting representative cluster-wise timecourses (ie.,
vectors of the median beta parameters) were then correlated with
each other using Pearson’s correlation coefficient, providing one
correlation matrix for HS and one for AS. Next, hierarchical
clustering was applied to both correlation matrices in order
to distinguish “subsystems” (sets of clusters) with similar
hemodynamic responses. Agglomerative clustering trees were
built using unweighted average distance algorithm and Euclidean
distance as a dissimilarity measure (Rencher and Christensen,
2012). The optimal number of resulting subsystems was indicated
using Calinski- Harabasz criterion (Califiski and Harabasz, 1974).

hitp://ric.uthscsa.edu/mango/
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For visual comparison, the correlation matrix for AS was re-
ordered according to the correlation matrix for HS (Figure 2B).
Finally, the original HRF in each cluster was reconstructed by
multiplying the convolution matrix and the group-wise beta
weights of each FIR regressor (Figure 2C).

Post hoc ROl Analysis — Within-Subject
Differences

Further post hoc analysis was performed to determine the
timing and directionality of differences detected in Contrast
4 (HS — AS). This was done by extracting the median
within-subject beta parameters from Contrasts 1 (HS) and 2
(AS) within the boundaries of the clusters from Contrast 4
(HS — AS). To identify time points of significant differences,
corresponding beta parameters for HS and AS were compared
using paired Wilcoxon signed rank test at p < 0.05 (post hoc
confirmatory analysis without additional correction). Finally,
the differences in activation levels in clusters from Contrast 5
(Pain) were correlated with discomfort/pain rating difference
using Spearman’s correlation coefficient and marked significant
at p < 0.05. These results are presented in Figure 3.

RESULTS

Behavioral Data

In all subjects, the therapist observed discrete irregular
focal muscle contractions in the stimulated extremity during
stimulation, but no gross limb or trunk movements.

For technical reasons, continuous pressure recordings were
only obtained in 15 subjects. The mean force applied at the
sensor during HS was 2233 N (SD = 11.64 N) and 26.45 N
(SD = 9.72 N) during AS. The difference was not significant

(p = 0.32, two-sample t-test). A paired t-test was possible in
11 subjects with a non-significant difference (p = 0.22, mean
difference HS — AS = —3.94 N, SD = 9.96 N).

After HS, the median reported discomfort/pain intensity
(VAS) was 1.85 (range 0-6.9), while it was 0.90 after AS
(range 0-5.5). HS was thus associated with significantly higher
discomfort/pain intensity than AS (p < 0.01, Wilcoxon signed
rank test), with median difference 1.25 (range —5.0-6.4). The
difference in discomfort/pain rating has been therefore included
as a covariate in the Contrast 4 (HS — AS).

Imaging Results

Spatial Maps of Mean Condition Effects

Group Contrasts 1 (HS) and 2 (AS) yielded separate Z statistical
maps depicting areas with significant response either to HS
or to AS (Figure 1). The areas involved in the somatosensory
processing of the pressure stimulation of each site overlapped
partially (spatial correlation between thresholded Z statistical
maps for HS and AS was 0.56 using Pearson correlation
coefficient). The overlapping areas (binary conjunction, see
yellow overlay in Figure 1, row C) included mainly the left
dorsomedial primary somatosensory and motor cortex (51 and
MI, respectively) in the somatotopic representation of the
stimulated lower limb and the bilateral parietal operculum
cortices (secondary somatosensory cortex, or S2). Less extensive
overlap was observed in the more posterior right postcentral
gyrus and SPL, ie., ipsilateral to the stimulated limb. Both
stimulation sites were also associated with signal changes in
bilateral dorsolateral sensorimotor cortex (SMC, i.e, S1 and
M1) in the somatotopic representation of the upper limb
and face (Long et al, 2014). These were later identified as
transient deactivations, see below. Further similarities between

ternplate. The right is right, according to neurological convention.

FIGURE 1 | Areas associated with sustained pressure stimulation. The red-yellow Z statistical overlays in the top and middle rows represent significant £-tests of
mean response to heel stimulation (HS) and ankle stimulation {AS). The bottom row shows the binary conjunction (C) of HS and AS (red = heel, blue = ankle,

yellow = conjunction of both). The images were superimposed on top of a gray-scale mean T, -weighted background image. Clusters of activation were determined
by Z = 5 and thresholded at corrected p < 0.05. The slices are numbered according to coordinates in the Montreal Neurological Institute (MNI} 152 standard space
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FIGURE 2 | Timecourses of BOLD signal in the significant clusters. In panel (A), the color Z statistical overlays represent together significant F-test of mean pooled
response to both heel (HS) and ankle stimulation (AS). Significant clusters were separated into three color-coded groups (red, green, and blue) according to the
shape of hemodynamic response function (HRF), as explained in panels (B,C). For remaining conventions in panel (A), see Figure 1. In panel (B), the left matrix
{Heel) represents cross-correlations of hemodynamic responses in 30 largest clusters from panel (A) as measured during HS, whereas the right matrix {Ankle)
represents cross-correlations observed during AS. Both matrices are identically ordered according to the minimal Euclidean distance between neighboring clusters in
Heel condition (see Methods). Note the two well-formed anti-correlated subsystems in Ankle condition (right matrix), encoded in red and blue on the horizental bar
above the matrix. In Heel condition, another subsystem emerges in addition to the previous two. The three networks are encoded in red, green and blue. In panel
(C), the plots display median (solid dark line) and inter-quartile range {semi-transparent fill) of HRF across all clusters in each network from panels (A,B) (from top to
bottom: red, green, and blue). In the middle plot, a smaller plot represents a single cluster with a distinct timecourse during AS. Abscissa represents time since the
block onset in s, whereas ordinate represents fitted blood oxygenation level-dependent response in arbitrary units. Dashed orange line shows the average applied
pressure function (scaled to fit the plot), whereas the orange bar below indicates the duration of the stimulation block {ON].

the responses to stimulation at either site were found in the left
prefrontal and bilateral parieto-occipital cortices, bilateral lingual
gyri and thalami, but the involved areas mostly did not overlap.
Several qualitative differences were observed: AS was associated
with more involvement of temporal and prefrontal areas in the
left hemisphere, whereas HS elicited responses in the left insular
and bilateral frontal operculum cortices and the brainstem in the
contralateral (left) pons.

The analysis of pooled data (Contrast 3 [HS + AS], sum of all
color overlays in Figure 2A) yielded significant effects in all areas

associated with either HS or AS alone. Therefore, a complete list
of clusters with anatomical labels is only provided for Contrast 3
(HS + AS; see Supplementary Table S1).

Post hoc ROI Analysis

The ROI analysis of the clusters obtained from Contrast 3
(HS + AS) was limited to the 30 biggest clusters with more
than 5 voxels (see Supplementary Table S1 for a complete list).
The median group-wise beta parameters were highly correlated
with the first principal component in all but one cluster, namely,
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FIGURE 3| Significant differences according to stimulation site. In panel (A), the color Z statistical overlays represent significant F-test of within-subject differences
between the heel (HS) and ankle stimulation (AS), i.e., Contrast 4 (HS - AS). The two clusters (labeled anatomically in Table 1) are coded either in red, if HS vielded
higher activation than AS, or in blue, if the opposite was the case. The plots on the right side of each slice display median (solid dark line) and inter-quartile range
(semi-transparent fill) of the modeled hemodynamic response function in the specified cluster across all subjects (HS in red, and AS in blue). Gray bars and
background indicate epochs (each epoch represents one finite impulse response basis function) that significantly differed between HS and AS (Wilcoxon signed rank
test). Differences were significant at uncorrected *p < 0.05, **p < 0.01, or ***p < 0.001 (post hoc confirmatery analysis). For remaining conventions see Figure 2.
In panel (B), a cluster showing significant correlation between pain difference HS — AS and activation difference (HS — AS) is displayed in green [see Contrast 5 {Pain)
in the Methods]. In the corresponding timecourse plot, green bars and background indicate significant correlation according to Spearman's correlation coefficient {p),

which is plotted as a green dotted line (the ordinate range is marked on the right). Note that carrelations were significant in different areas and epochs than the
significant differences between activation levels in HS and AS. For remaining conventions see panel (A).

Cluster 1. In this cluster, the first PC was dominant for both
stimulation sites (r > 0.75) in 2,798 voxels (47.5% of the original
cluster size), which were used to extract representative response
time-course. The remaining voxels were not considered.

In the 30 evaluated clusters, the modeled BOLD responses
could be mostly separated into two distinct subsystems with anti-
correlated timecourses (Figure 2B). This was especially apparent
in AS. Therefore, all clusters in AS condition and most clusters
in HS condition were labeled either as “task-positive” or “task-
negative” based on the sign of the immediate BOLD signal
change. According to the timecourse plots, the median activation
in the task-positive subsystem (“Task-positive” plot in Figure 2C)
increased immediately after the stimulation onset and peaked
at 3.75 s, namely, at the center of the second volume after
onset. It decreased back to baseline as early as 10 s after onset.
Following the stimulation offset, activation transiently increased
again and remained positive 0 to 17.5 s after offset, peaking at
8.75 5. As opposed to the task-positive areas, the responses in the
second subsystem (“Task-negative” plot in Figure 2C) involved
deactivations at the onset and at the offset of the stimulation. The
median response remained negative 5 to 12.5 s after onset and
5to 17.5 s after offset. Please note that the real time resolution of
the plots is roughly 5 s, which is the approximate width of a single
regressor spanning 2 TRs.

Whereas there were only two subsystems with homogeneous
responses in AS, a third type of response could be distinguished
in HS (see dendrograms in Supplementary Figure S1). The 23
clusters with consistent task-positive or task-negative responses,
which were similar in both conditions are represented by red

and blue overlay, respectively, in Figure 2A. The responses in
the remaining 7 clusters in HS condition followed a distinct
timecourse that deviated from the common task-positive or task-
negative pattern (compare the matrices in Figure 2B; see also
Supplementary Figure S1, dendrogram “Heel”). Six out of these
clusters were task-positive in AS and one was task-negative in
AS, including the right frontal and central opercular cortex,
inferior frontal gyrus, frontal orbital cortex, bilateral anterior
insular cortex, left paracingulate gyrus and the left pons (see green
overlay in Figure 2A). In these clusters, the initial response in HS
condition remained positive for the duration of the stimulation
block (peak at 8.75 s after onset) instead of dropping immediately
to baseline. After the offset, the second positive response could
be observed at 8.75 s after offset. Therefore, the subsystem was
labeled as “sustained task-positive” (compare the red solid line
representing HS to the blue line representing AS in “Sustained”
plot in Figure 2C).

Within-Subject Differences Between Conditions

Contrast 4 (HS — AS) yielded a map of average within-
subject differences between HS and AS (Figure 3A), as well as
the interaction with the self-reported discomfort/pain intensity
(Figure 3B). The differences between HS and AS were observed
in the IPL (area PGp; Cluster 1 in Figure 3A) and in the left
primary motor (M1) and PMC in the somatotopic representation
of the lower limb (BA 4a and 6; Cluster 2 in Figure 3A).
The discomfort/pain effect [Contrast 5 (Pain)] was observed
in the left SPL (BA 7A and 5L; Cluster 1 in Figure 3B)
posterior to the Cluster 2 in Contrast 4 (HS — AS). A complete
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list of clusters with their anatomical labels is provided in
Table 1.

The ROI analysis of clusters in Contrast 4 (HS — AS; see
Table 1) revealed that the modeled BOLD response in the left
M1 and PMC (Cluster 2 in Figure 3A) was significantly higher in
HS condition. This was observed mostly during short activation
increases after stimulation onset and offset. In contrast, activation
levels in the left IPL (Cluster 1 in Figure 3A) were higher in
AS condition than in HS condition. The differences in the IPL
were spread almost over the entire stimulation block and the
subsequent rest.

The ROI analysis of the cluster obtained from Contrast 5
(Pain) showed that the discomfort/pain difference (HS — AS)
was negatively correlated with the difference in activation levels
(HS — AS). The significant correlations were detected during the
sustained phase of the stimulation (Figure 3B).

DISCUSSION

In this section, we discuss the main findings in the following
order: brain structures associated with the pressure stimulation
of the foot, the dynamics of the BOLD responses, deactivations
observed during the stimulation, and the site-specific differences,
which are the main novel findings of this study.

Patterns of Activation Associated With
Pressure Stimulation

Using a FIR model to deconvolve the hemodynamic response,
we have confirmed that sustained peripheral pressure stimulation
influences multiple elements of the sensorimotor system. The

stimulus-related activation increases that we observed mainly in
the contralateral S1 and bilateral S2 regardless of stimulation site
(Figure 1) are consistent with previous descriptions of the core
somatosensory network activated during pressure stimulation
applied either at the upper or the lower limb (Hao et al,
2013; Miura et al,, 2013; Chung et al., 2015). Further consistent
activations that we detected in the contralateral dorsomedial
MI1/PMC have only been observed in lower limb stimulation
(Hao et al, 2013; Miura et al., 2013), whereas activations in
the ipsilateral dorsomedial S1/SPL have been previously reported
only in one study (Miura et al., 2013). Other brain structures
activated either by HS or AS, or observed in the pooled analysis
[Contrast 3 (HS + AS)], such as frontal, insular or cingulate
cortices and bilateral thalami, also agree with previous studies
(Miura et al., 2013; Chung et al., 2015). Therefore, the described
general activation pattern during sustained pressure stimulation
of the foot may be considered rather independent of stimulation
site and duration.

Temporal Features of the BOLD

Responses

Apart from the localization of signal changes, we also
deconvolved the timecourse of the regional hemodynamic
responses to natural manual pressure stimulation.

First, this allowed us to confirm that fast adaptation
(Chung et al., 2015) occurs also during longer and repeated
sustained stimulation. The sensation of static mechanical
pressure is believed to be conducted via slowly adapting I (SA-I)
afferents (Johansson and Flanagan, 2009). These afferents adapt
exponentially to static stimuli (indentation or vibration) with
a time constant of 8.4 s (Leung et al,, 2005). Considering the

TABLE 1 | List of clusters of significant differences according to stimulation site.

Contrast Cluster index Anatomical atlas Cytoarchitectonic atlas Volume (cm?) Cluster p Zinax Zmax MNI
labels labels coordinates
[x.y,Z (mm]]
Contrast 4: HS - AS 100.0% L Lateral 81.5% L Inferior Parietal 2.81 0.003 7.00 -30, —80, 48
Occipital C, s. d. Lobule PGp
7.1% L Inferior Parietal
Lobule PGa
5.1% L Superior Parietal
Lobule 7A
48.5% L Postcentral G B5.0% L Primary Motor C 2.08 0.014 6.74 —4, —36, 74
36.5% L Precentral G BAda
8.8% R Precentral G 18.1% L Premotor C BAB
B.2% R Postcentral G 8.5% R Primary Motor C
BAda
Contrast 5: Pain effect 53.0% L Superior 46,0% L Supericr Parietal 1.58 0.043 416 —8, —48, 70
Parietal Lobule Lobule 5L

29.8% L Postcentral G
12.1% L Lateral
QOccipital C, s. d.

5.1% L Precuneous
Cortex

45.5% L Superior Parietal
Lobule 7A

Table fists significant F-test clusters in Contrast 4 (HS - AS), i.e., the differances between heel and ankle stimulation, and in Contrast 5 (Pain), Le., the pain effect.
Anafomical and cytoarchitectonic labels are provided including the proportion of labeled voxels. Only labels consisting at least 5% of activated voxels are shown. Note
that cerebellar labels may overlap with cortical labels and that cytoarchitectonic labels do not cover the whole brain. Abbreviations: C, cortex; BA, Brodmann area; G,
gyrus; MNI, Montréal Neurological Institute; R, right; s. d., superior division; Zmax, maximum Z score.
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time lag of the BOLD response, the activations in our data in
the task-positive areas (coded in red in Figures 2A,C) occurred
and diminished within the expected time window (0 to 10 s after
onset), which is in overall agreement with previous observations
(Chung et al., 2015).

Second, we show that an equal response follows the release
of pressure (Figure 2C). Similar response has been observed
after offset of sustained non-nociceptive vibratory (Marxen et al.,
2012) or electrical stimulation (Hu et al, 2015), but it has
not been reported so far in sustained pressure stimulation
(Chung et al, 2015). Importantly, the offset responses have
been shown to occur only after non-nociceptive stimulation
(Hu et al., 2015), suggesting that the task-positive areas with
offset responses in our data (red overlay in Figure 2A) were
not associated with processing of painful sensations and could
potentially receive input mediated by rapidly adapting (RA)
afferents (Hu et al,, 2015), but this has to be confirmed by future
electrophysiological studies.

Regarding the magnitude of the offset responses, it should
be noted that both positive and negative offset responses were
apparently of higher amplitude and longer duration (0 to 17.5 s
after offset) than the responses at the stimulation onset. We
speculate that the reason might be to some extent related to
our experimental design: the offset pressure decrease may have
been on average more abrupt and less variable than the pressure
increase at the block onset. As a result, onset responses might by
slightly “blurred” in time.

Deactivations Associated With Pressure

Stimulation

In addition to areas activated during the stimulation, we also
report a complementary set of brain areas, which were transiently
suppressed by the stimulation and the pressure release. Similar
inhibition in the bilateral S1 and M1 has been previously
documented during vibrotactile finger or tactile foot stimulation
(Hlushchuk and Hari, 2006; Tal et al.,, 2017). We extend this
observation by showing that such suppression occurs also in
response to sustained pressure stimulation of the lower limb.
In line with Tal et al. (2017), we show that foot stimulation
deactivates sensorimotor cortices in the bilateral somatotopic
representations for upper limbs and face (blue overlay in
Figure 2A) as defined by Long et al. (2014). A new finding
in the context of lower limb stimulation is the deactivation in
areas outside the sensorimotor system, such as the temporal and
occipital cortices. Similar cross-modal deactivations have been
observed in humans only during somatosensory processing of
tactile input from the upper limbs and they have been speculated
to enhance the somatosensory processing by suppressing
unnecessary sensory input (Kawashima et al., 1995; Merabet et al.,
2007; Ide et al., 2016).

The observed deactivations are unlikely to be caused by local
redistribution of the blood flow (hemodynamic steal) as most of
the areas showing differential responses are supplied by different
main cerebral arteries (Tal et al, 2017). Electrophysiological
evidence from direct intracortical recordings suggests that
negative BOLD response is associated with suppressed neuronal

activity in the deep cortical layers (Boorman et al.,, 2010; Yin
et al, 2011). Simultaneous fMRI/EEG recordings in humans
show considerable correlation between the EEG mu power and
BOLD signal decrease, confirming its neuronal origin (Mullinger
et al, 2014). Recent data show that inhibitory neurons may
also contribute to the positive hemodynamic response, hence,
deactivations could conversely reflect decreased neuronal activity
of both excitatory and inhibitory cells (Vazquez et al., 2018).
However, there is also evidence suggesting that the deactivated
areas are not necessarily always “shut down.” Decrease in
BOLD signal and cerebral blood flow may be at least in
some cases accompanied by increased spiking (Hu and Huang,
2015) and/or glucose uptake (Devor et al, 2008). Since the
underlying neuronal processes and functional role of negative
hemodynamic responses are not yet clearly understood, they
should be interpreted with caution (Tal et al, 2017).

Differences Between the Heel and Ankle

Stimulation

Voxel-Wise Within-Subject Comparison

Compared to control stimulation, HS was associated with
significantly increased activation in the left MI/PMC
(somatotopically lower limb area; see Cluster 2 in Figure 3A)
and decreased activation in the left IPL.

Activations in the contralateral motor cortex have already
been observed during pressure stimulation of the lower limb
(Hao et al., 2013; Miura et al., 2013) as discussed in the Section
“Patterns of Activation Associated With Pressure Stimulation.”
Although both AS and HS were associated with transient
activations in the M1 representation for the stimulated limb, the
results indicate higher neuronal activity during HS (Figure 3A,
Cluster 2). This may have several possible reasons: A shift in
somatosensory representation is unlikely as the activations in
the postcentral gyrus did not differ. While the local stimulation
site properties may also influence the activations, we believe
that there were no sources of bias other than those, which
may be in fact important for the reflex locomotion therapy
(see also Limitations). The increased motor activation may
also be a secondary phenomenon, for instance, reflecting pain-
evoked movements (Apkarian et al., 2005). Since the Contrast 4
(HS — AS) was controlled for the difference in discomfort/pain
rating, we consider the MI/PMC activation differences to
be less likely pain-related (see also Limitations). Next, the
observed difference in the M1/PMC may result from an incipient
involuntary muscle response to stimulation according to Vojta
and may be mediated by a different, possibly subcortical or
brainstem structure (Vojta, 1973; Laufens et al, 1991; Hok
et al,, 2017). Finally, the increased motor activation during HS
may also represent a site-specific difference in sensorimotor
integration. It remains unknown at which level the sensory
input is redirected to the motor cortex. It may either reflect
a direct interaction between the adjacent somatosensory and
motor cortices (Kaelin-Lang et al., 2002), or a parallel bottom-
up thalamo-cortical pathway (Huffman and Krubitzer, 2001)
or collaterals of the spinothalamic pathway (Kayalioglu, 2009).
Such direct influence of sensory input on motor cortex function
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is supported by electrophysiological evidence using sustained
electrical (Golaszewski et al., 2012), vibratory (Marconi et al.,
2008), or vibrotactile (Christova et al.,, 2011) stimulation,
which shows outlasting effects on motor cortex excitability,
possibly by affecting inhibitory GABA-ergic intracortical circuits
(Ziemann et al., 1996).

In contrast to the task-positive motor activations, the
differences in the IPL (Figure 3A, Cluster 1) are more likely
related to cross-modal deactivations (Kawashima et al., 1995;
Merabet et al., 2007; Ide et al., 2016) as discussed in the Section
“Deactivations Associated With Pressure Stimulation.” The
posterior IPL (cytoarchitectonically the area PGp) is considered a
part of the default mode network, specifically its medial temporal
lobe subsystem (Igelstrim and Graziano, 2017). Similar stimulus-
related deactivations in parts of the default mode network have
been previously observed during sustained electrical stimulation
(Hu et al., 2015). These deactivations varied over different phases
of stimulation, left IPL being predominantly deactivated during
the onset phase of periodic stimuli (Hu et al,, 2015). Nevertheless,
the role of those deactivations remains unclear. Since cognitive
processes were not explicitly controlled in this study, we can
only speculate that the higher amplitude of deactivations in the
IPL-PGp could mean that the sensory input associated with HS
was suppressing internally driven cognitive processes, possibly by
drawing more externally oriented attention.

Comparison of Group-Wise Activation Patterns
During HS, average activation in several areas followed a
timecourse with more sustained positive BOLD response (red
solid line in “Sustained” plot in Figure 2C), whereas in AS, only
transient onset/offset activations were detected (blue solid lines
in Figure 2C). Some of these areas, including insular cortices and
pons, were not observed in the group-wise map for AS condition,
but they were detected in HS (Figure 1).

The involvement of the insular cortex in HS may in fact
reflect increased discomfort/pain ratings during HS since the
insular cortex is known to participate in emotional processing
of pain (Apkarian et al., 2005; Kurth et al, 2010; Hu et al,
2015). However, other explanations remain possible as there
was no significant correlation with discomfort/pain intensity
difference in the insulo-opercular areas in Contrast 5 (Pain).
For instance, anterior insula also significantly contributes to the
control of autonomic responses (Beissner et al., 2013) and various
cognitive and affective processes (Kurth et al., 2010; Uddin,
2015). Indeed, stimulation according to Vojta has been associated
with various autonomic responses (Vojta and Peters, 2007), but
our parallel investigation of cardiac autonomic responses in a
similar cohort of healthy subjects did not indicate any site-specific
effect of HS which would interfere with our current results
(Opavsky et al., 2018).

Another structure associated with HS (but not significantly
with AS, see Figure 1, row C) was included in the sustained task-
positive subsystem (green overlay in Figure 2A) and located in
the pontine tegmentum. The area most likely encompasses the
PRF and pontine nuclei (Nieuwenhuys et al., 2008). These are
adjacent to the PMRF in which we have previously observed
modulation of motor-related activation after sustained pressure

stimulation (Hok et al., 2017). Based on that observation, we
have previously speculated that the PMRF might play a role in
the therapeutic stimulation according to Vojta (Hok et al,, 2017).
‘While the current study does not provide further direct evidence
for the specific role of PRF or PMRF in the physioterapeutic
effects of pressure stimulation, the sustained activation in the
PRF during HS (see “Sustained” plot in Figure 2C) provides
a ground for potential interaction between the PRF and the
more caudal PMRF.

In humans, the brainstem reticular formation, and more
specifically the PMRE, is suggested to exert anticipatory postural
control before gait initiation (Takakusaki, 2013). It also activates
during the imagery of standing (Jahn et al., 2008) and walking
(la Fougeére et al., 2010). Most importantly, however, stimulation
of the PMREF elicits bilateral asymmetrical motor patterns in cats
(Dyson et al,, 2014) and monkeys (Hirschauer and Buford, 2015),
which can be related to stereotypic tonic responses observed by
Vojta (1973) and Vojta and Peters (2007).

Implications for Physiotherapeutic

Techniques

Our findings indicate that sustained pressure stimulation affects
the sensorimotor system on a global scale. While some areas
(e.g., the primary SMC for the foot) respond with increased
activation, other regions (such as the primary SMC for the hand
and face) became transiently suppressed. This effect seems to be
non-specific and independent of the stimulated site. However,
specific effects during the HS were observed as well.

Pressure stimulation is an integral part of number of
physiotherapeutic techniques, such as reflex locomotion (Vojta
and Peters, 2007), clinical massage, acupressure (Wong et al.,
2016), reflexology, or myofascial trigger point therapy (Smith
et al., 2018). Whereas in reflex locomotion, the choice of exact
stimulation site is pre-defined (Vojta and Peters, 2007), other
techniques, such as myofascial trigger point therapy, do not rely
on specific body site (Smith et al., 2018). Our data show that
even non-specific pressure stimulation may evoke far-reaching
effects throughout the brain, including the motor system, which
is relevant for physiotherapy. Whether the observed cortical
activations/deactivations in the current study have any outlasting
and clinically significant impact, cannot be established without
further studies with comprehensive protocols employing imaging
and repeated behavioral testing.

Our choice of the specific stimulation site was motivated by
the stimulation according to Vojta, which is known to induce
significant modulatory motor after-effects, e.g., facilitation of
voluntary movements that outlast the stimulation (Laufens et al.,
1995). Our current data provide further evidence that sustained
pressure stimulation may influence multiple sensorimotor areas
(including representations of distant extremities) without any
evoked gross motor activity. The site-specific effects were local,
ie., confined to the motor cortex adjacent to the primary
somatosensory representation of the stimulated limb. While the
co-activation in the primary motor and premotor cortex of the
stimulated (lower) limb seems to be relatively non-specific (Hao
etal, 2013; Miura et al,, 2013), we show that it can be augmented
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by stimulation at certain sites, such as the lateral heel zone
according to Vojta (1973).

However, the fact that we deliberately did not elicit any
consistent gross involuntary motor responses limits our ability
to connect our observations with the anatomical structures
responsible for the control of the motor patterns observed
during the reflex locomotion therapy (Vojta, 1973). Stll, we
expand our recent observation of the modulatory motor after-
effects in the PMRF (Hok et al, 2017) by showing that HS is
associated with sustained activation in the nearby PRE which was
not observed during control stimulation. We speculate that an
interaction (possibly top-down) between these brainstem nuclei
might be responsible for the global motor effects of the reflex
locomotion therapy.

The need for targeted stimulation of empirically chosen sites
in reflex locomotion resembles other therapeutic techniques,
such as acupuncture. In (electro)acupuncture, a considerable
number of fMRI studies compared brain activations in response
to the “active” and sham sites, but results are often conflicting
(Qiu et al, 2016). A specific activation increase in response
to lower limb stimulation was observed in the contralateral
primary motor cortex (Wu et al,, 2002; Usichenko et al., 2015) in
agreement with our results, suggesting that there might be a more
universal mode of action common for both reflex locomotion
and acupuncture. However, differences in many other brain
areas not corresponding to our results, including frontal and
temporal cortices and limbic structures, were also observed (Wu
et al., 2002; Usichenko et al., 2015), therefore, other mechanisms
might be involved as well. A head to head comparison would be
required to assess this.

Limitations

Because of the whole-brain fMRI acquisition, the spatial
resolution of the T2*-weighted MR images may limit assignment
of activation foci to a single anatomical area in a small structure
such as the brainstem. Nevertheless, functional MR imaging
of the brainstem was successfully performed in the past using
spatial resolution and hardware comparable to ours (Jahn et al.,
2008). Moreover, data acquisition using a 1.5-T scanner may
be less prone to magnetic susceptibility artifacts that affect
higher-field 3-T scanners more severely, despite their superior
signal to noise ratio.

Furthermore, the observed activation differences between HS
and AS might be to some extent influenced by concomitant
discomfort/pain. In this study, the HS was indeed rated more
unpleasant/painful than the AS. This is in line with the reports
that therapeutic stimulation according to Vojta is associated
with concomitant pain (Miiller, 1974). While electromyographic
recordings from the stimulated and non-stimulated limbs would
be needed in future studies to completely exclude the possibility
of pain-related movements, the overall discomfort/pain intensity
ratings in this study were quite low in both conditions
(median VAS in HS 1.9, in AS 0.9). In the whole-brain
analysis, the differences between HS and AS were controlled
for the discomfort/pain effect. In fact, the interaction between
discomfort/pain (self-rated discomfort/pain intensity difference)
and stimulation modality (HS or AS) was observed in different

areas than the differences between stimulation modalities alone.
The posterior parietal areas have been previously reported as
parts of the pain perception network (Apkarian et al., 2005).
Further potential bias may arise from differences in local
characteristics between the two stimulation sites, such as density
of sensory nerve endings, soft tissue properties or bony structures
below the skin. As mentioned in Methods, both sites were within
the same dermatome (Foerster, 1933). Since the active site (heel)
was defined by Vojta (1973), the control site was carefully chosen
to match as many properties as possible, ie., neither site was
located at the foot sole, but rather on the lateral aspect of the
foot. We do not consider either site to contribute specifically
to any motor or balance control function. Conversely, it is
likely that some of the local site properties indeed play a role
in the therapeutic effect of the reflex locomotion therapy, but
further studies testing multiple sites in different dermatomes over
different types of tissues would be needed to elucidate this.

CONCLUSION

We have confirmed that sustained manual pressure stimulation
of the foot is associated with extensive activation throughout
the sensorimotor system and, for the first time in the context
of the pressure stimulation, that it is accompanied by equally
prominent cross-modal deactivations, including the occipital
cortices and sensorimotor representation of the upper limbs and
face. The timecourse data confirm fast adaptation of the sensory
processing system, but also reveal previously underreported
transient responses related to the stimulation offset. We further
report that sustained pressure stimulation of the (active) site at
the heel, which is used in the reflex locomotion therapy, elicited
increased cortical activation in the primary motor representation
of the stimulated limb and decreased activation in the posterior
parietal cortex. Moreover, the stimulation of the active site
was associated with a more sustained BOLD response in the
insulo-opercular cortices and contralateral pons. We suggest that
the increased motor activation and involvement of the pontine
reticular formation could be associated with the previously
observed motor after-effects of reflex locomotion therapy.
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Abstract—In Vojta physiotherapy, also known as reflex loco-
motion therapy, prolonged peripheral pressure stimulation
induces complex generalized involuntary motor responses
and modifies subsequent behavior, but its neurobiological
basis remains unknown. We hypothesized that the stimula-
tion would induce sensorimotor activation changes in func-
tional magnetic resonance imaging (fMRI) during sequential
finger opposition. Thirty healthy volunteers (mean age 24.2)
underwent two randomized fMRI sessions involving manual
pressure stimulation applied either at the right lateral heel
according to Vojta, or at the right lateral ankle (control site).
Participants were scanned before and after the stimulation
when performing auditory-paced sequential finger opposi-
tion with their right hand. Despite an extensive activation
decrease following both stimulation paradigms, the stimula-
tion of the heel specifically led to an increase in task-related

*Correspondence to: P. Hok, Department of Neurology, Faculty of
Medicine and Dentistry, Palacky University Olomouc, |. P. Pavlova
185/6, Olomouc CZ-77520, Czech Republic. Fax: +420-585-413-
841.

E-mail addresses: pavel.hok@upol.cz (P. Hok), jaroslav.opavsky@
upol.cz (J. Opavsky), mirek.kutin@kinepro.cz (M. Kutin), zbynek
tudos@fnol.cz (Z. Tudos), petr.kanovsky@fnol.cz (P. Kanovsky),
phlustik@upol.cz (P. Hlustik).

Abbreviations: AS, stimulation of the ankle; BA, Brodmann's area;
BOLD, blood oxygenation level-dependent; CPG, central pattern
generators; fMRI, functional magnetic resonance imaging; HS,
stimulation of the heel; MNI, Montreal Meurological Institute; MRI,
magnetic resonance imaging; PMRF, pontomedullary reticular
formation; SD. standard deviation; SFO, sequential finger opposition;
VAS, visual analog scale.

hitp:/fdx.doi.org/10.1016fj. neuroscience.2017.02.005
0306-4522/© 2017 IBRO. Published by Elsevier Ltd. All rights reserved.

219

activation in the predominantly contralateral pon-
tomedaullary reticular formation and bilateral posterior cere-
bellar hemisphere and vermis. Our findings suggest that
sustained pressure stimulation of the foot is associated with
differential short-term changes in hand moter task-related
activation depending on the stimulation. This is the first evi-
dence for brainstem modulation after peripheral pressure
stimulation, suggesting that the after-effects of reflex loco-
motion physiotherapy involve a modulation of the pon-
tomedullary reticular formation. © 2017 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: functional magnetic resonance imaging, physical
stimulation, neurophysiotherapy, movement, brainstem,
cerebellum.

INTRODUCTION

Peripheral afferent stimulation has been used to induce
experimental plasticity of the motor system and has
become an important component of techniques to
improve or restore human motor function (Powell et al.,
1999). Most widely studied types of peripheral stimulation
include nerve stimulation by electrical current, which is
easy to control and administer (Chipchase et al., 2011).
A prominent modulation of task-related activity in the sen-
sorimotor cortex was repeatedly observed after transcuta-
neous electrical or magnetic stimulation (Golaszewski
et al., 2004; Wu et al., 2005; Gallasch et al., 2015). Natu-
ral modalities of peripheral stimulation, such as tactile,
pressure or proprioceptive, have been investigated less
extensively (Rosenkranz and Rothwell, 2003), even
though they represent essential elements of clinical reha-
bilitation techniques and procedures, such as the “reflex
locomotion” (Vojta, 1973; Vojta and Peters, 2007).

The reflex locomotion technique, also known as Vojta
method, utilizes sustained manual pressure stimulation of
specific points on the skin surface to gradually evoke a
stereotypic widespread motor response, i.e., an
asymmetrical pattern of tonic muscle contractions in
both sides of the neck, trunk and limbs (Vojta, 1973). After
the stimulation, changes in motor behavior have been
observed for at least 30 min (Vojta and Peters, 2007).
Despite ongoing clinical use of the reflex locomotion ther-
apy (Lim and Kim, 2013), there is limited knowledge of its
neurobiological basis since the available evidence is
mostly based on clinical observation studies (Vojta and
Peters, 2007). Based on comparisons with other human
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involuntary motor responses, such as tonic neck reflex
(Magnus and de Kleijn, 1912), and responses elicited
due to engagement of the central pattern generators
(CPG) in vertebrate animals (Grillner and Wallén, 1985),
the motor response to stimulation according to Vojta
has been suggested to originate from the midbrain or
neighboring structures (Vojta, 1973; Laufens et al.,
1991). The concept of the CPG in the human sensorimo-
tor system has recently gained support as the brainstem
structures have been increasingly associated with human
locomotion and postural control (Jahn et al., 2008; la
Fougére et al., 2010; Takakusaki, 2013). Although there
is no direct evidence that peripheral pressure stimulation
according to Vojta (1973) involves the brainstem CPG,
pressure stimulation applied at analogous sites in cats,
i.e., at foot pads or chest, leads to similar complex tonic
reflexes (Hongo et al., 1990) or modulation of posture-
dependent muscle activity (D'Ascanio et al., 1986),
respectively. In humans, cutaneous pressure input via
slowly adapting afferents from the foot soles participates
in postural control as well (Kavounoudias et al., 2001).

Considering the available  neurophysiological
(Gallasch et al., 2015), imaging (Golaszewski et al.,
2004; Wu et al., 2005; Gallasch et al., 2015) and clinical
(Vojta, 1973; Lim and Kim, 2013) evidence, we propose
that extended peripheral pressure stimulation would
cause modulation of the motor system that outlasts the
stimulation itself. Presumably, one possible modulation
site could be expected in the sensorimotor cortex
(Gallasch et al., 2015). However, we hypothesize that
stimulation according to Vojta primarily modulates the
brainstem structures where the generator of the motor
response to the stimulation has been suggested
(Laufens et al., 1991). Lastly, we hypothesize that motor
control will be differentially modulated by stimulating the
empirical foot zone according to Vojta when compared
to stimulation of a nearby silent control site on the foot.

We have employed functional magnetic resonance
imaging (fMRI) with a paced sequential finger opposition
(SFO) task repeated before and after sustained
pressure stimulation at either an active or control site on
the foot to test our hypotheses. The presented findings
suggest that sustained pressure stimulation of the foot
is associated with differential short-term changes in
hand motor task-related activation in the brainstem and
cerebellum that depend on the stimulation site. The
pontomedullary reticular formation is speculated to play
a key role in reflex locomotion physiotherapy.

EXPERIMENTAL PROCEDURES
Participants

Thirty healthy wvolunteers enrclled in this study (16
females and 14 males, mean age 24.20, standard
deviation [SD] 1.92). The subjects were university
students who were naive to Vojta therapy (Vojta and
Peters, 2007), had no history of any neurological condi-
tion, and had no signs of motor disability upon enroliment.
Three participants were left-handed and 27 were right-
handed as assessed by the Edinburgh handedness
inventory (Oldfield, 1971). The study was carried out in
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accordance with World Medical Association Declaration
of Helsinki. Written informed consent was obtained from
all participants prior to their inclusion in the study and
the study was approved by the Ethics Committee of the
University Hospital and the Faculty Medicine Palacky
University in Olomouc, approval number 9.4.2013.

Task and procedures

Each fMRI session included 2 functional imaging
acquisitions during 6-min right hand SFO. The task was
performed in 15-s blocks alternating with 15-s rest.
Participants were asked to tap sequentially the right
index, middle, ring and little finger against the thumb,
and to repeat the sequence throughout the block. The
performance was paced at 2 Hz by high-pitch (500 Hz)
tones delivered using MR-compatible headphones. The
rest was marked by low-pitch tones (300 Hz) of the
same volume and pace. The motor task was trained
briefly outside the scanner room before every session.

The two SFO runs were separated by 20 min of
intermittent manual pressure stimulation delivered by an
experienced therapist (M.K.) and by subsequent 8-min
rest. The pressure stimulation was applied with the
therapist's thumb either at the right lateral heel zone
(heel stimulation, HS) according to Vojta (1973), or at
the control site at the right lateral ankle (ankle stimulation,
AS), both sites within the same dermatome (Foerster,
1933) on the skin covering bony structures. In effect, the
SFO was tested before (condition H1 or A1) and after
the stimulation (condition H2 or A2). The therapist was
instructed to use the same pressure routinely used during
physiotherapy according to Vojta, while the participants
were lying prone in the scanner bore throughout the ses-
sion. The applied pressure was recorded during the stim-
ulation using a custom-made MR-compatible calibrated
pressure monitor (incorporating a FlexiForce pressure
sensor, Tekscan, South Boston, MA, USA). The body
position and stimulation duration, as well as usage of a
single stimulation site, were chosen to elicit only partial
motor response (Vojta and Peters, 2007), avoiding gross
movements in the scanner bore and head displacement.

After each session, participants completed a visual
analog scale for pain (VAS) form with 0 (no pain) and
10 (worst possible pain) marked as the extreme values
to assess whether the stimulation evoked painful
sensations (Joyce et al., 1975). The pain scores for HS
and AS were compared using Wilcoxon's two-sample
signed rank test.

Each participant underwent two fMRI sessions, each
involving either HS or AS. The order of the sessions
was randomized and counter-balanced, and the
participants were not informed in advance that the
stimulation would be performed in one of two different
sites. The sessions were scheduled at least 1 week
apart, the median time interval between sessions was
70 days (range 7-294 days).

Data acquisition

Magnetic resonance imaging (MRI) data were acquired
using 1.5-Tesla scanners (Siemens Avanto and
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Siemens Symphony, Erlangen Germany) with standard
12-channel head coils. The scanning schedule was
counter-balanced to account for any possible differences
due to the scanner used. The subject's head was
immobilized with cushions to assure maximum comfort
and minimize head motion. The MRI protocol included
functional Ti-weighted blood oxygenation level-
dependent (BOLD) images during task performance and
control state. BOLD images were acquired with
gradient-echo echo-planar imaging (EPI; 30 axial slices
parallel to the anterior commissure-posterior
commissure [AC-PC] line, 5 mm thick, repetition time/
echo time = 2500/41 ms, flip angle 80° field of
view = 220 mm, matrix 64 x 64) to provide
3.4 x 3.4 x 5.0 mm resolution. In total, 144 images were
acquired per each 6-min functional run. Gradient-echo
phase and magnitude fieldmap images were acquired to
allow correction of the echo planar imaging distortions.
Anatomical high-resolution three-dimensional
magnetization-prepared rapid acquisition with gradient
echo (MPRAGE) scan was acquired to provide the
anatomical reference. In-plane fluid-attenuated inversion
recovery (FLAIR) images were used to screen for
unsuspected brain lesions.

Data analysis

The fMRI data were processed using FEAT (FMRI Expert
Analysis Tool) Version 6.00, part of FSL (FMRIB's
Software Library, www.fmrib.ox.ac.ukffsl} (Jenkinson
et al., 2012). Standard pre-processing was applied,
including spatial smoothing using a Gaussian kernel with
8.0-mm full width at half maximum (FWHM) and high-
pass temporal filtering with sigma = 45.0 s. Time series
statistical analysis included a temporal derivative of the
main effect to account for slice timing shift and functional
data were registered non-linearly to the Montreal Neuro-
logical Institute (MNI) 152 standard space (Grabner
et al., 2006). The fMRI data were then visually checked
for susceptibility artifacts and two subjects were excluded
due to an excessive signal loss in the brainstem. Three
subjects were excluded due to a maximum frame-wise
head displacement exceeding 3 mm in a single run as
estimated during motion correction. The final sample thus
consisted of 25 subjects (14 females, 11 males, 22 right-
handers).

For an additional analysis, motion-related artifacts
were removed from each time series using ICA-AROMA
tool and nuisance signal regressors of mean signal from
cerebral ventricles and white matter were added to the
model (Pruim et al., 2015a, 2015b). The following steps
were performed for both original, and de-noised time
series.

The group-level general linear model consisted of four
conditions: SFO before and after the HS (conditions H1
and H2, respectively), and SFO before and after the AS
(A1 and A2, respectively). Additionally, two subset
conditions H1" and A1" were defined, including only
datasets acquired at the first session. Using these
conditions, five group post hoc contrasts were
constructed, including (1) a pooled group-wise activation
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image (H1 + H2 + A1 + A2), (2) differences between
the baseline conditions at the first session (H1" v. A1),
and (3) differences between the task repetitions
regardless of stimulation type (H1 + A1 v. H2 + A2).
The main research questions were assessed using (4) a
two-by-two interaction between the condition and the
task repetition (H2 —H1 v. A2 — A1). An additional
linear covariate modeled individual differences in self-
rated pain intensity (condition H—condition A), yielding
statistical maps of (5) pain intensity effect on the
interaction. All within-subject contrasts were first
computed using a fixed effects analysis, and the
resulting parameter estimates (beta values) and
variance were then carried over to the third-level
analysis. The primary outcome measure was significant
F-test in contrasts 4 and 5, followed by post hoc voxel-
wise and cluster-wise analyses to assess the
directionality of the significant F-test effects.

The random effects analysis was conducted using
FLAME (FMRIB's Local Analysis of Mixed Effects) stage
1 (Woolrich et al., 2004). The whole-brain analysis was
constrained to the MNI standard brain mask (Grabner
et al., 2006) excluding white matter voxels according to
the Harvard-Oxford probabilistic atlas (Desikan et al.,
2006) using a conservative probability threshold of 95%.
The masked Z (Gaussianized T) statistic images were
thresholded using clusters determined by Z > 2.3 and a
corrected cluster significance threshold of p < 0.05
(Worsley, 2001). The post hoc t-tests in contrast 4 were
carried out within the significant F-test clusters and
thresholded voxel-wise at corrected significance level
p < 0.05. The thresholded maps were objectively labeled
based on Harvard—Oxford Cortical and Subcortical Struc-
tural Atlases (Desikan et al., 2006), and Probabilistic
Cerebellar Atlas (Diedrichsen et al., 2011). Cytoarchitec-
tonic labels were provided by Jilich Histological Atlas
(Eickhoff et al., 2007).

A confirmatory third-level analysis was carried out for
contrast 4 using non-parametric Conditional Monte Carlo
permutation testing implemented in Randomise v2.9
(Winkler et al., 2014). An identical design with the pain
intensity covariate was employed. Ten thousand permuta-
tions were performed using sign-flipping to estimate the
null distribution of the maximum cluster mass under the
cluster forming threshold of ¢ > 3.0.

A post hoc region of interest (ROI) analysis was
performed to investigate the contribution of each
condition to the overall interaction in contrasts 4 and 5
and to assess the correlation with the self-reported pain
intensity. First, significant voxels in each cluster were
identified using a post hoc voxel-wise f-test carried out
within the F-test mask and the resulting mask was
transformed back to the individual subject space. Next,
average (mean) Z scores and percent signal change (%
SC) values across the ROl were extracted from each
individual single-subject statistical map in the specified
mask using the Featquery tool, part of FSL. The
obtained values were plotted and compared group-wise
using paired Wilcoxon's signed rank test and correlated
with the pain intensity covariate using Spearman’s
correlation coefficient.



RESULTS
Behavioral data

In all subjects, the therapist reported discrete irregular
muscle contractions in the stimulated extremity during
stimulation, but no gross limb or trunk movements were
observed.

For technical reasons, pressure recordings were only
obtained in 15 subjects. The mean pressure during the
HS was 22.33 N (SD = 11.64 N), and it was 26.45N
(SD = 9.72 N) during the AS. The difference was not
significant (p = 0.32, two-sample f test). A paired t-test
was possible in 11 subjects, yielding an insignificant
difference (p =022, mean difference HS-
AS = —3.94 N, SD = 9.96 N).

During the HS, the median reported pain intensity
(VAS) was 1.85 (range 0-6.9), while it was 0.90 (range
0-5.5) during the AS. The HS was thus associated with
significantly higher pain intensity than the AS (p < 0.01,
Wilcoxon’s signed rank test). The median difference was
1.25 (range —5.0-6.4).

Imaging results

Mean fMRI activation during sequential finger opposi-
tion (SFO). As illustrated in Fig. 1, the analysis of mean
activation pooled across all conditions (H1, H2, A1 and
A2) vyielded asingle significant cluster representing
predominantly contralateral (left) frontoparietal and
subcortical sensorimotor  areas, as well as
predominantly contralateral midbrain and pons, and
ipsilateral (right) cerebellar hemisphere and vermis.

Difference between baseline conditions. The [-test
comparing the condition H1" and condition A1 (i.e., the

z=172 z=24
5.Q
D

L

Fig. 1. Mean activation during sequential finger opposition. Black-and-white figure in print. The
red-yellow Z statistical overlay represents mean activation during the right hand sequential finger
opposition pooled across all runs and sessions. The image was superimposed on top of a gray-
scale mean T1-weighted background image. Clusters of activation were determined by Z > 2.3
and thresholded at corrected p < 0.05. The axial slices are numbered over the Z axis of the
Montreal Neurological Institute (MNI) 152 standard space template. Panels a (top view) and b (left
lateral view) show the statistical overlay on top of a three-dimensional reconstructed cortical

surface. The right is right, according to neurclogical convention.
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baseline at the first session) did not show any significant
difference at the whole-brain level.

Mean activation difference before and after the stim-
ulation. The paired t-test before and after the stimulation
averaged across both sessions showed that there was no
significant mean activation increase after the stimulation.
However, it revealed a decrease in activation in several
areas, including the bilateral supplementary motor area
(SMA) and lateral premotor cortex (lateral BA 6);
superior parietal lobule (mainly BA 7); primary
somatosensory cortex (mainly BA 2); intracalcarine (V1,
V2) and ventral visual occipital cortex (V4); cerebellar
hemispheres (mainly lobule VI) and vermis (blue in
Fig. 2). Significant clusters are summarized in Table 1.

Two-by-two interaction between condition and task
repetition. The F-test of two-by-two interaction between
the condition and repetition (H2-H1 v. A2-A1) yielded a
single significant cluster in the left ventral pons and
bilateral pontomedullary junction at the base of the 4th
ventricle. The cluster extended to the bilateral cerebellar
hemispheres and vermis (mainly bilateral lobule IX and
less right lobule VIII), bilateral interposed and the right
dentate nucleus (red-yellow in Fig. 2), while there was
no significant interaction in the cerebral cortex, thalamus
or basal ganglia. The significance of the cluster in the
brainstem was not affected by adding the pain intensity
covariate and the same cluster was also observed in the
confirmatory analysis using non-parametric thresholding
(Randomise). Although the data de-noising using ICA-
AROMA. (Pruim et al., 2015a,b) led to decrease in the
F-test cluster volume in each analysis, it remained signif-
icant in most analyses. These results are summarized in
Table 2. To maintain clarity, only the results of original
data analysis are further presented and discussed. The
F-test cluster resulting from parametric
analysis of interaction with pain inten-
sity covariate is further referred to as
the hindbrain cluster. The post hoc
voxel-wise Ktest within the hindbrain
cluster showed that only the contrast
H2-H1 > A2-A1 was significant.

The effect of pain intensity yielded
one cluster encompassing the right
inferior frontal gyrus (BA 45), anterior
insular cortex, frontal operculum, and
frontal orbital cortex, as shown in
green in Fig. 2 and Table 2. This
cluster is further referred to as insulo-
opercular cluster.

Post-hoc RO! analysis. The ROI
analysis of average Z scores derived
from the hindbrain cluster (contrast 4)
showed that the activation increased
significantly after the HS (H2-H1:
median Z difference = 0.63,
p < 0.001, uncorrected), and
decreased significantly after the AS
(A2-A1: median Z difference = —1.1,

R
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Fig. 2. Mean activation decrease post-stimulation and interaction between condition and
repetition. Black-and-white figure in print. The blue Z statistical overlay represents a decrease
in task-related activation after the stimulation commen to both conditions, i.e., contrast 3: (H1
+ A1)-(H2 + A2). The red-yellow Z statistical overlay shows significant F-test of interaction
between the condition and repetition (contrast 4: H1-H2 v. A1-A2) with the pain intensity
covariate. The green Z statistical overlay shows the significant F-test of the pain covariate effect in

the interaction (contrast 5). Remaining conventions see Fig. 1.

p < 0.001, uncorrected), see Fig. 3. Likewise, the two
effects differed significantly (p < 0.001, uncorrected).

In contrast, the insulo-opercular cluster representing
the pain intensity effect did not show any significant
difference in Z scores between the conditions or task
repetitions (p > 0.05, uncorrected). The post hoc ROI
analysis confirmed that the interaction in Z scores (H2—
H1) > (A2-A1) in the insulo-opercular cluster was
negatively correlated with the pain intensity difference
(H-A), see Fig. 4. The p was -0.54 (p = 0.006,
uncorrected). In other words, the higher the perceived
pain during the stimulation, the larger the decrease in
the BOLD response in the insulo-opercular cluster after
the stimulation (i.e., in H2 or A2) relative to baseline (H1
or A1). However, the activation differences between the
task repetitions (i.e., H2-H1 andfor A2-A1) were not
significantly correlated with the average pain intensity in
H or A condition (p > 0.05, uncorrected). Likewise,
none of these correlations were significant in the
hindbrain cluster (p > 0.05, uncorrected).

DISCUSSION

Using the SFO as a robust task activating multiple levels
of the sensorimotor system (red-yellow in Fig. 1), we have
demonstrated that despite an extensive decrease in
activation following both stimulation paradigms (blue in
Fig. 2), the sustained pressure stimulation of the heel
(HS) differentially modulated the task-related activation
in the predominantly contralateral pons and ipsilateral
cerebellum (red-yellow in Fig. 2). The following sections
discuss putative underlying mechanisms and the
implications of these results.

Average activation during SFO

The cortical, subcortical and cerebellar areas activated
during SFO correspond well to previous reports of motor

z=-40
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control of complex finger tasks
(Solodkin et al., 2001). Despite the fact
that the brainstem areas observed in
this study (Fig. 1) are reported less fre-
quently during skilled hand movement,
midbrainfpons regions have been
shown to engage during imagery of
motor hand movement (Ueno et al.,
2010; Sauvage et al., 2011). More-
over, pontine reticular formation partic-
ipates in motor control of the forelimbs
in animal studies (Sharp and Ryan,
1984).

Activation decrease post-
stimulation

y =-38
3.7 2.3mEEEw 4.7

R

All of the areas showing activation
decrease post-stimulation (blue in
Fig. 2) have been associated with
control of complex finger movements
(Solodkin et al., 2001) and their activa-
tion is known to decrease when
repeating the same motor task, both
over shorter (Kincses et al., 2008)
and longer time scales (Steele and Penhune, 2010).
These decreases have therefore been mostly interpreted
as early stages of motor learning (Steele and Penhune,
2010) which is also the most likely explanation of the acti-
vation decrease upon repeating the same finger motor
task in the present study. With the present design lacking
another control group with simple task repetition (i.e., no
foot stimulation between the first and second finger move-
ment task), we cannot exclude the possibility that at least
some of the decreases were related to nonspecific after-
effects of peripheral stimulation (of a different body part),
even though such effects have not been reported so far.

Site-specific effects of stimulation

An interaction between the stimulation site and the task
repetition was found in the brainstem and cerebellum,
whereas no such effect was observed in the cerebral
cortex. In contrast, previous functional imaging studies
have shown that other modalities of peripheral
stimulation, such as peripheral magnetic stimulation of
the forearm between two repetitions of a finger
movement task (Gallasch et al., 2015), resulted in
increased activation of the contralateral sensorimotor cor-
tex. We suggest that the absence of such an effect on the
cortex in this study may result from the distance between
the sensorimotor representations of the stimulated foot
and of the fingers involved in the SFO.

The reported effect on hindbrain structures, on the
other hand, may reflect less topographical and more
diffuse arrangement of afferent or efferent pathways in
the hindbrain, which are not necessarily related to the
motar control of a single extremity.

Here, the site-specific interaction was found mainly in
the bilateral posterior cerebellar hemispheres and vermis,
as well as in the left ventral and bilateral dorso-caudal
pons, i.e., in areas likely corresponding to the left



P. Hok et al. {Neuroscience 348 (2017) 11-22

16

“UIEI] BIOYM BU} JBADO JOU OP S|8qE| JUOIBNYIIROIAD 1By}
PUE S|8qe] UIBJG-Bloum Uiw, depano Aew seqe| Jejeqasad 1Ey) 810N ‘pepinasd ale S|exon paleAloe 10 %6 15ea)| e Buiuiguod sieqe) Auo “s|axon pajaqe) Jo uowodasd ey Buipnpul pepinosd BIE S|BGE| 2W028)IYUECIAD DUE |EJIWLCIELY -
‘BI0DS 7 WINWIXBW — ™7 :(xapod 8jnqo| [euonisodeixnl osie) esse Jojow Aejuswsiddns — yiNg ybu — o 'anpsu) [exbojoinsn (B0uop| — NI SIGEIIEAR J0U — N ‘48| — 7 ‘B8 UUBLIPOIE — Y SUCHEINBIYY

YNS 1%L
snUAB [eIu0Ly SIPPIL T %06
snufB jejuoy souadns 7 %,°GE

09°'0'gr— L¥E 2100 09 (9vg) xauoo Jojowaid 7 %b' L6 sniAb |enusoaud 7 %96
(zwg) xeu00 Auosuasojewos fewud 7 %z L1 xau00 [endinoo |esele| | %L ZE
#9'95- "0~ 0S¥  L000> €01 (£w8) ainqo| [ejeued Jouadns 7 %5'gL 8jnqo| |ejeued Jouadns 7 9,/ °G9
sruAb |ejuoy Jouadns o %0°LL
(98] xauod Jojowaid 7 %G'S WINS H %E'LE
89°'FL- 9L BSE 000> L (9va) xapoo Jojowaid Y %G €6 srufb jenuesasd Y %9'8E
(5va) ango| [ejayed Jouadns W %/ L

(1yg) xapoo fiosuasojewos fewud ¥ %e'g sruAb euifueweldns ¥ %6 €l
a|nqoj [eyaued Jousjul ¥ %L'GL X8H0D [e)idi000 [B1B)E] ¥ %E 9L
(Zvg) xeuoo Auosuasolewos Aewud Y %ESZ srufb (enueoisod ¥ %508
9 '0r- 2 65TV Loo0> 9Ll (4v8) ainqoj |ejaued Jouadns Y %b'eE anqo| |ejaued Jouadns ¥ %9'8¢
SILLIBA JB||[B8gauad %05
X¥8U00 wuoysny [eydinoo-oiodwa) Y %0°9
X8H109 BULBIEIRAUI Y %09
Xa8p09 suUBI[EoRIU | %) 9
sruAB wiopsny [e)diooo ¥ %p9
snuAB uuopsny [endinoo 7 %9'g
(81wd) ZA xau00 [BNSIA Y %9°S srudb [enbuy ¥ %E 0L
(81v8) ZA Xau00 [BNSIA ] %E'g srufb (enbull 7 %e i
A X800 [BNSIA T %t (1N W8I %E L) BuBydsiway Je|@qelad 1 %L 'L

(£1vaE) LA xep00 [ENSIA Y %L L (Inwbu %z 01) eep ewbuo = (zy + ZH) < (LV + LH)

81— ‘89~ ‘92— G.lY¥ Loo0> 686 (Z1wg) LA X8U0D [BNSIA 7 %0'8 asaydsiway Je|eqaie o %622 ‘£ 1sequo)
[(wuw) z '£ *x] F,Eo_
SBJRUIPIOCD |NW *¥Z Pz dueisn|)  swnjop -S[2qe| sejje 2uoje)ydIecjin .Slaqe| sefe [eolLojeuy 1sequ0)

(g 1seUO0D) uoheINWYS By Jaye pue alojeq uosLedwoD Ul sIgjsn|D JuedyuBIs JO jsI *) 9jgeL

224



P. Hok et al. {Neuroscience 348 (2017) 11-22 17

Table 2. List of significant F-test clusters in the interaction between condition and repetition (contrast 4) and the pain-related effect (contrast 5)

Contrast Anatomical atlas labels® Cytoarchitectonic  Volume  Cluster Z,.,  Zmax MNI
atlas labels” [cma] P coordinates
[x, ¥, z (mm)]

Contrast 4: (H2-H1 v. A2-A1) without 50.3% brainstem N/A 8.17 0.004 368 -4, -36, -40
pain covariate (F test) — original data 25.7% R cerebellar
hemisphere (15.3% right IX,
7.6% right VIII)
15.4% cerebellar vermis
(9.0% vermis 1X)
9.2% R dentate nucleus
9.0% L cerebellar
hemisphere (7.2% left IX)

Contrast 4: (H2-H1 v. A2-A1) without 42.0% brainstem N/A 4.94 0.034 340 -2, -54, -38
pain covariate (F test) — de-noised data 30.6% L cerebellar
hemisphere (30.5% left IX)
27.4% cerebellar vermis
(16.9% vermis IX, 6.3%
vermis X)
26.6% R cerebellar
hemisphere (19.4% right 1X,
7.1% right V1)

Contrast 4: (H2-H1 v. A2-A1) with pain 51.4% brainstem N/A 7.98 0.004 3.64 -6, -38, -40
covariate (F test) — original data 25.2% R cerebellar
hemisphere (16.0% right IX,
6.7% right VIII)
15.5% cerebellar vermis
(8.7% vermis 1X)
9.1% R dentate nucleus
8.9% L cerebellar
hemisphere (7.1% left 1X)

Contrast 4: (H2-H1 v. A2-A1) with pain 39.2% brainstem N/A 5.06 0.029 3.80 30, -54, -52
covariate (F test) — de-noised data 32.8% R cerebellar
hemisphere (18.7% right 1X,
13.3% right VIII)
27.7% L cerebellar
hemisphere (27.5% left IX)
25.6% cerebellar vermis
(16.6 vermis IX, 6.2% vermis

X)
Contrast 4: (H2-H1 > A2-A1) with pain 58.8% brainstem N/A 4.74 0.048 5.27° -4, -38, -42
covariate (t-test in Randomise) — 27.2% R cerebellar
original data hemisphere (17.1% right IX,

7.9% right VII1)

14.2% cerebellar vermis
(7.4% vermis X, 5.1%
vermis 1X)

9.8% R dentate nucleus
8.4% L cerebellar
hemisphere (7.9% left IX)

Contrast 4: 45.3% brainstem N/A 325 0.081° 4.49° -8, =50, -36
(H2-H1 > A2-A1) with pain covariate = 30.5% L cerebellar
(t-test in Randomise) — de-noised data hemisphere (30.5% right 1X)
30.3% R cerebellar
hemisphere (30.3% right 1X)
28.3% cerebellar vermis
(20.4% vermis IX, 6.9%

vermis X)
Contrast 5: 37.5% R inferior frontal 56.1% R Broca's 5.55 0.03 3.75 58, 22, 10
Correlation of (H2-H1 v. A2—A1) with gyrus, pars triangularis area (BA45)
pain intensity difference (H > A) — 20.0% R frontal orbital
original data cortex

(continued on next page)
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Table 2 (continued)
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Contrast

Anatomical atlas labels®

Cluster
P

Volume
[em?]

Cytoarchitectonic
atlas labels®

Zinax Zmax MNI
coordinates

[x, y, z (mm)]

17.9% R insular cortex
10.8% R frontal operculum

cortex

7.6% R inferior frontal gyrus,

pars opercularis
5.8% R temporal pole

Abbreviations: BA — Brodmann area; L — left; NfA — not available; MNI — Montréal Neurological Institute; R — right; SMA — supplementary motor area (also juxtapositional

lobule cortex); Zax — maximum Z score

“ Anatomical and cytoarchitectonic labels, including the proportion of labeled voxels. Only labels containing at least 5% of activated voxels are provided. Note that
cerebellar labels may overlap with whole-brain labels and that cytoarchitectonic labels do not cover the whole brain.

© Maximum t score listed instead of Zax.

¢ Cluster was listed despite non-significant. t-Test to allow comparison among performed analyses
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Fig. 3. Post-hoc analysis of significant F-test. Black-and-white figure
in print. The box plots show average effects of main conditions in
individual subjects extracted from the significant voxels in the
hindbrain cluster (contrast 4). Gray boxes indicate average Z scores,
whereas the white boxes indicate the average percent signal change
(%SC) of the same conditions. The conditions are: H1 — before heel
stimulation, H2 — after the heels stimulation, A1 — before the ankle
stimulation, and A2 — after the ankle stimulation. Each box shows the
interquartile range, median (inner horizontal line), extreme (whiskers)
and outlier values (crosses). The asterisks above each box and
above the horizontal lines indicate conditions and differences where Z
scores were significantly different from zero at p < 0.05, using
Wilcoxon's signed rank test.

pontine nuclei and bilateral lateral pontomedullary
reticular formation (PMRF) according to a post-mortem
brainstem atlas (Nieuwenhuys et al., 2008).

The post hoc analysis of the interaction indicated that
the activation decreased after the AS, likely matching the
non-specific extensive BOLD response reduction in other
sensorimotor areas due to early motor learning (Steele
and Penhune, 2010). In contrast, the opposite effect rep-
resented by increased activation after the HS likely
reflects specific effects of the peripheral stimulation site
as the task execution pace was kept constant across all
conditions. Similar activation increase post-stimulation
was previously reported in the cerebral cortex (Gallasch
et al., 2015). We argue that this effect was not due to
the associated pain perceived during the stimulation since
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the activation in the hindbrain areas did not correlate with
the pain intensity and the effect remained significant after
adding pain intensity covariate. In fact, contrast 5 (green
in Fig. 2) revealed that the task-related activation was
modulated by pain intensity in the contralateral (left) ante-
rior insula and frontal operculum, i.e., in areas overlapping
with the pain network (Apkarian et al., 2005) as discussed
below.

Brainstem

Within the area of significant site-specific stimulation
effect, the local maxima were found in the PMRF, which
is known to be involved in sensorimotor control.
Stimulation of the reticulospinal pathway originating in
the PMRF, especially in its lateral part (Takakusaki and
Nozu, 20186), elicits bilateral asymmetrical motor patterns
in cats (Dyson et al., 2014) and monkeys (Hirschauer and
Buford, 2015). In cats, the PMRF has been also shown to
contribute to postural control (Stapley and Drew, 2009)
and locomotion (Dyson et al., 2014). In humans, the
PMRF is suggested to participate in locomotor control
as well, as it is implicated in anticipatory postural control
before gait initiation (Takakusaki, 2013). In neuroimaging
studies, the imagery of standing (Jahn et al., 2008) and
walking (la Fougeére et al., 2010) engaged lateral PMRF
corresponding to the area reported here. The PMRF is
likely to support the locomotion by integrating descending
cortical influences (Takakusaki, 2013) and ascending
spinoreticular inputs (Kevetter et al.,, 1982; Sahara
et al., 1990). The functions of the PMRF likely extend
beyond locomotion control as its neurons project also to
the distal forelimb muscles in non-human primates
(Riddle et al., 2009) and are modulated during voluntary
reaching (Schepens and Drew, 2004) or finger move-
ments (Hirschauer and Buford, 2015). Our results thus
provide further evidence for such convergence of sensory
afferent and motor efferent pathways by showing that
BOLD response during upper limb movements may be
modulated by the lower limb stimulation.

In contrast to the PRMF, there is no anatomical
evidence for bottom-up inputs to the pontine nuclei
(Nagao, 2004), which have been suggested to serve
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Fig. 4. Correlation with pain intensity. Black-and-white figure in print.
The scatter plot shows negative correlation between the self-reported
pain intensity difference (H-A) and the within-subject interaction (H1-
H2 > A1-A2) represented by Z scores extracted from the pain effect
cluster in the right frontal operculum and insula (contrast 5). Each
circle represents a single subject, while the solid line represents the
least-squares linear fit.

merely as a relay station between the cerebral cortex of
the same side and contralateral cerebellum (Nagao,
2004).

Cerebellum

The peripheral stimulation modulated activation mainly in
the lobule VIII and IX. Both lobuli are known to receive
spinal inputs (Brodal and Jansen, 1941), either via bilat-
eral spinocerebellar tracts (Yaginuma and Matsushita,
1989) or via the lateral reticular nucleus, which has been
suggested to integrate multimodal inputs from spinal
afferents and spinal locomotor centers (Alstermark and
Ekerot, 2013). In patients, lesions of the spinocerebellum
lead to dyscoordination of upright posture and gait (lig
et al., 2008). However, lobule IX is also implicated in ocu-
lomotor control and postural orientation in space and
receives vestibulocerebellar fibers and cortical inputs via
the contralateral pontine nuclei (Voogd et al., 2012).

The posterior cerebellum is also involved in
sensorimotor circuits related to upper extremities, e.g.,
during finger tapping task (Stoodley et al., 2012). Meta-
analyses of functional imaging studies showed overlap-
ping motor and somatosensory activations in the lobule
VIII, suggesting a prominent role in the sensorimotor inte-
gration (Riedel et al., 2015).

By combining the previous functional and anatomical
evidence with our observations, we suggest that, first,
the PMRF and posterior cerebellar areas interact during
the motor performance within a common reticulo-
cerebellar network, possibly integrating cortical and
peripheral inputs. Second, this network may be
transiently up-regulated in response to specific
peripheral stimulation. In this circuit, the PMRF may
serve both as the primary input and output node since it
receives direct spinal inputs (Kevetter et al., 1982;
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Sahara et al.,, 1990) and can potentially elicit complex
motor responses via the reticulospinal tract (Hirschauer
and Buford, 2015).

Correlation with the pain intensity difference

The peripheral stimulation according to Vojta is known to
be associated with concomitant pain (Muller, 1974), and
indeed, the heel stimulation was perceived more painful
than the ankle stimulation in our study. Previous studies
employing painful cutaneous pressure stimulation have
shown pain-related activations in the primary motor cortex
and brainstem that were not present during neutral stimu-
lation (Rolls et al., 2003). The occasionally observed
involvement of cortical motor areas during acute pain per-
ception may be possibly associated with the withdrawal
response to pain (Apkarian et al., 2005). In contrast, our
data reveal a correlation between the complex interaction
in task-related activation and the difference in post hoc
self-rated pain intensity (VAS). A closer inspection
reveals that the motor-related activation in the left anterior
insulaffrontal operculum decreased after a more painful
stimulation (Fig. 4). The contralateral anterior insula has
been shown to activate during hand motor performance
(Sauvage et al., 2011) and has been mostly considered
as a multimodal associative area (Kurth et al., 2010).
The preceding painful stimulation may therefore affect
the background cognitive processes during the motor
task, possibly lowering the subject’'s attention and
engagement in the task.

Implications for the reflex locomotion physiotherapy

Our findings might indicate what structures are involved in
the modulatory after-effects of the stimulation according
to Vojta (1973), such as facilitation of voluntary move-
ments outlasting the stimulation (Laufens et al., 1995).
These immediate effects have been observed to persist
for at least 30 min (Vojta and Peters, 2007). It has been
speculated that the facilitation does not reflect the primary
stimulation but rather a secondary effect resulting from
the evoked global motor activation, contraction of numer-
ous muscles associated with massive proprioceptive stim-
ulation, which in turn promotes further facilitation of
voluntary movements (Vojta, 1973). In our paradigm,
muscle contractions and the associated proprioception
were minimal and the observed differential modulation
likely reflected other mechanisms.

The efferent pathways mediating the motor response
to the stimulation according to Vojta have been
speculated to involve the non-pyramidal system (Vojta,
1973). Due to the complex nature of the evoked postural
changes, a common coordination supraspinal center has
been suggested, most likely midbrain (Vojta, 1973;
Laufens et al., 1991). Although the midbrain is believed
to contain a midbrain locomotor center (MLR) that plays
a key role in human locomotion (Takakusaki and Nozu,
2016), we did not observe any specific changes in that
area. Instead, the site-specific modulation of task-
related fMRI activity was revealed in the bilateral PMRF,
a structure involved both in locomotion (Jahn et al.,
2008; la Fougere et al., 2010; Takakusaki, 2013; Dyson
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et al., 2014) and postural control (Stapley and Drew,
2009; Takakusaki, 2013). Moreover, the PMRF has
already been shown to mediate various asymmetric reflex
movement patterns, including the asymmetric tonic neck
reflex (Dyson et al., 2014; Hirschauer and Buford, 2015;
Takakusaki and Nozu, 2016) that can also be observed
in healthy humans and patients with brain lesions
(Magnus and de Kleijn, 1912) and shares some similari-
ties with the motor responses observed during stimulation
according to Vojta (1973). The provided data are there-
fore highly suggestive that the PMRF could be directly
associated with the effects of the therapeutic stimulation
according to Vojta (1973).

Limitations

The spatial resolution of the BOLD data may limit any
detailed assignment of activation foci to a single
anatomical region in a small structure such as the
brainstem. However, brainstem imaging was
successfully performed in the past using hardware
specifications and spatial resolution similar to ours (Jahn
et al., 2008). Additionally, even though higher field 3T
scanners might provide better signal-to-noise ratio, data
acquisition using a 1.5T scanner may be less prone to
magnetic susceptibility artifacts.

Another concern may arise regarding the influence of
motion artifacts on the main results. We have
demonstrated that the main interaction effect remained
significant after advanced de-noising procedures (Pruim
etal., 2015b). Whereas removal of residual motion artifact
has been strongly recommended for resting-state connec-
tivity analyses (Muschelli et al., 2014), block design anal-
ysis may suffer from a decrease in sensitivity to true
activations (Johnstone et al., 2006).

Despite a highly sophisticated approach implemented
in the ICA-AROMA (Pruim et al., 2015b), we are con-
cerned that the method may introduce another bias that
may specifically affect brainstem regions. One of the
image features exploited by the ICA-AROMA to detect a
noisy signal component is the overlap of the independent
component with a brain edge mask. Since the edge mask
is defined as a 10-mm outer layer of the brain mask, we
would expect that some neuronal signal sources might
be erroneously removed from the data.

Finally, studies demonstrating the effect of additional
removal of suspected motion-related signals (Muschelli
et al., 2014; Pruim et al., 2015a) have shown the benefit
for lower level group contrasts. However, for higher level
contrasts such as group-by-time interaction used in our
analysis, the additional preprocessing pipelines, including
ICA-based denoising, have yielded rather heterogeneous
results and may introduce a substantial bias (Churchill
et al., 2012). For these reasons, we decided to primarily
present the original data analysis.

CONCLUSIONS

We have shown that sustained pressure stimulation of the
foot was associated with differential short-term changes in
hand motor task-related activation that depended on the
site of stimulation. These differential responses were
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located in the brainstem and cerebellum, namely in the
bilateral, but predominantly contralateral pontomedullary
reticular formation and bilateral posterior cerebellar
hemisphere and vermis. We propose that the
pontomedullary reticular formation, previously implicated
in the postural control and generation of asymmetric
motor patterns, might be specifically modulated by the
pressure stimulation according to Vojta.

GLOSSARY

Voijta physiotherapy (reflex locomotion physiotherapy) —a
therapeutic procedure used in several world countries that
involves involuntary tonic motor responses elicited by
manual pressure applied at certain body surface areas
and is known to facilitate voluntary movements and
improve motor deficits post-stimulation.
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Abstract

Central effects of sustained pressure stimulation remain poorly understood despite its use in several
physiotherapeutic techniques, such as reflex locomotion therapy (RLT). We sought to determine
whether stimulation according to RLT affects motor cortex excitability by evaluating short-interval
intracortical inhibition (SICI) and intracortical facilitation (ICF) using paired transcranial magnetic
stimulation (pTMS). We assessed pTMS in nineteen healthy volunteers (mean age 23.9) before and
after 20-minute sustained manual pressure stimulation applied in a cross-over design either at the
right lateral heel according to RLT or at the right lateral ankle (control site). SICI and ICF were
assessed in both upper extremities using pTMS with 3 ms and 15 ms inter-stimulus intervals,
respectively. Differences between sites were evaluated using linear regression analysis with
pressure as an independent variable. Compared to control stimulation, SICI in the ipsilateral upper
limb was significantly reduced after stimulation according to RLT, whereas there was no significant
difference in the contralateral limb or in ICF. We conclude that sustained pressure stimulation
according to RLT specifically decreases intracortical inhibition within the same hemisphere,

suggesting increased potential for cortical plasticity.

Keywords

motor evoked potentials; paired transcranial magnetic stimulation; physical stimulation;

neurological rehabilitation; sensorimotor cortex.
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New & Noteworthy

Sustained mechanical pressure stimulation is being used in physiotherapy, however, it is unknown
whether it modulates intracortical inhibition as other modes of afferent stimulation do. Effects of
sustained pressure stimulation at two sites on the foot were studied with paired transcranial
magnetic stimulation and motor evoked potentials. We report that pressure stimulation of an
empirical site reduces intracortical inhibition in the hand motor cortical representation compared to

stimulation of a nearby control site.
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1. Introduction

The restoration of human motor function depends on neuronal plasticity, which can be triggered by
peripheral afferent stimulation (41). Inspired by decades of clinical and experimental observations
that afferent stimulation can facilitate movement in a variety of conditions (8), researchers have
studied different paradigms of extended peripheral electrical stimulation (3) and mechanical
stimulation (4) and their effects on corticomotor excitability assessed with paired-pulse transcranial
magnetic stimulation and motor evoked potentials (29). In these studies, longer periods of sustained
or repetitive stimulation (up to 2 hours) have lead to longer lasting increase of motor cortical
excitability, outlasting the stimulation period (on the order of several hours). Brain structures other
than cortex have also been suggested to mediate the observed increase of motor output after

peripheral nerve stimulation, e.g., the cerebellum (39).

Both the length of the experimentally tested sustained stimulation and the duration of effects are
quite similar to the clinical applications of sustained tactile pressure stimulation according to Vojta
reflex locomotion therapy (20, 58, 59). In this physiotherapeutic technique, sustained manual
pressure stimulation applied to specific body surface areas is used to evoke a gradually developing
stereotypic pattern of bilateral involuntary tonic muscle contractions in the neck, trunk and limbs
(58). Following the stimulation, outlasting facilitation of voluntary movements has been observed
(59), but the underlying central mechanisms remained mostly unclear. In recent functional magnetic
resonance imaging (fMRI) studies, sustained pressure stimulation has been shown to engage a
variety of sensorimotor cortical and subcortical areas (6, 7). We have recently demonstrated that the
pressure stimulation modulates the motor task-related brain activation during subsequent complex
upper limb movements and that this modulatory effect is also specific for the stimulation according
to Vojta, involving increased activation in the pontomedullary reticular formation and cerebellum

(15). These imaging results suggest that sustained pressure stimulation according to Vojta could
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modulate the function of cortical motor circuits, possibly as a consequence of interaction with
cortico-subcortical loops. We expected the short-term changes to involve increased cortical
excitability of the primary motor cortex (M1) by reduced short-interval intracortical inhibition
(SICI) and/or increased intracortical facilitation (ICF) as shown previously following different
modalities of peripheral stimulation (4, 12, 13, 44, 49). Decrease in intracortical inhibition
facilitates plasticity (62) and has been associated with motor learning (32, 40, 54). SICI is therefore
a possible candidate mechanism responsible for motor improvement observed immediately after
Vojta reflex locomotion therapy (20, 58, 59). Yet, to our knowledge, motor cortical excitability
changes due to stimulation according to Vojta, or sustained tactile pressure stimulation in general,
have not been studied so far. In this study, we have addressed this by evaluating motor cortex
excitability, including SICI and ICF, in young healthy adults before and after sustained pressure

stimulation applied either to an active site according Vojta or to a similar sham site.

2. Materials and Methods

2.1. Participants

Nineteen healthy volunteers enrolled in this study (9 females and 10 males, mean age 23.93,
standard deviation [SD] 1.85). The study participants were university students naive to the
technique of reflex locomotion therapy (59), with no history of any neurological condition and no
signs of motor disability, and no history of use of central nervous system active medication.
According to the Edinburgh handedness inventory (38), 1 subject was left-handed (laterality index
[LI] -0.2) and 18 subjects were right-handed, out of these 13 were strongly right-handed (LI = 0.7).
The study was carried out in accordance with World Medical Association Declaration of Helsinki.
The study protocol was approved by the Ethics Committee of the University Hospital and the
Faculty of Medicine and Dentistry of Palacky University Olomouc under approval number 9.4.2013

and all participants gave their written informed consent prior to their inclusion in the study.
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2.2. Study protocol

Participants underwent two paired transcranial magnetic stimulation (pTMS) sessions, each
involving one measurement before and one after manual pressure stimulation of the foot applied
under two different conditions. The sessions were scheduled at least 7 days apart (median interval
was 28 days, interquartile range [IQR] 24.5-35 days). The order of sessions was randomized and
counter-balanced. Participants were not informed in advance that the stimulation would be

delivered under two different conditions.

2.3. Intervention: Pressure stimulation

During the stimulation, participants were lying prone on a comfortable examination table, with their
head rotated to the left and arms positioned along the trunk. Participants were asked to keep their
eyes open, lie still and report if the stimulation became painful. The room was kept quiet and lit
with natural light dimmed with window blinds. Each session was scheduled between 12:30 p.m. and

1:30 p.m.

The stimulation was delivered manually by an experienced therapist (MK) in a single 20-minute
block. The pressure was applied using a thumb placed on one of two predefined sites over bony
structures in the same dermatome (Foerster 1933): (1) an active site at the right lateral heel zone
according to Vojta (1973) (heel stimulation, HS), and (2) a control site at the right lateral ankle
(ankle stimulation, AS). The therapist was instructed to use the same pressure as routinely applied
during physiotherapy according to Vojta and to decrease the pressure if the stimulation was reported
painful by the participant. During the stimulation, the applied force was continuously recorded
using a custom-made calibrated monitor based on a FlexiForce sensor (Tekscan, South Boston,
MA, USA). The stimulated limb was kept semi-flexed in the knee joint and supported above the
examination table by the therapist who maintained constant tactile contact with the participant’s

foot, thus further simulating natural conditions of a physiotherapeutic session.
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Immediately after the stimulation, participants rated overall degree of pain/discomfort perceived
during the stimulation using a visual analogue scale for pain/discomfort (VAS), with 0 (no
pain/discomfort) and 10 (worst possible pain/discomfort) indicating the minimum and maximum

values.

2.4. Transcranial magnetic stimulation

Motor evoked potentials (MEP) were elicited using transcranial magnetic stimulator with a
butterfly-shaped coil with outer diameter 97 mm and wing angle 150° (MagPro X100 including
MagOption, MagVenture, Farum, Denmark). During the pTMS, participants were lying supine on a
comfortable examination table and fully relaxed. The level of participants' attention was constantly

monitored by the examiner and no subject fell asleep during the examination.

The pTMS was performed according to a previously published protocol (2, 24). The coil was
positioned with the handle oriented backwards and inclined to the sagittal plane at approximately

45° (Rosenkranz and Rothwell 2003).

Surface electromyographic recordings were obtained from the fully relaxed first dorsal interosseus
(FDI) muscles in both hands using (Ag—AgCl) electrodes. The recorded signal was amplified,
filtered using a bandpass filter in the range 2 Hz—10 kHz, digitised using the Keypoint software
(Medtronic, Minneapolis, MN, USA), and exported using Cross Neuro Database software (Stefan

Stalberg Software AB, Helsinborg, Sweden) for subsequent analysis.

First, the optimal stimulation site was established manually by moving the coil on the scalp around
the expected hand area over the left/right motor cortex until a site consistently producing the largest
MEPs in the target muscle at a slightly suprathreshold stimulus intensity was detected. Throughout

the session, the coil was fixated in a frame and the position on the scalp was marked with ink.

Next, we determined the motor threshold in the resting right/left FDI (2). The motor threshold was
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defined as the minimum stimulus intensity that evoked an MEP between 300 and 450 pV peak-to-
peak size in at least three out of six consecutive trials. Threshold intensities were expressed as a

percentage of maximum stimulator output.

2.5. Paired TMS protocol

Cortical excitability was evaluated using a paired conditioning-test stimulus paradigm with biphasic
pulse shape (29) in the fully relaxed FDI. The subthreshold conditioning stimulus was delivered at
80% intensity of the motor threshold, whereas the test stimulus was set to 125%. The pairs of
conditioning and test stimuli were applied with six different interstimulus intervals (ISI) pseudo-
randomly mixed with single stimuli: 3, 5, 10, 15, and 20 ms. Single or paired pulses were applied
every 3 s. In each session, 9 MEPs were recorded for each ISI and 9 MEPs were recorded using the

test stimulus alone. In total, 63 MEPs were recorded for each side in each session.

The median MEP amplitude values were calculated from the single-trial peak-to-peak MEP
amplitudes. The median conditioned MEP at a given ISI was expressed as a percentage of the size

of the median single-trial MEP obtained in the same session (Bares et al. 2007).

2.6. Statistical analysis

The pain/discomfort scores for HS and AS were compared using Wilcoxon signed rank test,

whereas mean pressure was compared using paired Student's t-test.

Ratios of normalized MEP responses (After / Before) were calculated to evaluate the effect of both
interventions (49). Differences between HS and AS were evaluated for SICI (ISI 3 ms) and ICF (ISI
15 ms) using linear regression analysis with difference between mean force for HS and AS as an

independent variable.
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3. Results

3.1. Pressure stimulation

Due to hardware technical issues, complete continuous force measurements were only obtained in
14 subjects. The mean force applied during HS was 14.30 N (SD 3.79 N), and 20.75 N (SD 9.24 N)

during AS. The difference was significant (P = 0.03, Student's paired t-test).

After HS, the median reported pain/discomfort intensity (VAS) was 4.40 (IQR 3.25-5.55), while it
was 4.10 (IQR 2.90-5.75) after AS. The difference was not significant (P = 0.45, Wilcoxon signed

rank test), with median difference 0.10 (IQR HS — AS: -0.70-1.65).

3.2. Electrophysiology
No participant reported any side-effects of the pTMS. The mean size of the unconditioned MEP did

not differ significantly before and after the stimulation in any condition (Student's paired t-test, Fig.
1).

3.2.1.  pTMS results

Using linear regression analysis, we found a significant difference in the normalized MEP ratios
(After / Before) for SICI (ISI 3 ms) in the right hand (RH, mean MEP ratio for HS was 2.38, SD
1.87, whereas for AS it was 1.09, SD 0.73; P = 0.04 for the intercept in linear regression, see Fig.
2), but not in the left hand (LH, mean MEP ratio for HS was 1.97, SD 2.94, whereas for AS it was
1.69, SD 1.50; P = 0.46 for the intercept). The individual differences in normalized MEP ratios
were independent of the differences in mean pressure (P = 0.44, and P = 0.41, for interaction in RH
and LH, respectively). In RH, SICI tended to decrease after HS (mean normalized MEP changed
from 40.8% to 78.1%, P = 0.09, post-hoc t-test), but not after the AS (change from 37.5% to 34.8%,

P = 0.64, post-hoc t-test, Fig. 3).

There was neither a significant difference in the ICF (ISI 15 ms) between the two stimulation sites

(RH, P =0.37; LH, P = 0.54), nor a significant relationship with the pressure (RH, P = 0.96; LH, P
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= 0.45).

The mean normalized MEP and standard errors for all IST are shown in Fig. 3.

4. Discussion

The present results demonstrate that sustained manual pressure stimulation elicits changes within
the cortical circuits of the sensorimotor system and that the effects are associated with a specific site

of action.

Similar decrease in intracortical inhibition was observed after sustained stimulation in different
modalities, such as vibrotactile (4, 5), or electrical (for review, see 3, 12, 13). Although our
observed effect was specific for one of two stimulation sites at the foot, it manifested in a
somatotopically unrelated site in a hand representation, suggesting a more diffuse mechanism of
action. However, the change in SICI was only observed in the ipsilateral limb in our experiment,
implying that the observed plastic changes are possibly mediated via a lateralised pathway. Both
assumptions are in line with our previous observation of a site-specific activation increase in the
contralateral motor cortex during the stimulation (16) and subsequent motor after-effects in the
contralateral pontomedullary reticular formation (15). Based on this combined imaging and
neurophysiological evidence, it can be assumed that sustained pressure stimulation may modulate
sensorimotor structures at multiple brain levels when applied to a specific body site. From the
clinical perspective, the underlying mechanisms are likely related to the behavioural after-effects of

the reflex locomotion therapy (58), providing ground for future clinical research.

4.1. Mechanisms of cortical excitability modulation

To our knowledge, the effects of sustained pressure stimulation on SICI or ICF have not been
studied so far. Models of modulation of intracortical inhibition through sustained or long-term

stimulation have been based on evidence obtained using different modalities of peripheral
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stimulation, such as cutaneous electrical stimulation (9, 12, 13, 27, 35, 36, 44, 46, 51, 52), muscle
vibratory (30, 34, 47-50), or vibrotactile stimulation (4), which suggests that the complex system of
excitatory and inhibitory intracortical circuits can be dynamically modulated in response to multiple

exogenous and intrinsic factors (47-50, 52).

An important consideration is that our paradigm involved a prolonged stimulation over 20 minutes,
which might lead to potentially different effects from those observed when brief stimuli are
delivered immediately before or during TMS (44, 47). Indeed, the effects of prolonged electrical
nerve stimulation reported so far have been inconsistent (3). Whereas some studies report changes
in cortical excitability assessed by single-pulse TMS (21, 43), overall, there were limited (36, 46) or
no consistent changes in intracortical inhibition following paired associative stimulation (45, 55) or
electrical nerve stimulation alone (10, 21, 42). Similarly, effects of prolonged muscle vibration also
vary among different protocols. Whereas SICI did not change after 15-min single hand muscle
vibration alone (48, 50), a protocol of 30-min repetitive muscle vibration during voluntary
contraction applied for 3 consecutive days resulted in increased SICI in the vibrated and decreased
SICI in the non-vibrated muscle lasting for 2 weeks (34). More consistent effects were also
observed when the stimulation was applied to the whole hand instead of a single muscle or nerve:
30 minutes of cutaneous electrical stimulation (12, 13) and 20 minutes of vibrotactile stimulation
(4) caused reduction of SICI lasting up to one hour after the stimulation. In general, sustained
pressure stimulation in our study modulated the motor cortex excitability in a way similar to
previously published protocols that involved either long-term or less focal form of electrical,
vibratory or vibrotactile stimulation (4, 12, 13, 34). In the following section, we briefly discuss the
most prominent differences between pressure stimulation and other stimulation modalities, as well

as the structures and circuits that likely participate in modulation of cortical excitability.

In vibratory stimulation, changes in motor cortical excitability have been suggested to be mediated
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via somatotopically organised cortico-cortical connections from the somatosensory cortex (21-23,
56). However, in the present work, we show that sustained pressure foot stimulation affected the
primary motor representation of the ipsilateral hand. Although less somatotopically organised
effects have already been observed after or during electric stimulation (44, 47), to our knowledge,
there has been no evidence of peripheral foot stimulation affecting SICI in the hand muscles (4).
Such a diffuse effect could be due to less somatotopically arranged afferent input, possibly
involving more diffuse direct thalamo-cortical pathways to the motor cortex (1, 17), collateral
branches of the spinothalamic tract to multiple brainstem areas (e.g., medullary reticular formation
or parabrachial nuclei), (18, 25, 26), or spinoreticular and spinocerebellar tracts. Evidence from
rodents suggest that the cerebellum may also play a key role in this process (39). Indeed, repetitive
TMS using theta burst stimulation of the cerebellum may influence the SICI in the primary motor

cortex in human subjects (28).

Irrespective of the afferent pathway, SICI reflect changes that finally involve the intracortical
circuits (47, 63). There is compelling evidence that SICT relies on activation of y-aminobutyric acid

A (GABA ) receptors in the motor cortex (14, 19, 47, 60, 61, 63).

4.2. Intracortical facilitation (ICF)

In our study, we have observed no significant change in ICF. The circuits responsible for
intracortical facilitation remain incompletely described and putatively involve N-methyl-D-aspartate
(NMDA) excitatory interneurons (13, 33, 37). While ICF increased after 30-min whole-hand
electrical (12, 13), or 20-min vibrotactile stimulation (4), and after 1 h of associative stimulation of
two hand muscles (42), multiple studies of sustained peripheral stimulation showed no change in
ICF (10, 21, 34, 36, 46), suggesting that ICF is affected by peripheral stimulation in a more variable

and less reproducible way than SICI.
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4.3. Implications for the reflex locomotion therapy

The effect of pressure stimulation on GABAa-ergic intracortical circuits demonstrated in this study
can be associated with the observed motor after-effects of the reflex locomotion therapy that utilises
manual stimulation of several body surface areas including the heel (59). The decrease in SICI
suggests that pressure stimulation according to Vojta may facilitate practice-dependent plasticity
(62) to improve motor performance as observed in clinical practice (31). The therapy effect may be
mediated by the brainstem (e.g., ponto-medullary reticular formation, PMRF) and cerebellum (15),
but the putative mechanisms may also involve more direct modulation of motor cortex function due
to peripheral pressure stimulation (16). However, longer-term motor behavioural studies in normal
subjects and clinical studies in patients suffering from disorders of the motor system that would
undergo the therapeutic stimulation under controlled conditions would be necessary to find the link

between the behavioural and functional changes induced by reflex locomotion therapy.

4.4. Limitations

It can be argued that changes in SICI are due to changes in testing pulse efficacy (55). However, we
show that amplitudes of unconditioned stimuli did not differ significantly before and after the

intervention, effectively ruling out this possibility.

The changes in cortical excitability might have been affected by the non-equal pressure applied
during HS and AS. However, the difference in SICI between the HS and AS remained significant
even though the influence of the applied pressure has been controlled by linear regression analysis

with difference between mean pressure for HS and AS as an independent variable.

Furthermore, we cannot rule out possible effects of directed attention, which is known to modulate

cortical plasticity during peripheral stimulation (50, 57).

Only relatively young subjects were examined in this study. Since the capacity to modulate the SICI

seems to be age-dependent (53), the results cannot be generalised to ageing subjects.
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We have not assessed the history of specific repetitive motor activity or training, however, our
cross-over design with paired statistical analysis was controlled for individual differences among

the subjects.

Finally, in this study, we have held the stimulation coil at the optimal site in a mechanical frame
using a previously published protocol (2, 24), without a neuronavigation system (see also 49).

4.5. Conclusions

We conclude that sustained pressure stimulation according to reflex locomotion therapy specifically
decreases the intracortical inhibition in the ipsilateral sensorimotor cortex. We suggest that the

effect may be related to the clinically observed motor after-effects of reflex locomotion therapy.
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Figure Captions
Fig. 1 Unconditioned MEP sizes (Black-and-white figure in print)

Dot-and-whisker plots show (single-pulse) average unconditioned MEP sizes in mV for the right
and the left hand (RH and LH, respectively), either for the heel or ankle stimulation (HS and AS,
respectively) session. Values before the stimulation are shown with white downward pointing
triangles, whereas values after the stimulation are shown with black upward pointing triangles.
Whiskers indicate standard deviation (SD). There were no significant differences between any of
the baseline and post-stimulation means (N = 19, Pryys = 0.83, Pryras = 0.66, Pryas = 0.11, Pry s

=0.23, paired Student's t-test).

Fig. 2 Normalized MEP ratio After/Before (Black-and-white figure in print)

Dot-and-whisker plots show average normalized MEP ratios (normalized MEP After/Before) for
the right and the left hand (RH and LH, respectively), either for the heel or ankle stimulation (black
circles and white squares, respectively) session. Whiskers indicate standard deviation (SD).
Abscissa shows inter-stimulus interval (ISI) between the conditioning and test stimulus in ms.
Significant difference controlled for the applied pressure using linear regression analysis is
indicated with asterisk. Only the IST 3 ms (N = 14, Pry = 0.04, Pry = 0.46) and 15 ms (N = 14, Pry

=0.37, Pry = 0.54) were formally tested.

Fig. 3 Normalized MEP sizes (Black-and-white figure in print)

Dot-and-whisker plots show average normalized MEP sizes (in %) before (white triangles) and after
the stimulation (black triangles) for the right and the left hand (RH and LH, respectively), either for
the heel or ankle stimulation (HS and AS, respectively) session. Whiskers indicate standard
deviation. Abscissa shows inter-stimulus interval (ISI) between the conditioning and test stimulus in
ms. There was no significant difference between any of the baseline and post-stimulation mean

(post-hoc paired Student's t-test).
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The effects of sustained manual pressure stimulation according to Vojta Therapy
on heart rate variability

Jaroslav Opavsky?, Martina Slachtova?, Miroslav Kutin®<, Pavel Hok?, Petr Uhlir*, Hana Opavska?, Petr Hlustik

Background. The physiotherapeutic technique of Vojta reflex locomotion is often accompanied by various autonomic
activity changes and unpleasant sensations. It is unknown whether these effects are specific to Vojta Therapy. Therefore,
the aim of this study was to compare changes in cardiac autonomic control after Vojta reflex locomotion stimulation
and after an appropriate sham stimulation.

Methods. A total of 28 young healthy adults (20.4 - 25.7 years) were enrolled in this single-blind randomized cross-
over study. Participants underwent two modes of 20-minute sustained manual pressure stimulation on the surface
of the foot on two separate visits. One mode used manual pressure on the lateral heel, i.e., in a zone employed in the
Vojta Therapy (active stimulation). The other mode used pressure on the lateral ankle (control), in an area not included
among the active zones used by Vojta Therapy and whose activation does not evoke manifestations of reflex locomo-
tion. Autonomic nervous system activity was evaluated using spectral analysis of heart rate variability before and after
the intervention.

Results. The active stimulation was perceived as more unpleasant than the control stimulation. Heart rate variability
parameters demonstrated almost identical autonomic responses after both stimulation types, showing either modest
increase in parasympathetic activity, or increased heart rate variability with similar contribution of parasympathetic
and sympathetic activity.

Conclusion. The results demonstrate changes of cardiac autonomic control in both active and control stimulation,

without evidence for a significant difference between the two.

Key words: heart rate variability, spectral analysis, pressure stimulation, reflex locomotion, Vojta Therapy
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INTRODUCTION

The technique of reflex locomotion according to
Vaclav Vojta' belongs to neurophysiological physiothera-
peutic methods, currently used in many disorders and
injuries affecting the central and/or peripheral nervous
or musculoskeletal systems. Application of the technique
is associated not only with motor manifestations but
also with autonomic nervous system (ANS) responses.
Whereas the influence on human motor activity has been
repeatedly studied®*, we have not found any reports of
the effect of Vojta Therapy on autonomic activity and
autonomic control in the published literature. Qur pre-
vious study using functional MRI of the brain demon-
strated specific modulation of hand motor control in the
pontomedullary reticular formation (PMRF) following
the stimulation according to Vojta®. Besides motor con-
trol, the PMRF is also implicated in various aspects of
autonomic control®. Therefore, we decided to study the
effect of Vojta Therapy on cardiac autonomic control us-
ing spectral analysis of heart rate variability (SAHRYV).
Stimulation in an active (trigger) zone on the lateral heel

206

according to Vojta was compared to stimulation outside
the known active zones (control or sham stimulation)
within the same young healthy participants.

MATERIALS AND METHODS

Subjects

Study participants were recruited among students of
health care professions at Palacky University in Olomouc.
Participants were enrolled following informed consent
and after keeping a recommended regime prior to the
scheduled examination. Study protocol has been approved
by Ethics Committee of the University Hospital and the
Faculty of Medicine and Dentistry, Palacky University
Olomouc, approval number 9.4.2013.

Thirty students with no history of neurologic or psy-
chiatric disease were included. Two participants were
excluded after initial autonomic examination, one of
them manifested extremely high and the other extremely
low values of heart rate variability (HRV) spectral pa-
rameters, which did not permit reliable assessment of
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Fig. 1. Spectral analysis of heart rate variability in a young healthy subject during the supine-stand-

ing-supine test.

PSD - Power spectral density, F - frequency, T - time. T1 - first supine phase, T2 - standing phase,
T3 - repeated supine phase. Frequency ranges: Low frequency (LF) - 0.05-0.15 Hz, high frequency
(HF) 0.15-0.50 Hz. Note the clear decrease in the HF component in the standing position (T2),
corresponding to decreased vagal activity, and its return to the previous level (or above that) in

the repeated supine position (T3).

changes during different phases of testing. The investi-
gated group therefore included 28 participants (15 women
and 13 men), mean age 23.3 years, range 20.4-25.7 years.

Assessment of cardiac autonomic control - spectral
analysis of heart rate variahility

Cardiac autonomic control was studied on short-term
ECG recordings, evaluating so-called short-term heart rate
variability’. We have used a modification evaluating the
orthoclinostatic reaction in the supine-standing-supine
test®! to be able to register the changes (shift) in cardiac
autonomic control in situations with different orthostat-
ic load. It was chosen due to the fact that vagal activ-
ity prevails in the supine body position, whereas in the
standing position vagal influence on heart decreases and
sympathetic activity increases. The acquired shortterm
ECG recordings were subjected to temporal and spectral
analysis of HRV using the DIANS PF8 system ( Dimea
Group, Olomouc, Czech Republic). Spectral calculations
were performed with fast Fourier transform using a par-
tially modified algorithm CGSA (coarse-graining spectral
analysis) (ref.!'), with suppression of noise components.

The duration of each of the three phases of the supine-
standing-supine test depended on the heart rate of each
investigated individual, about 5 min on average. The entire
supine-standing-supine test thus lasted about 15 minutes
(at a heart rate of 60 beats per minute). Details of the
investigation and evaluation for SAHRV examination have
been published elsewhere’.

The HRYV analysis yielded the following parameters in
the frequency domain related to cardiac autonomic con-
trol for short-time recordings: VLF Power (ms?) = spectral

power of the very low frequency band 0.02 Hz - 0.05 Hz,
LF Power (ms?®) = spectral power of the low frequency
band 0.05 Hz - 0.15 Hz, HF Power (ms?) = spectral power
of the high frequency band 0.15 Hz - 0.50 Hz, LF/HF
ratio = ratio of spectral powers LF over HF, Relative VLF
(%) = relative representation of the VLF component in
the entire frequency range (0.02 - 0.50 Hz), Relative LF
(%) = relative representation of the LF component in the
entire frequency range, Relative HF (%) = relative repre-
sentation of the HF component in the entire frequency
range, Total Power (ms?®) = total spectral power over the
entire frequency range 0.02 - 0.50 Hz. In the time do-
main: MSSD = mean squared successive differences -
indicator of HRV, RR interval (s) = duration of the RR
interval derived from ECG. See Fig. 1 for graphical rep-
resentation of the spectral analysis.

Respiratory rate assessment

Respiratory rate is another autonomic variable, which
needs to be recorded and considered for an SAHRYV study.
Participants were breathing at their natural pace, respira-
tion was recorded continuously with the DIANS PF8 sys-
tem and simultaneously using adjustable chest belt with
sensor. Respiration frequency was assessed in each of the
three phases of the supine-standing supine test, together
with SAHRYV parameters in the same protocol.

Assessment of the degree of stimulation discomfort
(unpleasantness of the stimulation)

Stimulation, which evokes unpleasant feelings, includ-
ing pain, will influence and modify ANS activity. We have
therefore used a visual analogue scale (VAS) to capture
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Fig. 2. Stimulation procedure and stimulation sites. The upper
photograph shows the body position during the stimulation.
The lower right photograph shows the stimulation site (zone)
at the right lateral heel according to Vojta, whereas the lower
left photograph shows the control stimulation site at the right
lateral ankle.

the degree of stimulation discomfort, that is the degree
of unpleasantness of the stimulation, so that we might
account for the possible influence of negatively perceived
stimulation or frank nociception on the SAHRV param-
eters, which might prevail over the effect of the two dif-
ferent types of manual stimulation. VAS was assessed
on a scale 0 to 10 (minimum and maximum discomfort
sensation, respectively), the perceived value was recorded
immediately after stimulation end.

Procedures

Each participant underwent two autonomic nervous
system examinations (SAHRV), at least a week apart
(maximum 5 weeks). Each session was scheduled at 11
a.m. and used one or the other of two stimulation sites
(see below), the order of examinations was randomized.
Stimulation sites at the right leg were either 1) the foot
zone according to prof. Vojta: processus lateralis tuberis
calcanei (active stimulation) or 2) lateral ankle (sham
stimulation), see Fig. 2. During both stimulation types,
the participant lay prone, in an initial position for the so
called reflex crawling' and each stimulation involved 20
min of manual pressure applied by a trained and experi-
enced physiotherapist.

To allow subsequent HRV analysis, the ECG recording
was performed twice within each examination: before and
immediately after 20 min of peripheral pressure stimula-
tion.

As data from the “supinel” phase may be influenced

by interfering factors both somatic and psychological
(e.g., pre-examination stress, new experimental situation,
white-coat syndrome, etc.), heart rate, SAHRV and res-
piration rate obtained during the third phase of the test,
“supine 2" (supine position following orthostatic load in
the prior standing), were used for statistical analysis (see
also ref.*'%).

Statistical analysis

The acquired data were processed with the software
Statistica 12 (StatSoft, Tulsa, OK, USA). For within-sub-
ject effects, the non-parametric Wilcoxon paired test was
used, whereas between-session effects for the respiratory
rate and the degree of stimulation-related discomfort were
tested with the Mann-Whitney test.

RESULTS

Spectral analysis of heart rate variability

SAHRV of the first test phase, i.e., the first supine po-
sition (baseline), vielded in all participants spectral char-
acteristics typical of healthy subjects of their age group®,
with the possibility to distinguish individual spectral
bands and with sufficiently high values of spectral power
within individual frequency components to permit quan-
titative analysis, including assessment of the responses to
changes in body position.

The values of the calculated HRV parameters before
and after active (heel) stimulation are provided in Table
1. Statistical significance refers to results of the Wilcoxon
paired test. Values of the assessed ECG and SAHRV pa-
rameters before and after ankle stimulation (control site)
are provided in Table 2.

The results indicate that both stimulation types, i.e.,
stimulation in an “active” site according to prof. Vojta
(heel) and stimulation in a control “inactive” site were
followed by statistically significant changes in MSSD val-
ues, duration of RR interval, and concurrently also in
respiration rate. MSSD, which represents overall heart
rate variability in the time domain, increased after both
stimulation types. RR intervals lengthened (thus heart
rate decreased) and respiration rate decreased after both
active and control stimulations.

In the frequency domain, both stimulation types were
associated with a statistically significant increase in VLF
Power, HF Power and Total Power. LF Power increased
significantly only after the active stimulation.

Neither the LF/HF ratio, nor the relative parameters
of SAHRV, indicating the relative representation of indi-
vidual frequency components, manifested any statistically
significant changes after either stimulation type when
compared to the pre-stimulation baseline.

Respiratory rate

Respiratory rate was assessed both before stimula-
tion of each site (active versus control), as well as after
stimulation. Before active (heel) stimulation, the group
mean respiratory rate was 12.3 breaths/min (SD=2.61),
whereas before the control (ankle) stimulation, the rate
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Table 1. Duration of RR intervals and parameters of heart rate variability: heel (active) stimulation site.

Parameter Pre-stimulation Post-stimulation Statistical
Median (Q1-Q3) Median (Q1-Q3) Significance
RR interval (s) 1.00 (0.92-1.15) 1.08 (1.00-1.20) P<0.001
VLF Power (ms?) 240.80 (164.69-344.74) 382.69 (199.19-641.88) P=0.04
LF Power (ms?) 627.73 (398.88-849.29) 757.46 (462.45-1373.38) P=0.01
HF Power (ms?) 1270.71 (462.45-1373.38) 2194.41 (934.12-4842.71) P=0.02
LF/HF ratio 0.419 (0.173-0.951) 0.409 (0.163-0.767) N.S.
Relative VLF (%) 11.60 (6.29-15.66) 10.92 (6.33-14.79) N.S.
Relative LF (%) 26.00 (13.74-39.65) 27.35 (12.80-36.01) N.S.
Relative HF (%) 62.40 (45.74-77.24) 61.73 (45.23-78.62) NS.
Total Power (ms?) 2246.04 (1486.41-5140.27) 4089.94 (2066.12-6912.44) P=0.01
MSSD (ms?) 4681.60 (2735.95-14112.02) 8937.38 (4604.74-16404.76) P<0.001

Legend: RR interval (s) = duration of the RR interval derived from ECG, VLF Power (ms”) = spectral power of the very low frequency band, LF
Power (ms’) = spectral power of the low frequency band, HF Power (ms®) = spectral power of the high frequency band, LF/HF ratio = ratio of
the spectral powers LF over HF, Relative VLF (%) = relative representation of the VLF component within the entire frequency range, Relative
LF (%) = relative representation of the LF component within the entire frequency range, Relative HF (%) = relative representation of the HF
component within the entire frequency range, Total Power (ms?) = total spectral power over the entire frequency range 0.02 - 0.50 Hz, MSSD =
mean squared successive differences - indicator of heart rate variability in the time domain, Q1, Q3 = 1* and 3" quartile.

Table 2. Duration of RR intervals and parameters of heart rate variability: ankle (control) stimulation.

Parameter Pre-stimulation Post-stimulation Statistical
Median (Q1-Q3) Median (Q1-Q3) Significance
RR interval (s) 0.99 (0.86-1.10) 1.07 (0.95-1.21) P<0.001
VLF Power (ms®) 283.48 (163.63-478.29) 451.86 (203.26-797.65) P=0.009
LF Power (ms?) 701.21 (306.40-975.36) 750.45 (287.81-1721.95) N.S.
HF Power (ms?) 1405.82 (720.84-3076.14) 2436.48 (835.47-3768.58) P=0.03
LF/HF ratio 0.476 (0.203-0.908) 0.534 (0.177-0.913) N.S.
Relat. VLF (%) 10.31 (7.82-14.95) 13.43 (5.16-19.08) N.S.
Relat. LF (%) 27.42 (15.93-36.10) 29.86 (12.09-41.26) N.S.
Relat. HF (%) 62.27 (38.55-75.95) 54.91 (42.28-76.30) N.S.
Total Power (ms?) 2617.85 (1689.78-4043.30) 3770.58 (1893.02-6456.51) P=0.001
MSSD (ms?) 4814.96 (2388.49-8435.96) 8908.95 (3451.13-12689.16) P<0.001

Legend: See Legend for Table 1.

was 12.9 breaths/min (SD=2.69); these values were not
statistically significantly different.

After stimulation of the active zone (heel), respira-
tory rate decreased significantly to 10.9 breaths/min
(SD=2.73), P=0.003. Similarly, after control (ankle)
stimulation, respiratory rate decreased significantly to
11.3 breaths/min (SD=2.88), P=0.003. The respiratory
rates after the two stimulation types were not significantly
different (Mann-Whitney test).

Stimulation discomfort

The VAS of pain indicated mean discomfort after
active (heel) stimulation 3.01 (SD 1.94), range 0.2-7.4,
whereas after ankle (control) stimulation the mean VAS
score was 1.62 (SD 1.48), range 0.2-6.2, this difference
was statistically significant (P=0.003). This reveals, even
in young healthy participants, a certain unpleasantness
associated with pressure at the active stimulation site.
Nevertheless, despite this difference in perceived dis-
comfort, no SAHRV parameters were apparently affected
since the results were similar in both stimulation types.

Behavioral and motor responses to stimulation

During stimulation of the active site (heel), 9 out of
the 28 participants (32%) manifested involuntary signs
of muscle activation - fasciculations, finger movements,
muscle twitches or the development of head rotation
and/or deeper breathing. In contrast, three participants
(10.7%) were falling asleep.

During stimulation of the control site (ankle), slight
head rotation appeared only in one participant (3.5% of
the group), and another one manifested deeper breath-
ing. Tendency to fall asleep appeared in 3 participants
(10.7%), two of whom were also sleepy after the active
stimulation.

DISCUSSION

Reflex locomotion, introduced by Vaclav Vojta, is
based upon stimulation of so-called trigger zones on the
surface of human body and has become one of rehabilita-
tion methods preferably used in central nervous system
disorders of childhood, especially cerebral palsy and cen-
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tral coordination disorder''”. Later, it was also applied
to disorders of the peripheral nervous system and to se-
lected structural and functional disorders and injuries of
the musculoskeletal system. Clinical studies of the Vojta
Therapy focused on motor activity™*"*,

Stimulation of the empirically discovered trigger zones
according to Vojta, which evokes motor manifestations -
reflex locomotion, concurrently evokes responses of the
autonomic nervous system as described in the method’s
characteristics"'*". Among them, the most significant are
the cardiovascular responses, where vasomotor changes
have been most frequently observed.

Surprisingly, our search of the medical and scientific
literature did not discover any reports on observed influ-
ences on the autonomic nervous system in general, and
neither on the heart rate (and specifically its variability)
during application of the reflex stimulation according to
Vojta. At the same time, changes in HRV have been stud-
ied and reported for many other types of surface or other
somatosensory stimulation, including nociceptive'*2.

Among the many established approaches to evaluation
of HRV, some of which have clinical application”?**,
we have chosen the method of spectral analysis of HRV
(SAHRYV) in a modification with the changes of orthocli-
nostatic load*', which induce a shift in sympathovagal
balance.

The reason for choosing this particular method was the
possibility to record and assess the activity of vagal and
sympathetic innervation, or their relative contribution,
in different body positions (in the supine-standing-supine
test) before and after specific active (Vojta) stimulation
as well as before and after a control stimulation outside
the described trigger zone(s).

The results indicate that both active and control stimu-
lations were followed by statistically significant lengthen-
ing of RR intervals and an increase in measures of overall
variability, both in the frequency (Total Power) and time
(MSSD) domain. Likewise, both stimulation types were
associated with a statistically significant increase in the
high-frequency (HF) spectral power, which reflects vagal
activity (this also corresponds to lengthening of the aver-
age RR interval). Nevertheless, the relative representation
of individual spectral components (VLF, LF and HF) has
remained mostly unchanged after both stimulation types,
which suggests that the degree of sympathetic and vagal
contribution to cardiac autonomic control remained un-
changed as well. Smith et al. (ref.”") reported the results
of another stimulation modality, repeated massage, in
neonates, where assessment of HRV indicated increase
in parasympathetic activity.

Somewhat surprising was our finding of decreased
respiration rate after both active and control stimula-
tions, this usually occurs in a relaxed condition. Here,
however, the subjective perception of the two stimulation
types differed according to the VAS scores, which revealed
a higher degree of stimulation discomfort (unpleasant-
ness) during stimulation of an active trigger zone of the
Vojta Therapy. In both stimulation types, though, the VAS
scores were low.

210

Overall, the changes in SAHRV parameters may be
interpreted as similar after both stimulation types, namely,
that stimulation of the active zone on the heel has not
evoked a clearly different response than stimulation out-
side the active zone (ankle). This stands in apparent con-
tradiction to previous experience with autonomic reflex
responses during application of the Vojta Therapy in the
clinical practice!'.

There may be several reasons for this discrepancy. The
typical target group for the Vojta technique, neonates and
infants, has autonomic responses different from those of
adults, one of the underlying factors may be the imma-
turity of the central nervous system in the children. The
other obvious difference is the absence of CNS lesions in
our research population, whereas in the clinical practice,
the therapeutic stimulation is mostly applied to children
with perinatal or prenatal brain damage. Taken together,
the rather small and non-specific autonomic response to
pressure stimulation of the foot in our young healthy adult
participants (university students) may not be unexpected
when the more prominent responses have been observed
in children with CNS damage in the first months and
years of life.

Furthermore, the therapeutic application in the clini-
cal practice typically includes simultaneous stimulation in
several trigger zones, whereas our protocol was simplified
to using a single stimulation site (either active or control).

Another possible explanation for the similarity of au-
tonomic responses after both stimulation types is the fact
that our participants did not manifest obvious emotional
reactions, whereas in children, Vojta Therapy is com-
monly accompanied by unpleasant feelings, often with
pain, and concomitant autonomic responses. Last but not
least, children manifest the tendency to escape and with-
draw from unpleasant stimulation and the withdrawal or
reflex motor behavior may be closely associated with the
observed autonomic responses.

As mentioned above, the study involved several limi-
tations: We have used the most accessible study popu-
lation, young healthy adults, whereas more pronounced
autonomic changes might be observed in children and/
or subjects with nervous system damage. The use of a
single stimulation zone has also been mentioned already.
A third group with no stimulation might have been use-
ful to clarify test-retest variability. These issues may be
addressed in future research.

CONCLUSION

Sustained manual pressure stimulation in an active
(empirically discovered and clinically used) skin area on
the foot was perceived as more unpleasant than stimula-
tion of a nearby control site. Heart rate variability pa-
rameters reflecting cardiac autonomic control changes
demonstrated almost identical autonomic responses
after both stimulation types. Whereas several markers
indicated modest increase in parasympathetic activity,
other measures suggested increased heart rate variabil-
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ity together with joint increase in activity of both vagal
(parasympathetic) and sympathetic activity, without sig-
nificant change in their relative contribution to cardiac
autonomic control. Therefore, in the present study, we
were unable to demonstrate autonomic responses specific
for the Vojta Therapy.
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Modulation of the sensorimotor system by manipulation of afferent somatosensory input:
evidence from mechanical pressure stimulation

Pavel Hok™", Petr Hlustik™"

Background

Peripheral afferent input is critical for human motor control and motor learning. Both skin and deep
muscle mechanoreceptors can affect motor behaviour when stimulated. Whereas some modalities
such as vibration have been employed for decades to alter cutaneous and proprioceptive input, both
experimentally and therapeutically, central effects of mechanical pressure stimulation have been
studied less frequently. This discrepancy is especially striking when considering the limited
knowledge of neurobiological principles of commonly used physiotherapeutic techniques that

utilise peripheral stimulation, such as reflex locomotion therapy.

Methods and results

Our review of the available literature pertaining pressure stimulation focused on transcranial
magnetic stimulation (TMS) and neuroimaging studies, including both experimental studies in
healthy subjects and clinical trials. Our search revealed limited number of neuroimaging papers
related to peripheral pressure stimulation and no evidence of effects on cortical excitability. In
general, majority of imaging studies agreed on significant involvement of cortical motor areas
during processing of pressure stimulation. Recent data also point to a specific role of subcortical
structures, such as putamen or brainstem reticular formation. However, a thorough comparison of
the published results often showed major inconsistencies which are proposed to be due to variable

stimulation protocols and statistical power.

Conclusions

Localised peripheral sustained pressure is a potent stimulus inducing changes in motor behaviour
and cortical activation. We highlight the limited amount of research devoted to this stimulus
modality, emphasise current knowledge gaps, present recent development in the field and
accentuate evidence awaiting replication or confirmation in future neuroimaging and

electrophysiological studies.

KEY WORDS
somatosensory system, motor system, sensorimotor integration, pressure stimulation,

neurorehabilitation, Vojta reflex locomotion therapy
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BRIEF SUMMARY

In this review, we assemble literature on motor sequelac of mechanical pressure stimulation with
special emphasis on clinical applications, including reflex locomotion therapy. We highlight the
limited amount of research devoted to this stimulus modality, emphasise current knowledge gaps,
present recent development in the field and accentuate evidence awaiting replication or

confirmation in future neuroimaging studies.

INTRODUCTION

Peripheral afferent input provides a critical drive for primate motor control and its complete
removal (deafferentation) leads to paralysis'. Deafferentation in the absence of specific intervention
also suppresses motor plasticity and learning®. Conversely, long term potentiation-like (LTP-like)
facilitation of primary motor cortex (M1) neuronal discharge can be demonstrated following direct
stimulation of the primary somatosensory cortex (S1) in the mammalian brain®. Peripheral afferent
stimulation has therefore been used to induce experimental plasticity of the human motor system®
and has become an important component of techniques to improve or restore motor function’.
Beyond short-term facilitation of motor responses known since Sherringtonﬁ, longer duration of
peripheral stimulation can induce facilitatory changes that persist for minutes and hours’. Most
commonly studied peripheral stimulation modalities include electrical nerve stimulation or
vibration, which are easy to control and administer’ . Natural modalities of peripheral stimulation,

such as tactile, pressure or proprioceptive, have been studied less extensively'*"?

, even though they
represent essential elements of clinical some rehabilitation techniques and procedures'*'®. Whereas
noxious mechanical pressure stimulation has been employed in research of central pain
processing”, effects of sustained innocuous pressure have been explored to a lower degree and even

less attention has been paid to its interaction with the “classical” motor systems, but see ref.'>'*'",
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In this review, we provide an overview of how the sensorimotor system is affected by pressure
stimulation with emphasis on its current clinical applications. Since a full overview would be
beyond the scope of a single review article, we focus on the central effects of prolonged
manipulation. For the same reasons, primarily the evidence from studies using transcranial magnetic
stimulation (TMS), functional magnetic resonance imaging (fMRI), and positron emission
tomography (PET) is considered, although other selected approaches are discussed where required
to provide a sufficient background. Finally, we attempt to delineate where the future research

interests may lie and suggest directions for follow-up studies.

SENSORY STRUCTURES RESPONDING TO INNOCUOUS PRESSURE

The perception of innocuous mechanical skin stimulation, on which we focus in this review, is
mediated by the so called low-threshold mechanoreceptors (LTMR) (ref.'q). These include four
types of afferents defined based on their receptive fields and discharge pattern: slow-adapting
type I afferents (SA-I, Merkel endings or disks) for static stimuli; slow-adapting type 11 (SA-II) for
skin stretching; fast-adapting type I (FA-1, Meissner endings) detecting flutter up to 40-50 Hz; and
fast-adapting type II (FA-II, Pacinian corpuscles) responding to high-frequency (vibratory) stimuli
up to 400 Hz. Mechanical pressure stimulation excites mainly SA-I afferents which, in addition to
static pressure, respond to low frequency mechanical stimulation (usually below 5 Hz) and skin
deformation™. In microneurographic studies, SA-I endings were also shown to participate in coding

. L 2122
joint positions

, which illustrates their ability to transmit proprioceptive information about
relative limb positionsg. Before reaching the cortex, information from cutaneous afferents is already
combined with motor efferent signals at multiple levels of the central nervous system (CNS),
including the spinal cord grey matter, brainstem nuclei and thalamus. For detailed reviews of central
projecting pathways and physiological background of sensorimotor integration at the cortical level,

see ref.g’] 1,I9.23,24_

BEHAVIOURAL EFFECTS OF PERIPHERAL PRESSURE STIMULATION

Central effects of peripheral pressure stimulation on motor control are best demonstrated by taking
a closer look at the phenomena that alter motor behaviour and performance. A rather thorough
physiological background is introduced here, as it is crucial for describing the observed behavioural
effects as well as understanding the rationale and correct interpretation of the electrophysiology and

imaging studies.

Peripheral mechanical stimulation modalities, such as vibration, have been long known to elicit

muscle contraction, overt involuntary tonic and phasic movements, postural sways, and
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modification of voluntary motor actions during and after the stimulation’ . Similar modulation of

motor behaviour, including involuntary motor responses and outlasting motor after-effects, has also

25-27

been demonstrated after mechanical pressure stimulation™ =°. It is therefore no surprise that

pressure stimulation has been incorporated into a number of physiotherapeutic techniques, such as
clinical massage, acupressurem, reflexology, or myofascial trigger point therapyls. Another example
of mechanical pressure stimulation in clinical use is stimulation according to Vojta, i.e., a

component of physiotherapeutic technique also known as reflex locomotion therapy (RLT) or Vojta

32-39

method'®** ! which is clinically employed in several European®® *? and Asian countries*™*'. Given

the lack of comprehensive literature on RLT and its relevance to some published imaging research,

we provide here a broader historical perspective on this topic.

Involuntary motor responses to pressure stimulation

2542-47

Inspired by the published neurophysiological and clinical studies and his own clinical

2748

observations™ ™", Vojta noted that, in several body configurations, sustained manual pressure

stimulation of specific points on the skin surface (“stimulus points” or “stimulation/reflex/trigger
zones”) gradually evokes a widespread motor response (asymmetrical muscle contraction in both
sides of the neck, trunk, and limbs) which has been called “reflex locomotion™ and involves two

basic patterns, “reflex creeping” (also called crawling) — first observed by Bauer™” — and “reflex

26,27,30,31

turning” (also called rotation or rolling) (ref. ). These tonic motor responses share some

similarities with other automatisms described in neonates, pre-term infants, human foetuses, and

30.31.49-52

under certain conditions in healthy adults . Reflex locomotion is likewise easiest to observe

in healthy newborns up to 6 weeks of agem, but can also be elicited in children with cerebral palsy,

adults with nervous system injury, as well as in healthy humans upon longer sustained peripheral
stimulation of multiple trigger zones (temporal and spatial summation) (ref.'®**%),

Besides evoked (involuntary) muscle contraction, further effects of reflex locomotion have been

described as well: voluntary movement facilitation, improvement of neurological abnormalities, and

16,30,34,35,51,54-57

autonomic changes . The effects have been observed to persist for at least 30

minutes'®. It has been originally speculated that these sequelac of stimulation are mediated by

massive, mainly proprioceptive afferentation which accompanies the reflex locomotion'®*%?!,

58-60

Supported by the published works and his own observations**®', Vojta emphasized the central

role of proprioception also in the development of spasticity, as opposed to a mere loss of inhibitory

. 31,4851
control from higher-order motor centres™ ™.

Despite the decades of clinical use of RLT, there has been limited knowledge of its neurobiological

basis, as the available evidence mostly consisted of kinesiology and observation studies'.

4
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Originally, proprioception has been suggested to dominate the sensory afferentation triggering the

16,30

motor response . Indeed, pressure sensation from the foot soles contributes to maintenance of

62,63

upright stance™™". It was further emphasized that, in certain cases, the initial body configuration is

essential to elicit the complete motor responsem. Such posture-dependent involuntary responses

5 - . 64,65
were also demonstrated using cutaneous and muscle vibration™™

. The efferent pathways mediating
reflex locomotion have been speculated to involve extrapyramidal or parapyramidal system (i.e.,
bypassing the corticospinal tract), since reflex locomotion is best observed in neonates whose motor
cortex is not yet mature™’. Due to its complex nature involving all extremities and truncal muscles at
the same time, a common coordination centre has been suggested*®. The horizontal gaze deviation
observed during the motor response indicates that its neural substrate involves supraspinal, at least

. . . . ' y . 16,27,30,48.66
upper brainstem structure, including the midbrain reticular formation

. In fact, the
evidence for central pattern generators (CPG) from animal experimental research suggests an
existence of similar structures also in humans, possibly located to the midbrain or neighbouring
structures®” *. However, a frequent observation of partial motor responses limited to one or more
extremities additionally suggests an existence of multiple lower-level independent sources of the
motor responses'®. This is again in line with the animal research evidence showing that lower-order
generators of simple locomotion patterns independent for each extremity reside on the spinal level
and are under top-down control of higher-order areas”. Reflex locomotion has been also contrasted
with other primitive reflexes, e.g., “tonic neck reflexes” (TNR) (rcf.26‘27’m‘46), which have could be
suppressed by reflex locomotion™. The structures responsible for the TNR have been therefore
suggested to lie hierarchically lower than those implicated in reflex locomotion, namely in the
lower brainstem®”. However, at the time of methodological development of RLT, there were no non-

invasive human methods available to test these hypotheses.

EVIDENCE FROM ELECTROPHYSIOLOGY STUDIES

Several studies using electromyographic (EMG) recordings in both animals and humans evaluated
the reflex muscle activity during pressure stimulation. In cats, complex tonic reflexes were elicited
by short as well as longer maintained pressure applied at the padsm, whereas pressure stimulation of
the chest modulated posture-dependent muscle activityﬂ. In humans, EMG studies demonstrated
gradual and rhythmical motor response during RLT (ref.*®) and confirmed the spatial and temporal
summation of these responses’”. Despite slight inter-individual differences, the order of muscle
engagement seems to be relatively constant across subjectsn‘ﬂ. Gajewska et al. (ref.u) suggested
that the stereotypic and crossed nature of the observed muscle activations reflected excitation via

long propriospinal pathways, but an influence of supraspinal motor centres could not be ruled out.
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Currently, there are no non-invasive methods available to directly investigate electrophysiological
activity in the brainstem sensorimotor nuclei. However, non-invasive assessment of cortical
excitability may still provide some indications of changes occurring in cortico-subcortical loops,
beyond the cortex itself. Studies employing paired-pulse TMS (ref.“) have evaluated corticomotor
excitability changes due to extended peripheral electrical’ and mechanical stimulation” and
revealed that longer periods of sustained or repetitive stimulation (up to 2 hours) lead to an increase
of motor cortical excitability outlasting the stimulation period (on the order of several hours). It is
likely that sustained pressure stimulation involving the same cutaneous afferents would evoke
similar changes of cortical excitability. The underlying mechanisms within intracortical circuits
potentially involve changes in intracortical inhibition (SICT) and/or intracortical facilitation (ICF) as

75-79
. However, to

seen in a number of studies using different modalities of peripheral stimulation
our knowledge, there are currently no published studies regarding such changes following

mechanical pressure.

Our own unpublished paired-pulse TMS data in healthy subjectsw indicate that sustained manual
pressure applied over 20 min to the foot produces differential effects according to the stimulation

site. Whereas a site at the right lateral heel routinely used in RLT (ref.1627

) was associated with
decreased SICI in the first dorsal interosseus muscle of the ipsilateral upper limb, there was no such
change following control stimulation at a nearby site at the lateral ankle. No change in cortical
excitability was observed either for the limb contralateral to stimulation site. We speculate that
decreased SICI reflects altered function of the GABA-ergic inhibitory intracortical circuits®',
possibly indicating facilitation of neuroplasticity by unmasking of latent horizontal intracortical
projections’ . Although this effect is similar to the after-effects of focal muscle vibration”*’, it is
much less localized since it could be observed in the ipsilateral limb™*. In general, our data suggest
that the common mechanisms governing cortical plasticity evoked by afferent input can also take

place in response to sustained mechanical pressure stimulation.

EVIDENCE FROM FMRI AND PET STUDIES

The lack of neurophysiological evidence for the central motor effects of peripheral pressure
stimulation has been compensated for by an increasing body of neuroimaging research. However, in
most of these studies, the relationship between sensory stimulation and motor control has not been
purposefully investigated. In this section, we therefore present mostly indirect evidence for

sensorimotor integration based on the reported motor cortex co-activations.

A pioneering PET study assessed activation during discrimination task of slow onset, yet short
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pressure stimuli applied to the distal phalanx of the right index finger**. Compared to a rest
condition, subjects activated the contralateral S1 (Brodmann area [BA] 3b, 1 and 2), M1 (BA 4a),
dorsal premotor cortex (PMd), posterior insula and S2, and ipsilateral supramarginal gyrus (SMG).
The study thus demonstrated immediate involvement of motor cortices during steady pressure

stimulation.

Two fMRI studies evaluated static pressure stimulation applied over the right index fingertip using
an air-cuff*™. Stimulation evoked an extensive activation pattern including bilateral postcentral
gyrus (S1), S2, paracentral lobuli, insulae, ipsilateral dorsolateral precentral gyrus (M1), and
contralateral midcingulate gyrus®™®. Subsequent dynamic connectivity modelling (DCM) revealed
that the intrahemispheric processing of the pressure stimuli employed both serial (from S1 to §2)
and parallel processing in the S1 and S2 (ref*®). In the follow-up study, Chung et al. (ref.™)
evaluated temporal evolution of the cortical activation during static sustained pressure stimulation
of the index fingertip applied over 3 to 15 s. On overall, they found most consistent activations in
the contralateral postcentral gyrus (S1), ipsilateral precentral gyrus (M), bilateral S2, insulae,
cingulate cortices, thalami and cerebellum. Notably, they observed that activations differed
substantially depending on duration of stimulus and the time-window chosen and provided evidence

for gradual adaptation of the activated areas to stimulation.

However, several studies of sustained pressure finger stimulation reported much less extensive
activations restricted to somatosensory areas. Contralateral S1 and SMG activations were observed
in a small group of 8 subjects in response to air-cuff sustained 30-s pressure applied to one of the
four fingers: index, middle, ring, and little finger. A multivariate analysis found that activation in the
contralateral SMG encoded the stimulated finger locations (proximal vs. distal) (ref.*’). Another
study evaluated the effect of sustained pressure applied via a plastic piston to a thumb in 24 subjects
during a working memory n-back task. No effect on task performance was observed and imaging
data revealed pressure-related activation (contrast n-back with pressure vs. n-back without pressure)
again only in the contralateral S1 and S2, but motor activations could be masked by the required

button responses (ref.“).

Several studies also evaluated pressure stimulation applied to lower limbs. In the first yet still
preliminary fMRI study, only limited activation in the primary sensorimotor cortex and bilateral S2
was observed during sustained 1 Hz sinusoidal pressure stimulation applied for 30 s to the foot
sole”. In a follow-up fMRI study with twice as many participants (16), sustained right foot sole
stimulation evoked more widespread activations in the bilateral precentral, postcentral, middle and

superior frontal cortices, cingulate gyrus (CMA), and inferior parietal lobule (IPL) as well as in the
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contralateral insula, temporal cortex, superior parietal lobule (SPL) (ref.”

). In an even bigger
sample (30 subjects), Miura et al. (ref.”") reported more circumscribed activation in the contralateral
S1, 82, M1, supplementary motor area (SMA), and ipsilateral cerebellum in response to

considerably shorter 5-s manual pressure stimuli applied over the base of the toes of either foot.

Further fMRI studies’” investigated central correlates of manual pressure applied over the lumbar
vertebrae in the prone position. Besides bilateral activation in the medial S1 and S2, insular and
cingulate cortices as well as cerebellum were significantly activated™. Nevertheless, the roles of

cutaneous afferents from the limbs and trunk in motor control may be essentially different.

To summarise, non-therapeutic pressure stimulation of the fingers, foot sole, or lower back were
mostly associated with somatosensory cortical activity in the S1 and S2, and in sufficiently powered
studies, also with widespread sensorimotor activations including M1, SMA, posterior parietal
cortices, insulae and cerebellum. The differences among studies may be related not only to various
sample sizes, but also to different stimulus intensities, duration, tactile stimulus properties, attention
level, or differences in statistical analysis. The analytic approach seems to be especially important
since Chung et al. (ref.*®) demonstrated that canonical haemodynamic response function may be
insensitive to adapting cortical activations. An intriguing picture emerges when we contrast these
results with different stimulation modalities, such as mechanical vibration. The widespread
activation pattern observed in sufficiently powered focal pressure stimulation studies is consistent

94,95

with studies using rather broad-area vibrotactile stimulation e

or muscle stimulation and far
exceeds cortical maps of relatively circumscribed finger vibrotactile stimulation in other studies”™
' Though qualitatively different stimuli are not directly comparable, this illustrates that pressure
stimulation can be associated with robust motor activations that provide the neuroanatomical

substrate for sensorimotor interactions and motor after-effects of mechanical pressure stimulation.

However, as shown in vibration studies, sensorimotor activations are sensitive to modulation by

higher-order processes, such as attention and cognitive task demands'®!

. This necessitates an
adequate control condition, e.g., a comparison between similar kinds of stimulation with or without
known motor consequences. Therefore, several functional imaging studies contrasted effects of

26,27

therapeutic stimulation according to Vojta R

with a sham stimulation . Sanz-Esteban et al.
(ref."®) applied pressure stimulus to an active site at the anterior thorax™® and reported the main
effect of stimulation site (active versus control) in the ipsilateral putamenlx. However, due to
unbalanced group sizes, a control stimulation site in a distant body part, and uncorrected statistical

thresholds, the conclusions that can be drawn are substantially limited.
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In our fMRI study of sustained manual pressure stimulation', we have compared an active lateral
heel site at the right foot” to a nearby control lateral ankle site in 30 healthy volunteers who
underwent two fMRI sessions according to a cross-over single-blinded randomised study design. To
more closely match the characteristic postural conditions and prolonged manual stimulation during
RLT (re£26‘27), pressure was applied manually by an experienced therapist while the subjects were
lying in prone position. As we expected considerable adaptation of the blood oxygenation level-
dependent (BOLD) response™’, we have delivered the stimulation in irregularly spaced (jittered)
30-s blocks and utilized a flexible modelling approach using finite impulse response basis functions
to capture the dynamics of the BOLD signal during a 45-s time window. Subsequently, a clustering
algorithm was employed to classify individual clusters of significant signal change based on the
shape of the BOLD response and to identify both activations and deactivations associated with
stimulation. Our results showed that stimulation at both sites evoked widespread responses
throughout the sensorimotor system. Despite sustained though gradually somewhat decreasing
pressure, most of the clusters were characterized only by transient onset and offset responses that
could be classified into two anti-correlated sets of areas. Task-positive areas were found in the
bilateral S1, S2, contralateral M1, PMd (dorsomedial part), bilateral thalami, and left prefrontal
cortex. Task-negative areas were detected in the bilateral sensorimotor cortices and PMd
(dorsolateral part), medial occipital cortex (visual cortex), and SPL. In fact, some of the transient
deactivations in motor representations of non-stimulated limbs could explain apparent motor

o . . . 8586
activations observed in previous studies

. If stimulated for sufficiently long time, BOLD
response rises again even above the baseline producing a “false” net activation increase. The
mechanisms behind deactivations are not yet completely understood. Even so, they should still be

considered when interpreting data involving prolonged stimulation'*.

Our study also demonstrated some specific effects of stimulation according to RLT (ref.'3). The
“active” stimulation site was additionally associated with a more sustained task-positive activation
in another set of brain areas. These included the bilateral insulo-opercular cortices and contralateral
pons. Quantitative differences between the two stimulation types (sites) were also assessed and

detected in the contralateral (left) [PL and M1.

Importantly, these differences were independent of pain/unpleasantness, which in turn, correlated
with activation difference in the contralateral SPL. Besides, our parallel study established that the
autonomic nervous system responses do not differ between the two stimulation types'®’. Our
imaging data thus demonstrated that manual pressure stimulation affects multiple brain structures

involved in motor control and that the choice of stimulation site impacts the shape (insulo-opercular
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cortices and pons) and amplitude (contralateral M1 and IPL) of the blood oxygenation level-

dependent (BOLD) response in sensory and proper motor areas' .

In our second study'’, we have evaluated the motor sequelae of sustained manual pressure
stimulation. Using the same cross-over design, we investigated the changes in brain activation
during a complex hand motor task sequential finger opposition (SFO). Subjects performed auditory-
paced SFO with their right hand before and after 20 min of intermittent manual pressure (in total
12 min on stimulation) applied either to the heel (active site) or ankle (control site). A simple
repetition of the motor task regardless of the intervention site resulted in a widespread sensorimotor
and cross-modal activation decrease, possibly due to motor learning. An analysis of two-way
interaction between stimulation site and repetition revealed an effect in the contralateral
pontomedullary reticular formation (PMRF) and bilateral posterior cerebellum. Whereas after the
heel stimulation, activation in the PMRF/cerebellum increased, it decreased following sham

103 . 104 B
, locomotion ', possibly

6

stimulation at the ankle'>. PMRF is known to modulate postural control

105

by exerting anticipatory postural control -, and even targeted limb movements'"

107

or finger

movements . Moreover, it has been shown to mediate complex asymmetrical motor patterns in

. . 104,107
mammalian preparations

, bearing some resemblance to involuntary motor behaviour elicited
during RLT (ref.*®*"). As we have seen involvement of nearby pontine areas also during the heel
(active) stimulation", we have speculated that the PMRF may play a role in mediating (some of)

the therapeutic effects of RLT (ref.'*!?).

SUMMARY AND FUTURE DIRECTIONS

Though the research on central effects of peripheral pressure stimulation is not as rich and elaborate
as, for example, in the case of wvibratory stimulation, available data from behavioural,
neurophysiological and neuroimaging studies, including our own works, clearly demonstrate that
the stimulation of peripheral afferents providing the sensation of sustained pressure may evoke
equally complex involuntary responses, affect postural control, improve motor performance,
locomotion, and facilitate neuroplastic changes of the motor cortical representations in the
experimental setting. Despite our recent successful efforts to localise some of the central structures
potentially involved in these effects, just as many new questions arose as have been answered. The

outstanding questions include the following:

1. What 1s the dynamic evolution of the cortico-subcortical activation patterns during
continuous application of specific forms of pressure stimulation, such as RLT? Given the

27,53,72

known slow development of responses , a time-resolved analysis of the so-called

10
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dynamic connectivity'™

might prove useful for detection of slowly evolving states of brain
function and their correlation with behaviour. To permit this, detailed behavioural and
electrophysiological data (EMG) acquired simultaneously with fMRI are necessary
prerequisites since the time-courses of individual responses may vary significantly across
subjects. This might help us detect further brain structures which participate in these
processes only transiently or whose activity gradually builds up. Such activations might be
missed by classical approaches that effectively average the signal change across the whole

imaging run'®.

Can we identify the brain structures that mediate the motor improvement? With current
imaging data, unfortunately no. Follow-up studies with well-defined outcome measures of
motor performance, both in healthy controls and patients with motor system disorders, are
warranted. Only then may improved performance or alleviated symptoms be directly linked
to the involved brain structure. This is of paramount importance because such studies could
finally draw clinically relevant conclusions, such as predictions of outcomes according to
baseline fMRI data. Furthermore, by knowing the structures that are related to improvement,
we may identify candidates for potential interventions that either enhance the effect of
peripheral stimulation or interfere with it, such as repetitive TMS or transcranial direct

current stimulation (tDCS), eventually providing real-life causal data.

Knowing the cortical area or nuclei engaged by stimulation might not be enough to fully
appreciate the brain network(s) underlying the motor after-effects and to understand
interactions among the network nodes. Therefore, the next question is what are the pathways
connecting the individual nodes, either those identified as potential sources of involuntary
motor behaviour or those associated with motor after-effects (e.g., PMRF in RLT)? By
evaluating diffusion-weighted imaging (DWI) data, one could identify the connecting
pathways between these nodes to establish a task-specific connectome. With the knowledge
of the network topology, modelling of causal relationships (i.e., effective connectivity)
would be possible. Accurate network models might then serve as predictors of behavioural
and clinical outcomes of various interventions.

Finally, knowing that muscle vibration research has demonstrated divergent results in

197 and study pupulations“, the effects of pressure stimulation on

different muscle groups
corticomotor excitability should be studied using multiple stimulation sites and in patient
cohorts with evidence of abnormal sensorimotor processing, such as dystonia™. Likewise,

patient populations, where RLT is routinely applied to alleviate neurological abnormalities

11
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(e.g., spasticity after stroke or in multiple sclerosis’’), would be candidates for studies

correlating possible clinical improvement with cortical excitability changes.

To summarize, pressure stimulation is a viable and widely used modality of peripheral stimulation
in the clinical setting. Whereas other stimulation modalities, such as vibration, have already
attracted a high amount of research interest and much evidence has been now gathered using state-
of-the-art imaging techniques, allowing researchers to postulate fairly concrete hypotheses, similar
research of pressure stimulation has barely entered the initial exploratory stage. We have
highlighted recent evidence showing involvement of brainstem and cortical structures that
potentially mediate some of the peculiar effects observed during sustained mechanical pressure
stimulation. Inspired by the latest development, we propose future directions to shed more light on

these phenomena.

SEARCH STRATEGY AND SELECTION CRITERIA

Our review of the available literature pertaining innocuous pressure stimulation focused on
transcranial magnetic stimulation (TMS) and neuroimaging studies including both human
experimental studies in healthy subjects and clinical trials as well as secondary sources. Scientific
articles from 1950 to 2020 were searched using the PubMed and Web of Science databases, results
were up to date as of March 2020. The main search terms used included ‘(PET OR fMRI) AND
(skin OR cutaneous OR peripheral OR manual OR tactile) AND (“pressure stimulation” OR
(“tactile stimulation” AND pressure))’; “TMS AND (skin OR cutaneous OR peripheral OR manual
OR tactile) AND (“pressure stimulation” OR (“tactile stimulation” AND pressure))’; ‘(“Vojta
therapy” OR “Vojta physiotherapy” OR “reflex locomotion” OR “Vojta method” OR “Vojta™) AND
(PET OR fMRI))’; and ‘(*Vojta therapy” OR “Vojta physiotherapy” OR “retlex locomotion” OR
“Vojta method™ OR “Vojta™) AND TMS)’. Studies investigating only noxious pressure stimulation
were discarded. To provide historical perspective, non-English literature on reflex locomotion
therapy was included, whereas the database search only considered English language original

research papers and reviews. Relevant secondary cited sources were included as well.
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ARTICLE INFO ABSTRACT

Background: Our aim was to use functional magnetic resonance imaging ({MRI) to compare brain activation
changes due to botulinum toxin A (BoNT) application between two chronic stroke patient groups with different
degree of weakness treated for upper limb spasticity.

Methods: Fourteen ischemic stroke patients with hand weakness and spasticity were studied. Spasticity
was scored by modified Ashworth scale (MAS). FMRI was performed 3 times: before (WO0) and 4 (W4) and
11 weeks (W11) after BoNT application. Group A: 7 patients (2 males, 5 females; mean age 59.14 years) with
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53;::’ : hand plegia, who imagined moving fingers. Group B: 7 age-matched patients (6 males, 1 female; mean age
Hand weakness 59.57 years) able to perform sequential finger movement.

Spasticity Results: BoNT transiently lowered MAS in W4 in both groups. In group A, activation of the frontal premotor cortex

dominated and persisted for all three fMRI sessions whereas the ipsilesional cerebellum and cortex bordering bi-
lateral intraparietal sulcus activation changed over time. Between-session contrasts showed treatment-related
activation decreases in the mesial occipitoparietal and lateral occipital cortex. In group B, brain activation was
markedly reduced after BoNT (W4). Whereas some of these areas manifested only transient reduction and
expanded again at W11, in others the reduction persisted.

Conclusion: Study of two age-matched groups with mild and severe weakness demonstrated different effects
of BoNT-lowered spasticity on sensorimotor networks. Group A performing movement imagery manifested
BoNT-induced reduction of activation in structures associated with visual imagery. Group B performing move-
ment manifested reduced activation extent and reduced activation of structures outside classical motor system,
suggestive of motor network normalization.

Botulinum toxin
Functional magnetic resonance imaging
MNeuronal plasticity

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Stroke is the leading cause of disability worldwide and one of the
most common causes of death [27]. Despite the progress in the stroke
management, a majority of stroke survivors experience motor deficit
with impaired function of upper extremity [21]. Ischemic lesion of pyra-
midal and parapyramidal tracts cause upper motoneuron syndrome
(UMS) [38]. Negative signs (weakness, loss of dexterity) of UMS are cru-
cial in determining the degree of movement deficit [22]. Nevertheless
positive signs of UMS (especially spasticity) may play an important
role. By Lance's historical definition, spasticity is a motor disorder
characterized by a velocity-dependent increase in tonic stretch reflexes
with exaggerated tendon jerks resulting from hyperexcitability of the

* Corresponding author at: Department of Neurology, University Hospital, I. P. Paviova
6, 77520 Olomouc, Czech Republic. Tel.: +420 588 443 419; fax: +420 585 428 201.
E-mail address: veverka.tomas@seznam.cz (T. Veverka).

http://dx.doi.org/10.1016/j,jns.2014.09.009
0022-510X/© 2014 Elsevier B.V. All rights reserved.

stretch reflex [26]. Spasticity prevalence estimates range from 19%
to 42.6% in stroke survivors [43,46]. It is generally recognized that
poststroke spasticity (PSS) may interfere with voluntary movement
[31]. Disability associated with PSS may undoubtedly affect patient's
quality of life, increase caregiver and socioeconomic burden [57].
Current multidisciplinary approach to relieve focal spasticity combines
physiotherapy with botulinum toxin A (BoNT-A) application. Numerous
clinical trials have shown that BoNT-A is safe and effective way to
reduce upper limb PSS [44,52]. Although BoNT-A acts primarily on mus-
cle spindles there is growing evidence that BoNT-A also exerts central
(remote) effects. BONT-A affects intrafusal fibers as well as extrafusal
ones and thus alters abnormal sensory input to the CNS via la afferents
[36]. This is probably the mechanism how BoNT-A injected in the
periphery can induce cortical reorganization [7]. This hypothesis has
been supported by studies in focal dystonia [6,12,23,24]. We have
consistently studied the neuroanatomical correlate of BoNT-related
post-stroke spasticity relief using functional MRI (fMRI). [n our previous
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studies we have provided evidence that effective treatment of upper
limb spasticity is associated with dynamic changes at the level of the
cerebral cortex [47,48]. The aim of the present study was to localize
and analyze BoNT-related pattern of cerebral cortex activation during
motor or mental tasks in patients with PSS.

2. Material and methods

Patients were studied using a previously published protocol [45].
The following text summarizes the methodology and highlights differ-
ences particular for the present study.

2.1. Patients

The patients were recruited in the Comprehensive Stroke Centre
at Department of Neurology, University Hospital, Olomouc, Czech
Republic. The study was conducted in accordance with the Declaration
of Helsinki 1964 (in the latest revision in 2013) and it was approved
by the institutional ethics committee.

Fourteen ischemic stroke patients with hand weakness and spastic-
ity were studied. Group A consisted of 7 patients (2 males, 5 females;
mean age 59.14 years, range 33-78 years, SD 16.94) with hand plegia,
who imagined moving fingers. Group B consisted of 7 age-matched
patients (6 males, 1 female; mean age 59.57 years, range 34-80 years,
SD 16.93) able to perform sequential finger movement. All subjects
were in the chronic stage of the ischemic stroke; the time from stroke
onset to the study entry ranged from 3 to 83 months, the median was
10.5 months. Localization of the ischemic lesions were subcortical or
corticosubcortical within the middle cerebral artery territory. Hand
spasticity was clinically relevant and exceeded 1 on modified Ashworth
scale (MAS) [4]. Exclusion criteria were: time after stroke onset less
than 3 months; history of BoNT application or drugs affecting muscle
hypertonus intake; severe cognitive deficit and severe depression,
assessed using the MMSE [10] and Zung Self-rating Depression Scale
[58], which could affect cooperation during the study protocol; and
finally the magnetic resonance imaging exclusion criteria. The patients’
characteristics are listed in Tables 1 and 2.

2.2. Clinical evaluation

Patients were clinically examined (after previous screening) at
Week 0, when they were enrolled into the study and injected with
BoNT, then at Week 4, four weelks following the injection of BoNT,
when BoNT effect is assumed to be maximal, and at Week 11, three
months after the BoNT injection, when peripheral BoNT effect was
expected to wane.

Evaluation of spasticity using the modified Ashworth scale (MAS)
was performed at each visit. The MAS was assessed separately for

fingers and wrist and the values were averaged together (mean MAS).
Further clinical investigations included following standardized scales
were performed at study enrollment: the modified Medical Research
Council (mMRC) [33] scale to test upper extremity strength; the National
Institutes of Health (NIH) [5] stroke scale to assess neurological
impairment, the Barthel index (BI) [28] and the modified Rankin Scale
(mRS) [34] to assess disability.

2.3. Treatment

Enrolled patients were treated with BoNT injections into the muscles
of the affected arm at Week 0 and then they underwent a dedicated
physiotherapy protocol.

The injections were performed using the EMG guidance (Medtronic
Keypoint, Alpine Biomed ApS, Denmark), preferably with electrical
stimulation for localization of the muscle intended to be treated. The fol-
lowing muscles were always injected: flexor carpi ulnaris (FCU), flexor
carpi radialis (FCR), flexor digitorum superficialis (FDS), and flexor
digitorum profundus (FDP). The dose of BoNT (BOTOX®; Allergan,
Inc., Irvine, CA, USA) per muscle was 50 U. Such dose reflects current
recommendation [52]. The BoNT was given consistently in a fixed
dose per muscle basis in both groups.

The rehabilitation treatment started several days after the BoNT in-
jection (WO). Initial inpatient physiotherapy (2-4 weeks) was followed
by outpatient therapy until the third clinical and fMRI evaluation (total
of 11 weeks). The patients underwent daily physiotherapy sessions, for
a total of 1 h, using various techniques such as Bobath concept, propri-
oceptive neuromuscular facilitation ( PNF), passive and active stretching
and occupational therapy. Proper adherence to the physiotherapy
protocol has been repeatedly checked every session within the whole
study [25].

2.4. Tasks

Patients were scanned while performing imaginary or real finger
movement with the impaired hand. Subjects with preserved finger
movements (group B) performed sequential finger movements
(Roland's paradigm) [35] at the rate of approximately 1 movement
per second. Subjects with hand paralysis (group A) first trained the se-
quential finger movement with the non-paretic hand and then were
asked to imagine performing the same movement with the impaired
fingers in association with kinesthetic feeling [42]. Inside the bore of
the scanner, the task was performed with eyes closed, instructions to
start and stop task performance were signaled verbally (start/stop) in
MR-compatible headphones. In a block paradigm, imagery or real finger
movement alternated with rest (15 s). Each experimental run consisted
of 12 repetitions of the same task-rest block pairs, for a total of 6 min.
Each participant had two experimental runs with the impaired hand.

Table 1
Group A - demographic and clinical characteristics.
Patient Sex Age Stroke onsetto Lesion Affected mRS Bl Imitial  MMSE Zung (SDS mMRC mMRC Mean MAS  Mean Mean MAS
‘WO (months) hand NIHSS index) (WF/WE) (FF/FE) (WO) MAS (W4) (W11)
i F 76 6 Thalamus, IC, Left 4 45 7 24 65 1/0 1/0 3 175 25
insula
2 F 78 5 Thalamus, IC Right 4 60 10 N/A 49 0/0 0/0 3 2 3
3 F 44 83 FP lobe. insula Right Z 95 4 29 39 21 21 2 1 2
4 F 64 6 Insula. BG. FT lobe  Right 3 70 8 N/A 63 0/0 0/0 2 1.25 1.75
5 M 68 9 Thalamus. BG. FT  Left 3 75 7 29 34 0/0 0/0 3 1.75 3
lobe. insula
6 M 33 32 BG.IC Left 3 70 5 28 59 2/1 241 2 1 2
7 F 51 23 BG. insula. FT lobe Right 3 65 9 N/A 43 0/0 0/0 3 2 2

Note: L = left; R = right; BG = basal ganglia; IC = internal capsule; F = frontal; T = temporal; P = parietal; NIHSS = NIH stroke scale; mMRC = modified MRC scale; Bl = Barthel
index; WE = wrist extensors; WF = wrist flexors; FE = finger extensors; FF = finger flexors; MAS = Modified Ashworth scale; and N/A = not applicable — the MMSE score could not

be interpreted because of the presence of expressive aphasia.
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2.5. Data acquisition

Similar to the behavioral (clinical) assessments, the functional MRI
examinations were done at Week 0, Week 4 and Week 11. The three-
session design aimed to allow separation of the expected transient
effect of BONT from the progressive effects of time and/or rehabilitation.

Magnetic resonance imaging data were acquired on 1.5 Tesla scan-
ners (Avanto and Symphony, Siemens, Erlangen, Germany) with a stan-
dard head coil. The MR imaging protocol covered the whole brain with
30 axial slices 5 mm thick, including anatomical T1-weighted images to
provide an immediate overlay with functional data, fluid-attenuated in-
version recovery (FLAIR) images to visualize brain lesions, functional
T2*-weighted (BOLD) images during task performance and rest, and a
high-resolution 3D anatomical scan (MPRAGE). BOLD images were
acquired with gradient-echo echo-planar imaging sequence (EPI),
TR/TE = 2500/40 ms, FOV 220 mm, to provide 3.4 x 3.4 x 5 mm resolu-
tion. In total, 144 volumes were acquired per each 6-minute functional
run. Subject’s head was immobilized with cushions to assure maximum
comfort and minimize head motion. Task performance and the presence
of mirror movements were monitored visually.

2.6. Analysis

Prior to fMRI analysis, the imaging data of 7 patients with right-
hemispheric lesions were flipped in the left-right direction to allow
group analysis of activation task with the impaired hand [20,50].

FMRI data processing was carried out using FEAT (FMRI Expert
Analysis Tool) Version 6.00, part of FSL [18,41,55] Version 5.0 (FMRIB's
Software Library, www.fmrib.ox.ac.uk/fsl). The following pre-statistics
processing was applied: motion correction using MCFLIRT [17]; slice-
timing correction using Fourier-space time-series phase-shifting; non-
brain removal using BET [40]; spatial smoothing using a Gaussian kernel
of full width at half-maximum (FWHM) 10 mm; grand-mean intensity
normalization of the entire 4D dataset by a single multiplicative factor;
high-pass temporal filtering (Gaussian-weighted least-squares straight
line fitting, with sigma = 15 s). Time-series statistical analysis was
carried out using FILM with local autocorrelation correction [56]. The
model included 6 motion estimate vectors to remove residual signal
changes due to head motion; a confound matrix representing volumes
with excessive motion detected by the FSL Motion Outliers tool to
account for non-linear motion effects; and 2 nuisance signal vectors
extracted from the individual functional images to reduce physiological
noise: white matter signal, and signal from the cerebrospinal fluid. The
latter two time-series were extracted using transformed standard brain
anatomical masks, as provided by the Harvard-Oxford anatomical atlases
[8,9,11,13,14,29]. Registration to high resolution structural and/or
standard space images was carried out using FLIRT and FNIRT [17,19].

Higher-level analysis was carried out using FLAME (FMRIB's Local
Analysis of Mixed Effects) stages 1 and 2 [1,53]. Z (Gaussianized T/F)
statistic images were thresholded using a corrected cluster significance
threshold of p = 0.05 [56]. Group mean activation maps were generated
for each session, furthermore, post-hoc linear contrasts yielded maps of

Table 2
Group B - demographic and clinical characteristics.

significant pairwise differences between sessions. The design using
three sessions permitted decomposition of the treatment effect at
4 weeks into the progressive time and/or rehabilitation component
and the transient botulinum toxin effect.

3. Results
3.1. Qlinical

BoNT transiently lowered arm spasticity at Weelk 4 in both groups,
but the alleviation of spasticity was statistically significant only in
group A. The mean MAS changes from baseline were: in group A 1.03
(p = 0.032, Wilcoxon Signed Ranks Test with Bonferroni correction),
in group B 0.72 (p = 0.053, Wilcoxon Signed Ranks Test with
Bonferroni correction).

The mean MAS score at Week 11 did not significantly differ from
Weelk 0 in both groups (mean MAS change in group A was 0.25, p =
0.218; mean MAS change in group B was 0.25, p = 0.433, Wilcoxon
Signed Ranks Test with Bonferroni correction).

The mean MAS scores in group A were: at Week 0: 2.57 (SD 0.53), at
Week 4: 1.54 (SD 0.44), and at Week 11: 2.32 (5D 0.51). The mean MAS
scores in group B were: at Week 0: 2.11 (5D 0.64), at Week 4: 1.39 (SD
0.56), and at Week 11: 1.86 (SD 0.80). The mean MAS scores of each
subject are listed in Tables 1 and 2.

3.2. Imaging — group average

In group A, activation of frontal premotor cortex dominated at all
three fMRI sessions. Prior to the BoNT application (W0), a cluster of
activation was observed at the contralesional intraparietal sulcus but
was absent at following examinations. After BoNT treatment (W4)
ipsilesional cerebellum engaged and persisted at W11. Additionally,
the premotor cortex activation was spread more ventrally at the
ipsilesional hemisphere towards the central opercular cortex, which
diminished at W11. Third fMRI session (W11) revealed an additional
activation cluster in the cortex surrounding the ipsilesional intraparietal
sulcus. Group A mean activation maps for each session are shown in
Fig. 1.

In group B, the contralesional primary and secondary sensorimotor
cortices, SMA, and bilateral cerebellum remain active at all three fMRI
sessions. At WO, the subjects additionally activated the motor cingulate
cortex, dorsal and ventral ipsilesional premotor cortex, bilateral lateral
occipital cortex, bilateral thalamus, contralesional basal ganglia
and contralesional insular cortex and inferior frontal gyrus (pars
opercularis). A substantial decrease of activation extent was observed
at W4 in comparison to WO, however an increase of activation was
detected in the ipsilesional dorsal premotor cortex. At W11, a similar
pattern to W4 was observed, with additional activation in contralesional
ventral primary sensorimotor cortex. Besides the activation in SMA, no
further activation was detected in the ipsilesional cortex. Group B
mean activation maps for each session are shown in Fig. 2.

Patient Sex Age Stroke onsetto Lesion Affected mRS Bl Initial MMSE Zung mMRC mMRC Mean MAS Mean MAS Mean MAS
‘W0 (months) hand NIHSS (SDSindex) (WF/WE) (FF/FE) (WO) (w4) (W11)

1 M 54 15 Thalamus, IC, BG  Right 2 85 9 24 31 473 4/3 15 2 2

2 M 77 18 Thalamus, IC, BG  Right 2 70 5 24 40 473 4/3 3 175 3

3 M 60 9 BG, IC Left 2 90 3 28 41 4-+/4 4+/4 3 2 25

4 M 80 12 Thalamus, IC Right 3 60 5 N/A 49 4/3 + 4/3+ 2 125 1.5

5 M 68 7 BG, IC, FT lobe Left 2 90 4 26 50 4/4 4/4 2 125 2

6 F 34 14 BG, IC Left 2 100 3 27 44 5/4 4/4 175 1 1.5

7 M 44 3 BG, IC Left 2 100 4 30 48 473 4/3 15 0.5 0.5

Note: L = left; R = right; BG = basal ganglia: IC = internal capsule; F = frontal; T = temporal; P = parietal; NIHSS = NIH stroke scale; mMRC = modified MRC scale; Bl = Barthel
index; WE = wrist extensors; WF = wrist flexors; FE = finger extensors; FF = finger flexors; MAS = Modified Ashworth scale; and N/A = not applicable — the MMSE score could not

be interpreted because of the presence of expressive aphasia.
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Fig. 1. Functional MRI activation during imagery of finger movement in group A (plegic): before BoNT treatment (a), 4 (b) and 11 weeks after BoNT application (c). {The) Z-statistical
images (were) thresholded using a corrected cluster significance threshold of P = 0.05 (and) overlaid on the top of averaged high resolution T1-weighted images.

3.3. Between-session contrasts

In group A, paired contrast WO > W4 showed activation decrease in
the bilateral occipital cortex (ipsilesional occipital fusiform gyrus,
lingual gyrus, occipitoparietal cortex on the mesial interhemispheric
surface, contralesional lateral occipital cortex, inferior temporal gyrus,
occipital pole) (Fig. 3a). W11 = W4 contrast revealed decrease of
activation in the ipsilesional lateral occipital cortex, occipital pole and
occipitoparietal cortex on the mesial interhemispheric surface (Fig. 3b).
Summary of the active areas’ coordinates and statistical parameters for
individual contrasts in group A are provided in Table 3.

In group B, paired contrast WO > W4 showed activation decrease
in the bilateral occipital cortex (ipsilesional lateral occipital cortex, bilat-
eral occipital pole), bilateral inferior frontal gyrus (pars opercularis,

Broca's area), bilateral orbitofrontal cortex, ipsilesional dorsolateral
prefrontal cortex (DLPFC) and contralesional cerebellum (Fig. 4a).
WO = W11 contrast revealed the decrease of activation which was
limited to the bilateral occipital cortex (namely bilateral lingual gyrus,
cortex bordering the contralesional calcarine sulcus and ipsilesional
occipital pole) (Fig. 4b). W11 = W4 contrast showed activation increase
over time in the ipsilesional lateral occipital cortex, ipsilesional angular
and supramarginal gyrus, ipsilesional superior frontal gyrus (pre-
supplementary motor area), ipsilesional anterior cingulate gyrus, cortex
on lateral surface of ipsilesional temporal lobe and contralesional cerebel-
lum (Fig. 4c). Summary of the active areas' coordinates and statistical
parameters for individual contrasts in group B are provided in Table 4.
The remaining between-session contrasts in both groups did not
reveal any areas of significant change in the local BOLD effect magnitude.

Fig. 2. Functional MRI activation during sequential finger movement in group B (paretic): before BoNT treatment (a), 4 (b} and 11 weeks after BoNT application (c). (The) Z-statistical
images (were) thresholded using a corrected cluster significance threshold of P = 0.05 (and) overlaid on the top of averaged high resolution T1-weighted images.
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Fig. 3. Between-session fMRI contrasts in group A (plegic): a = W0 > W4, and b = W11 > W4

4. Discussion

Stroke triggers a number of processes at various levels of motor
system that can cause spontaneous recovery or motor improvement
(adaptive plasticity). Plastic changes within the sensorimotor system
not only are beneficial but also may even worsen residual function.
From this point of view, the appearance of post-stroke upper limb
spasticity that interferes with motor performance could be attributed
to so-called maladaptive plasticity. BoNT injection is a well established
component of multimodal treatment of PSS. The growing evidence of
BoNT-related central (remote) effects makes BoNT a promising tool to
favorably affect maladaptive changes even at the cortical level.

In the present study extending our previous worlk, we have focused
on functional neuroimaging findings (plasticity) in cortical and subcorti-
cal areas attributable to changes of spasticity following BoNT application.

As expected, BoNT application temporarily relieved spasticity
expressed in MAS. In group A, the change of mean MAS score was statis-
tically significant. In group B, the values did not reach statistical signifi-
cance most likely due to less prominent clinical effect in less severely
affected patients and concurrently relatively small size of studied
group. Mean MAS score at Week 11, when pharmacological peripheral
effect of BoNT is expected to be minimized, did not significantly differ
from the score at Week 0, despite ongoing physiotherapy. This trend
should not be interpreted as a failure of physiotherapy. The primary
goal of physiotherapy protocol in PSS is functional improvement.
However our study protocol did not include testing of such functional
gains.

In the plegic group, comparing group-averaged statistical maps of all
three fMRI session, no prominent changes in the extent of participating
brain networks emerged. As expected and consistent with earlier
neuroimaging studies in healthy subjects, mental task with kinesthetic
imagery was associated with the activation of frontal premotor cortex
(SMA, pre-SMA, bilateral premotor cortex) [2,42]. This cluster of fMRI
signal remained stable within the whole study. Group-averaged statisti-
cal maps further revealed other clusters in which fMRI signal changed

Table 3
Local maxima of between-session contrasts — group A (plegic).

over time. First, pre-BoNT (WO0) activation of cortex bordering the
contralesional intraparietal sulcus disappeared after BoNT application
(W4}, whereas another cluster surrounding the ipsilesional intraparietal
sulcus emerged at W11, when BoNT effect is expected to wane. The
intraparietal sulcus (IPS) belongs to frontoparietal circuits controlling
more complex and goal-directed movement. In normal subjects
performing imagery of sequential finger movements, IPS areas partici-
pate bilaterally with contralateral predominance [15,42]. Therefore,
predominantly ipsilateral {contralesional) activation reflects abnormal
motor control, which then reverts to a more physiological pattern by
W11. A second cluster that emerged following BoNT application (W4)
and persisted at W11 was located in the ipsilesional cerebellum.
Whereas contralesional cerebellar engagement was reported during
the process of successful motor recovery and rehabilitation after stroke
|20,39], transient ipsilesional cerebellar activation was associated with
poorer motor recovery after stroke [39]. In our previous study of PSS
with a similar design but including several very young stroke patients,
activation of the ipsilesional cerebellum remained unchanged over
time, whereas the contralesional cerebellum revealed transient BoNT-
related activation at W4 [48]. Despite using age as covariate in the fMRI
analysis of that study, it is possible that the inclusion of several young
stroke patients (below the age of 30), with considerably higher potential
for brain plasticity, contributed to the transient normalization of motor
networks, which was not observed in the present study of more typical
older stroke patients.

Complementary between-session contrasts revealed significant
changes in activation located in occipital lobe. On direct statistical
pairwise comparison, WO > W4 and W11 = W4 demonstrated significant
activation decreases related to BoNT treatment in the occipitoparietal
cortex on the mesial interhemispheric surface and in the lateral occipital
cortex. The abovementioned areas have been previously shown to be
recruited when subjects visualize hand movements [15,16,42]. Present
findings suggest that BoNT application, which substantially relieved
spasticity, also temporarily diminished activation in structures tightly
associated with visual imagery. Regarding the occipitoparietal changes,

Area description Voxels Maximum Z-score xmm y mm Zmm
WO = W4 Cluster 1: 7676

40% left occipital fusiform gyrus, 16% left lingual gyrus 5.7 22 78

38% right lateral occipital cortex, inferior division, 26% right inferior temporal gyrus 4.89 48 62 14

29% left cuneal cortex 4.75 20 74 22

50%% right lateral occipital cortex, superior division 467 16 84 44
W11 = W4 Cluster 1: 4314

68% left occipital pole 523 8 98 2

33% left intracalcarine cortex 4.35 10 74 16

39% left lateral occipital cortex, inferior division 4.17 32 86 2
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Fig. 4. Between-session fMRI contrasts in group B (paretic): a = W0 = W4, b = W0 > W11, and c = W11 = W4

we assume that BoNT treatment in plegic subjects might switch their
neural processing from visual to kinesthetic imagery pattern.

In the paretic group, the group-averaged statistical maps showed
extensive activation of bilateral cortical and subcortical regions before
BoNT application (W0). As we suggested in our previous work, this pre-
treatment widespread activation might represent a general response of

Table 4
Local maxima of between-session contrasts — group B [ paretic).

the affected brain to the increased proprioceptive afferentation (via la
fibers) from spastic muscles [37,48]. BoNT application significantly
relieved spasticity across paretic patients and this beneficial effect was
associated with substantial reduction of activation in the most of previ-
ously active areas at W4. This BoNT-related reduction in the extent of
the active sensorimotor networks is consistent with results of our

Area description Voxels Maximum Z-score Xmm ymm Zmm
WO = W4 Cluster 1: 23083
54% left lateral occipital cortex, superior division 7.25 14 82 44
69% left occipital pole 6.66 26 100 4
13% left precentral gyrus 5.51 12 28 52
Cluster 2: 3740
99% right crus I 453 18 88 32
56% right occipital pole 4.49 30 94 4
55% right crus | 4.44 28 78 20
Cluster 3: 3651
60% right frontal orbital cortex 4.79 34 28 6
55% right frontal pole 4.34 24 42 20
36% right frontal operculum cortex 432 36 20 12
70% right temporal pole 431 56 14 12
Cluster 4: 1358
63% left inferior frontal gyrus, pars opercularis 5.14 52 16 12
49% left frontal orbital cortex, 21% left frontal operculum cortex 4.54 44 22 6
57% left frontal pole 4.09 28 42 10
WO = W11  Cluster 1: 6940
44% right lingual gyrus, 22% right intracalcarine cortex, 14% left lingual gyrus 5.11 2 76 2
60% left occipital pole 5.04 6 102 2
W11 = W4 Cluster 1: 2360
53% left angular gyrus 5.38 46 56 24
14% left supramarginal gyrus, posterior division 432 50 46 18
50% left lateral occipital cortex, superior division, 11% left angular gyrus 3.91 44 64 30
59% left middle temporal gyrus, temporooccipital part 39 58 54 G
Cluster 2: 1301
69% right crus [ 43 36 78 22
96% right crus I 411 24 82 40
Cluster 3: 1006
24% left superior frontal gyrus 3.79 8 22 50
37% left cingulate gyrus, anterior division 3.75 4 10 30
23% left paracingulate gyrus, 20% Left Superior Frontal Gyrus 3.65 8 18 48
Cluster 4: 982
39% left middle temporal gyrus, posterior division 4.55 58 18 20
26% left temporal pole, 20% left middle temporal gyrus, anterior division 4.1 48 2 32
60% left superior temporal gyrus, posterior division, 25% left middle temporal gyrus, posterior division 4.05 66 24 2
27% left middle temporal gyrus, anterior division 3.93 48 2 28
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pilot study reported by Toma3ova et al. [45] and a similar effect was re-
ported by Manganotti et al. [30]. We have previously hypothesized
about the similarity of this phenomenon with motor recovery after
stroke. Motor recovery is associated with task-related activation in a
number of secondary motor areas early after stroke and subsequent de-
crease in their extent with increasing laterality with successful recovery,
whereas patients with poorer outcome reveal persisting overactivation
in bilateral sensorimotor areas. [49,50]. Our BoNT-off data (W11)
yielded a pattern nearly similar to W4. This particular trend differs
from Tomasova et al. [45] where BoNT-off data (W11) again resembled
the pre-BoNT examination (WO). Synergic effect of BoNT application
and physiotherapy in less severely affected patients may play a crucial
role in this phenomenon. Absence of physiological activation in
ipsilesional primary sensorimotor cortex during execution of motor
task with contralateral hand can be attributed to the size and location
of infarction affecting the corticospinal tract in most of the studied
patients.

Significant differences in local BOLD responses were then shown in
the post-hoc linear contrasts comparing pairs of individual sessions. In
the paretic group as well as in the previously cited study of paretic
patients [45], post-hoc contrasts WO > W4 yielded significant BoNT-
related changes in the ipsilesional DLPFC and Broca's area. Both areas
have been reported to participate in motor learning, rather than voli-
tional motor performance and control [3]. In the present study, further
activation decreases were observed in the bilateral occipital cortex
and bilateral orbitofrontal cortex, areas not related to motor function.
Several of the areas with decreased task-related BOLD response after
BoNT-induced spasticity relief subsequently increased their activation
again as BoNT effect waned (post-hoc contrast W11 > W4). These
included the ipsilesional lateral occipital cortex, ipsilesional cortex
bordering the intraparietal sulcus and contralesional cerebellum. It is
well known that under pathological conditions, such as stroke damag-
ing the sensorimotor network, motor control involves structures
outside the classical motor system [51]. We have previously shown
that additional brain areas may be recruited in the presence of PS5
[37,45,48]. This overactivation in such areas then diminished after effec-
tive BoNT treatment that reduces spastic muscle contraction and thus
alters inappropriate sensory inputs to the CNS. Activation decreases
over the whole three-month study period (W0 > W11) were located
in the bilateral occipital cortex, which may reflect the decreased need
to engage visualization in order to perform movement with the paretic
hand.

Future fMRI studies might be complemented by electrophysiology
using transcranial magnetic stimulation (TMS), as an alternative method
to study cortical plasticity in the sensorimotor system [32].

5. Conclusion

The presented results of our study provided a novel functional
imaging evidence of the remote central effects of BoNT. This fact
might suggest that successful treatment of PSS with BoNT modulates
cortical reorganization, and that this modulation is probably the prima-
ry mechanism underlying the clinical improvement of this debilitating
motor disorder.
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ARTICLE INFO ABSTRACT

Introduction: In post-stroke spasticity, functional imaging may uncover modulation in the central sensorimotor
networks associated with botulinum toxin type A {BoNT) therapy. Investigations were performed to localize
brain activation changes in stroke patients treated with BoNT for upper limb spasticity using functional magnetic
resonance imaging (fMRI).

Methods: Seven ischemic stroke patients (4 females; mean age 58.86) with severe hand paralysis and notable
Keywords: spasticity were studied. Spasticity was scored according to the modified Ashworth scale (MAS). fMRI examina-
Stroke tion was performed 3 times: before (W0) and 4 (W4) and 11 weeks (W11) after BoNT. The whole-brain fMRI
data were acquired during paced repetitive passive movements of the plegic hand (flexion/extension at the
wrist) alternating with rest. Voxel-by-voxel statistical analysis using the General Linear Model (GLM) imple-
mented in FSL (v6.00)/FEAT yielded group session-wise statistical maps and paired between-session contrasts,
thresholded at the corrected cluster-wise significance level of p < 0.05.

Results: As expected, BoNT transiently lowered MAS scores at W4. Across all the sessions, fMRI activation of the
ipsilesional sensorimotor cortex (M1, $1, and SMA) dominated. At W4, additional clusters transiently emerged
bilaterally in the cerebellum, in the contralesional sensorimotor cortex, and in the contralesional occipital cortex.
Paired contrasts demonstrated significant differences W4 = WO ( bilateral cerebellum and contralesional occipital
cortex) and W4 > W11 (ipsilesional cerebellum and SMA). The remaining paired contrast (W0 > W11) showed
activation decreases mainly in the ipsilesional sensorimotor cortex (M1, S1, and SMA).

Conclusions: The present study confirms the feasibility of using passive hand movements to map the cerebral
sensorimotor networks in patients with post-stroke arm spasticity and demonstrates that BoNT-induced spastic-
ity relief is associated with changes in task-induced central sensorimotor activation, likely mediated by an
altered afferent drive from the spasticity-affected muscles.
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1. Introduction reductions in manual dexterity, mobility, walking/falling, and perfor-

mance of activities of daily living (ADL) have been reported among

Post-stroke spasticity ( PSS) is one of the major sequelae following is-
chemic stroke [62]. Ischemic lesions of descending tracts result in upper
motor neuron syndrome (UMNS) comprising both negative signs
(weakness and loss of dexterity) and positive signs (especially spastici-
ty) [39]. Spasticity, defined by Lance as “a motor disorder characterized
by a velocity-dependent increase in tonic stretch reflex (muscle tone)
with exaggerated tendon jerks, resulting from hyperexcitability of the
stretch reflex,” is a component of UMNS [27]. It is generally recognized
that post-stroke spasticity (PSS) may interfere with voluntary move-
ment [31]. Disabling PSS affects patient quality of life; significant

* Corresponding author.

http://dx.doi.org/10.1016/j,jns.2015.12.049
0022-510X/© 2016 Elsevier B.V. All rights reserved.

patients with PSS [44]. The disabilities associated with PSS place a signif-
icant burden on stroke survivors and subsequently on caregivers [62].
Prevalence data for PSS are limited by a lack of population-based
studies; however, current estimates range from 19% to 42.6% [44,48].
Numerous clinical trials have shown that botulinum toxin type A
(BoNT) is a safe and effective therapeutic tool to relieve upper limb
PSS and improve function of the affected limb [40,45,57]. The current
treatment strategy to relieve focal spasticity combines BoNT application
and physiotherapy. BoNT blocks acetylcholine release at neuromuscular
junctions [15]. In addition to this peripheral site of BoNT-action, there is
growing evidence that indirect (remote) effects on the spinal cord
and brain may also occur. BoNT-A affects intrafusal fibers as well as
extrafusal ones, and thus alters abnormal sensory input to the CNS via
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la afferents [36]. This is probably the mechanism by which BoNT
injected in the periphery can induce cortical reorganization [9]. This hy-
pothesis has been supported by studies of focal dystonia [7,13,24,25].
We have consistently studied changes in the sensorimotor cortex elicit-
ed by BoNT application in chronic stroke patients with arm spasticity
associated with either severe [38,49,52] or moderate [47,49] hand
weakness. Effects on task-related cerebral activation have been assessed
using functional magnetic resonance imaging (fMRI). In our previous
fMRI studies of severely affected patients, kinesthetic imagery of finger
movements was used as an experimental task. Motor imagery evokes
activation in the cortical areas associated with performed movements
[37]; however, such a mental task is difficult to monitor. Unlike motor
imagery, passive movement is easy to perform and monitor; on the
other hand, it induces sensorimotor cortex activation in another way,
with particular emphasis on afferent inputs to the CNS [56]. The aim
of the present study was to localize and analyze BoNT-related patterns
of cerebral cortex activation during passive flexion-extension move-
ments of the affected hand at the wrist.

2. Material and methods

Patients were studied using a previously published protocol [47].
The following text summarizes the methodology and highlights the
specific differences in the present study.

2.1. Patients

The patients were recruited from the Comprehensive Stroke Center
at the Department of Neurology, University Hospital, Olomouc, Czech
Republic. The study was conducted in accordance with the Declaration
of Helsinki 1964 (2013 revision) and it was approved by the institution’s
ethics committee.

Seven ischemic stroke patients (4 females; mean age 58.86; range
48-75; SD 10.85) with severe hand paralysis and notable spasticity
were studied.

All subjects were in the chronic stage of first-ever ischemic stroke;
the time from stroke onset to the study entry ranged from 7 to
28 months, the median was 10 months. The ischemic lesions were sub-
cortical or corticosubcortical within the middle cerebral artery territory.
Hand spasticity was clinically relevant and exceeded 1 on the modified
Ashworth scale (MAS) [5]. Exclusion criteria were: time after stroke
onset less than 3 months; history of BoNT application or drugs affecting
muscle hypertonus intake; severe cognitive deficit or severe depression,
as assessed using the MMSE [12] and Zung Self-rating Depression Scale
[63], which could affect cooperation during the study protocol; and MRI
exclusion criteria. The patient characteristics are listed in Table 1.

2.2. Clinical evaluation

Patients were clinically examined (after previous screening) at
Week 0, when they were enrolled in the study and injected with

BoNT, then at Week 4, 4 weeks following the injection of BoNT, when
BoNT effect is assumed to be maximal, and at Week 11, 3 months after
the BoNT injection, when peripheral BoNT effect was expected to wane.
Spasticity was evaluated using MAS at each visit. The MAS was
assessed separately for fingers and wrist and the values were averaged
together (mean MAS). Further clinical investigations included the
following standardized scales were performed at study enrollment:
the modified Medical Research Council (mMRC) scale [32] to test
upper extremity strength; the National Institutes of Health (NIH) stroke
scale [6] to assess neurological impairment, and the Barthel Index (BI)
[29] and the modified Rankin Scale (mRS) [34] to assess disability.

2.3. Treatment

Enrolled patients were treated with BoNT injections into the muscles
of the affected arm at Week 0, followed by a dedicated physiotherapy
protocol.

The injections were performed using EMG guidance (Medtronic
Keypoint, Alpine Biomed ApS, Denmark), preferably with electrical
stimulation to localize the muscles to be treated. The following muscles
were always injected: flexor carpi ulnaris (FCU), flexor carpi radialis
(FCR), flexor digitorum superficialis (FDS}, flexor digitorum profundus
(FDP). The dose of BoNT (BOTOX®; Allergan, Inc., Irvine, CA, USA) per
muscle was 50 U. This dosage reflects current recommendations [57].
The BoNT was given consistently in a fixed dose per muscle basis.

The rehabilitation treatment started several days after the BoNT
injection (W0). Initial inpatient physiotherapy (2-4 weeks) was
followed by outpatient therapy until the third clinical and fMRI evalua-
tion (total of 11 weeks). The patients underwent daily physiotherapy
sessions on workdays, i.e., five times a week, for a total session duration
of 1h.

Individual kinesiotherapy included posture-locomotion training
towards restitution of bipedal posture and gait, motor recovery of
the girdles and trunk using elements of Bobath concept and propriocep-
tive neuromuscular facilitation, respiratory physiotherapy, reflex and
myofascial techniques, antispastic positioning, occupational therapy
and training of independence in activities of daily living. Proper adher-
ence to the physiotherapy protocol was checked at each examination
throughout the whole study [26].

24. Task

fMRI data were acquired during passive flexion-extension move-
ment of the affected hand at the wrist. In a block paradigm, passive
movements (15 s) alternated with rest (15 s). Each experimental
run consisted of 12 repetitions of the movement-rest block pairs, for
a total of 6 min. The repetitive flexion-extension of the wrist were
executed by a physician at the rate of one flexion or extension per
second each. Subjects were examined in a supine position and were
secured with the forearm pronated. The range of movement was deter-
mined as the largest that was permitted by the resistance of spastic

Table 1
Demographic and clinical characteristics.
Patient Sex Age Strokeonsetto Lesion Affected mRS Bl Initial MMSE Zung (SDS mMRC mMRC Mean Mean Mean MAS
WO (months) hand NIHSS index) (WF/WE) (FF/FE)] MAS MAS ([WI11)
(Wo) [(w4)
1 F 75 10 Thalamus, IC, insula Right 3 85 5 29 39/49 111 211 2 1 2
2 F 51 19 Thalamus, IC Left 3 757 30 42/53 0/0 0/0 3 175 2
3 M 69 22 FP lobe, insula Right 3 8 11 N/A 37/46 0/0 0/0 2 175 175
4 M 53 28 Insula, BG, FT labe Left 4 60 11 20 27/34 0/0 0/0 25 125 175
5 M 50 9 Thalamus, BG, FT lobe, insula  Right 3 90 10 N/A 35/44 0/0 0/0 175 1 2
6 F 45 7 BG, IC Left 3 9 6 30 56/70 1/0 1/0 2 0.5 2
7 F 66 9 BG, insula, FT labe Left 4 65 5 28 52/65 0/0 0/0 2 1.5 2

Note: BG = basal ganglia; IC = internal capsule; F = frontal; T = temporal; P = parietal; NIHSS = NIH stroke scale: mMRC = modified MRC scale; Bl = Barthel index; WE = wrist
extensors; WF = wrist flexors; FE = finger extensors; FF = finger flexors; MAS = modified Ashworth scale; N/A = not applicable — the MMSE score could not be interpreted because

of the presence of expressive aphasia.
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muscles and could be tolerated by each patient. Timing of the alternating
movements during active blocks was given by acoustic signals in MR-
compatible headphones.

2.5, Data acquisition

The behavioral (clinical) assessments and fMRI examinations were
done at Week 0, Week 4, and Week 11. The three-session design en-
abled the separation of the expected transient effect of BoNT from the
progressive effects of time and/or rehabilitation.

Magnetic resonance imaging data were acquired on 1.5 T scanners
[Avanto and Symphony, Siemens, Erlangen, Germany) with a standard
head coil. The MRI protocol covered the whole brain with 30 axial slices
5 mm thick, including a gradient echo field map for spatial distortion
correction of BOLD images, anatomical T1-weighted images to provide
an immediate overlay with functional data, fluid-attenuated inversion
recovery (FLAIR) images to visualize brain lesions, functional T2*-
weighted (BOLD) images during task performance and rest, and a
high-resolution 3D anatomical scan (MPRAGE). BOLD images were
acquired with a gradient-echo echo-planar imaging sequence (EPI),
TR/TE = 2500/40 ms, FOV 220 mm, to provide 3.4 x 3.4 x 5 mm resolu-
tion. In total, 144 volumes were acquired per each 6-min functional run.
The subject's head was immobilized with cushions to assure maximum
comfort and to minimize head motion.

2.6. Analysis

Prior to fMRI analysis, the imaging data of four patients with
right-hemispheric lesions were flipped in the left-right direction
to allow group analysis of activation task with the impaired hand
[21,54].

Voxel-by-voxel statistical analysis was performed using the
General Linear Model (GLM) implemented in FEAT v6.00, part of FSL
(FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl) [19]. A standard
pre-processing pipeline was applied, including motion correction
using MCFLIRT [18], slice-timing correction, non-brain removal using
BET [42], spatial smoothing with Gaussian kernel of FWHM 10 mm,
grand-mean intensity normalization of the entire dataset, and highpass
temporal filtering with sigma = 15 s. Time-series statistical analysis was
carried out using FILM with local autocorrelation correction [60]. To
account for the subject motion and physiological noise, the volumes
with severe motion were de-weighted and several nuisance signal
regressors were added to the GLM: 6 motion parameters, 6 regressors
from the white matter, and 1 regressor from the ventricles [2]. Registra-
tion to high resolution structural and/or standard space images was
carried out using FLIRT and FNIRT [18,20].

Higher-level analysis was carried out using FLAME (FMRIB's Local
Analysis of Mixed Effects) stages 1 and 2 [1,59] and automatic outlier
de-weighting [58]. Post-hoc linear contrasts yielded Z (Gaussianized
T/F) statistic images thresholded using a corrected cluster signifi-
cance threshold of p = 0.05 at a cluster-forming threshold of Z > 2
[61]. The group average was computed for each timepoint (WO,
W4, and W11), and the between-session contrasts were obtained
using paired t-tests (W0 > W4, W0 > W11, W4 = W0, W4 > W11,
W11 > WO, and W11 = W4) employing a “Tripled t-test”,
i.e., repeated measures analysis of variance (ANOVA) with a 3-level
fixed time factor. The between-session contrasts were masked
with the corresponding group average maps after thresholding
(e.g. WO > W4 with W0), since only the effects within the areas signifi-
cantly activated by the task were of interest. Whereas the two pairwise
comparisons between W0 and W4 (first) and W11 and W4 (second)
reflect the transient changes associated with BoNT administration, the
comparison between WO and W11 reflects the longitudinal effect of
physiotherapy.

3. Results
3.1. Clinical

BoNT significantly lowered arm spasticity at W4. The mean MAS
change from baseline was 0.93 (p = 0.018, Wilcoxon Signed Ranks
Test). The mean MAS score at W11 did not significantly differ from
WO (mean MAS change was 0.25, p = 0.197, Wilcoxon Signed Ranks
Test). The mean MAS scores were: 2.18 at W0 (SD 0.43), 1.25 at W4
(SD 0.46), and 1.93 at W11 (SD 0.12). The MAS scores for each subject
are listed in Table 1.

3.2. Imaging-group average

Across all the sessions, fMRI activation of the ipsilesional sensorimo-
tor cortex (M1, 51, and SMA contralateral to the hand being moved)
dominated in the group average statistical maps reflecting activation
during the passive movement task. At W4, at the time of the maximal
pharmacological effect of BoNT, three additional activation clusters
transiently emerged: bilaterally in the cerebellum, in the contralesional
sensorimotor cortex (M1, S1, and SMA ipsilateral to the hand being
moved), and in the contralesional occipital cortex. Mean activation
maps for each session are shown in Fig. 1.

3.3. Between-session contrasts

Paired contrast W4 > W0 demonstrated a post-treatment increase in
activation in the bilateral cerebellum and contralesional occipital cortex.
Paired contrast W4 > W11 revealed a decrease in activation in the
ipsilesional cerebellum and supplementary motor cortex while the
clinical effect of BoNT waned. The remaining paired contrast comparing
the initial and final examination (W0 = W11) showed activation de-
creases mainly in the ipsilesional sensorimotor cortex (M1, S1, and
SMA). The between-session contrasts are shown in Fig. 2. A summary
of the active area coordinates along with their standard space coordi-
nates is provided in Table 2. The remaining between-session contrasts
did not reveal any areas of significant change in the local BOLD effect
magnitude.

4. Discussion

Current research is gradually expanding our knowledge of the cen-
tral and remote effects of BoNT. The research suggests that successful
treatment of focal spasticity modulates cortical and subcortical sensori-
motor circuits. In our previous work, we concluded that effective
treatment of spasticity led to a reduction of bilateral overactivation in
cortical and subcortical areas during actively performed or imagined
finger movement [38,47,49,50,52]. We assumed that the expanded
pretreatment activation might represent a general response of the
lesioned brain. This pattern probably contains both adaptive changes
(neuroplasticity-substitution) and maladaptive changes due to patho-
logically increased proprioceptive afferentation, associated with spas-
ticity. BoNT-related reduction of afferent firing from the spastic
muscles then modulates such maladaptive plasticity and might restore
the "physiological” spatial distribution of cortical activity with clear
lateralization [51].

In the present study, extending our previous research, we provide
further functional imaging evidence of the dynamic changes in the
sensorimotor network following BoNT-application and physiotherapy.

As expected, the combination of BoNT-A treatment and physiother-
apy significantly relieved spasticity.

Unlike our previous studies using a similar study protocol, the
present study used passive movement as the activation task. Passive
movement predominantly generates a proprioceptive afferent drive to
the somatosensory cortex, which is exactly the presumed mechanism
of indirect BoNT effect upon central sensorimotor networks. Passive
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Fig. 1. fMRI activation during passive hand movement (group mean statistical maps overlaid in color on the MNI anatomical template ). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

movement has been shown to extensively activate not only sensory but
also motor cortical areas [4,46,56]. Passive movements have also been
used in imaging post-stroke motor recovery [17,23,35,55] and studying
the relief of spasticity [10,28].

In agreement with these studies, passive movement performed
with the affected hand elicited activation in the ipsilesional sensorimotor
cortex (M1, S1 and SMA). This “physiological” activation pattern
persisted through all the sessions. Between-session contrast W0 = W11
showed a decrease in task-related activation in the precentral gyrus
(medial part), postcentral gyrus, and SMA. The temporal reduction of
activation within the sensorimotor cortex throughout the study might
represent long-term changes due to BoNT and physiotherapy. An overall
reduction in the extent of active sensorimotor networks throughout
the duration of a study, similar to that shown in successful post-stroke
recovery, was reported previously [30,49,52].

At W4, at the time of the maximal pharmacological effect of BoNT,
three additional clusters of activation transiently emerged: bilaterally
in the cerebellum, in the contralesional sensorimotor cortex, and in
the contralesional occipital cortex.

First, transient bilateral cerebellum engagement was shown in group
activation maps at W4, Pairwise comparisons W4 > W0 and W4 > W11
revealed a significant increase in activation in the bilateral cerebellum
after BoNT therapy, followed by a decrease in the ipsilesional cerebellum
when the clinical BoNT effect diminished. Cerebellar activity (ipsilateral
to the hand being moved) has been reported in elderly healthy subjects
during the passive movement of their wrist [55]. The cerebellum un-
doubtedly plays an important role in post-stroke recovery. Whereas
contralesional cerebellar engagement was reported during the process
of successful motor recovery and post-stroke physiotherapy [21,41],
transient ipsilesional cerebellar activation indicated poorer motor
recovery after stroke [41]. In our previous studies of PSS using real or
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imagined finger movement as the experimental task, we have also re-
ported transient cerebellar activation after BoNT application [47,52].
We have hypothesized that such cerebellar activation associated with
alleviation of spasticity might represent a “normalization” of sensorimo-
tor circuits similar to that in successful post-stroke recovery [41] or
intensive physiotherapy [21].

The contralesional sensorimotor cortex was the second regional
cluster that transiently emerged at W4. Contralesional sensorimotor
cortex engagement early after stroke was reported in most poststroke-
recovery studies [53]. In patients with a higher degree of motor recov-
ery, the activation of contralesional sensorimotor areas diminished in
association with motor improvement [8,11]. On the other hand, in
severely affected patients with poor outcome, the contralesional senso-
rimotor cortex activation persisted [22,54]. Lindberg et al., studying
cortical correlates of spasticity in adults with chronic PSS, reported a
correlation between resistance to passive movement and BOLD activity
in the contralesional primary sensorimotor cortex [28]. In a recent
study using a study protocol similar to ours, Bergfeldt et al. reported
an increase in brain activation in response to an active motor task in
the motor and pre-motor cortex (predominantly contralesional) at the
baseline and an overall decrease in activation with contralesional
predominance following comprehensive focal spasticity therapy [3]. In
our previous study of PSS using motor imagery, the contralesional
primary somatosensory cortex revealed reduced BOLD activity when
comparing W0 and W11 [52]. In the present study, the contralesional
sensorimotor cortex was among the areas showing changes in BOLD
activity but in the opposite direction; there was a post-BoNT increase
in activity. To our knowledge, few studies have reported that mitigation
of spasticity following rehabilitation was correlated with increased task-
related activation in the contralesional sensorimotor cortex [10,33]. The
above-mentioned studies and our results support the important role of
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Fig. 2. Between-session fMRI contrasts {group post-hoc contrast overlaid on the MNI anatomical template).

afferent somatosensory input from spastic muscles in modulating the
bilateral sensorimotor network.

The third region that became transiently active at W4 was the
contralesional occipital cortex. On direct statistical pairwise comparison,
W4 = WO showed a significant activation increase in the lateral occipital
cortex and occipital pole post-BoNT. These structures have been shown
to be recruited when healthy subjects visualize hand movements [14,
16,43]. In our previous study using motor imagery or real finger move-
ment as an experimental task, BoNT-application temporarily diminished
activity in structures closely associated with visual imagery [49], therefore
we concluded that BoNT treatment might switch neural processing from
a visual to a kinesthetic imagery pattern. In contrast to our previous re-
sults, in the present study we found a significant increase in activation

in the contralesional occipital cortex at W4. We assume that the opposite
pattern of activation is due to the different activation task. On one hand,
the passive movement activates similar sensorimotor areas to the active
one [56]; on the other hand, cortical processing of the afferent proprio-
ceptive and somatosensory drive generated by passive movement un-
doubtedly also includes distinct neural circuits comprising areas outside
of the sensorimotor cortex. Engagement of the occipital cortex during
passive movement at the time of the maximal effect of BONT might repre-
sent the evoked motor visualization. We assume that the BoNT-related
decrease in pathological afferent input from spastic muscles enables the
motor (visual) imagery associated with passive movement. Such motor
imagery, when combined with physiotherapy, can offer functional bene-
fits after stroke [64,65].

Table 2
Local maxima of clusters resulting from between-session contrasts.
Area description Maximum Z-score X mm y mm Z mm
W4 = W0 61% right occipital pole 4.31 10 102 6
29% right lateral occipital cortex, inferior division, 22% right occipital fusiform gyrus 3.90 40 72 12
78% cerebellum, left crus | 3.89 30 76 32
100% cerebellum, right crus | 3.65 32 76 24
W4 =Wi11 82% cerebellum, left -1V, 14% cerebellum, left V 325 14 38 22
32% left superior frontal gyrus, 18% left supplementary motor cortex), 11% left paracingulate gyrus 3.32 6 10 56
WO = W11 28% left postcentral gyrus, 19% left precentral gyrus, 16% left precuneous cortex 4.08 12 38 50
36% left supplementary motor cortex, 13% right supplementary motor cortex 3.20 0 10 60
36% left superior parietal lobule, 11% left postcentral gyrus 3.15 28 46 72
42% left precentral gyrus, 34% left supplementary motor cortex 274 2 14 64
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Our results should be interpreted with caution. The relatively small
size of our patient group reduces the overall statistical power to detect
smaller effects. Together with heterogeneity in stroke location and the
degree of cortical involvement this limits the possibility of generalizing
the results to the whole population of patients with upper limb PSS.

5. Conclusion

The present study confirms the feasibility of using passive hand
movements to map the cerebral sensorimotor networks in patients
with post-stroke arm spasticity and demonstrates that BoNT-induced
spasticity relief is associated with changes in task-induced central
sensorimotor activation, likely mediated by an altered afferent drive
from the spasticity-affected muscles.
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Abstract

Botulinum toxin type A (BoNT) is considered an effective therapeutic option in cervical dystonia (CD). The pathophysiol-
ogy of CD and other focal dystonias has not yet been fully explained. Results from neurophysiological and imaging studies
suggest a significant involvement of the basal ganglia and thalamus, and functional abnormalities in premotor and primary
sensorimotor cortical areas are considered a crucial factor in the development of focal dystonias. Twelve BoNT-nai've patients
with CD were examined with functional MRI during a skilled hand motor task; the examination was repeated 4 weeks after
the first BONT injection to the dystonic neck muscles. Twelve age- and gender-matched healthy controls were examined using
the same functional MRI paradigm without BoNT injection. In BoNT-naive patients with CD, BoNT treatment was associ-
ated with a significant increase of activation in finger movement-induced fMRI activation of several brain areas, especially in
the bilateral primary and secondary somatosensory cortex, bilateral superior and inferior parietal lobule, bilateral SMA and
premotor cortex, predominantly contralateral primary motor cortex, bilateral anterior cingulate cortex, ipsilateral thalamus,
insula, putamen, and in the central part of cerebellum, close to the vermis. The results of the study support observations
that the BoNT effect may have a correlate in the central nervous system level, and this effect may not be limited to corti-
cal and subcortical representations of the treated muscles. The results show that abnormalities in sensorimotor activation
extend beyond circuits controlling the affected body parts in CD even the first BoNT injection is associated with changes
in sensorimotor activation. The differences in activation between patients with CD after treatment and healthy controls at
baseline were no longer present.

Keywords Functional MRI - Cervical dystonia - Botulinum toxin - Brain plasticity

Background

Cervical dystonia (CD) is the most common form of focal
dystonia, characterized by involuntary sustained contrac-
tions of neck muscles resulting in an abnormal rotation
or tilt of the head in specific directions (Stacy 2000). The
pathophysiology of CD and other focal dystonias has not
yet been fully elucidated. Results from neurophysiological
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and imaging studies suggest a significant contribution of
the basal ganglia and thalamus in the development of focal
dystonias (Peterson et al. 2010). Recently, it has become
clear that the role of the basal ganglia extends beyond motor
control into cognitive and sensory functions as well as into
sensorimotor integration (Tinazzi et al. 2009a, b). In the
last few years, an increasing number of studies have also
presented the cerebellum as another important subcortical
brain structure in patients with dystonia (Filip et al. 2013a,
b, 2017). Finally, other functional imaging and electrophysi-
ological experiments suggest functional abnormalities in the
premotor and primary sensorimotor cortical areas together
with aberrant sensorimotor integration, which is considered
to be a crucial factor in the development of focal dystonia
(Tinazzi et al. 20094, b; Hinkley et al. 2009; Opavsky et al.
2011, 2012). However, the published studies differ in terms
of observed hypo- and hyperactivation in these cortical
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areas. Differences among task conditions, including testing
of dystonia-affected and unaffected body parts, can partly
explain this variance.

Further important insights into the pathophysiology of
focal dystonias have come from studies investigating the
effects of botulinum toxin (BoNT) treatment. BoNT is cur-
rently considered to be one of the most effective therapeu-
tic options in the management of focal dystonias (Jankovic
2004). Undoubtedly, the introduction of the first-generation
BoNT products not only led to a breakthrough in dystonia
treatment but also to advances in dystonia research. We now
know that the dystonic hyperactive and cholinergically sensi-
tive extrafusal fibers as well as the intrafusal muscle fibers
are the prime targets of BoNT therapy (Rosales and Dressler
2010). It is the effect of BoNT in muscle spindles that would
eventually modify proprioceptive spindle afferents, as these
are partly dependent on the intrafusal muscle fiber tensions.
A modification of the central programs with BoNT may
eventually occur at the spinal and supraspinal levels (Rosales
and Dressler 2010). The clinical effect of BoNT on dystonia
is, therefore, assumed to be mediated by dynamic changes at
multiple levels of the sensorimotor system, from the neuro-
muscular junction up to the cerebral cortex, as documented
by the previous behavioral and electrophysiological studies
(Kanovsky et al. 1998; Abbruzzese and Berardelli 2006).
The previous functional magnetic resonance imaging (fMRI)
studies from our center showed significant treatment-related
changes in the sensorimotor network in patients receiving
long-term treatment with BoNT type A (Opavsky et al.
2011, 2012).

Nevertheless, specialists in movement disorders clinics
soon realized that dystonia may behave differently over the
course of BoNT treatment. The first reports described the
changes of the muscular pattern (Gelb et al. 1991; Deuschl
et al. 1992; Marin et al. 1992, 1995; Kafiovsky et al. 1997)
that may have also implied a central mechanism of dystonia.

We assume that the changing clinical behavior and
evolving clinical response to BoNT treatment will also be
reflected in changes of task-related functional MRI activa-
tion after therapy. The aim of the presented work is to study
changes in the sensorimotor network in patients after the
very first BoNT injection, using the same task as in our pre-
vious work (Opavsky et al. 2011).

Subject and methods

Patients enrolled in the project underwent a comprehensive
neurological examination by a movement disorders special-
ist. All subjects had typical clinical symptoms for at least 12
months and underwent polyelectromyographic examination
of neck muscles. To be eligible for the study each patient
had to have magnetic resonance (MR) imaging of the brain

@ Springer

with no structure abnormality. Each patient was informed
in detail about the goal and the course of investigation, and
signed an informed consent form. The study protocol was
approved by the local ethics committee, in accordance with
the principles and recommendations of the Declaration of
Helsinki, 1975 and later revisions.

Twelve BoNT-naive patients (1 male and 11 females;
aged 48.8 +11.7 years, range 31-70 years) with CD were
examined with fMRI during a skilled hand movement with
their eyes closed. The examination was repeated 4 weeks
after the first BoNT injection to the dystonic neck muscles.
Twelve age- and gender-matched healthy controls (2 males
and 10 females; aged 49.7 £ 13.9 years, range 25-64 years)
were examined using the same functional MRI paradigm
without BoNT injection.

The severity of CD was evaluated using the Toronto
Western Spasmodic Torticollis Rating Scale (TWSTRS)
(Consky and Lang 1994} at two sessions: at week 0, on the
day of screening, of the first fMRI examination before the
BoNT injection, and at week 4, on the day of the second
fMRI examination. In all patients, the injected muscles
were determined on the basis of a polyelectromyographic
examination, provided by 4-channel Keypoint workstation,
Medtronic®, Minneapolis, MN, USA. The details of the
electromyographic examination and BoNT injection were
described in our previous work (Kafovsky et al. 1998).
All patients were treated with onabotulinum toxin type A
(B010x®; Allergan, Inc, Irvine, CA, USA) in concentra-
tions of 25 IU/ml. The demographic and clinical data of the
patients are presented in Table 1.

Prior to the imaging session, participants were trained
in the laboratory in the active task to be performed in the
scanner. The task was a complex sequential opposition of
individual fingers to thumb with the following order of
movements: index finger 1x, ring finger 2, middle finger
3x, and little finger 4x. During fMRI scanning, patients had
their eyes closed, and instructions to start and stop move-
ment were given verbally in MR-compatible headphones. In
a block paradigm, movement (7.5 s) was alternated with rest
(7.5 s). Each experimental run consisted of 16 movement-
rest block pairs, for a total of 4 min. Experimental condi-
tions were repeated twice with the same hand. Performance
was visually monitored, recording the number of finger
sequences completed per block.

MR imaging data were acquired on 1.5 T scanners
(Avanto and Symphony, Siemens, Erlangen, Germany)
with a standard head coil. The MR imaging protocol cov-
ered the whole brain and included anatomical T -weighted
images to provide an immediate overlay with functional
data, fluid-attenuated inversion recovery (FLAIR) images
to visualize brain lesions, functional T,*-weighted (BOLD)
images during task performance and rest, and a high-reso-
lution 3D anatomical scan (MPRAGE). BOLD images were
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Table 1 ]“_I’tcmcgraphic data Control group Study group
of the patients (both CD and
control group) and results of Sex Age (years) Sex Age (years) Total BoNT-A TWSTRS at  TWSTRS
TWSTRS before and after dose (Botox U) week 0 at week 4
BoNT-A injection

F 52 F 45 200 19 10

M 59 F 45 200 15 8

F 34 M 60 150 10 4

F 25 F 42 150 24 19

F 26 F 56 150 18 9

F 55 F 40 200 17 7

F 64 F 64 100 16 6

F 61 F 33 200 19 12

F 62 F 55 100 13 7

M 57 F 44 200 15 8

F 46 F 70 100 13 7

F 35 F 31 200 12 7

Mean 49.7 Mean 48.8 162.5 159 8.7
acquired using gradient-echo echo-planar imaging (EPI) Results

sequence, with repetition/echo time (TR/TE) =2500/40 ms,
field of view (FOV) 220 mm, and 30 axial slices, to pro-
vide 3.4 x 3.4 X 5 mm resolution. A total of 96 images were
acquired per each 4-min functional run. The subject’s head
was immobilized with cushions to assure maximum comfort
and minimize head motion.

Prior to fMRI analysis, the imaging data of patients with
the left-sided dystonia leading muscle were flipped in the
left-right direction (Johansen-Berg et al. 2002). FMRI
data processing was carried out using the FSL version 5.0
(FMRIB’s Software Library, http://fwww.fmrib.ox.ac.uk/fsl)
(Smith et al. 2004; Jenkinson et al. 2012). The following
pre-statistics processing was applied: motion correction;
slice-timing correction using Fourier-space time-series
phase-shifting; non-brain removal; spatial smoothing using
a Gaussian kernel of full-width at half-maximum (FWHM)
8 mm; grand-mean intensity normalization; high-pass tem-
poral filtering with sigma 7.5 s; and spatial normalization/
registration to the standard-space MNI template. Time-
series statistical analysis was carried out using a general-
ized linear model, implemented in FMRIB's improved linear
model (FILM) with local autocorrelation correction. Group
analysis was performed using FMRIB’s Local Analysis of
Mixed Effects (FLAME) stages | and stage 2 with automatic
outlier detection. Statistical maps were thresholded using
clusters corrected P=0.05. The voxelwise Z (Gaussianized
T) threshold was adjusted to reflect the expected effect size.
We evaluated (1) mean activation thresholded at Z> 3.5;
(2) within-group differences in patients at Z> 2; and (3)
between-group differences at each timepoint and within-
group changes over time at Z> 1.7. The differences were
evaluated within the respective significant clusters of mean
activation.

All patients were injected into the muscles identified by
polyelectromyography. The dose for each cervical mus-
cle was 50 IU, and the mean total dose for a patient was
162.5+43.3 IU. The significant clinical effect of BoNT
injections was evaluated using the TWSTRS at week 4. The
mean value of TWSTRS at week 0 was 15.9+ 3.8, and at
week 4, it was 8.7+3.8 (P=0.00002, one-sided paired ¢
test). Details are provided in Table L. All patients and con-
trols were right-handed, and conventional brain MRI was
completely normal in all subjects. For the hand motor task,
patients used the hand ipsilateral to the dystonic leading
muscle. In 7/12 patients, it was the dominant hand, and in
the remaining 5/12 cases, the non-dominant one. Subjects
in the control group used hand randomly. The proportion
of dominant vs. non-dominant hands was the same in both
groups.

Before BoNT injection, patients performing finger move-
ments activated multiple brain areas, predominantly within
the sensorimotor system, including the contralateral primary
motor and somatosensory cortex, contralateral secondary
somatosensory cortex, bilateral premotor cortex, contralat-
eral supplementary motor area (SMA), bilateral superior and
inferior parietal lobule, bilateral cerebellum, contralateral
thalamus, bilateral pallidum, and putamen (Fig. 1). The
activation map at week 4 after BoNT injection showed a
more extended but similar distributed brain network (Fig. 2).
A direct comparison of both timepoints (paired contrast)
revealed that the activation increased after treatment in most
of the brain areas activated before BoNT injection, espe-
cially in the bilateral primary and secondary somatosensory
cortex, bilateral superior and inferior parietal lobule, bilat-
eral SMA and premotor cortex, predominantly contralateral
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Fig. 1 Functional MRI activa-
tion map in patients with CD
before BoNT-A injection. Slices
are labeled with Z/Y coordinate
in standard MNI152 space

Finger tapping: Patients WO

= 60

3.5

Corrected cluster significance threshold of P=0.05

primary motor cortex, bilateral anterior cingulate cortex, as
well as in the predominantly ipsilateral thalamus, insula,
and putamen. A significant increase in activation was also
apparent in the central part of cerebellum, close to the ver-
mis (Figs. 3, 4); however, there was no significant activa-
tion decrease after BoNT injection. When compared to the
control group, patients before treatment showed significantly
lower activation mainly in the bilateral SMA, ipsilateral cin-
gulate and paracingulate cortex, as well as in the ipsilateral
caudate, pallidum, and thalamus (Fig. 5), whereas there was
no significant difference between the control group and the
patient group after BoNT injection. No significant move-
ment artifacts (maximal framewise movement head displace-
ment was 2.28 mm in one subject; in the rest, it was smaller
than 2 mm) were found in any of the MRI images.

The possible influence of faster movements was cor-
related with the expected task-related hemodynamic
response function, which could potentially negatively
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affect presented results. Evaluating the amount and influ-
encing of task-correlated motion were extracted six origi-
nal motion parameters (three rotations and three transla-
tions) and two derived motion parameters (the absolute
voxel displacement from a reference volume and the
relative voxel displacement between two consecutive
volumes), which were estimated in each subject during
the preprocessing. Next, Spearman correlation coefficient
was used to correlate each motion vector with the task
vector convolved with the hemodynamic response func-
tion. The absolute values of the correlation coefficients
were compared between the sessions using pairwise sign
rank Wilcoxon test. As a result, none of the tested coef-
ficients differed significantly between the sessions (p=0.2
or greater). The overall correlation coefficients were rather
low (ranging from p=0.08 to p=0.19). Thus, we con-
sider any potential effect of task-correlated motion to be
negligible.

297



Experimental Brain Research (2018) 236:2627-2637

2631

Fig. 2 Functional MRI activa-
tion map in patients with CD 4
weeks after BoNT-A injection.
Slices are labeled with Z/Y
coordinate in standard MNI152
space

Finger tapping: Patients W4

z=-20

3.5 74 6.5

Corrected cluster significance threshold of P=0.05

Discussion

In this work, we have studied changes in fMRI activation
after the first BoNT injection. We consider this trait of the
study population as one of the significant contributions of
our study, since most of the previous papers reported either
changes in long-term-treated patients with CD (Carbon et al.
2008; Obermann et al. 2008, 2010; Opavsky et al. 2011,
2012; Burciu et al. 2017) or focused on differences between
treated patients and controls, rather than on effects of ther-
apy (de Vries et al. 2008). In BoNT-naive patients with CD,
BoNT treatment was associated with a significant increase
of activation in finger movement-induced fMRI activation
of several brain areas, especially in the bilateral primary
and secondary somatosensory cortex, bilateral superior and
inferior parietal lobule, bilateral SMA and premotor cortex,
predominantly contralateral primary motor cortex, bilateral
anterior cingulate cortex, ipsilateral thalamus, insula, and

putamen, and the central part of cerebellum, close to the
vermis. These results support the previous observations that
the BoNT effect has a correlate at the central nervous system
level (e.g.. Kaniovsky et al. 1998; Senkirova et al. 2010;
Palomar and Mir 2012). The abnormal cortical activation
detected during skilled motor tasks performed with a non-
dystonic body part also confirms the previous electrophysi-
ological and functional imaging observations that sensori-
motor abnormalities in the dystonic brain extend beyond
the directly clinically affected sensorimotor representations
(Kariovsky et al. 2003; Thickbroom et al. 2003; Opavsky
etal. 2011, 2012).

In cervical dystonia, earlier fMRI studies by Opavsky
et al. (2011, 2012) showed significant changes in the
sensorimotor network in patients receiving long-term
treatment with BoNT. The results of the present study in
patients after the first BoNT injection show certain simi-
larities, especially with respect to the localization of the
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Fig.3 Functional MRI activa-
tion map (transversal slices) in
patients with CD. Differences
in activation after and before
BoNT-A injection. Slices are
labeled with Z/¥ coordinate in
standard MNI152 space

Finger tapping: Patients W4 > WO
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Corrected cluster significance threshold of P=0.05

activation changes. However, in contrast to the decrease
of activation in long-term-treated patients reported by
Opavsky et al. (2011, 2012), the present results demon-
strate an increase of activation in patients with CD after
the very first BoNT injection. Although the limitation of
a small patient cohort has to be acknowledged, the oppo-
site direction of activation changes occurring in almost
the same brain areas in a single type of focal dystonia
in response to either initial or long-term BoNT therapy
could provide evidence for long-term brain plasticity and
more complex changes induced by BoNT, which involve
not only the neuromuscular junction, but also the central
nervous system.

The significant treatment-induced changes in our study
were detected in areas involved in sensorimotor control and
motor learning. In the following section, we will review the
function of these regions and discuss their role in the patho-
physiology of CD and in the response to BoNT treatment.

@ Springer

The SMA, which was hypoactivated in CD and showed
activation increase after BoNT treatment, is considered to
be involved in many processes such as posture regulation,
internal generation of movement, bimanual coordination,
and movement sequencing (Tanji 1996; Chouinard and
Paus 2010). In primates, dystonia models demonstrated
SMA hyperexcitability, an abnormal increase of proprio-
ceptive inputs to the SMA, and wider sensory receptive
fields and a mismatch between sensory inputs and motor
outputs (Cuny et al. 2008). These observations may sug-
gest that abnormal sensory inputs coming to SMA neurons
participate in the development of dystonia. Hyperexcitabil-
ity may then decrease the demand for recruitment of SMA
neurons to control voluntary movement, which would mani-
fest as reduced task-related activation in functional MRIL.
BoNT treatment supposedly reduces the abnormal afferent
input, thereby reducing the baseline hyperexcitability of the
SMA. After treatment, voluntary movement may, therefore,
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Fig. 4 Functional MRI activa-
tion map (coronar slices) in
patients with CD. Differences
in activation after and before
BoNT-A injection. Slices are
labeled with Z/Y coordinate in
standard MNI152 space
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Corrected cluster significance threshold of P=0.05

require increased engagement of SMA neurons. Such adap-
tive increase in activation of the medial premotor cortex has
been demonstrated in response to many pathological pro-
cesses, such as stroke, injury, etc. (e.g., Kantak et al. 2012).

The cingulate cortex is another structure that showed sig-
nificant hypoactivation in patients with CD and treatment-
related activation increase. It is a structurally heterogene-
ous brain region involved in emotional, cognitive, and motor
tasks (Torta and Cauda 2011). The dorsal cingulate sulcus
has several motor regions that are active during movement.
The cingulate cortex has rich anatomical connections with

SMA and both structures are implicated in integration of

emotional and motor processing (Oliveri et al. 2003). There-
fore, the presented changes in the cingulate cortex probably
reflect a similar mechanism as the changes in SMA.
Further intriguing treatment-related activation changes
were detected in the central and pericentral parts of the cer-
ebellum. Although the cerebellum is not traditionally noted
among the major substrates for development of dystonia,

interest in this neuronal structure has increased recently
(Avanzino and Abbruzzese 20172012; Sadnicka et al.
2012; Filip et al. 2013a, b) as its role in the pathophysiol-
ogy of dystonia has been suggested by animal models (Jin-
nah et al. 2005; Raike et al. 2005; Vidailhet et al. 2009),
imaging studies (Carbon et al. 2008; Obermann et al. 2010;
Opavsky etal. 2011, 2012; Prudente et al. 2016; Burciu et al.
2017), neurophysiological studies (Liepert et al. 2004), and
even analyses of secondary CD (LeDoux and Brand 2003;
Extremera et al. 2008). Neurological disorders originating
from the cerebellum (e.g., ataxia) are usually associated with
a loss of function. However, different syndromes can arise
from the same pathway as different defects alter the output
in different ways. In dystonia, it is still disputable whether
the cerebellum is the source of the disease or just a node in
a complex network trying to compensate for dysfunction of
other parts of the brain.

The activation increases post-treatment and was also
observed in the secondary somatosensory cortex, which is

@ Springer

300



2634

Experimental Brain Research (2018) 236:2627-2637

Fig.5 Functional MRI activa-
tion map (transversal slices).
Differences in activation
between CD patients group
before BoNT-A injection and
control group. Slices are labeled
with Z/Y coordinate in standard
MNI152 space

%

R

located in the parietal operculum. It is implicated in higher
order functions in somatosensory processing, but it is also
believed to integrate information from the two sides of the
body, and to participate in visuospatial attention, learn-
ing, and memory. According to the previous electrophysi-
ological and imaging evidence, CD seems to be associated
with disorders of not only motor but also sensory cortical
processing, perhaps at the level of sensorimotor integra-
tion (Siggelkow et al. 2002; Abbruzzese et al. 2001; Fras-
son et al. 2001; Rosales and Dressler 2010). Abbruzzese
and Berardelli (2003) consider the aberrant sensorimotor
processing to be a key factor for the development of focal
dystonias. In a broader sense, the sensorimotor integration
involves all parts of the motor and sensory system, including
the motor circuits, in which the basal ganglia and the premo-
tor and motor cortex are the principal components.

Finally, the hypoactivations and treatment-related activa-
tion increases were also detected in the ipsilateral striatum,
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pallidum, and thalamus. The involvement of subcorti-
cal structures is not unexpected as some previous studies
in CD-reported abnormal bilateral activation of the basal
ganglia and thalamus during non-dystonia-associated tasks
(Obermann et al. 2008; Opavsky et al. 2011). Moreover, the
internal pallidum serves as a target for effective modula-
tion of CD and other forms of primary dystonias using deep
brain stimulation, with an imprecisely characterized mode
of action. Whereas higher field MR scanners have certainly
provided better spatial and temporal resolution, our spatial
resolution of 3.5 x 3.5 X5 mm appears sufficient to reliably
detect basal ganglia activation in normal subjects and neu-
rological patients (Obermann et al. 2008; Hok et al. 2017;
Marchal-Crespo et al. 2017).

With respect to overall pattern and direction of activation
changes, the previous studies in long-term-treated patients
with CD reported that CD was associated with hyperacti-
vations before the BoNT injection (Obermann et al. 2008;
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Opavsky et al. 2011), whereas our study in untreated patients
demonstrates widespread hypoactivations. Similar activa-
tion decrease was documented previously in a heterogeneous
group of eight patients with CD, where five of them were
BoNT-naive (de Vries et al. 2008) and also in another focal
dystonia, writer’s cramp (Castrop et al. 2012). However,
the global picture seems to be even more complex, since
a recent study utilizing fMRI in CD during a force produc-
tion task reported both distributed activation increases and
decreases in comparison with healthy controls (Burciu et al.
2017). Although the provided evidence is difficult to recon-
cile, the differing direction of functional changes (increased
vs. decreased activity compared to healthy controls) may be
explained by differences in patient populations, especially
the differences in treatment [e.g., naive vs. long-term-treated
patients (Obermann et al. 2008; Opavsky et al. 2011)], and
functional MRI activation tasks [sequential finger opposition
(Opavsky et al. 2011) vs. forearm contraction (Obermann
et al. 2008) vs. wrist flexion/extension and fist clenching (de
Vries et al. 2008)].

Both in neurophysiology and functional imaging, cortical
differences between baseline HC and patients with dystonia
diminish following a successful treatment with BoNT. The
implication is that a peripheral blockade of effectors may
influence the central motor programs in dystonia. As we
await more data on the probable ‘direct’ retrograde effects
of BoNT (e.g., Antonucci et al. 2008), the ‘indirect’ effects
remain tenable to date, the latter being hinged upon the
normalization of abnormal muscle-spindle functioning in
dystonia (Rosales and Dressler 2010). The consequent and
apparent normalization of the cortical disorder following
BoNT injections in dystonia as observed in neurophysiologi-
cal studies may indicate that the manipulation of propriocep-
tive afferent input has a substantial impact on the disorder
directly at the central level (Kaiovsky et al. 1998; Gilio
et al. 2000; Kanovsky and Rosales 2011). It is important
to emphasize that treatment with BoNT leads to changes in
the central nervous system not only in dystonia, but also in
spasticity, as shown in the previous fMRI (Senkérovi et al.
2010; Veverka et al. 2012; Toméa$ova et al. 2013) and tran-
scranial magnetic stimulation (Huynh et al. 2013) studies.
We are aware that there are similarities as well as differences
in the two BoNT indications. Dystonia reflects maladaptive
plasticity, whereas patients with stroke manifest both adap-
tive changes related to recovery of function and maladaptive
changes likely underlying spasticity. BoNT aims to specifi-
cally targets the maladaptive process in both conditions. The
results of these studies showed a much more complex effect
of the long term and regular BoNT injections, although the
pathophysiology of spasticity differs from pathophysiologi-
cal processes in dystonia (Veverka et al. 2016).

We acknowledge that the mechanism how BoNT
could affect the central activity is not fully elucidated.

Marchand-Pauvert et al. (2013) summarize the recent evi-
dence of blockade of the gamma motor endings, of plastic
changes following blockade of the neuromuscular transmis-
sion and of retrograde transport and transcytosis. Presently,
it is not clear, which of these mechanisms contributes to the
changes observed in functional imaging studies.

We acknowledge several limitations of the study which
temper our conclusions and should be addressed in future
research: recording the number of finger sequences com-
pleted per block does not capture all aspects of motor per-
formance. The results should be replicated in a larger patient
cohort, possibly using several different motor tasks, so that
effects of a specific, carefully controlled and/or monitored
motor task and a specific patient cohort might be separated.
More timepoints post-treatment from baseline would permit
better insight as to whether the changes in fMRI occurred
before, after or at the same time as the improvements in
clinical parameters—this may help explain whether the cen-
tral changes are in fact primary driving the improvement or
secondary effects. We acknowledge that the controls were
scanned only once, whereas a balanced design would be
more powerful to rule out effects of repeated motor testing.
Nevertheless, single repetition of a motor task typically leads
to a decrease, rather than increase, in sensorimotor activation
(Hok et al. 2017 4 dal3f mimoOl citace). MRI-compatible
electromyographic recording from the cervical musculature
would permit modeling the influences of possible changes in
dystonic activity after BoNT treatment. Finally, combining
multiple examination methods in the same protocol, e.g.,
functional MRI and TMS, would provide richer data to help
describe the complex pathophysiological processes (de Vries
et al. 2012).

In conclusion, the results of the present study demonstrate
that in treatment of CD, the first BoNT injection is asso-
ciated with changes in widespread sensorimotor networks,
which diminish the observed baseline differences between
the patients and healthy controls. This study also confirms
that abnormalities in sensorimotor activation extend beyond
circuits controlling the affected body parts in CD.
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Post-stroke spasticity (PSS) is effectively treated with intramuscular botulinum toxin type
A (BoNT-A), although the clinical improvement is likely mediated by changes at the central
nervous system level. Using functional magnetic resonance imaging (fMRI) of the brain,
this study aims to confirm and locate BoNT-A-related changes during motor imagery
with the impaired hand in severe PSS. Temporary alterations in primary and secondary
sensorimotor representation of the impaired upper limb were expected. Thirty chronic
stroke patients with upper limb PSS undergoing comprehensive treatment including
physiotherapy and indicated for BoNT treatment were investigated. A change in PSS of
the upper limb was assessed with the modified Ashworth scale (MAS). fMRI and clinical
assessments were performed before (WQ) and 4 weeks (W4) and 11 weeks (W11) after
BoNT-A application. fMRI data were acquired using 1.5-Tesla scanners during imagery
of finger-thumb opposition sequences with the impaired hand. At the group level, we
separately modeled (1) average activation at each time point with the MAS score and age
at WO as covariates; and (2) within-subject effect of BoNT-A and the effect of time since
WO as independent variables. Comprehensive treatment of PSS with BoNT-A significantly
decreased PSS of the upper limb with a maximal effect at W4. Task-related fMRI prior
to treatment (WO0) showed extensive activation of bilateral frontoparietal sensorimotor
cortical areas, bilateral cerebellum, and contralesional basal ganglia and thalamus. After
BoNT-A application (W4), the activation extent decreased globally, mostly in the bilateral
parietal cortices and cerebellum, but returned close to baseline at W11. The intra-subject
contrast revealed a significant BoNT-A effect, manifesting as a transient decrease in
the activation of the ipsilesional intraparietal sulcus and superior parietal lobule. We
demonstrate that BoNT-A treatment of PSS of the upper limb is associated with transient
changes in the ipsilesional posterior parietal cortex, possibly resulting from temporarily
altered sensorimotor upper limb representations.

Keywords: stroke, spasticity, botulinum toxin, functional magnetic resonance imaging, neuronal plasticity,
motor imagery
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INTRODUCTION

Post-stroke spasticity (PSS) is a major sequelae among stroke
survivors (1) with an estimated prevalence of 19-42.6% (2, 3).
Clinically relevant PSS may interfere with voluntary movement
and frequently causes deterioration in manual dexterity, mobility,
walking, and hygiene (2). PSS of the upper limbs is currently
treated with botulinum toxin type A (BoNT-A), which is an
effective and safe therapeutic agent to improve function of
the affected limb (4-6). BoNT-A treatment has been shown
to relieve pain, enhance the effects of physiotherapy, improve
performance in activities of daily living, and decrease the burden
of caregivers (2). Over the last decade, there has been growing
evidence that besides the well-known neuromuscular junction
site of action, BoNT-A acts centrally. Whereas, direct effect on
distant central circuits via retrograde transport and transcytosis
in humans is still under debate (7), the central effects have been
mostly ascribed to indirect changes due to plastic rearrangement
subsequent to modulation of sensory input (8). BoONT-A likely
relieves focal PSS by promoting dynamic changes at multiple
levels of the sensorimotor system, presumably including the
cerebral cortex. It has been suggested that BoNT-A acts on
intrafusal as well as well as extrafusal fibers, thereby altering
abnormal sensory input to the central nervous system via [a
afferent fibers (8, 9), which is likely the mechanism by which
intramuscular BoNT-A injection induces cortical reorganization.
The theory of central (remote) BoNT-A effects was first reported
in electrophysiological studies of focal dystonia (10, 11). In
dystonic disorders, one application of BoNT has been reported
to be associated with even more pronounced microstructural
gray matter changes in the frontal cortex, namely, primary
motor cortex and pre-supplementary motor area (12). There have
been several reports of the neuroanatomical correlates of BoNT-
A-related relief of PSS using functional magnetic resonance
imaging (fMRI) (13-16). However, the studies were conducted
with small sample sizes; they differ in their activation tasks,
and other methodological aspects. This makes direct comparison
between the studies difficult. Patients with prominent upper limb
spasticity indicated for BoNT-A treatment often have severe
hand weakness, precluding the use of real hand movement.
Motor imagery is feasible for severely affected patients and the
sensorimotor representations may be preserved even in chronic
paralysis (17). Motor imagery has been used widely in post-stroke
paralysis, both as a functional neuroimaging probe sensitive to
motor network abnormalities during stroke recovery (18) and
as a motor training strategy (19). To our knowledge, our pilot
study is the only one employing motor imagery to investigate
cortical activation changes associated with PSS relief due to
BoNT-A treatment (20). Using a longitudinal design, we expected
that BoNT-A-induced change in afferent drive (8, 9) will be
reflected in modulation of somatosensory cortical processing in
the parietal areas (20). Even though our results showed several
areas of change in the sensorimotor network over time, no
regions showed transient effects following the course of dynamic
changes in clinical spasticity. Therefore, the aim of the present
longitudinal study was to identify BoNT-A-related patterns of
cerebral cortex activation during motor imagery in a more

representative cohort of patients with moderate to severe PSS of
the upper limbs.

METHODS

The study protocol is described in our previous report (20).
The following text summarizes the methodology and highlights
differences particular for the present study.

Patients

The study protocol was approved by the local Institutional Ethics
Committee and conducted in accordance with the tenets of the
Declaration of Helsinki. All subjects submitted written consent
before participation in this study. The study cohort was limited to
30 right-handed chronic stroke patients (15 males and 15 females;
median age, 65 years) with clinically relevant PSS of the upper
limbs. Ischemic lesions were subcortical and corticosubcortical
within the territory of the middle cerebral artery. The median
time from stroke onset to study entry was 9 (range, 3-139)
months. Exclusion criteria were: time after stroke of <3 months;
PSS not exceeding a score of 1 on the modified Ashworth scale
(MAS) (21); history of BoNT-A application or drug affecting
muscle hypertonus intake; severe cognitive deficit or depression,
as assessed with the Mini Mental State Exam (22) and Zung
Self-Rating Depression Scale (23), respectively, which could
affect cooperation during the study protocol; and general MRI
exclusions and contraindications. The patients’ characteristics are
listed in Table 1.

Clinical Evaluation

All subjects were clinically evaluated just before BoNT-A
injection (week 0, W0), then 4 weeks (W4) and 11 weeks (W11)
later. Longitudinal within-subject design of the study partially
overcomes the lack of a control group. Here, each patient serves
as his/her internal control. PSS was evaluated with the MAS at
each visit. The MAS was used to score the fingers and wrists
separately, and the values were averaged (global MAS score). The
MAS rater was blinded to the therapy and the recruitment to
the present study. For statistical analysis, a MAS score of 1+
was recorded as 1.5. Further clinical investigations performed
at study entry included the modified Medical Research Council
scale (24) to test upper extremity strength, the National Institutes
of Health stroke scale (25) to assess neurological impairment,
and the Barthel Index (26) and the modified Rankin Scale (27)
to assess disability.

Treatment

Enrolled patients received BoNT-A injections into the muscles of
the affected upper limb at W0, which was followed by a dedicated
physiotherapy protocol. The injections were performed under
electromyographic guidance (Medtronic Keypoint; Alpine
Biomed ApS, Skovlunde, Denmark), preferably with electrical
stimulation to localize the muscles to be treated. The following
muscles were always injected: flexor carpi ulnaris, flexor carpi
radialis, flexor digitorum superficialis, and flexor digitorum
profundus. Each muscle was consistently injected with a fixed
dose of 50U of BoNT-A (BOTOX®; Allergan, Inc., Irvine,
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CA, USA) in accordance with current recommendations (4).
Rehabilitation was started several days after the BoNT-A
injection (WO). Initial inpatient physiotherapy for 2-4 weeks
was followed by outpatient therapy until the third clinical and
fMRI evaluation (total of 11 weeks). Patients underwent daily
physiotherapy sessions for 1h on workdays, i.e., five times per
week. Individual kinesiotherapy included posture-locomotion
training toward restitution of bipedal posture and gait, motor
recovery of the girdles and trunk using elements of the Bobath
concept, proprioceptive neuromuscular facilitation, respiratory
physiotherapy, reflex and myofascial techniques, anti-spastic
positioning, occupational therapy, and training of independence
in activities of daily living. Proper adherence to the physiotherapy
protocol was checked at each examination throughout the study
period (28).

fMRI Data Acquisition

fMRI examinations were performed during the clinical
evaluations at W0, W4, and W11 using a 1.5-Tesla scanner
(Avanto or Symphony; Siemens Healthineers, Erlangen,
Germany) equipped with a standard head coil. Whole-brain
blood oxygenation level-dependent (BOLD) fMRI data (T3-
weighted echo-planar imaging; 30 slices, 5 mm thick; repetition
time, 2,500 ms; 144 volumes; repeated twice) were acquired
during imagery of finger movements with the impaired
hand. A high resolution T,-weighted structural image was
acquired using Magnetization-Prepared Rapid Gradient-Echo
(MP-RAGE) sequence for anatomical reference. Before the
first fMRI examination, each subject practiced the sequential
finger-thumb opposition task with the non-paretic hand at the
rate of approximately 1 movement per second over several
repetitions and then was asked to imagine performing the same
movement with the impaired fingers together with kinesthetic
feeling. Before the follow-up fMRI examinations, we checked
the correct performance of the task with the unimpaired hand.
The only purpose of pre-imaging practice was to allow stable
performance across the study. Inside the bore of the scanner,
the task was performed with eyes closed, instructions to start
and stop task performance were signaled verbally (start/stop) in
MR-compatible headphones. In a block paradigm, imagery of
finger movement alternated with rest (15s). Each experimental
run consisted of 12 repetitions of the same imagery-rest block
pairs, for a total of 6 min. Each participant had two experimental
runs with the impaired hand. The experimental paradigm has
been already used and published in Veverka et al. (20).

Analysis

fMRI data of patients with right-sided lesions were swapped to
match the left-sided lesions (29, 30). Next, a previously published
preprocessing pipeline was applied (16). Functional images were
registered to high resolution structural images and normalized
to the standard space template using linear and non-linear
algorithms, respectively (31). At the final pre-processing stage,
residual motion-related signals were automatically removed
using independent component analysis-based automatic removal
of motion artifacts (32).

Statistical analysis of the functional time-series was conducted
using general linear modeling with local autocorrelation
correction (33). The boxcar function of the block design was
convolved with a canonical hemodynamic response function
(34) and a temporal derivative to account for the relative
slice-dependent time shift rather than slice-wise time-course
interpolation (35). Furthermore, several nuisance regressors were
obtained from the functional data of each subject and added to
the general linear model: six motion parameters, one signal from
the white matter, and one from the cerebrospinal fluid.

After first-level processing, repeated measures from the same
session were averaged for each subject using a middle-level
analysis. Group statistical analyses were performed using stage
1 of the improved linear model for fMRI of the brain (36, 37).
At the group level, (1) the average activation was separately
modeled at each time-point with the MAS and age at W0 as
linear covariates; and (2) the within-subject effect of BoNT-
A [(WO0 + W11)/2 - W4)] and linear effect of time from
WO were assigned as independent variables. The model was
designed to separate the transient effect of BoNT from the
presumed linear effect of physiotherapy. The resulting statistical
maps were thresholded using clusters at p < 0.05 (family-wise
error-corrected) formed at (1) Z > 3.0 for average activation
and (2) Z > 2.3 for within-subject effects (family-wise error-
corrected using Gaussian random fleld theory) (38). Within-
subject effects were additionally Bonferroni-corrected for the
number of contrasts.

Clinical data were analyzed using IBM SPSS Statistics for
Windows, version 22.0 (IBM Corp., Armonk, NY, USA). The
Wilcoxon signed-rank test with Bonferroni correction was
used to compare global MAS scores from WO, W4, and
WI1Ll. A probability (p) value of < 0.05 was considered
statistically significant.

Additionally, a map of stroke lesions was created to visualize
the overall volume of the affected tissue. First, T;-hypointense
stroke lesions were delineated semi-automatically on the high-
resolution structural images using interactive intensity-based
volume segmentation in each individual. The resulting binary
masks were manually corrected for errors by PaH. Next, masks
with right-sided lesions were swapped to match the left-sided
lesions and all masks were transformed into 1-mm MNI 152
standard space using a non-linear transformation (31). Finally,
sum of all masks was created to provide a group-wise lesion
map (Figure 1).

RESULTS

Clinical

Comprehensive treatment with BoNT-A and subsequent
physiotherapy significantly decreased PSS of the upper limb with
the maximal effect at W4 (p < 0.0001, Wilcoxon signed-rank
test). There were significant differences in global MAS between
W0 and W11 (p = 0.006) and between W4 and W11 (p < 0.0001,
Wilcoxon signed-rank test). The median global MAS scores were
2.50 at WO (interquartile range (IQR) = 2.0-3.0), 1.50 at W4
(IQR = 1.0-1.75), and 2.00 at W11 (IQR = 2.0-2.5). The data
are presented in a box plot in Figure 2. The MAS scores for each
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FIGURE 1 | Group-wise stroke lesion map. The color-spectrum overlay represents an unthreshelded sum of normalized individual stroke lesion masks on top of an
MNI 152 standard space Ty -weighted template. Cold colors (blue) indicate low overlap (~1-2 subjects), hot colors (yellow-red-white) indicate frequent overlap (up to

16 subjects). Right is right according to neurological convention.
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FIGURE 2 | Effect of BoNT-A treatment on global MAS scores. The edges of
the box represent the 25th and 75th percentiles, the horizontal thick line inside
the box represents the median, and the whiskers represent the maximum and
minimum values.

subject are listed in Table 1. The overlap of stroke lesions in all
participants is provided in Figure 1.

Functional Imaging

Task-related fMRI prior to treatment (W0) showed extensive
activation of the bilateral frontoparietal sensorimotor cortical
areas, bilateral cerebellum, and contralesional basal ganglia and
thalamus, with peak activation in the supplementary motor
area (SMA), bilateral intraparietal sulci (IPS), contralesional
ventrolateral premotor cortex, and ipsilesional anterior and
posterior cerebellar hemispheres. After BoNT-A application

(W4), the activation extent decreased globally, mostly in the
bilateral parietal cortices and cerebellum, but returned close to
baseline at W11 (see average activation maps in Figure 3).

The intra-subject contrast revealed a significant BoNT-A
effect, which manifested as transient decreases in activation of the
ipsilesional superior parietal lobule (SPL) and IPS (Figure 4 and
Table 2). No consistent activation changes related to time since
WO were observed.

DISCUSSION

The brain is continually reorganizing (39). Stroke triggers
processes in the central nervous system aimed to promote post-
stroke recovery (adaptive plasticity). Some of these processes
may not be beneficial or can even worsen primary neurological
impairment (maladaptive plasticity), such as the substantially
negative impact of PSS on manual dexterity, mobility, and
ultimately harmful effects on the patient’s health-related quality
of life (1, 2). From this point of view, effective treatment of PSS
might not only diminish muscle hyperactivity, but could also
replace maladaptive with adaptive plasticity.

The present study is an extension of our previous study of a
smaller sample size (20) and provides new evidence supporting
the theory of cortical reorganization after BoNT-A treatment.
Imagery of sequential finger movement was used as an activation
task in an fMRI experiment. Kinesthetic imagery activates highly
similar cortical areas as actual movements (40, 41). A meta-
analysis conducted by Hétu et al. (42) showed that motor
imagery consistently recruits the large frontoparietal network
besides the subcortical and cerebellar regions, and identified
the following areas as involved in motor imagery: the inferior
parietal lobule, SPL, dorsal premotor cortex, SMA, cerebellum,
and Broca’s area. It has been demonstrated that motor imagery is
a feasible task for severely affected patients unable to perform an
active motor task, although motor imagery is difficult to monitor
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(17, 20). However, pre-scan practice in our patients before the
first fMRI was intensive and sufficiently long to ensure reliable
performance, and correct memory of the task was checked before
the follow-up fMRIs, to overcome this limitation. Additionally,

each fMRI acquisition was checked separately for corresponding
BOLD activations.

As expected, the combination of BoNT-A treatment and
physiotherapy effectively alleviated PSS of the upper limb
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TABLE 2 | Treatment-related activation differences —list of local maxima.

Contrast Anatomical atlas Cytoarchitectonic atlas Volume Cluster p (corrected Zmax MNI coordinates of

labels? labels® [em®] for multiple local maxima®
comparisons) [x.y,2 (mm)}]

Negative BoNT-A 51.5% L Lateral Occipital 29.2% L Superior Parietal Lobule 7A 13.76 0.032 3.49 —24, 50, 36

effect: Cluster 1 Cortex, superior division 20.2% L Superior Parietal Lobule 7P —18, —82, 50
21.7% L Precunecus Cortex  14.1% L Anterior intra-parietal sulcus —12, —82, 52
20.2% L Superior hiP3 —4, —74, 56
Parietal Lobule 13.8% L Antericr intra-parietal 0, —70, 58

sulcus hiP1

BolNT-A, botulinum toxin type A; L, left; MNI, Montréal Neuroiogical institute; Zmay, maximum Z score
2Anatomical and cytoarchitectonic labels are provided including the proportion of labeled voxels. Only labels consisting at least 5% of activated voxels are provided. Note that

cytoarchitectonic labels ao not cover the whole brain.
i Tap five local maxima with the highest Z score are provided.

as reflected by the MAS score. There was a significant
transient decrease in the global MAS score at W4, when the
pharmacological peripheral effect of BoNT-A is assumed to
be maximal, and a subsequent increase in the global MAS
score at further follow-up (W11). In contrast to our previous
BoNT-A-studies (15, 16, 20), there was a significant change
in the global MAS score from baseline to W11, when BoNT-
A is expected to wane from the neuromuscular junctions
(43). Namely, some improvement of spasticity persisted by the
end of the study, even though local BoNT-A effect should
have disappeared. Although this novel finding might support
the theory of persistent central reorganization after BoNT-A
application, the effect of ongoing physiotherapy should also
be considered.

Task-related fMRI prior to treatment showed extensive
activation of the bilateral frontoparietal sensorimotor
cortical areas, bilateral cerebellum, and contralesional basal
ganglia and thalamus, with peak activation in the SMA, IPS,
contralesional ventrolateral premotor cortex, and ipsilesional
anterior and posterior cerebellar hemispheres. The prominent
involvement of the premotor cortical areas and relatively

minor activation of the primary motor cortices during motor
imagery is consistent with previous observations both in
healthy controls (41, 44-47) and stroke patients with motor
deficits (18, 48).

Alleviation of PSS at W4 was associated with an apparent
reduction in the extent of activation, mostly of the bilateral
parietal cortices and cerebellum, but returned close to the
original extent at W11. This finding is in agreement with our
previous studies and other previously published fMRI studies
uncovering cerebral correlations with PSS treatment (14-16,
20, 49-52). Extended task-related cortical activation probably
represents a general response of the lesioned brain to increased
proprioceptive afferent input associated with PSS (13, 14). The
overall reduction in the extent of activation after treatment
might reflect transient changes due to BoNT-A administration
and/or physiotherapy.

A similar trend has been observed in the evolution of
the extent of activation during stroke recovery (53-57). A
vast motor task-related activation of the bilateral frontoparietal
cortex early after stroke is followed by a decrease in the
extent of activation and increase in laterality in recovering

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 495

311



Vaverka et al.

BoNT-A Modulates Posterior Parietal Cortex

patients (29, 30). We assume that this phenomenon did
not bias our results for several reasons. First, all enrolled
subjects were severely affected and their capacity for motor
improvement was strongly limited. Second, only chronic stroke
patients were included, thus the time from stroke onset
to study entry was sufficiently long (median 9 months) to
assure the stability of clinical features and a hemodynamic
response (29, 58).

To address the main aim of the study, an intra-subject
contrast design was used to separate the specific BoNT-
A effect from the longitudinal effects of time and/or
ongoing physiotherapy. The transient effect associated
with BoNT-A observed in our study manifested as a
significant decrease in activation of the ipsilesional posterior
parietal cortex (PPC), namely the SPL and the cortex
surrounding [PS.

The PPC, that is, the entire parietal cortex behind the
primary and secondary somatosensory cortices, is part of a broad
anatomical network of frontoparietal association (multisensory)
cortical areas, which encode the more abstract aspects of
sensorimotor control processes (59-61). Several functional
domains have been attributed to this network, for instance,
the dorsal attention network that directs visual attention and
short-term memory (60). The dorsal attention network partially
overlaps with another functional network, namely the motor
imagery network (42). Finally, the PPC is involved in the
visual system, particularly in its dorsal stream (occipito-parietal
cortex) (62, 63).

In general, the PPC is therefore involved in perception and
processing of action-related information. More specifically, the
PPC is recruited by sensory control of visuomotor actions, such
as reaching, pointing, grasping, and eye movement (59, 63). [n
our previous work with a similar design, but a smaller sample
size, IPS and SPL were among the areas showing significant
reductions of the spatial extent of activation after BoNT-A
treatment, but the contrast assigned to the specific BONT-A effect
did not reveal any areas of significant change in the magnitude
of the local BOLD effect (20). The absence of BoNT-A-related
effects in our pilot study might be attributed to the relatively small
sample size, which reduced the overall statistical power to detect
smaller treatment effects.

As suggested by the findings of the present study, decreased
activation of the IPS and SPL after treatment reflects a
change in internal representation of the subject’s hand resulting
from decreased inflow of proprioceptive information from
the spastic limb. It has been previously demonstrated that
brain activation during motor imagery is strongly influenced
by the proprioceptive information related to the pre-existing
configuration of the limbs (64). After successful treatment
of PSS, the internal models (predictions) of the upper limb
are likely to adapt to the newly reduced flow of afferent
information, which could, in turn, reduce the occurrence
of unnecessary fMRI activation during motor imagery, as
was observed with actual movement (15). Similar effects on
overt and imagined upper limb movement were observed in
Parkinson disease patients before and after treatment with
L-DOPA (65, 66). A theory of internal model utilization

in motor imagery has been supported by a recent study
conducted by Kilteni et al. (67), which concluded that motor
imagery recruits the internal forward model to predict sensory
consequences similarly to overt execution. Another study using
magnetoencephalography suggested that kinesthetic feeling is
subserved by an internal forward model located in the parietal
cortex, particularly the cortex surrounding the IPS, highlighting
its role in motor imagery (68). Moreover, a motor imagery
study conducted by de Lange et al. (64) found that the PPC
appears to incorporate afferent proprioceptive information into
the motor plan.

Alternatively, we might speculate that in our group of severely
affected poststroke patients, visual imagery may have prevailed
over kinesthetic imagery at baseline, although the participants
were asked to imagine the action with kinesthetic feeling. Studies
of motor imagery in post-stroke patients suggest that for these
subjects, it is very difficult to use either visual or kinesthetic
imagery selectively (19, 69). Therefore, we assume that the
severely affected subjects enrolled in the present study employed
a combination of both imagery strategies. Moreover, we did not
design the experiment to discriminate between different aspects
of motor imagery, because the Movement Imagery Questionnaire
and similar alternative tests were beyond the abilities of the
patients (70, 71). Due to the prominent role of the SPL and
occipital regions in visual input processing (41, 72), the BoNT-A-
related reduction of PPC activation at W4 might be interpreted
as a lower engagement of the cortical areas attributed to visual
imagery. From this perspective, it is possible that alleviation of
PSS renders the contribution of visual strategy in motor imagery
less prominent.

There were some limitations to this study that should be
mentioned. First, we did not include a control group without
BoNT-A treatment, which would have been optimal to separate
transient effect of BoNT-A from more longitudinal effect of
concurrent physiotherapy. For several years, BONT-A treatment
has been a recommended component of the complex therapy
regimen for PSS (4, 5). Therefore, non-treatment would have
been unethical. Although functional cortical changes observed in
the present study could have been induced by both the BoNT-
A treatment and the physiotherapy, we argue that the within-
subject longitudinal design, with three successive assessments
over 3 months, captures both the transient changes due to
BoNT-A and the more slowly evolving changes in sensorimotor
control due to ongoing physiotherapy and symptomatic therapy.
This approach has been considered sufficient to address the
main goal of the study—to uncover specific effect of BoNT-
A in the studied population of chronic stroke patients.
Finally, the heterogeneity in stroke location and the degree
of cortical involvement limit the possibility of generalizing
the results to the whole population of patients with upper
limb PSS.

CONCLUSIONS

Whole brain fMRI activation patterns during motor
imagery in the course of BoNT-A treatment of upper limb

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 495

312



Vaverka et al.

BoNT-A Modulates Posterior Parietal Cortex

PSS and further follow-up documented mostly transient
changes in the ipsilesional PPC. Our results indicated
that BoNT-A therapy modulated posterior parietal cortical
activation in PSS even in chronic patients with severe
hand weakness.
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