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Zusammenfassung
Heutzutage gehen wir davon aus, dass das Gehirn in Netzwerken organisiert
ist. Hierbei spielt die Kommunikation zwischen den verschiedenen
Gehirnarealen, sowie deren Integration eine wesentliche Rolle. So trägt eine
funktionierende Kommunikation innerhalb eines Netzwerkes vermutlich zu
adaptivem Verhalten bei, eine fehlerhafte Kommunikation hingegen führt zu
dysfunktionalem, oder fehlerhaftem Verhalten. Die oszillatorische
Gehirnaktivität, die durch Phase, Frequenz und Amplitude gekennzeichnet
ist, scheint hierbei wesentlich für die Integration neuronaler Netzwerke.
Besonders hervor zu heben sei hier die inhibitorische oszillatorische Aktivität,
diese trägt vermutlich besodners zur Kommunikation innerhalb der
Netzwerke, aber auch zur Separation und zur Integration der selbigen bei.

In der folgenden Dissertation bearbeite ich die Frage, ob ein eher gehemmter
Zustand der einzelnen Gehirnareale, die für eine Aufgabe relevant sind, zu
einer Abnahme der Kommunikation über eine längere Distanz führt und ob
diese mit einer Abnahme von tatsächlichem Verhalten einhergeht. Dabei
gehe ich davon aus, dass es abhängig von der natürlcihen Fluktuation
oszillatorischer inhibitorischen Aktivität, Zeitfenster gibt in denen Verhalten
eher möglich ist und Zeiträume in denen Verhalten eher weniger möglich ist.
Für den theoretischen Rahmen habe ich mich durch das „gating by inhibiton“1
Modell (Jensen and Mazaheri 2010), inspirieren lassen. Dieses besagt, dass
inhibitorische oszillatorische Gehirnaktivitäten den Informationsfluss
bestimmt, z. B. indem Areale die nicht Verhatensrelevant sind, aktiv gehemmt
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werden (Jensen and Mazaheri 2010). Zudem wurde diese Arbeit durch die
„communication through coherence“

2

Hypothese (Fries 2005) beeinflusst.

Diese besagt, dass es Zeitfenster gibt in denen Kommunikation möglich ist,
und andere in denen diese nicht möglich ist. Sind bei zwei Arealen zeitlich
kohärente Erregungszustände vorzufinden (also dieselbe Phase eines
Zykluses vorhanden), dann kann Kommunikation stattfinden. Da das
motorische System einfach zu objektivieren ist, hab ich mich im Folgenden
auf das motorische System konzentriert. Drei Studien wurden durchgeführt,
um heraus zu finden wie freiwillige, oder induzierte motorische Aktivität von
dem Gehirnzustand des motorischen Netzwerkes in Zusammenhang steht
und mit der Kortex-Muskel- Kommunikation verbunden ist. Dabei spielen
insbesondere der parietale, prämotorische und zentrale Kortex eine
wesentliche Rolle.

Die erste Studie basiert auf dem „gating by inhibtion“ Modell nach Jensen
und Mazaheri (2010). Dabei habe ich in der Dissertation untersucht, in wie
weit die kortikomuskuläre Kohärenz und die TMS induzierte muskuläre
Antwort (MEP) von dem Erregungszustand des motorischen
Aktionsnetzwerkes abhängen. Dieser Erregungszustand wurde aktiv durch
eine Handbewegung verändert (Pfurtscheller et al. 1996a). Dabei fand ich,
dass ein Anstieg der inhibitorischen Aktivität, genauer der Beta-Bandaktivität
im motorischen System mit einer Verringerung der kortikomuskulären
Kohärenz einhergeht und auch zu einer Verkleinerung der MEP Amplitude
führt. Dies stützt das “gating by inhibtion” Model (Jensen and Mazaheri 2010)
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und zeigt, dass inhibitorische oszillatorische Aktivität in der Tat eine Art
Steuerung inne hat, die aktiv die Kommunikation verhindert.
In der zweiten Studie habe ich erforscht, inwiefern die Phase eines
„inhibitorischen“ oszillatorischen Zykluses im motorischen Netzwerk die
kortikomuskuläre Kohärenz beeinflusst und ob dies als eine Art
Kommunikationsfensters anzusehen ist. Diese wäre dann im Sinne der
„communication through coherence hypothese“ nach Fries (2005). Genauer
habe ich hier betrachtet, ob die oszillatorische Phase des motorischen
Aktionsnetzwerkes zur kortikomuskulären Kohärenz steht und mit
Verhaltensinitiierung zusammenhängt. Und ob es einen möglichen
Zusammenhang zwischen niederfrequenter Phase und kortikomuskulärer
Kohärenz gibt. Tatsächlich konnte ich zeigen, dass die Versuchsteilnehmer
vorzugsweise bei einer bestimmten Phase reagierten, so dass die
kortikomuskuläre Kohärenz im Thetaband zu diesem Zeitpunkt erhöht war.
Zusätzlich konnte ich in einem Ruhedatensatz zeigen, dass die
kortikomuskuläre Kohärenz, durch die Thetaphase in diesem
Aktionsnetzwerk moduliert war. Also, dass es in der Tat ein Fenster innerhalb
eines oszillatorischen Zykluses gibt, in dem Kommunikation eher stattfindet.
Die dritte Studie wurde durchgeführt, um zu prüfen in wieweit gut
untersuchte Erregungsveränderungen im Muskel nach TMS -Stimulation
(MEP und CSP) mit Erregungsveränderungen im Gehirn, vor allem in den
motorischen Arealen einhergehen. Außerdem habe ich untersucht, inwiefern
diese mit der kortikomuskulärer Kommunikation zusammenhängen und ob
diese Erregungszustände auch erlernt oder konditioniert werden können.
Dies beruht auf der Annahme, dass das Klicken, welches eine TMS	
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Stimulation auslöst, auf die Erregung konditioniert wird und daher diese auch
in einer sham Stimulation zusehen sein sollte (Lieberman 2000) Dabei konnte
ich tatsächlich zeigen, dass sowohl während der inhibitorischen TMS- Antwort
eine Erhöhung von inhibitorischen Oszillation und eine Veränderung der
kortikomuskulären Kommunikation zu sehen ist und dass es auch
konditionierte oder erlernte Veränderungen im Erregungszustand und in der
Kommunikation gibt. Zusammenfassend kann man aus den drei Studien
ableiten, dass die Aktivität der Muskeln als repräsentatives Maß für
motorisches Verhalten von der Theta- und Beta- Bandaktivität im motorischen
System (hier vor allem parietale Regionen, BA7, BA40 und prämotorische
Regionen BA6, sowie M1) abhängt. Dabei repräsentieren Theta und BetaBandaktivität vermutlich den Erregungszustand dieses Netzwerkes, wobei vor
allem der Beta Band Power anstieg mit inhibitorischen Erregungszuständen
in Zusammenhang steht und Theta- Bandaktivität vor allem die
Kommunikation über eine weite Distanzen repräsentiert. Wobei hier die
Phase anzeigt, ob das System offen oder geschlossen für die Kommunikation
ist. All diese Ergebnisse unterstützen das “gating by inhibiton” Modell (Jensen
and Mazaheri 2010) und die “communication through coherence” Hypothese
(Fries 2005) auch für das sensomotorische System. Außerdem zeigen sie,
dass inhibitorische oszillatorische Aktivität, repräsentiert durch Phase und
Power, für die Netzwerk- Integration und Kommunikation wesentliche
Mechanismen darstellen.

	
  

11	
  

Abstract
Nowadays we know that the brain is organised in networks, where good
integration and communication leads to functional behaviour, whereas a
failure in communication probably leads to malfunctions. Oscillatory brain
activity represented through phase, power and frequency plays an essential
role for network integration and communication within the cortex. Particularly
inhibitory oscillatory activity contributes substantially to network
communication, segregation and integration. In the following dissertation I
aimed to investigate whether a more “inhibited” brain state in task relevant
regions leads to a decrease in long distance communication between cortex
and muscle and to a decrease in behaviour and vice versa. My theoretical
framework was built on the gating by inhibition framework, which states that
inhibitory oscillatory brain activity shapes information flow in the brain by
actively inhibiting task irrelevant areas (Jensen and Mazaheri 2010).
Additionally I was inspired by the “communication by coherence hypothesis”
(Fries 2005), which states that there are windows for communication between
different areas and that this temporal overlap of the excitability state is
essential for communication between regions.
As it is easy to objectify the measures in the motor system, we investigated
the motor system in the following thesis.
Three studies were designed to investigate how voluntary or induced motor
behaviour depends on the interplay between the brain state of the motor
action network comprising pre motor, motor and parietal regions and
communication between this network and muscle.
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The first study was based on a framework by Jensen and Mazaheri as
outlined in section 1.3 (Jensen and Mazaheri 2010), which states that local
power changes toward an inhibitory state gates information flow. Within the
framework of this dissertation the study was to test what happens if the motor
action network is actively brought into a certain brain state i.e. more inhibited
or more excited. To actively modulate the brain state the participants were
instructed to move their hands (Pfurtscheller et al. 1996a). The associated
oscillatory activity is then related to distant communication, operationalized
through corticomuscular coherence and TMS induced muscle activity.
In line with the “gating by inhibition” model (Jensen and Mazaheri 2010), we
were able to show that an increase in inhibitory local power, here the beta
band power in the motor action system, was associated with a decrease in
cortex muscle communication in the theta band and with smaller TMS
induced MEP size and vice versa. This supports the idea that inhibition is a
mechanism which gates information flow, by shutting down communication to
a certain brain area. For thinking about how oscillations contribute to network
integration and to distant communication one could conclude that local
changes in the inhibitory/excitatory balance of action relevant brain areas is a
mechanism, which indeed leads to contrary changes in distant
communication.
The second study was conducted to find out if there are windows for
corticomuscular communication depending on the phase of “inhibitory”
oscillatory cycles in the motor action network as we would suppose from the
“communication by coherence” hypothesis by Fries (2005). Precisely we
looked at phase and how phase within the motor action network is related to
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corticomuscular communication and to action initiation and if there are
coupling mechanisms between low cortical phase and higher frequency
corticomuscular coherence.
In line with our hypothesis, we could show that, first of all people preferably
react within a certain phase and that corticomuscular coherence is increased
in the theta range during action initiation. What we could show beyond this is
that there is a rhythmic modulation of corticomuscular coherence depending
on phase within the motor action network even in resting state data. In sum
we could conclude that networks in themselves are probably more open or
more closed during an oscillatory cycle in the theta range. And that
corticomuscular coherence is intrinsically entrained by theta phase.
The third study was conducted to see how well known and well-examined
excitability changes in muscle responses (MEP/CSP) are related to
excitability in the motor network and how these muscular excitability changes
are related to cortex muscle communication.
In addition because of learning processes such as classical conditioning
(Lieberman 2000) the acoustic stimulus of TMS might be conditioned to the
TMS induced muscle or brain response. I therefore tested whether these well
known muscle responses along with the cortical excitability changes can be
conditioned to an acoustic stimulus.
Based on the three experiments I can conclude that muscle activity as a
representative measure for motor action depends on theta and beta band
activity in the cortical motor action network comprising posterior region (BA 7
and BA4), M1 and premotor regions (BA6). Theta and beta band activity
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probably reflect the excitability state of the network where particularly beta
band power increase is probably related to a more inhibited state of this
network, whereas theta band oscillations mainly reflect long-range
communication through coherence, which could represent whether the
network is more open for long range communication or more closed at that
time. These findings nicely complement the “gating by inhibition” framework
by Jensen and Mazaheri (Jensen and Mazaheri 2010), and the
“communication through coherence hypothesis” by Fries (Fries 2005) for the
sensorimotor system. Furthermore they support the idea that “inhibitory”
oscillatory brain activity, represented though phase and power represents an
essential mechanism for network communication and integration.
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Abbreviations
BA
BEM
CMC
CSP
dB
DICS
ECoG
EEG
e.g.
EMG
EOG
EPSP
ERD
ERP
ERS
FEF
FFT
GABA
Hz
IAF
ICA
IPSP
ITC
LCMV
LFP
MEG
MEP
MRI
ms
RMT
rTMS
SMA
SOG
SSG
TES
TFR
TMS
WSG

	
  

Brodmann Area
Boundary Element Model
Corticomuscular Coherence
Cortical Silent Period
decibel
Dynamic imaging of coherent sources
electrocorticography
Elektroenzephalography
for example (latein „example gratia“)
Elektromyography
Electrooculography
Excitatory Postsynapaptic Potential
Event-Related Desynchronization
Event-Related Potential
Event-Related Synchronization
Frontal Eye Field
Fast Fourier Transform
Gamma Amino Butter Acid
Hertz
individual alpha freqeuncy
Independent Component Analysis
Inhibitory Postsynapaptic Potential
Inter Trial Coherence
Liner Convenience Minimum Variance
Local Field Potential
magnetoencephalography
Motor Evoked Potential
magnetic resonance imaging
milliseconds
resting motor threshold
repetitive Transcranial Magnetic Stimulation
Supplementary Motor Area
Sham Only Group
Strong Stimulation Group
Transcranial Electrical Stimulation
Tme Frequency Representation
Transcranial Magnetic Stimulation
Weak Stimulation Group
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1.Introduction
1.1 The motor action system as an example of the brains
organisation in networks
Nowadays we know that the brain has several functionally and anatomically
specialised brain regions. To enable coherent perceptions, cognitions or
behaviour, the brain somehow needs to integrate different areas. For that
purpose the brain is organised in several networks, the so call “brainweb”
(Varela et al. 2001). Each network probably consists of several neuronal
assemblies, which communicate with each other and can thereby contribute
differently to, or can even be separated by, functions such as audition, vision,
motor action, attention or memory (review based on graph theoretical
assumptions see Bullmore and Sporns 2009).
An example on how important good network formation is, is the
cerebello-thalamo-premotor-motor cortical network for motor control, where
only a slight aberration in the networks excitability state leads to Parkinson
symptoms (Schnitzler and Gross 2005; Schnitzler et al. 2006).
So when studying the brain’s functionality and its relation to functional or
dysfunctional behaviours, it is an interesting question to gain a better
understanding of how communication within the brain web takes place and
how the integration and excitability state of the brain web differentiates
behaviour.
In my thesis I will focus on the motor system, which is composed of several
networks, for the following reasons.
In accordance with Llinas (2001) and with Buzsaki (Buzsáki 2006d) the motor
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system is probably the evolutionary oldest function and probably one of the
most important functions of the brain.
In his book “I of the vortex”Llinas (2001) gives an example of the point, he
reports that the Ascidiacea or “sea squirt” owns a primitive nervous system,
when it is a larva and moving around. But when it finds a suitable substrate it
becomes stationary and absorbs almost its complete nervous system.
Beyond that, motor behaviour is not only the oldest function, but areas related
to motor functioning comprise large amounts of the cortex (Whishaw 1993;
Rizzolatti and Luppino 2001).
When performing a behavioural task it is involved in several ways, for
example there are differences in cortical activity for
sensorimotor-transformations, such as transforming visual input into goal
directed behaviour, for mirror activity, that means matching observed
behaviour to internal representations, or for decisional processes (Rizzolatti
and Luppino 2001).
On top of that motor behaviour is easy to measure objectively. Motor activity
can either be quantified through reaction times or voluntary movements (for
example Callaway and Yeager 1960; Dustman and Beck 1965; Lansing
1957), or even in a monosynaptical way via TMS or TES induced parameters
such as the MEP or CSP (Di Lazzaro et al. 2004; Di Lazzaro et al. 2008).
Additionally brain muscle communication, for example quantified trough
corticomuscular coherence, is nicely suited to examine long distance
communication (Schoffelen et al. 2005; Mima and Hallett 1999).
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1.2 Functional neuronal inhibition- a mechanism for achieving
functional neuronal networks
As has been shown in the section before, the brain is organised in networks
where only slight abberations lead to dysfunctional behaviour (Schnitzler and
Gross 2005; Schnitzler et al. 2006). In the following section I will try to explain
on a neuronal level that neuronal inhibition contributes substantially to
network formation, integration and communication.
In confirmation with Buzsaki it is a matter of fact that, if the brain was only
made up out of excitatory neurons every external input would end up in
“avalanches of excitation” which would involve the whole brain (Buzsáki
2006b). Thus the brain needs an inhibitory counterpart, which confines
excitatory activity. Indeed the brain owns several interneuronal circuits,
persisting of several types of specialised inhibitory neurons. These neurons
mainly regulate brain activity through GABA ergic Neurotransmitters and
through IPSP (which is faster and higher in amplitude than EPSPs). The
interneuronal circuits contribute to the balance between excitation and
inhibition through several mechanisms, nicely described by Buzsáki (2006b).
The first mechanism on a neuronal level is negative feedback. Negative
feedback is relevant to maintain stability in the firing rate. If the principal cell
raises its firing rate, it stimulates the interneuron, which also increases its
firing rate and again inhibits and therefore decreases the firing rate of the
principal cell. The second mechanism is feed forward inhibition, which means
that the interneuron directly inhibits the principal cell. The advantage here is
that this mechanism has a high temporal resolution and can directly influence
the discharge of a neuron. The third mechanism is lateral inhibition. Lateral
inhibition is probably the most essential way for network segregation. In
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lateral inhibition the principal neuron activates an inhibitory neuron, which
inhibits other neighbouring principal cells (Buzsáki 2006b). Even more
fine-tuning of the functional and temporal segregation of neuronal cell
assemblies is obtained by differences in synaptic strength within and between
neuronal cell assemblies and by the type of inhibitory neurons. So are so
called “long- range” neurons interesting when looking at long distance
coupling, as they are responsible for coherent timing between distant
neuronal cell assemblies (Buzsáki 2006b).

1.3 Oscillatory brain activity related to an inhibitory brain state
But how can we find a good model of how the brain integrates different areas
both in time and space macroscopically. A good quantity here is the
oscillatory brain activity. Buzsáki writes in his book “rhythms of the brain”
(Buzsáki 2006a), that “ brain dynamics constantly shift from the complex to
the predictable”. This happens through short- lived oscillatory activity, which is
created and destroyed by internal brain dynamic. In accordance with Buszaki
(Buzsáki 2006a) the advantage of the ongoing change between random
rhythmic and non random oscillatory activity in the brain is, that this is a
possibility for the brain to detect changes in the environment and preserving
internal autonomy at the same time. So oscillatory brain dynamics are well
suited for behaviour as they are flexible both in time and space.
On a macroscopic level oscillatory brain activity, can be measured by EEG or
MEG, two neuroimaging techniques with high temporal resolution (Buzsáki
2006f). Oscillatory brain activity physiologically reflects fluctuations of the
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summed postsynaptic potentials of a neuronal assembly (Lopes da Silva
1991). To extract the oscillatory activity the EEG or MEG signal is typically
transformed by spectral analysis, e.g. by Fourier analysis from the time
domain to the frequency domain. The frequency domain then is presented in
cycles, which again can be subdivided in different parameters. Each of these
parameters presumably represents a certain functional measure of the brain
web.
The first differentiation of oscillatory activity is the fluctuation/speed of this
oscillatory activity per second, the frequency band. The human EEG can be
subdivided in different frequency bands comprising frequency ranges from
0.02 Hz up to 600 Hz. These frequency bands can be roughly subdivided into
10 distinct frequency ranges, which seem to evolve approximately by the ratio
of the natural logarithm (Buzsáki 2006a). The frequency band probably
reflects a different function or excitability state of certain areas. For example is
the alpha band often discussed in terms of more inhibitory functions (Haegens
et al. 2011; Sauseng et al. 2009), or the gamma band more in terms of
binding and high excitability (Buzsáki 2006e). Additionally due to the
physiological properties of the brain (slow axons need less space than fast
and stronger myelinated axons) frequency is also influenced by the distance
between neuronal assemblies (Buzsáki 2006d). For a model of how alpha and
gamma bands interact see (Jensen and Mazaheri 2010). The next parameter,
which is interesting, is power or the amplitude of the local field potential
(squared absolute of the Fourier transform). Thus power quantifies the
synchronious activity of neurons and in reference to the paragraph about
freqeuncy power indicates how functionally relevant the frequency band is at
a certain time point in a certain area.
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The last parameter I will look into in detail is phase. Phase indicates, where,
at a certain time point of a specific time window an oscillatory cycle is
compared to the beginning of this time window of interest. Supposing that
oscillations represent rhythmic excitability fluctuations, phase represents
which “state” of excitability one is in. Phase is especially interesting, because
it is probably an indicator for whether neuronal assemblies open for
communication are at that point (Fries 2005). Furthermore phase is relevant
for long and short distance communication between different neuronal cell
assemblies and for the integration of different neuronal assemblies, in short a
consistent phase relationship points to the fact that these assemblies
somehow interact (Lachaux et al. 1999; Varela et al. 2001; Womelsdorf et al.
2007).
In sum one can say that oscillatory activity probably is not only a physiological
by-product due to a refractory feature of cells but plays a central role in the
temporal and spatial integration of different brain areas.
But what does oscillatory “inhibitory activity” look like? In the following I will
give a brief overview on how inhibition could contribute to network
communication and integration on a macroscopic oscillatory level. Or adapted
from Jensen and Mazaheri (Jensen and Mazaheri 2010) which address the
question on : “how information is gated from a sending region to one of two
receiving regions”.
Relating to power, it is often discussed in literature, that local alpha activity is
related to inhibitory brain activity. Alpha was earlier thought to represent
cortical idling, which means that an increase in alpha band activity is related
to no activity in an unused region (Pfurtscheller et al. 1996b). This view is now
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outdated. Haegens et al. (2011) for example showed that a decrease in alpha
power is related to an increase in spike timing and in firing rate in local field
potentials in monkeys, which suggests that active inhibition (for neuronal
processes see the section before) is related to alpha activity.
But not only the alpha oscillation can be related to inhibitory brain activity.
There is also evidence for beta band activity to represent “inhibitory oscillatory
activity” in sensory motor relevant areas (Gilbertson et al. 2005; Pfurtscheller
et al. 1996a) but also in other modalities such as in memory (Waldhauser et
al. 2012).
Hipp et al. (Hipp et al. 2012) even suggest that different functional networks
interact frequency specifically. So one could think that “inhibition” might also
differ slightly depending on the function of a network.
In sum one can say that the “dominant resting rhythm” is likely to be inhibitory.
One of the fundamental ideas on how “inhibitory” oscillatory activity
contributes to network tuning, which again leads to functional (and not
dysfunctional) behaviour is the “gating by inhibition” framework by Jensen and
Mazaheri (Jensen and Mazaheri 2010). Jensen and Mazaheri suggest, that
alpha oscillations shape the state of a network by actively blocking off
information processing in task irrelevant regions trough GABAergic inhibition.
This then optimizes information flow to relevant regions.
Another interesting hypothesis on how oscillations (especially inhibitory
oscillations) could integrate different regions is stated by Fries, the
“communication through coherence” Hypothesis (Fries 2005). Fries suggests
that rhythmic excitability fluctuation due to oscillatory activity of neuronal
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groups produces “windows for communication” (Fries 2005).
When two regions are in phase, the communication window is opened or
closed for these groups at the same time.
So not only local inhibition contributes to network communication as Jensen
and Mazaheri (Jensen and Mazaheri 2010) suggested, but the coupling
between inhibitory oscillatory activity between regions is also essential for
behaviour and cognition.
Even more complex is the idea of cross frequency coupling. Cross-frequency
coupling (here phase-amplitude coupling) means that slower frequencies over
longer distances embed faster oscillations in local areas. Thus
cross-frequency coupling integrates multiple spatiotemporal scales (Canolty
and Knight 2010), possibly, but not well examined yet, this mechanism could
also be supported by “inhibitory” oscillatory activity.
Taken together, these different models and hypothesis about how oscillatory
activity contributes to network formation and integration point to the fact that
the role for network formation and integration of all three quantities of
neuronal oscillations (phase, frequency and power) should be further
examined.

1.4 towards a better understanding of brain functions via
combined TMS EEG studies
To directly probe assumptions about how local oscillatory parameters
contribute to distant communication transcranial magnetic stimulation (TMS)
is a nice way to directly test the hypothesis (Thut and Miniussi 2009). In TMS
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a short magnetic pulse is applied to a brain tissue, this again leads to the
depolarisation of the neurons, which again leads to excitability changes
(either inhibitory or excitatory) in a larger region (depending on the stimulation
intensity) (Di Lazzaro et al. 2004).
In studies looking at excitability states of the brain TMS has contributed a lot.
Due to experiments with TMS the inhibitory role of alpha activity was
confirmed (Sauseng et al. 2009; Romei et al. 2010) and by applying non
natural external rhythms through the skull, and properties of different
oscillations were tested (Romei et al. 2011; Romei et al. 2012; Klimesch et al.
2003).
In the following thesis TMS was used to find out more about the contribution
of “inhibitory oscillatory” brain activity to the brain-web and motor behaviour.

1.5 Integration and overview of studies
As the introduction points out, we know that the brain functions in networks
and that oscillatory brain activity is first necessary for network integration
within the cortex, for example through phase (Fries 2005) or through gating by
inhibition (Jensen and Mazaheri 2010) or through cross frequency coupling
(Canolty and Knight 2010) as well for the interaction between the surrounding
physical world and the internal organisation (Buzsáki 2006a).
What we do not know to this point is how the excitability state (with a special
focus on the inhibitory state) within a cortical network is related to distant
communication with the body. Nor do we know how the interplay between the
excitability state of a network and cortex muscle communication differentiates
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behaviour.
In the following dissertation, I tried to get a better understanding of how the
brain state of the motor action network influences communication between
the motor action network and muscle, quantified as corticomuscular
coherence and how these two parameters facilitate or aggravate obvious
motor action.
In detail, or in terms of oscillatory brain activity I tried to answer the following
questions: How do different parameters of oscillatory brain activity- frequency,
amplitude and phase represent the brain state of the action related motor
network comprising M1, premotor and parietal areas and how is the state of
this network related to modulations in corticomuscular coherence and finger
EMG activity.
The first study was based on a framework by Jensen and Mazaheri as
outlined in section 1.3 (Jensen and Mazaheri 2010a), which states that local
power changes toward an inhibitory state gates information flow. Within the
framework of this dissertation the study was to test what happens if the motor
action network is actively brought into a certain brain state i.e. more inhibited
or more excited. To actively modulate the brain state the participants were
instructed to move their hands (Pfurtscheller et al. 1996a). The associated
oscillatory activity is then related to distant communication, operationalized
through corticomuscular coherence and TMS induced muscle activity.
In line with the “gating by inhibition” model (Jensen and Mazaheri 2010), we
were able to show that an increase in inhibitory local power, here the beta
band power in the motor action system, was associated with a decrease in
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cortex muscle communication in the theta band and with smaller TMS
induced MEP size and vice versa. This supports the idea that inhibition is a
mechanism which gates information flow, by shutting down communication to
a certain brain area. For thinking about how oscillations contribute to network
integration and to distant communication one could conclude that local
changes in the inhibitory/excitatory balance of action relevant brain areas is a
mechanism, which indeed leads to contrary changes in distant
communication.
The second study was conducted to find out if there are windows for
corticomuscular communication depending on the phase of “inhibitory”
oscillatory cycles in the motor action network as we would suppose from the
“communication by coherence” hypothesis by Fries (2005). Precisely we
looked at phase and how phase within the motor action network is related to
corticomuscular communication and to action initiation and if there are
coupling mechanisms between low cortical phase and higher frequency
corticomuscular coherence.
In line with our hypothesis, we could show that, first of all people preferably
react within a certain phase and that corticomuscular coherence is increased
in the theta range during action initiation. What we could further show is that
there is a rhythmic modulation of corticomuscular coherence depending on
phase within the motor action network even in resting state data. In sum we
could conclude that networks in themselves are probably more open or more
closed during an oscillatory cycle in the theta range. And that corticomuscular
coherence is intrinsically entrained by theta phase.

	
  

27	
  

The third study was conducted to see on how well known and well-examined
excitability changes in muscle responses (MEP/CSP) are related to
excitability and in the motor network and how these muscular excitability
changes are related to cortex muscle communication.
In addition because of learning processes such as classical conditioning
(Lieberman 2000) the acoustic stimulus of TMS might be conditioned to the
TMS induced muscle or brain responses. I therefore tested if these well
known muscle responses along with the cortical excitability changes can be
conditioned to an acoustic stimulus and if these conditioning effects can be
seen in motor relevant areas.
This would also be a methodological constraint to TMS/EEG studies, which
might influence our results and results from other studies we built our
theoretical framework on (Romei et al. 2007; Romei et al. 2010; Romei et al.
2011; Romei et al. 2012; Thut and Miniussi 2009; Thut et al. 2011)
In line with our assumptions we found an increase in theta and beta band
activity during MEP and CSP and we also found differences after stimulation
in the “inhibitory” beta band power and in theta band corticomuscular
coherence. To conclude there are conditioned excitability changes, within the
motor related network. Thus the described excitability and communication
changes are also relevant in conditioned and thereby learned responses.
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2.Studies on the role of the relationship between
inhibitory locale brain activity and long range
connectivity
Study 1: Now I am Ready—Now I am not: The Influence of
Pre-TMS Oscillations and Corticomuscular Coherence on
Motor-Evoked Potentials
	
  

Abstract
	
  
There is a growing body of research on the functional role of oscillatory brain
activity. However, its relation to functional connectivity has remained largely
obscure. In the sensorimotor system, movement-related changes emerge in
the alpha (8-14Hz) and beta (15-30Hz) range (event-related
desynchronisation, ERD, before and during movement; event-related
synchronisation, ERS, after movement offset). Some studies suggest that
beta-ERS may functionally inhibit new movements. According to the
gating-by-inhibition framework (Jensen and Mazaheri 2010), we expected
that the ERD would go along with increased corticomuscular coupling, and
vice versa. By combining TMS and electroencephalography (EEG), we were
directly able to test this hypothesis. In a reaction time task, single TMS pulses
were delivered randomly during ERD/ERS to the motor cortex. The motor
evoked potential (MEP), was then related to the beta and alpha frequencies
and corticomuscular coherence. Results indicate that MEPs are smaller when
preceded by high pre-TMS beta band power and low pre-TMS alpha band
corticomuscular coherence (and vice versa) in a network of motor-relevant
areas comprising frontal, parietal and motor cortices. This confirms that an
increase in rhythms that putatively reflect functionally inhibited states goes
along with weaker coupling of the respective brain regions.
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Introduction
	
  
Similar to other sensory brain regions, sensorimotor areas at rest exhibit
characteristic rhythmic activity in the alpha and beta frequency range, which is
reduced upon movement or the preparation for movement (Chatrian et al.
1959; Jasper and Penfield 1949). Currently, the exact functional role of such
dominant resting activity is still an area of exploration. However, notions that
this reflects functionally irrelevant “idling” are becoming increasingly doubtful
(Pfurtscheller et al. 1996a; Pfurtscheller et al. 1996b). An alternative view is
that dominant resting rhythms in sensorimotor systems reflect the current
excitatory-inhibitory balance of underlying neuronal cell assemblies, with low
power in the alpha or beta range indicating an “excitatory” state and high
power indicating an “inhibitory” state (Neuper and Pfurtscheller 2001;
Klimesch et al. 2007; Jensen and Mazaheri 2010; Weisz et al. 2011). This
notion has recently been given direct evidence in a study showing an inverse
relationship between alpha power and firing rate in sensorimotor regions of
the monkey brain (Haegens et al. 2011).
At rest - that is, in absence of stimulation or anticipation of any task - it
appears plausible that sensorimotor systems reside within a metastable
equilibrium, in which inhibitory and excitatory influences are finely balanced,
thus allowing for functionally adaptive modulations. An unresolved issue
within this framework is the relationship between changes in equilibrium in
relatively “local” sensorimotor regions and their impact on long-range
communication. Recently, Jensen and Mazaheri (2010) described an
intriguing model of how the modulation of dominant resting rhythms “gates”
information flow within a distributed network by, for example, functionally
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blocking task-irrelevant pathways. Even though the focus in their paper was
on visual alpha activity, this mechanism could in principle constitute a general
mechanism across sensory and motor modalities. The model suggested by
Jensen and Mazaheri (2010) are an extension to previous conceptions (Thut
and Miniussi 2009) which propose that modulations of occipito-parietal alpha
oscillations or alpha/beta band oscillations over motor areas - generated via
cortico-cortical and thalamocortical interactions adjust local gain for in- or
outputs from the respective region. Due to the fact that the primary motor
cortex is closely connected to the peripheral musculature even via
monosynaptical pathways (Schünke et al. 2009) the motor system appears to
be an ideal model for investigating the relationship between local power
modulations and long-range connectivity (while also circumventing certain
well-known methodological issues such as volume conduction). However,
another factor makes the motor system a suitable model for investigating this
issue. Apart from the aforementioned movement-related ERD during the
preparation for and execution of body movements, the termination of the
movement is followed by a robust and sustained synchronization of alpha and
beta frequency power above baseline level (ERS) - a phenomenon called
“post-movement rebound” (Salmelin and Hari 1994; Salmelin et al. 1995;
Pfurtscheller et al. 1996a; Pfurtscheller et al. 1996b). This means that within a
single movement trial one is able to track the relationship between motor
oscillatory activity and corticomuscular connectivity across relatively “excited”
as well as “inhibited” states.
The alpha and beta band modulations observed within the context of a
movement might, however, differ with respect to their temporal behaviour and
have different underlying generators, as suggested by EEG and
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magnetoencephalography (MEG) source reconstructions: whereas alpha
modulations were mainly located in postcentral somatosensory areas and
related more to somatosensory processing, beta modulations and especially
the post-movement beta rebound were located in most studies to the
precentral gyrus (Jurkiewicz et al. 2006; Lee et al. 2003; Parkes et al. 2006;
Hari and Salmelin 1997; Dalal et al. 2008). However, in MEG and
electrocorticography (ECoG) data, a wider spread of movement-related beta
modulations going beyond the primary motor and somatosensory cortices has
been reported, including the supplementary motor area (SMA), cingulate
cortex, dorsolateral prefrontal and premotor cortex (Sochurkova et al. 2006).
The beta rebound has also been shown in the ECoG data of Putamen. Strong
beta band rebound seems to reflect a stabilization process in motor-related
areas (Caetano et al. 2007), shielding from external input and the activation of
new motor sets (Gilbertson et al. 2005). The suppression of somato-sensory
processing and sensory afferences of motor actions have been reported for
the period during beta band rebound (Cassim et al. 2001; Parkes et al. 2006).
Studies on patients with Parkinson’s disease have also shown that a
pathological increase in beta band accompanies pathological slowness or
poverty of movement and a deficit in initiating new movements (Schnitzler and
Gross 2005). Van Wilk et al. (2009) suggest that beta band oscillations in the
motor cortex are responsible for response selection, comparable to alpha
band activity during attentional modulation. Pogosyan et al. (2009) showed
that the entrainment of 20 Hz rhythms via alternating current stimulation in the
motor system led to slower voluntary movements. A vast amount of studies
have been conducted with regards to long-range corticomuscular connectivity
(Salenius and Hari 2003; Hari and Salenius 1999). Isometric contractions
	
  

32	
  

generate corticomuscular synchrony in the 20-Hz range (Gross et al. 2000).
Furthermore, Gross et al. (2002) showed significant coherences in the 6-9-Hz
frequency range, which spanned a cerebellothalamocortical network in
healthy motor behaviour. Additionally, an increase in coherence in the
thalamocortical loop particularly in 3-10-Hz frequencies in Parkinson’s
disease could be related with tremor symptomatology (Schnitzler and Gross
2005). The latter studies illustrate that whereas local modulations on the level
of the motor cortex are mainly pronounced in the beta range, synchronization
between the central and peripheral motor systems can take place at
significantly lower frequencies.
A relationship between alpha/beta oscillatory activity and behaviour has been
also suggested by studies relating TMS-induced MEPs (Barker et al. 1985;
Pascual-Leone et al. 1999; Hallett 2007; Di Lazzaro et al. 2008) to pre-TMS
oscillatory activity. Mäki and Ilmoniemi (2010) found that MEPs elicited by
TMS were smaller in amplitude after higher pre-TMS midrange beta band
power in the stimulated motor area and were related to the beta band phase
in occipital areas. Lepage et al. (2008) reported similar results in tasks in
which subjects had to execute, observe or imagine movements while at rest.
In studies conducted by Sauseng et al. (2009) and Zarkowski et al. (2006),
MEPs were elicited more easily when pre-TMS alpha band power was low in
motor areas at rest and vice versa. Contrary to these studies, Mitchell et al.
(2007) were unable to find pre-TMS correlations on the level of the EEG in a
voluntary movement task, even though this was evident for the EMG signal.
Supplementary to the TMS induced MEP studies mentioned above further
studies have been performed relating EEG and MEPs during active
movement. Leocani et al. (2000) found that MEP amplitude is larger prior to a
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simple reaction in a simple reaction time task, but the authors could not show
a relation between ERD/ERS and TMS induced responses (Leocani et al.
2001). Van Elswijk et al. (2010) also were not able to show relations between
cortical beta band modulations and MEP size, but showed relations between
beta band phase and MEP gain modulation in the EMG signal. There is also
evidence that prior intention can modulate M1 inhibitory processes and
resultant cortical responses to TMS (Bonnard et al. 2009).
To summarize this section: the vast majority of evidence using diverse
approaches indicates an inverse relationship between alpha or beta power in
the sensorimotor system and behavioural outcomes and studies in patients
indirectly point to a relationship between local synchronization in the beta
band and corticomuscular coherence at lower frequencies. However, no study
to date has directly investigated these putative relationships in a single
experiment.
In our study we investigated a simple reaction-time task including a squeezing
movement in order to elicit ERD and ERS within a single trial, modulating the
inhibitory components in the motor system over time. This procedure thus
offers us the opportunity to track the relationship between local levels of
synchronization with long-range corticomuscular connectivity in detail.
According to the framework outlined above (Jensen and Mazaheri 2010), we
expected that the ERD goes along with increased corticomuscular coupling,
whereas the ERS (i.e., rebound) would be marked by decreased
corticomuscular coupling. Another aim of the study was to investigate the
relationship of both - that is, local activity levels in the brain and long-range
synchronization - and their influence on behavioural motor output by applying
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single-pulse TMS in a subset of trials. Resulting MEP parameters were
subsequently related to pre-stimulus activation in the EEG on a single-trial
level, similar to some previously described studies (Lepage et al. 2008;
Mitchell et al. 2007), with the difference, however, of also explicitly taking
corticomuscular coupling into account.

Methods
Subjects
Sixteen volunteers (six males; mean age 24, standard deviation (SD) = 3,74)
participated in the study. All participants were right-handed according to the
Edinburgh Handedness Inventory (Oldfield 1971) and had normal or
corrected-to-normal vision and no reported history of neurological or
psychiatric illness. All participants were recruited via a notice posted on the
campus of the University of Konstanz. After a detailed explanation of the
procedures they provided their written informed consent and received 25 €
compensation. The Ethical Committee of the University of Konstanz approved
the study. One participant had to be excluded due to very noisy EEG data
quality.
Task and Experimental Procedure
All stimuli were presented via Psyscope X (Cohen et al. 1993;
http://psy.ck.sissa.it/), an open source environment for the design and control
of behavioural experiments. Stimuli were presented on the centre of a screen
(diagonal dimensions of the screen were 71.12 cm) placed approximately 1 m
in front of the participant. The session consisted of two blocks lasting ~12
minutes. Each block comprised 30 control trials containing no TMS
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stimulation and 60 TMS trials in randomised order. Figure 1 depicts an
example of a single trial including EMG activity (Figure 1 a). As can be seen in
Figure 1 b, each trial started with an intertrial interval of 3000-3500 msec .
During this time period, no TMS was applied. After the end of the intertrial
period, three crosses emerged for 80 msec and directed subjects to squeeze
a towel roll with their right hand as quickly and strongly as possible. The
movement was intended to induce a consistent beta band rebound. In TMS
trials, a single TMS pulse was randomly applied between 50 msec and 4450
msec after the offset of the cross. In control trials, no TMS pulse was applied
and the procedure was equally terminated after 50 msec to 4450 msec. With
the exception of the cross, an instruction to keep fingers relaxed was
continuously presented on the screen.

Figure 1 example of a single TMS trial
A rectified EMG signal in a representative single trial, with a description of the
participants reaction.B instructions represented on the subjects screen and
the corresponding time intervalls.C a representative MEP and the parameters
extracted for data analysis

EEG and EMG Recordings
Participants sat in a comfortable seat with their arms placed upon a table
attached to their chair. They were told to keep their eyes open and to close
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their left hand in a loose fist while loosely holding a small fabric roll with their
right hand. A 128-channel and TMS-compatible EEG device (Advanced
Neuro Technology, Enschede, Netherlands) was used to record the EEG and
EMG signal. A ground electrode was attached to the subjects’ right ear
(contralateral to TMS stimulation). The signal was digitised at a 2048-Hz
sampling rate and impedances were held below 5 kΩ. Electromyography was
recorded in a belly tendon montage bilateral from the first dorsal interosseus
(FDI) muscle using two disposable surface bipolar electrodes (Ambu Blue
Sensor N) for each hand.
TMS Stimulation
TMS pulses were delivered using a Magstim Rapid 2000 (Magstim Company)
and a figure-of-eight coil. Neuronavigation (Polaris spectr Norther digital inc)
with the individual MRI was used to assist finding the ideal point to elicit the
MEP. Single-pulse TMS (60% of stimulator output, if no ideal point was found,
stimulator output was increased) was applied to the left handknob area
(Yousry et al. 1997) with the handle of the TMS coil pointing backwards
approximately 45° to the midsagittal line (Mills et al. 1992). The coil position
was then further adjusted until the absolute FDI MEP amplitude was maximal
in three consecutive trials. A marker in the neuronavigation system ensured
consistent coil positioning throughout the experiment. The resting motor
threshold for relaxed FDI muscle was determined using an “adaptive
threshold hunting paradigm” (Awiszus 2003) and the Console Environment
(Hartmann et al. 2011). In adaptive motor threshold hunting, the individual
motor threshold is determined using a maximum likelihood estimation. For
determination of resting motor threshold, we started with a single pulse at
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45% of stimulator output and continued with stimulation intensities suggested
by the algorithm (downloadable from www.clinicalresearcher.org). Individual
resting motor thresholds were determined on average after 16 trials.
Participants had an average individual resting motor threshold ranging from
56% to 87% of stimulators output (mean = 64.94, SD = 6.05) and were
stimulated at 110% of motor threshold.
Data Analysis
Pre-processing and artefact rejection
For data analysis, the Matlab (MathWorks, Natick,MA) based Fieldtrip
package was used (http://www.ru.nl./fcdonders/fieldtrip; (Oostenveld et al.
2011)).
60 epochs of control trials ranging from 2 sec prior to movement offset to 4
sec following movement offset were extracted. Movements were defined as
the period in which the EMG signal of the right FDI muscle rose above 1.5
standard deviations of the relaxed muscle signal prior to the visual cue. Apart
from this, corresponding trials around the visual cue (-3 sec to + 3 sec) were
cut out for later baseline correction. 120 epochs of TMS trials ranging from 2
sec prior to TMS stimulus to 2 sec following TMS stimulus and again
corresponding trials around the visual cue (-2 sec to 2 sec) were cut out for
later time-frequency power normalisation.
To reduce DC components in our data, all epochs were demeaned by
subtracting the mean of a data interval of about 1.5 sec. In TMS trials, the
mean of respective TMS artifact-free data was subtracted (for TMS trials 1.5
sec to .01 sec prior to TMS). In control trials, the mean of respective
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movement related activity-free interval -2 sec to -.5 sec prior to movement
offset, was subtracted and in visual trials (used for actual baseline correction
of time-frequency data; see below) the mean of data from -1.5 sec to 0 sec
prior to visual cues was subtracted.
TMS artefacts were removed (for further details see the next section). Trials
contaminated by large non-physiological artefacts such as electrode jumps or
residual TMS artefacts were sorted out by visual inspection. Trials in which
overall EMG activity was abnormally high were additionally rejected.
Additionally, EEG data were cleaned from EOG and obvious muscle artefacts
using independent component analysis.
Rejection of TMS artefacts
In our combined TMS-EEG study, EEG recordings are associated with
artefacts consisting of brief high-voltage peaks with a duration of about 6
msec. These peaks were detected using a custom-made function, searching
for the absolute maximal amplitude in a time window from -10 msec to 20
msec around the TMS trigger transmitted by the TMS machine. These
artefacts were then replaced by a conservative 15 msec interval by random
noise. This noise was generated randomly choosing points within the
standard deviation from the pre stimulus data 150 msec to 50 msec pre TMS.
Then the generated data was added to the offset of the last data point in order
to avoid strong discontinuities in the data. Finally, data was downsampled to
300 Hz (Wesiz et al. 2014).
Calculation of peak-to-peak MEP amplitude
To estimate the influence of pre-stimulus EEG activity on muscle output,
parameters of TMS-evoked MEPs were extracted from right EMG channel
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activity. EMG channel activity was 10-Hz high pass filtered. Peak-to-peak
amplitude was defined as the range between maximal and minimal amplitude,
found in the time interval between 15 msec and 60 msec post TMS. MEP
onset was defined as the inflection point prior to maximum and offset was
defined as the inflection point after minimum. MEP parameters were
automatically determined in a customised Matlab function and were
additionally visually inspected for ensuring proper values (see Figure 1 c).
Estimation of movement-related relative power change and movement related
corticomuscular coherence
Analysis at the electrode level
We first analysed relative spectral power at the electrode level for TMS-free
control trials and corresponding baseline intervals (to cover the time window
of the whole “rebound period” control trials were epoched from 1000 msec
prior to movement offset to 3000 msec following movement offset, baseline
intervals were chosen from 1 sec to 0 sec prior to the visual cue).
Subsequently we estimated the sources of oscillatory activity with an adaptive
spatial filtering algorithm (Gross et al. 2001). At the electrode level, we
proceeded as follows: prior to time-frequency analysis, the number of
baseline and activation trials were individually equalised. In our next step we
estimated the spectral power for each individual subject. Time-frequency
representations of oscillatory power were calculated for each individual trial
using spectral analysis applied to short sliding time-windows

(Percival and

Walden 1993). Frequency bands from 3 to 40 Hz in steps of 2 Hz were
analysed. We applied an adaptive Hanning-tapered window of five cycles per
frequency of interest in steps of 5 msec and separately estimated power
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values for each electrode location. Relative power change compared to
baseline was calculated for each individual trial. Average baseline was
subtracted from the active period the result was then divided by the averaged
baseline period (a value of zero, therefore indicating no change with respect
to baseline. Corresponding baseline intervals for power normalisation were
chosen from 1 sec to 0 sec prior to the visual cue.
To statistically underline movement-related power changes in control trials,
we tested relative power change across the whole time and frequency range
against the null hypothesis in a nonparametric cluster-based, permutation
dependent-samples t-statistic across all participants (Maris and Oostenveld
2007). In the cluster-based permutation test, we accounted for the multiple
comparison problem and the resulting family-wise error rate, which originate
from the fact that EEG data have a spatiotemporal structure and that a large
number of statistical comparisons therefore have to be calculated when two
conditions are compared. In the Monte Carlo cluster-based permutation test,
the probability of 3D clusters (i.e., time, frequency and space) is calculated by
permuting data many times (here 1000 times) between relative power change
and no change as well as by taking into account highly correlated
neighbouring channels as well as points in time-frequency space. By this
means, the empirically observed metric of each cluster (i.e., the sum of
t-values) can be compared against a distribution of the same metric under the
assumption that the condition with no change has no influence. We
considered a cluster of p < .05 in a two-tailed test as significant; on average
each channel possessed six neighbouring channels.
To study oscillatory synchrony between the signal of the hand muscle and the
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brain, corticomuscular coherence was analysed. The EMG signal was 3-Hz
highpass filtered and rectified (Myers et al. 2003). Corticomuscular coherence
was computed by using the cross-spectral density matrix of the
time-frequency analysis between EMG channels and EEG channels. The
cross-spectral density matrix was calculated over time and frequency in the
frequency range from 3 to 40 Hz in steps of 2 Hz. We applied an adaptive
Hanning-tapered window of five cyles in steps of 5 msec. The magnitudes of
the summed cross-spectral density matrix were then normalised through their
respective power values. Resulting coherence values reflect linear
dependency (considering both phase and amplitude relationships) between
the EMG and EEG signals in different time and frequency bands

(Schoffelen

et al. 2005). For control trials, corticomuscular coherence over all trials for
each individual participant was computed from -1 sec to 3 sec surrounding
movement offset.
In our data-driven approach (see below), we found significant effects in the
alpha (5-15 Hz) range and in the beta (15-25 Hz) band between MEP
amplitude and pre-stimulus coherence in TMS trials. In control trials we
therefore descriptively compared grand averages of the time series of
averaged beta power changes (15-25 Hz) and time series of average alpha
coherence (5-15 Hz) and beta coherence (15-25 Hz). As we found
modulations in the broad alpha band but not in the beta band coherence, we
focused our further analysis on the broad alpha band. We tested the temporal
evolution of baseline coherence (-1.5 sec to .5 sec prior to visual cue) against
the evolution of coherence in the active period (-.5 sec to 1.5 sec after
movement offset) with a dependent-samples t-test corrected for multiple
comparisons.
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Analysis at the source level
For the identification of neuronal sources, we used a spectral domain
beamforming approach (Gross et al. 2001). Sources were calculated for the
time and frequency domains that were statistically most prominent on
electrode level. DICS is an adaptive procedure since it uses the
cross-spectral density matrix to construct spatial filters for each individual grid
point. For a frequency band of interest, the power can be optimally calculated
for a certain location while suppressing activity from all other locations.
A three-dimensional grid (grid resolution: 10 mm) covering the whole brain
volume and the respective leadfield matrix for each grid point were calculated
using a standard boundary element model (BEM) and standard electrode
positions were supplied by the EEG manufacturer
(http://www.ant-neuro.com/). A common spatial filter from the cross-spectral
density matrix of the EEG signal was calculated for each grid point at the
frequency of interest over the active and baseline periods. We used data
epochs from baseline and activation intervals, which were not ICA-cleaned in
order to avoid rank deficiency issues that can lead to unreliable filter
estimations. Prior to this step, the raw data were rigorously inspected for
artefacts such as blinks and muscle activity. We then applied the spatial filters
to the ICA-cleaned cross-spectral density matrix of Fourier-transformed data
(multitaper analysis, dpss window) for the frequency and time window of
interest. The resulting activation volumes were normalised to a template MNI
brain provided by the SPM2 toolbox
(http://www.fil.ion.ucl.ac.uk/spm/software/spm2).
For control trials, the source localisation of power between 15 and 25 Hz (as
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obtained from the electrode level nonparametric cluster permutation analysis)
was calculated for a time-window of 500 msec to 1000 msec after movement
offset as the active period. As a baseline interval, the source localisation
ranging from 500 msec prior to the visual cue until its appearance was
calculated. Source power during the rebound period was then normalised by
the respective baseline activation. A group statistic (paired t-test) of power
change against no change over all voxels was then calculated and images
were thresholded with p < .05.
To scrutinise the neuronal origins of corticomuscular coherence, we
calculated DICS using the EMG channel as a reference channel. We chose
an active period from -.25 sec to .25 sec (as broadly obtained from sensor
analysis) surrounding movement offset, for which we descriptively found the
strongest corticomuscular coherence in the alpha range. The baseline period
for source normalisation was calculated from 500 msec prior to the onset of
the visual cue. The cross-spectral density between the EEG and EMG
channels at the frequency of interest at 10 Hz +/- 5 Hz was then calculated.
To reveal voxels of high coherence, we compared relative coherence change
to no change. Images were thresholded with p < .05.
Estimation of relation between movement related power and corticomuscular
coherence
In order to estimate the sequential relationship between power and
corticomuscular coherence, we cross-correlated the signal around movement
offset. To do this, we first normalised corticomuscular coherence by a
baseline interval ranging from 500 msec to 0 msec prior to the onset of the
visual cue, as had also been done for spectral power normalisation. Secondly,
	
  

44	
  

we again averaged and z-scored power and coherence spectra across
frequencies (alpha 5-15 Hz for coherence and beta 15-25 Hz for power) and
extracted data from -250 to 250 msec surrounding movement offset. We then
cross-correlated the signal for each channel in each individual subject. We
finally calculated the grand average of the cross correlation and the signal lag
across all subjects.
The influence of pre stimulus power and of pre-stimulus corticomuscular
coherence on MEP peak-to-peak amplitude
Analysis at the electrode level
In TMS trials, we again analysed relative spectral power at the electrode level
using the same parameters as described in the section before. An active
period lasted from -1.5 sec pre-TMS to 1.5 sec post-TMS. Corresponding
baseline intervals for power normalisation were chosen from 1 sec to 0 sec
prior to the visual cue. To analyse relations between pre-stimulus power
spectrums and subsequent MEP size, we z-transformed MEP amplitudes and
pearson-correlated normalised MEP peak-to-peak amplitudes with the
normalised power spectrum for each individual TMS trial in each participant.
We obtained a matrix with a correlation coefficient for each channel, each
time point and each frequency for every participant.
As we were interested in the influence of pre-stimulus activity on MEP
peak-to-peak amplitude, statistical analysis was conducted for a time period
ranging from -550 msec to 0 msec pre-TMS. Fisher’s z-transformed
distributions of correlations were tested against the null hypothesis in a
cluster-based nonparametric permutation test, with dependent samples t test
as statistic across all participants, for which all parameters were the same as
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those described above (Maris et al. 2007). To examine the influence of
pre-stimulus corticomuscular coherence on MEP peak-to-peak amplitude,
TMS trials were separated into terciles ranging from the tercile of trials in
which the corresponding MEP peak-to-peak amplitudes were smallest to the
tercile including trials with the highest peak-to-peak amplitude. For each
participant, coherence values for each tercile were calculated 450 msec
pre-TMS to 0 msec pre-TMS. As we hypothesised that the coherence
between muscle and brain should be smaller prior to small MEP peak-to-peak
amplitudes than prior to high amplitudes, we calculated a dependent-sample
F-test assessing this linear trend. We again corrected for multiple
comparisons (same parameters as before) over frequencies ranging from 3 to
40 Hz (Maris et al. 2007).
Analysis at the source level
For TMS trials, a source analysis was calculated for each single trial from
-550 sec to 0 msec before TMS in the 15 to 35 Hz range (as obtained from
electrode analysis) and was then correlated with the corresponding MEP
peak-to-peak amplitude in each individual subject and for each trial. Group
statistics (paired t-test) between significant Fisher’s z-transformed
correlations against no correlations were calculated. The resulting images
were thresholded with p < .05 in order to reveal voxels expressing a
consistent relationship between oscillatory activity and MEP.
To again scrutinise the neuronal origins of corticomuscular coherence, we
also calculated DICS for TMS trials using the EMG channel as a reference
channel. The source analysis for TMS trials was calculated over all trials from
-350 msec to 0 msec pre-TMS and for a frequency range between 5 and 15
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Hz. The resulting spatial filters were then applied to the terciles of the
ICA-cleaned data sorted for electrode analysis. Analogous to the
electrode-level analysis, a group statistic using a dependent-samples F-test
was then calculated in order to identify significant voxels in which Fisher‘s
z-transformed coherence linearly depended on MEP size. Images were
thresholded with p < .05.

Results
Movement-related desynchronisation and synchronisation in the alpha and
beta band power and its relation to corticomuscular coherence
In order to obtain sufficient modulations in alpha and beta band activity to
systematically test its relationship with MEP, participants had to perform a
reaction time task.
Time frequency analysis of induced responses showed movement-related
oscillatory activity in alpha and beta frequency bands at central electrodes in
the no TMS condition. The grand averaged movement-related oscillatory
activity over central electrodes is depicted in Figure 2a. It can be seen that
whereas an ERD can be observed for both frequency bands with a slightly
different time course (alpha: 5-15 Hz, ~0-1 sec; beta: 15-36 Hz, ~-.25-.25
sec), the ERS was particularly pronounced for the beta band. The
topographical representation in Figure 2b illustrates the central-putative motor
focus of this rebound but reveals moreover a posterior focus. The
nonparametric cluster statistic, which compared relative power change to no
change, resulted in a significant negative cluster with p<.001 containing
frequencies between 5 and 40 Hz and ranging from -275 msec to 1000 msec
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and peaking at 22 Hz and at 100 msec. Furthermore, a positive cluster
spanning the frequencies between 2 and 40 Hz with p<.001 ranging from 350
msec to 2500 msec with a peak in the beta range at 20 Hz (20 Hz +/-7) and
from -450 to 0 in the alpha range (5 +/- 2) was generated.
DICS source localisation for frequencies between 15 and 25 Hz at 500 sec to
1000 msec revealed significant voxels in the left premotor and motor areas
containing voxels in the precentral gyrus (Brodmann area (BA) 4, BA 6 and
BA 8 (medial and superior frontal gyrus). There was also a significant power
increase in the parietal lobe at BA 7 and BA 5 (superior parietal cortex) and in
postcentral gyrus. We additionally identified a more temporal source
encompassing the left superior temporal gyrus (BA 40, BA 41, BA 42, BA 43)
and an occipital source (BA 18) (Figure 2d shows masked source t values
with p<.05). Consistent activity was also evident in the right culmen
(cerebellum), in the right BA 18, in a source around right BA 7 and BA 5 and in
right prefrontal areas (BA 11 and BA 32).
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Figure 2 movement related changes in time-frequency power and
corticomuscular coherence.
A grand average of movement related power changes in central
representative electrodes. B topography of the „rebound“ at 20 Hz at 500
msec after movement offset.C movement related changes in corticomuscular
coherence (5-15 Hz) accompanied by relative power changes (15-35 Hz) in a
representative electrode. The grey bar indicates were corticomuscular
coherence is significant compared to baseline. D significant voxels for relative
power change in the 15-25 Hz frequency range (500 msec to 1000 msec after
movement offset) compared to no change.E significant corticomuscular
coherence compared to baseline for 5-15 Hz (- 250 msec to 250 msec after
movement offset)

In our data-driven approach we looked at modulations in corticomuscular
coherence and descriptively found the strongest modulations in the broad
alpha frequency range from ~5 to 15 Hz. The time course of beta power and
the coherence modulation showed an inverse relationship (see Figure 2c). A
comparison of baseline and active periods displayed an increase in
corticomuscular coherence in the alpha band from about -320 msec to 250
msec surrounding movement offset (positive cluster p< .01). The
cross-correlation of the signal ranging from -250 msec to 250 msec
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surrounding movement offset suggests a time lag of 5 msec, in which power
precedes coherence with a negative correlation of r= -.22 between (p<.05)
beta band power (15-35 Hz) and alpha band corticomuscular coherence (5-15
Hz) at a central representative electrode averaged across all subjects.
An additional source analysis of corticomuscular coherence in this time
window for the frequency band between 5 and 15 Hz revealed the strongest
increases compared to baseline in the following areas (illustrated in Figure
2e): a significant source in premotor areas comprised the left inferior/superior
frontal lobe (BA 44, BA 45, BA 46, BA 6, BA 9, BA 8), left precentral gyrus (BA
4), left superior temporal gyrus BA 22), one source at the posterior parietal
lobe (BA 5, BA 7, BA 19), as well as in the right hemisphere, in the parietal
lobe (BA 5, BA 40, BA 39, BA 7), precentral gyrus (BA 4), a frontal source
comprised BA 9 and in superior temporal gyrus (BA 22).
Beta band correlations at pre-TMS intervals
In line with our hypothesis that a negative correlation exists between beta
and/or alpha band power in the pre-stimulus period and subsequent MEP
peak-to-peak amplitude, we found a significant negative cluster ranging from
-550 msec to 0 msec pre-TMS. This was most prominent in the beta range
from 15 to 35 Hz (p = .0330), as illustrated in Figure 3a. This could be divided
into an earlier time period (~400 msec pre-TMS) dominated by frontal
electrodes (see Figure 3b for topographical illustration) and a later time
period, which was more prominent in posterior electrodes (~150msec pre
TMS, see Figure 3c).
Source-level statistics of the correlation between MEP peak-to-peak
amplitude and beta band activity for the whole time period showed multiple
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significant negative voxels, illustrated in Figure 3d. The strongest effects were
found in the left parietal cortex (containing BA 3, BA 4, BA 5 and BA 7).
Further negative associations spread into the left motor (precentral gyrus (BA
4)), premotor areas (BA 6) and frontal areas (superior and medial frontal gyri,
BA 10, BA 24, BA 9) and in superior temporal gyrus (BA 39), whereas in the
right hemisphere voxels were significant in the region of the superior temporal
gyrus (Ba 22 and BA 41) (p<.05).

Figure 3 significant negative cluster for correlations between spectral power
and MEP peak-to-peak amplitude
A time-frequency representation of the significant negative cluster 550 msec
prior to TMS. B topography of the early negative cluster (18 Hz, -.45 sec). C
topography of the later negative cluster (18 Hz, -.12 sec). D voxels with
consistent negative correlations between 15-35 Hz spectral power (550 msec
to 0 msec pre TMS) and MEP peak-to-peak amplitude (p<.05)
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Corticomuscular coherence-dependent changes in MEP peak-to-peak
amplitude
To investigate the influence of the intensity of communication between the
FDI muscle and the brain on the resulting MEP peak-to-peak amplitude, we
statistically analysed the linear trend between corticomuscular coherence
prior to MEP and MEP size. It was assumed that low corticomuscular
coherence in the pre-stimulus period would lead to a smaller MEP amplitude.
The nonparametric permutation statistic of the linear trend pictured in Figure 4
resulted in a significant cluster strongest and most sustained in the alpha
range 150 msec prior to the TMS pulse (positive cluster just prior to TMS p =
.017).
In line with the result on sensor level as well as with source solutions, rebound
and pre TMS correlations, we could disclose a linear trend between MEP size
and corticomuscuar coherence in the alpha band (5-15 Hz) at multiple
sources from 350 msec to 0 msec pre-TMS. One sensorimotor source
including the pre and post-central gyri (BA 2, BA 3, BA 4, BA 43) and
premotor area BA 6, a parietal source containing BA 7 and BA 5 and
precuneus, a frontal source with a peak at left inferior frontal gyrus (BA 10, BA
45 and BA 46) and a posterior source peaking at BA 18. In the right
hemisphere, we revealed significant voxels at the right BA 40 and in the right
posterior cingulum. See Figure 4c for significant voxels.
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Figure 4 linear relationship between MEP peak-to peak amplitude and pre
TMS corticomuscular coherence in the alpha range
A time-frequency representation of the significant positive cluster 450 msec
prior to TMS indicating the relationship between pre TMS corticomuscular
coherence and MEP peak-to-peak amplitude. B topography of the positive
cluster at 10-15 Hz at 150-200 msec pre TMS. C voxels with a consistent
positive linear relationship between 5-15 Hz corticomuscular coherence (450
msec to 0 msec pre TMS) and MEP peak-to-peak amplitude (p<.05). D linear
relationship between corticomuscular coherence in a precentral
representative voxel and MEP peak to peak amplitude. (Bars show means
and standard errors for corticomuscular coherence for terciles seperated for
MEP peak-to-peak amplitude)

Discussion
	
  
In the current study, we were able to show that pre-stimulus beta band power
and pre-stimulus alpha band corticomuscular coherence fluctuations predict
TMS-induced MEP size. In detail, high beta band power along with low
corticomuscular coherence in the alpha band in a sensorimotor network
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comprised of the frontal, parietal and primary motor cortices (see Figure 5) led
to smaller muscular responses while low beta band power and high alpha
band corticomuscular coherence led to large MEPs.
Furthermore, movement-related power modulations in the beta band
(ERD/ERS) are accompanied by an inverse evolution of corticomuscular
coherence in the broad alpha band; this relationship is again most prominent
in a sensory motor network consisting of the frontal, parietal and primary
motor cortices.
As intended, we replicated Pfurtscheller et al. (Pfurtscheller et al. 1996a;
Pfurtscheller et al. 1996b) and showed movement-related ERD/ERS in the
alpha and beta band. However, beta band ERD/ERS was stronger and more
sustained than alpha ERD/ERS. This may be attributed to the movement type
used in our task. First beta synchronisation is stronger in brief, compared to
sustained movements (Alegre et al. 2003; Cassim et al. 2000); our task was a
brief and not sustained squeezing task. Second alpha band modulations are
more related to sensory input (Jurkiewicz et al. 2006; Lee et al. 2003; Parkes
et al. 2006; Hari et al. 1997; Salmelin and Hari 1994); our task only had
moderate sensory input.
The temporal evolution with a peak at about 500 msec following movement
offset in the beta band and an alpha rebound a second later conforms with an
MEG tapping task study reported by Caetano et al. (2007), who found a
rebound after voluntary movement strongest at 600 msec following movement
offset for beta frequencies and followed by a much smaller alpha frequency
rebound. Task-dependent differences in temporal modulations were also
reported by Nakagawa et al. (2011).
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In sum, we triggered a strong and consistent movement-related beta band
rebound that we expected would represent an inhibitory process in
sensorimotor areas, as had already been suggested by several authors
(Caetano et al. 2007; Cassim et al. 2001; Parkes et al. 2006). Accordingly, we
assumed that an increase in beta band power leads to a reduction in
muscular behaviour. In line with our hypothesis, we found significant negative
correlations between pre-stimulus beta band power and peak-to-peak
amplitude of the following MEP in premotor, motor, parietal and frontal areas
contralateral to the MEP and ipsilateral in temporal areas. Results were
similar to those reported by Mäki and Ilmoniemi (2010) and Lepage et al.
(2008), who found negative correlations between low-to-midrange beta
frequency bands (12-18 Hz) at rolandic scalp electrodes and MEP amplitude.
Beyond the results reported by these authors who focused their analysis on
electrodes, we also demonstrated negative correlations between beta band
power and MEP peak-to-peak amplitude in source space. We thereby found
evidence that these correlations are generated in a sensorimotor network,
which we will later discuss in further detail. We could not replicate the findings
of Sauseng et al. (2009) and Zarkowski et al. (2006), who reported negative
correlations between motor cortex alpha band power and MEPs when the
target muscles were at rest. However, experimental settings (Sauseng et al.
2009) and differences in data analysis (group level vs. single trial analysis)
might cause this discrepancy in results. Finally we cannot completely exclude
that some of our results could be related to modulations of neuromuscular or
spinal activity levels. It is not yet clear how easy D-Waves (more related to
spinal activity) and I-Waves (stroger cortical contribution) are triggered by our
stimulation technique. There are several methods to account for that problem,
	
  

55	
  

the most direct method would be to measure in an invasive way the
descending potentials and to estimate spinal activity. Another method could
be to use the same paradigm and stimulate the periphery and compare
F-Wave with MEP amplitudes for further discussion (see Siebner and
Ziemann, 2007). Since this information can not be derived from the present
data directly, our results are of correlational nature. Yet they nicely
complement previous findings on alpha and beta band activity in the motor as
well as non-motor modality. To find out more about possible causal
relationships between beta band power and alpha band corticomuscular
coherence and MEP size, further studies could be done using
neurostimulation paradigms to actively “entrain” oscillatory activity as has
been done for the auditory (Neuling et al. 2012) or the visual system (e.g.
Romei et al. 2012; Romei et al 2011). Initial works (Pogosyan et al. 2009;
Joundi et al. 2012) show that entraining the motor system at different
frequencies influences motor ouput, however according to our present work
these studies would need to be extended by probing how entrainment
influences corticomuscular coherence.
Another point we did not address in our study, were behavioural
measurements such as reaction times, which could also be influenced by
similar mechanisms as reported in our study. To investigate this issue a
similar design without TMS would need to be be conducted and compared to
our results.
Our results suggest that high beta band power plays an inhibitory role in a
sensorimotor network and correlate with lower behavioural output. Our results
support earlier findings about the inhibitory role of beta band oscillations in the
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motor system. They point to the fact that this does not only represent an idling
process in the motor cortex, as initially suggested

(Salmelin and Hari 1994;

Salmelin et al. 1995; Pfurtscheller et al. 1996a; Pfurtscheller et al. 1996b).
Rather, beta band activity might display a stabilisation process in the motor
system, as suggested by Caetano et al. (2007). This idea fits well with the
findings that an augmented increase in beta band power in Parkinson’s
patients correlates with akinesia symptoms (Brown 2003; Brown and Williams
2005) and is associated with the maintenance of posture (Brown and Williams
2005; Gilbertson et al. 2005).
A major aim of our study was to track the relationship between local levels of
synchronisation with long-range corticomuscular connectivity in detail.
According to the gating-by-inhibition framework suggested by Jensen et al.
(see Jensen and Mazaheri 2010) we expected that the ERD goes along with
increased corticomuscular coupling, whereas the ERS (i.e., rebound) would
be paralleled by decreased corticomuscular coupling. We found an opposite
relationship between high beta band power and weaker corticomuscular
coupling in the alpha range in several areas relevant for motor action.
Additionally, we showed that an increase in pre-stimulus corticomuscular
coherence in the alpha and beta ranges is related to larger MEP peak-to-peak
amplitude.
Examining literature concerned with coherences in the motor system, much
evidence that elevated corticomuscular coherences - although not task
dependent - can be found between 5 and 15 Hz in motor activity. Raethjen et
al. (2002) reported increased corticomuscular coherence between EMG
signals and ECoG in the primary motor cortex at frequencies between 6 and
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15 Hz; this increase was at the tremor frequencies of the corresponding
muscles. The authors concluded that cortical areas were involved in the
generation of physiological tremors. An increase in corticomuscular
coherence between left sensorimotor areas, the right cerebellum and the right
extensor digitorum communis muscle was also reported by Gross et al.
(Gross et al. 2002): the authors identified a cerebro-thalamo-premotor-motor
cortical 8-Hz network underlying movement discontinuities. Vallbo and
Wesseberg (1993) demonstrated that the velocities of the finger during slow
flexion and extension movements exhibit a rhythmic modulation at a
frequency of about 8 Hz in the EMG.
An increase in coherence in the low alpha range does not just accompany
healthy motor activity: the Parkinsonian resting tremor underlies a
pathological 8-Hz oscillatory network in the human motor system, including
the primary motor cortex, supplementary motor area, cingulated motor cortex,
premotor cortex, diencephalic structures, the cerebellum, secondary
somatosensory cortex and posterior parietal cortex (Schnitzler and Gross
2005; Schnitzler et al. 2006; Timmermann et al. 2003).
To find out more about possible generators of our effects and to see if all
effects originated from the same sources, we also performed a source
analysis. Surprisingly, we consistently came across the same structures (see
Figure 5).
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Figure 5 Between-analysis concordance, with red indicating significant voxels
in 4 of 4 calculations (correlations pre TMS power/MEP size, relationship
between corticomuscular coherence and MEP size, movement related
increase in beta band power, movement related increase in alpha band
corticomuscular coherence) and with yellow indicating significant voxels in 3
of 4 calculations .
We found overlapping sources to be active in beta band rebound, in
movement related increase in alpha band corticomuscular coherence, in
negative pre-stimulus beta band correlations with MEP size and in linear
dependency between alpha band corticomuscular coherence and MEP size.
As expected, fluctuations in pre-stimulus beta band power and alpha band
corticomuscular coherence in M1 predicted MEP peak-to-peak amplitude. M1
controls voluntary movement and participates in motor learning (Sanes and
Donoghue 2000). It has narrow connections to the hand muscle via the
pyramidal tract and MEP size is influenced by its excitability (for
electrophysiological mechanisms see Di Lazarro et al. 2003). It also has
connections to structures such a basal ganglia and pre-motor areas (Kolb and
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Wishaw 1996).
We very consistently identified a source in the superior and the inferior
parietal cortex (especially BA 5, BA 7) - or seen together, the posterior
parietal lobe.
The posterior parietal cortex is viewed as an important structure for
sensory-motor integration and for movement planning and intentions
(Andersen and Buneo 2002). The superior parietal area seems to play a role
in visuo-motor integration and is an important structure for visuospatial
communication between the visual and motor systems (Stanley and Miall
2009; Caminiti et al. 1996). Damage to the inferior parietal cortex leads to
ideomotor apraxia, a disorder that is characterised by a loss of manipulation
knowledge and an inability to produce or recognize gestures associated with
using objects (Buxbaum 2001). Furthermore, the posterior parietal cortex has
significant connections to the frontal lobe, such as FEF and the pre-motor
cortex, and strong parieto-motor connections also exist (Shibasaki and Ikeda
1996; Rizzolatti and Luppino 2001; Koch and Rothwell 2009).
Finally, we also found consistent relevant areas in the frontal gyrus - also
known as premotor cortex - comprised of BA 8 (including the frontal eye field),
BA 6 and the medial and superior frontal gyri. The premotor cortex can
directly influence motor action via corticospinal synapses and indirectly via
M1. It also has strong connections to the posterior parietal lobe (Kolb and
Wishaw 1996). Functionally, premotor areas are especially important for
movement selection and the programming of movements (Roland et al.
1980). This also goes in line with the idea that an increase in beta power
impairs the activation or selection of a new motor set, as suggested by
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Gilbertson et al. (2005).
In summary, the results reported here support the idea that elevated beta
band power in areas related to motor action represents a “stabilising” or
“inhibitory” mechanism in the motor system and aggravates new motor action.
In correspondence with the gating-by-inhibition model discussed by Jensen
and Mazaheri (Jensen and Mazaheri 2010) which states that an increase in
local “inhibitory” activity leads to decreased long-range connectivity and to an
inhibition of behaviour, we showed that local cortical changes in the excitatory
inhibitory balance were associated with reverse long-range connectivity. The
interplay between local power changes and modulations in long-range
connectivity resulted in modulations of behaviour. This relationship underlines
the model suggested by Jensen and Mazaheri (Jensen and Mazaheri 2010)
and supplements it in regards to the sensorimotor system.
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Study 2: A time to rest, a time to act: corticomuscular coherence
is intrinsically entrained at a theta rhythm via the fronto-parietal
action system
	
  

Abstract
	
  
An increasing amount of evidence suggests that perception and action are
rhythmically modulated. The underlying mechanisms for this rhythmicity are
not fully understood, however oscillatory activity at the level of the motor
cortex is assumed to play an important role. In the following study we extend
this local perspective by showing that: a) Strong pre- and peri-action intertrial
coherence (ITC) indicates that voluntary reaction is preferably initiated during
a certain phase of an ongoing oscillation. Source level analysis pointed to the
implication of a distributed set of regions frequently reported in the literature of
action planning and execution. Importantly for this study, the ITC effect
coincides with increased corticomuscular communication, overall pinpointing
a relationship between theta phase and coherence. b) In a separate analysis
of "resting state" data, we are able to show that corticomuscular coherence
(CMC) in particular in the beta range is entrained by theta phase of these
action-relevant regions. c) On a descriptive level, we also found theta
rhythmicity on the level of reaction times. The maximum effect of rhythmicity
~7 Hz across neurophysiological as well as behavioural level is perhaps the
most striking aspect of the current study. Based on our findings, we promote
the interpretation that regions related to action preparation rhythmically pulse
CMC at ~7 Hz, thereby generating preferred windows for initiating an action.
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Introduction
	
  
Already early physiological and psychological works have reported evidence
that motor behaviour, such as simple reactions (measured in reaction times),
is rhythmically modulated. In terms of quantification this means, that the
likelihood that an action -e.g. button presses or saccade- will be initiated, is
increased around a certain phase of an ongoing oscillation. Mostly, effects
have been reported in a theta to alpha frequency range (Balashova and
Beliavskii 1981; Dustman and Beck 1965; Callawax and Yeager 1960; Walsh
1952; Lansing 1957; Vanrullen et al. 2011). These motor "windows of
opportunity" have been related to rhythmic local fluctuations of excitability
mainly in motor cortex (van Elswijk et al. 2010). According to a prevailing view
(Fries 2005) however, oscillatory phase is also crucially invoved in long-range
communication between neuronal assemblies. Due to states of neuronal
ensembles not being uniform across an oscillatory cycle (Buzsáki 2006c),
depending on how high and low excitability (or even refractory) phases are
aligned between neuronal assemblies, communication may be supported or
not. Despite the recognition of the general oscillatory nature of interneural
communication, the phasic properties have been not been a matter of
investigation when considering rhythmicity of motor behaviour. In general, i.e.
also beyond the motor system, common connectivity measures taking phase
relationship into account (such as phase synchronization, coherence, etc.) at
least implicitly assume stable coupling over the window of investigation.
The motivation of the current study is to complement the rather local
perspective of high and low excitability states in motor cortex by postulating
that behaviour is initiated preferably during a certain state of the action
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relevant network. The latter encompasses premotor and parietal areas as
previously described by other authors (e.g. Schulz et al. 2013; Lingnau and
Petris, 2013). The central assumption of the current study is, that if excitability
of neural oscillators is modulated systematically across a cycle, then
interareal coupling should be optimal at specific phases of an ongoing
oscillation. We argue that intrinsic rhythmicity of connectivity may underlie
much of the behavioural rhythmicity. Despite many of these arguments being
generic enough to also apply to e.g. perceptual rhythmicity (Vanrullen et al.
2011), the motor system is an ideal model due to the following features: 1) It
offers an objectively measurable response that is linked to direct
corticomuscular coupling. 2) A well-studied system of frontal and parietal
brain areas (Battaglia-Mayer et al. 2003; Fagg and Arbib 1998; Rizzolatti and
Luppino 2001) is involved in initiating motor actions. Based on these
arguments key predictions of the present study are that: a) motor actions
occur at an "optimal phase" of an ongoing oscillation and that this overlaps
with strong corticomuscular coherence; b) even in absence of any overt
responses, corticomuscular coherence is rhythmically modulated.
Studying action as well as resting state data we find support for both
hypotheses. Interestingly our analysis underlines the involvement of a
distributed set of brain regions, nicely overlapping with the aforementioned
key regions relevant for action preparation (see also (Battaglia-Mayer et al.
2003; Fagg and Arbib 1998; Rizzolatti and Luppino 2001). For the resting
state data we show that theta phase of these "action network" regions
modulates corticomuscular coherence in particular in the beta band. Taken
together, this study provides first evidence that motor rhythmicity can partly be
understood as resulting from "intrinsic entrainment" with regions of the action
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network acting as entrainers.

Methods
	
  
Participants
The experiment was completed by 18 healthy participants (mean age = 24,22,
SD = 2,84; 12 females). Participants were recruited from the University of
Konstanz via posters on a notice board. Prior to the experiment all
participants were screened for any history of neurological or psychiatric
disorders, pregnancy, and for metallic implants. Each participant provided
informed consent prior to the study and either received monetary
compensation or credit points. Seventeen participants were right-handed
according to the Edinburgh Handedness Inventory (Oldfield 1971) and had
normal or corrected to normal vision. Data of the left-handed and three other
participants were excluded due to an insufficient amount of trials after artefact
rejection.
Procedure and behavioural task
Data was collected at the EEG/TMS laboratory of the Clinical Psychology
group of the University of Konstanz. All stimuli were presented via Psyscope
X B35 (Cohen et al. 1993), an open source environment for the design and
control of behavioural experiments (http://psy.ck.sissa.it/). The visual stimulus
was presented on the centre of a screen (diagonal dimensions of the screen
were 71.12 cm) placed approximately 1 m in front of the participant. Each
experimental session comprised six blocks in pseudorandom order. Prior to
the actual experiment we recorded 5 minutes of resting EEG. During this
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period, participants were instructed to relax while keeping their eyes open and
holding their hands in a very loose fist on the top of a table attached to their
chair. This measurement was followed by assessment of TMS parameters
(optimal stimulation point, resting motor threshold, for further details see the
methods section of our previous work (Schulz et al. 2013). During
determination of TMS parameters, the investigator ran a pre-written Matlab
script in order to derive the individual alpha frequency (IAF) of the motor
cortex. This IAF was then used to adjust the rTMS frequency during
experimental stimulation. The experimental part consisted of six blocks,
comprising three conditions, which were repeated twice (never consecutively
and in pseudorandom order). Two were with TMS stimulation and one was
without TMS stimulation. In the setting without TMS stimulation participants
were instructed to keep their fingers relaxed until three crosses were
presented on a screen for one second. The index finger of the right hand was
situated on a mouse button and the left hand held in a loose fist. Participants
were instructed to press the mouse button within one second at their own
pace, whenever the cross appeared on the screen. Precisely, they were told
to press when they “felt the right moment" to press. In this paper we will focus
on the non-TMS blocks only. An example of a single trial can be seen in
Figure 1.
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Figure 1: Depiction of example single trial of the reaction block. Prior to the
experiment participants were instructed to press the mouse button when they
“feel like it”, when a cross emerges. Otherwise the screen was blank.

EEG and EMG Recordings
Participants sat in a comfortable seat with their arms placed upon a table
attached to their chair. As mentioned before, they were instructed to keep
their eyes open and to close their left hand in a loose fist, while holding a PC
mouse with their right hand and the index finger on the right button. A
128-channel and TMS-compatible EEG device (Advanced Neuro Technology,
Enschede, Netherlands) was used to record the EEG and EMG signal. A
ground electrode was attached to the subjects’ right ear (contralateral to TMS
stimulation). The signal was digitised at a 2048-Hz sampling rate and
impedances were held below 5 kΩ. Electromyography was recorded in a belly
tendon montage bipolar from the first dorsal interosseus (FDI) muscle using
two disposable surface bipolar electrodes (Ambu Blue Sensor N) for each
hand.
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Data Analysis
For data analysis, the Matlab (MathWorks, Natick, MA) based Fieldtrip
package was used (http://www.ru.nl./fcdonders/fieldtrip; (Oostenveld et al.
2011).
Data analysis for active condition
Preprocessing and artefact rejection
The first and the second block were combined, so that 100 epochs of reaction
trials, ranging from 2 sec prior to movement onset to 2 sec following
movement onset, were extracted. Movement onset was defined as the period
in which the 10 Hz highpass filtered and right rectified EMG signal of the right
FDI muscle rose above 1.75 standard deviations of the relaxed muscle signal
prior to the visual cue. Corresponding trials around the onset of the visual cue
(-2 sec to 2 sec) were cut out for later baseline normalisation of inter trial
coherence (ITC), power, and corticomuscular coherence (CMC). To reduce
DC offset in our data, all epochs were demeaned by subtracting the mean of a
data interval of 500 msec (-1 to -.5 sec prior to stimulus). Trials contaminated
by large non-physiological artefacts such as electrode jumps were excluded
by visual inspection.
Additionally, EEG data were cleaned from electrooculography (EOG) and
obvious muscle artefacts using independent component analysis (ICA). Then,
data was again visually inspected and rejected for remaining artefacts and
high EMG activity before movement onset. Finally, trials with reaction times
exceeding 1 second or shorter than 50 ms after the onset of the cross were
excluded. Generally only right EMG activity was evaluated.
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Calculation of ITC around movement onset
To test our hypothesis, that participants react preferably at a certain phase
and should therefore have an increased ITC, we calculated the ITC around
movement onset. To estimate ITC, time-frequency representations of
Fourier-spectra -1 to 1 sec around movement onset (and from -1 to 1 sec
around the visual cue for later baseline normalisation, for which a baseline
interval before visual cue was chosen to exclude action and vision related
activity) for each individual trial were calculated using short sliding time
windows and a fixed window length of 500 ms with hanning tapers from 3 to
25 Hz in steps of 1 Hz (Percival and Walden, 1993). For each individual
participant, we then extracted the angles in radians for each trial, channel,
frequency, and time point from the Fourier-spectrum.
To estimate ITC, we calculated circular mean (r) over the angular data
between all trials in each individual subject (Fisher 1996). For each subject
we obtained a 3 D matrix containing mean resultant vector length for circular
data over trials for each electrode, frequency bin and time bin. To estimate
changes of ITC compared to baseline we subtracted fishers-z transformed
mean r (from -1 to -.5 prior to visual cue) from the active data and received a
difference map.
To statistically test significance of ITC on electrode level, we tested the
difference map across the whole time and frequency range against the null
hypothesis assuming no change in ITC (represented by a matrix of zeros) in a
cluster-based, permutation-dependent samples t-statistic across all
participants (Maris and Oostenveld, 2007) accounting for the problem of
multiple comparisons and the resulting family-wise error rate. This originates
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from the fact that EEG data has a spatiotemporal structure and that a large
number of statistical comparisons therefore have to be calculated when two
conditions are compared. In the Monte Carlo cluster-based permutation test,
the probability of 3D clusters (i.e., time, frequency and space) is calculated by
shuffling data many times (here 1000) between differences in ITC and no
difference as well as by taking into account highly correlated neighbouring
channels as well as points in time-frequency space. By this means, the
empirically observed metric of each cluster (i.e., the sum of t-values) can be
compared against a distribution of the same metric under the assumption that
the condition with no change has no influence. We considered a cluster of p <
.05 in a two-tailed test as significant; on average each channel possessed six
neighbouring channels (procedure analogous to (Schulz et al. 2013).
In a second step we estimated ITC on source level by using the following
procedure adapted from Muller and Weisz (2012). A three-dimensional grid
(grid resolution: 10 mm) covering the whole brain volume and the respective
leadfield matrix for each grid point was calculated using a standard boundary
element model (BEM) and standard electrode positions as supplied by the
EEG manufacturer (http://www.ant-neuro.com/). We calculated complex
values, via Fourier-transformation for an interval ranging from -.15 to .2 sec
around movement onset and for a frequency range of 6 Hz +/-2 Hz (with a
baseline for normalisation from -1 to -.65 sec to the visual cue). We calculated
respective spatial filters by computing an LCMV beamformer (van Veen et al
1997) using data, which was not ICA-cleaned in order to avoid rank deficiency
issues that can lead to unreliable filter estimations. We multiplied complex
values (of the ICA cleaned data) with the spatial filters and thereby obtained
complex values for each voxel and trial. We then converted these complex
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values into angles (radians) and calculated the mean resultant vector length
over all trials. We again calculated a difference map by subtracting fishers-z
transfromed ITC of the baseline interval from ITC of the active period.
In a conservative approach to ensure that increased ITC is not simply due to
concomitant power increases (see e.g. Yeung et al. 2004) we masked
statistical values of ITC topographies with significant power topographies (see
below).
Estimate spectral power changes around movement onset
To estimate spectral power changes, the power-spectra (same parameter as
in the section before) of the baseline period were subtracted from the active
period and the resulting data then divided by the baseline period (relative
power change). Baseline was defined again -1 to -.5 sec prior to the visual
cue. To statistically test significance of movement related power changes, we
tested relative power change for the whole time and frequency range against
the null hypothesis assuming no change in power (represented by a matrix
containing zeros) in a cluster-based, permutation-dependent samples
t-statistic across all participants (Maris and Oostenveld, 2007).
Corticomuscular coherence around movement onset
In the next step we estimated CMC around movement onset, highpass
filtering (3 Hz) and rectifying the EMG data (the EMG for CMC was
preprocessed differently to the EMG preprocessing for trial selection). CMC
was then computed by using the cross-spectral density matrix of the
time-frequency analysis between right EMG channel and EEG channels by
using the same parameters as for power and ITC calculations (Schoffelen et
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al. 2005). The magnitudes of the summed cross-spectral density matrix were
then normalised by their respective power values. Resulting coherence
values reflect linear dependency (considering both phase and amplitude
relationships) between the EMG and EEG signals in different time and
frequency bands. We therefore received a CMC spectrum for each channel,
time and frequency point (Schoffelen et al. 2005). As for ITC, we also
calculated a difference map between fishers-z transformed mean baseline
CMC (same time window as in power and ITC normalisation) and the “active”
epoch’s CMC and again tested the difference between coherence against the
null hypothesis in a cluster based permutation test.
For further analyses on source level we performed DICS (Gross et al. 2001)
by using the right EMG channel as reference channel. For DICS source
localisation the cross-spectral density matrix was calculated for 6 Hz +/- 2 and
from -.5 to .5 around movement onset and later baseline normalisation -1.5 to
-.5 around visual cue for each individual trial. Then the filters were computed
over the whole time period and were then applied on the ICA-cleaned data.
We then estimated relative coherence change by calculating fishers
z-transformed active period minus baseline period divided by baseline period.
To statistically test for significance we calculated a t-test for each voxel
comparing coherence change against no change (matrix containing zeros).
For illustration purposes images were thresholded with p < .05.
Data analysis for resting condition
To further settle the relationship between corticomuscular coherence and
cerebral phase independently of any brain activity evoked by motor activity or
action preparation, we looked at resting state data recorded prior to the actual
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experiment.
Calculation of virtual electrode activity
First, we defined regions of interest as the overlapping areas of combined ITC
and CMC source solutions. These regions were also validated by literature on
motor preparation (Battaglia-Mayer et al. 2003; Fagg and Arbib 1998;
Rizzolatti and Luppino 2001). LCMV filters were calculated for these regions
using the covariance of preprocessed reaction data from 4 to 8 Hz and from
-.15 to .2 (see prior section for further parameters), for each grid point with a
fixed dipole orientation. Filters were then applied to five minutes of continuous
resting data.
Phase dependent corticomuscular coherence
We then bandpass filtered (4 to 8 Hz) the data and extracted the angles using
a Hilbert transformation. In a second step, we triggered data at zero radians
(range: -.01/.01) and chose 300 trials from the middle part of the dataset (to
minimize computational limitations). Trials were cut out from -1.5 to 1.5 sec
around the triggers, time point zero corresponding to zero radians. We
preprocessed EEG data and EMG data analogously as described in section
Corticomuscular coherence around movement onset. Finally, we visually
rejected trials containing EOG and large muscle activity and calculated
corticomuscular coherence ranging from 3 to 25 Hz with the same frequency
resolution of 1 Hz and a time resolution of .001. This small time step was
chosen in order to perform FFTs on the outcome of this analysis, described in
the next section.
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Figure 2: Overview of the logical steps behind the analysis of data during the
reaction demanding task and the resting state.

Estimate and test cross-frequency coupling between local phase and
corticomuscular coherence
To investigate if there are rhythmic modulations in the CMC, we calculated an
FFT from 8 to 16 Hz with a hanning taper for each frequency band of CMC.
The outcome of this analysis is a cross-frequency as well as cross-regional
coupling between the seed's ongoing 4-8 Hz rhythm and CMC. In order to
derive statistical statements we calculated a custom-made randomisation test
in which time points of CMC were randomised. For the surrogate data we
again recalculated FFTs. Our empirically observed results were masked by
using the 99% confidence interval.
Spectral density of pooled reaction times
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Since all performed analyses (see results) pointed to rhythmicity in the motor
action system in the theta range, in a last step we sought for evidence that
reaction times would be modulated in a similar frequency range. Since only
100 responses were collected for each participant, we pooled reaction times
over all individuals. In order to achieve some normalization, we subtracted the
individual mean reaction time from each response. Pooled reaction times
were then binned in 25 ms bins and a histogram over all subjects was
derived. The spectral density over the histogram was calculated to ascertain
that there is a rhythmic modulation in the reaction time data.

Results
	
  
EEG analysis of active periods in reaction data
Pre-, post- and peri- reaction related changes in ITC and power.
We found on a group level a significant increase in ITC in the theta and alpha
range around movement onset (see Figure 3 a). When comparing relative
change of ITC (baseline normalized ITC) versus the null hypothesis, namely
no change of ITC (matrix containing zeros), the nonparametric cluster
statistics on electrode level revealed a significant positive cluster (p = .0001)
spanning a frequency range from 3 to 10 Hz and a time range from -.3 to .55
sec around movement onset. The topographies revealed slight differences for
the pre- and poststimulus range. Descriptively before movement onset mostly
frontal and occipital electrodes were significant, but also some left
centroparietal electrodes. In the peri- and poststimulus range mainly left
centroparietal electrodes were significant.
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To ensure that ITC effects are not only explained by concomitant power
differences, ITC values at a specific time-frequency-sensor bin were masked
in case a statistically significant power effect was found. Time frequency
analysis of reaction related oscillatory activity showed relative
desynchronisation in the alpha and beta band before and during reaction
followed by a relative increase. Statistically, we obtained a significant positive
cluster with a peak between 500 and 750 msec after movement onset in the
15-25 Hz range (p = .0001) and a significant cluster in the theta range around
movement onset, but with a more frontocentral topography as compared to
the ITC topography.
After masking ITC using the power effects, a positive cluster (p = .0001)
ranging from -.31 to .61 around movement onset and from 3 to 9 Hz
remained. Figure 3a depicts a representative electrode in which the red line
indicates the temporal evolution of t-values of the ITC effect.
As depicted in Figure 3b, on source level we identified the main generators of
the ITC effect in left posterior (most significant in BA 7 but also in BA 5 and BA
2) and inferior parietal cortex (BA 40). We additionally found a strong effect in
central gyrus (M1, BA 4) and premotor areas (BA 6). Weaker effects were
also observed in frontal areas (BA 45, BA 47) and on right hemisphere in the
superior temporal gyrus (BA 22).
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Figure 3: ITC and CMC around movement onset A Depiction of time locked
theta band (4-8 Hz) evolution of ITC and CMC T-values in a representative
left centro-parietal electrode and B significant voxels (p<.05) for ITC and CMC
as well as C significant concordant regions.

Pre-, post- and peri- reaction related changes in corticomuscular coherence.
For action related corticomuscular coherence change we found a positive
cluster in the theta range from 3 to 8 Hz and from -.11 to .4 sec around
movement onset with a peak at centroparietal electrodes and more frontal
electrodes at about 7 Hz. The blue line indicates the temporal evolution of
T-values corticomuscular coherence in Figure 3a
As shown in Figure 3b, on source level the main generators of the
corticomuscular coherence effect were localized to left posterior parietal
cortex (BA 7 and BA 5, and weaker BA 2) but also in left inferior parietal
cortex (BA 40), left central area (M1, BA 4), left postcentral areas (S1, BA 1,
BA 2, BA 3), bilateral premotor area (BA 6), bilateral occipital lobe (BA 17, BA
18) and temporal regions. Figure 3c depicts the concordant regions
(conjunction analysis) which yielded significant results (p<.05) (left premotor
cortex (BA6), left inferior parietal cortex (BA40) and posterior parietal cortex
(BA7) in both CMC and ITC.
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Resting data
Relationship between corticomuscular coherence and theta in seed regions
In the previous section we showed that movement onset related CMC and
ITC was significantly increased in concordant motor action related areas
comprising left premotor, central and posterior areas. To further investigate
the relationship between phase and corticomuscular coherence we drew on
resting data. The mentioned regions were used as seed regions from which
we calculated 6 Hz phase dependent corticomuscular coherence on an
electrode level. To statistically test possible relationships we calculated FFTs
for each CMC frequency band and tested these with a custom made
permutation test.
The permutation test revealed significant (p < .05) modulations of
corticomuscular coherence in the theta range (~6 Hz) in all three regions (BA
6, BA 7, and BA 40). Importantly, this coupling was not only pronounced for
theta -which served as reference signal in defining the epochs- but also for
the beta band with peaks at 16 Hz and 22 Hz. In Figure 4 the phase
dependent modulation of corticomuscular coherence is depicted.
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Figure 4: Crossfrequency coupling in CMC data A depiction of CMC centred
on zero radians in representative electrode in a representative subject and the
time evolution of CMC in a certain frequency band. B depicts power spectras
for CMC data approximately masked at about p<.01.

Spectral density of pooled reaction times
Since analysis of action-related and resting EEG data pointed to a particular
importance of theta rhythmicity ~7 Hz, we finally investigated if also reaction
times were modulated in a rhythmic manner. Nicely in line with the increased
ITC at about 7 Hz and the theta band modulated CMC we found a rhythmic
modulation of reaction times. The spectral density matrix over all subjects
revealed a peak at 7.5 Hz as can be seen in Figure 5.

	
  

79	
  

a.u.

5

10

15

20

Frequency in Hz
Figure 5 depicts the spectral density of reaction times with a peak at 7.5 Hz
(frequency resolution .5 Hz) calculated over a histogram of pooled reaction
times (zscored 25 ms bins).

Discussion
	
  
The results support our hypothesis that ongoing oscillatory activity in motor
action related regions rhythmically modulates CMC, thus creating distinct
"windows of opportunity" for action. This "intrinsic entrainment" was in
particular pronounced for the theta band. In order to arrive at this conclusion,
data during simple actions as well as resting were scrutinized in several
logically interrelated steps: The first evidence was increased ITC surrounding
movement onset mainly in the theta band, which was independent from
concomitant power increases. Furthermore, increased CMC was also
observed in the theta range, with time courses closely following the ITC effect.
ITC and CMC effects were found in a set of overlapping cortical areas
exclusively contralateral to the movement, comprising left premotor area BA
6, left primary sensorimotor areas and posterior (BA 7) and left inferior
parietal cortex (BA 40). In particular the posterior parietal cortex exhibited
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strongest effects for ITC and CMC. This part of the analysis indicated the
possibility of a preferred phase for CMC and motor output to occur. To
scrutinize this conclusion in more depth, we resorted to resting state data in
order to exclude the possibility of confounding influences of the overt action.
By using three relevant areas identified in the first analysis step (which
correspond nicely to Rizzolatti and Luppino 2001) as seed region, we
epoched electrode level data with regard to the phase of ongoing theta of the
respective seed and calculated CMC. Applying FFT to the output we found
CMC in particular in the theta and beta range to be modulated at ~7 Hz. This
means that - even at rest - action related regions (most with posterior and
inferior parietal cortex as seeds) "intrinsically entrain" communication
between muscle and cortex, with the relevant rhythm being in the theta range.
The outcome of this analysis allows for the assumption that (at least simple)
action will be initiated at an "optimal" theta phase in which CMC is highest.
Closing the loop, in the last step we analysed reaction time data for rhythmical
modulations. Indeed, reaction times were also rhythmically modulated at
about 7.5 Hz. In the following, results will be discussed in further detail.
Theta band CMC and ITC
We found an increase in theta band CMC and ITC around movement onset,
which may seem unusual at first as studies more often report beta band CMC
increases during motor action (Baker 2007; Gross et al. 2000; Schoffelen et
al. 2005). However, evidence also has been reported relating cerebral theta
band modulations to motor action. First, theta band oscillations are related to
the speed of movement initiation and to movement magnitude (Bland and
Colom 1989). Additionally, they are closely connected to the velocity of finger
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movement in a motor related cerebello-thalamo-cortical network (Gross et al.
2002). At last, there is also some evidence for an increase in theta band
corticomuscular coherence around movement onset in a spatial navigation
task (Hori et al. 2013). Mima and Hallett (1999) furthermore suggest that theta
band activity is more associated to motor related parietal cortex whereas beta
band activity is more related to primary motor structures. Additionally, beta
band corticomuscular coherence is more related to large movements and less
to small or non-movements (Riddle and Baker 2006).
Accordingly, synchronised theta band activity plays an important role within
the cortical and the corticomuscular system of motor action beyond beta band
corticomuscular coherence and might in our case be related to the integration
of different cortical regions (mainly parietal and premotor areas) and between
cortex and muscle.
Deriving action relevant contralateral regions
As mentioned before we revealed concordant regions for CMC and ITC at
movement onset. These regions comprised the left posterior parietal cortex
mainly BA 7, the left inferior parietal cortex including the temporoparietal
junction, left precentral areas and left premotor area (BA 6). All these areas
are discussed to play a central role in action initiation (Rizzolatti and Luppino
2001).
Luppino and Rizzolatti subdivide the motor system in two systems one
parietal-dependent motor system, which is directly connected to the spinal
cord and the prefronto-dependent motor system, which has no direct
projections to the spinal cord, but has massive connections to other motor
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areas (Luppino and Rizzolatti 2000). They assume that these areas therefore
contribute differently to motor action: premotor areas seem to be relevant in
long term motor plans and motivation and parietal areas are more relevant in
actual motor actions underlined by Fagg and Arbib, (Fagg and Arbib 1998),
who modelled parieto-premotor interactions and summarized that parietal
regions bundel different information from different sensory and motor regions.
Additionally, they seem to be involved in action intention, encoding of action
and visuomotor transformations (Bonini et al. 2010; Fogassi et al. 2005;
Fogassi and Luppino 2005). In line with these reports, the most significant
effects of ITC and CMC occurred in posterior (BA 7) and inferior parietal
regions (BA 40). Combining the idea of the mentioned studies with our
results, these regions might potentially entrain, and thereby generate
windows of opportunity for action to take place. Accordingly, we found a
modulation in CMC especially in the beta band depending on ongoing theta
phase of the respective seed regions. Beyond that all our concordant regions
were contralateral to the EMG activity, which additionally points to the fact,
that these windows of opportunities are especially relevant contralateral to
action initiation.
Other studies show that theta oscillations putatively integrate smaller areas
into a larger scale network in other modalities through modulation of higher
frequencies (Lisman and Jensen 2013; Canolty and Knight 2010). They
summarised that cross-frequency coupling serves to integrate over multiple
spatiotemporal scales, i.e. from a large-scale or from a behavioural timescale
network to fast and local processes on a synaptic level. For motor reaction
related data Cravo et al. (2011) found evidence that theta phase was coupled
to beta power and that this is related to the temporal expectation of an event
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(go/no go task).In the present study we were able to significantly extend those
findings of cross frequency coupling to a long-distance coupling measure,
here corticomuscular coherence. Importantly, we could also show that during
a no-task resting situation spontaneous fluctuations of CMC apparently
entrained by theta rhythms occur, presumably generating “windows of
opportunity”.
Conclusions
According to our knowledge, this is the first report showing CMC to be
rhythmically modulated by the ongoing theta rhythm of action relevant areas.
Referring to the introduction, our result is a proof-of-concept that interareal
communication - in this case between cortex and muscle (CMC putatively
representing a unidirectional measure from the brain to muscle (Baker et al.
2006) - is not uniform across an oscillatory cycle but has a preferred phase.
This hypothesis should, however be further investigated in other studies by for
example using TMS to interrupt connections between parietal and other areas
and trying to manipulate sensorimotor integration.
To conclude, we show that theta band phase in action relevant areas
intrinsically entrains CMC, thus forming window of opportunity for distant
communication cortex and muscle and thereby behavioural output. We
therefore assume that phase is a modulator for distant communication and
that the brain has indeed windows of opportunities to fire and communicate
with the environment.
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Study 3: Sham ≠ sham: Corticomuscular coherence and power
modulations following a sham TMS pulse depends on prior
TMS-intervention

Abstract
	
  
Transcranial Magnetic Stimulation (TMS) is a widely used tool in clinical and
cognitive neuroscience. So called "sham" TMS is frequently applied (by tilting
the coil or using special coils) and compared to active TMS. However, TMS
pulses are accompanied by a loud click that, due to its consistent pairing with
the actual neurostimulation, may modulate brain and muscle responses. In
the present study we tested this unexplored question by comparing
electromyographic (EMG) and electroencephalographic (EEG) data from
three experimental groups in a critical "sham condition" following different
preceding experimental interventions: groups either received 1) sham
stimulation, 2) low-intensity TMS or 3) high-intensity TMS. Differences
between the groups in the test sham condition demonstrate that clicks lead to
differential EEG but not EMG responses depending on previous TMS
experience. In particular, theta and beta band power and corticomuscular
coherence were sensitive to preceding experimental intervention showing a
linear post-stimulus modulation from sham to strong TMS. To conclude, we
identified learned neurophysiological responses in motor-relevant areas to
sham TMS when participants previously experienced suprathreshold TMS.
More generally, our results should raise awareness that, in some TMS
experiments, sham may not be an "inactive" condition.
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Introduction
	
  
A growing body of research is utilising Transcranial Magnetic Stimulation
(TMS) in cognitive neuroscience, for example via “virtual lesion” approaches
(Pascual-Leone et al. 1999) or to probe the functional role of brain oscillations
(e.g. Romei et al. 2012; Thut and Miniussi 2009). More specifically, repetitive
TMS (rTMS) protocols are being explored as potential treatments against
tinnitus (De Ridder et al. 2005; Lorenz et al. 2010; Muller et al. 2013), or
depression (Ridding and Rothwell 2007). In order to quantify their actual
effect, real ("active") TMS interventions need to be compared to a reference
condition, with "sham" TMS a common reference condition choice. Sham
TMS, usually achieved by special coils or by tilting a real TMS coil, is
considered a placebo intervention since no magnetic fields that could
stimulate neuronal populations are directed at brain tissue. However, sham
TMS shares with active TMS the feature of a very loud click (up to 100-120
dB, Starck et al. 1996), which is only partially (~30 dB) reduced by using
earplugs. The few studies that have focused on the influence of this sound on
behaviour show that the click alone can induce effects similar to that of active
TMS. For example, TMS clicks (like in a sham stimulation) reduce reaction
time to visual stimuli (Terao et al. 1997). While the goals of our study are
different, this effect raises awareness that the accompanying click of the TMS
should be considered as a contributing factor to the obtained effects.
The motivation of the current study rests on the fact that "brain stimulation" by
TMS and the clicking sound unavoidably occur in pairs, so that by classical
conditioning (for overview see Lieberman 2000) it is conceivable that the
clicking sound itself acquires neuromodulatory features similar to that of
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actual TMS. Despite the potentially broad implication for cognitive and clinical
neuroscientific studies using “sham control”, this issue is largely understudied.
In a recent study, Johnson et al. (2010) found evidence of conditioned
responses when using TMS as an unconditioned stimulus (US) and an
auditory-visual stimulus as a conditioned stimulus. The authors were able to
show that after the pairing of audiovisual stimuli with TMS, the conditioned
stimulus alone elicited increases in electromyographic (EMG) activity. In
contrast, Luber et al. (Luber et al. 2007), using a different experimental
setting, showed that a conditioned audiovisual stimulus attenuates motor
evoked potential (MEP) amplitude. While these studies underline the
possibility of using TMS (being a combination of brain stimulation and click)
as an US, they leave an unanswered question of whether the TMS click itself
(i.e. from sham TMS) could acquire neuromodulatory influences after subjects
have experienced active TMS. Such learned effects would be problematic in
studies in which active TMS precedes sham (also when counterbalancing in
cross-over designs) as acquired responses to the click could have
unintentional consequences on study outcomes, by adding study-irrelevant
noise or by mimicking the effects of active TMS.
In the current study we examined whether, induced by the TMS click, motor
as well as brain responses change following active stimulation of the motor
cortex. The changes were compared to the case in which the preceding
stimulation was also sham. The motor system is an ideal system to study
since effects of TMS applied to the motor cortex are well established and can
easily be quantified through EMG activity changes (Di Lazzaro et al. 2004; Di
Lazzaro et al. 2008), such as the MEP and the following cortical silent period.
For the electroencephalographic (EEG) activity in the motor system we were
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mainly interested in oscillatory excitability changes in the beta band and theta
band. Beta band power changes are often interpreted as reflecting inhibitory
or maintenance activity in the motor cortex (Gilbertson et al. 2005; Schulz et
al. 2013), whereas theta band activity is often discussed in terms of
communication between different motor related areas (Gross et al. 2002). We
also investigated corticomuscular coherence, which represents
corticomuscular communication and is often found in the beta band
(Schoffelen et al. 2005) and in the theta band (Schulz et al. 2013). We
hypothesised that sham-related relevant motor brain and muscle responses
would increase with increases of TMS intensity in a preceding stimulation
block.

Methods
	
  
Subjects
Thirty volunteers (19 males; mean age 22, standard deviation (SD) 2.35)
participated in the study. All subjects were right-handed according to the
Edinburgh Handedness Inventory (Oldfield 1971), had normal or
corrected-to-normal vision, and reported no history of neurological or
psychiatric illness. All subjects were recruited via a notice posted on campus
of the University of Konstanz. After the subjects received a detailed
explanation of the procedure, they provided written informed consent and
received 20 € compensation. The Ethical Committee of the University of
Konstanz approved the study. One subject was excluded due to noisy EEG
data quality. All subjects were TMS-naïve.
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Task and Experimental Procedure
All stimuli were presented via Psyscope X B35 (Cohen et al. 1993), an open
source environment for the design and control of behavioural experiments
(http://psy.ck.sissa.it/). Stimuli were presented in the centre of a screen
(diagonal dimensions of the screen were 71.12 cm) placed approximately 1 m
in front of the subject.
Figure 1 depicts the study design. Subjects were assigned to one of three
experimental groups. Each session consisted of three blocks lasting
approximately 10 minutes each. In all experimental conditions the first block
served as a baseline block in which 40 sham stimulations were applied (see
section 2.4 for a detailed explanation). The second block consisted of 80
stimulations (in classical conditioning paradigms the learning block). For one
group of subjects this consisted of strong TMS stimulation (Strong Stimulation
Group; SSG), another group received weak TMS stimulation (Weak
Stimulation Group; WSG) and the other group received sham stimulation
(Sham Only Group; SOG; see section 2.4 for further explanation). The last
block was devised to test if a learned response to the stimulus had happened.
All subjects were stimulated with 40 sham pulses (test block). The average
interstimulus interval between each trial was randomly varied between 5000
ms and 8000 ms.
EEG and EMG Recordings
Participants sat in a comfortable seat with their arms placed upon a table
attached to their chair. They were told to keep their eyes open and their left
hand closed in a loose fist while pressing the index finger of the right hand
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lightly on a scale (to ensure consistent muscle force at about 0.1 N). A
128-channel and TMS-compatible EEG device (Advanced Neuro Technology,
Enschede, Netherlands) was used to record the EEG and EMG signals. A
ground electrode was attached to subjects’ right ear (contralateral to TMS
stimulation). The signal was digitised at a sampling rate of 2048-Hz and
impedances were held below 5 kΩ. Electromyography was recorded in a belly
tendon montage bilateral from the first dorsal interosseus (FDI) muscle using
two disposable surface bipolar electrodes (Ambu Blue Sensor N) for each
hand.
TMS Stimulation
TMS pulses were delivered using a Magstim Rapid 2000 (Magstim Company)
and a figure-of-eight coil. Neuronavigation with the individual MRI was used to
assist in finding the ideal point to elicit the MEP. Single-pulse TMS (starting at
60% of stimulator output and increasing stimulation intensity when no MEP
could be elicited) was applied to the left "handknob area" (Yousry et al. 1997)
with the handle of the TMS coil pointing backwards approximately 45° to the
midsagittal line (Mills et al. 1992). The coil position was adjusted until the
absolute FDI MEP amplitude was maximal in three consecutive trials. A
marker in the neuronavigation system ensured consistent coil positioning
throughout the experiment. To ensure that participants could not feel the
difference between sham and real TMS, we conducted the same procedure in
the SOG as in the TMS groups with sham instead of real TMS stimulation. A
pre-recorded neuronavigation video made the entire setting appear "real" for
the SOG, without them experiencing how "real" TMS feels.
For the SSG, the resting motor threshold for relaxed FDI muscle was
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determined using an “adaptive threshold hunting paradigm” (Awiszus 2003)
and the Console Environment (Hartmann et al. 2011; downloadable from
http://console-kn.sf.net/). In adaptive motor threshold hunting, the individual
motor threshold is estimated using a maximum-likelihood estimation. We
started with a single pulse at 45% of stimulator output and continued with
stimulation intensities suggested by the algorithm (downloadable from
www.clinicalresearcher.org). Individual resting motor thresholds were
determined after an average of 16 trials. Participants had an average
individual resting motor threshold ranging from 56% to 87% of stimulator
output (mean = 64.94, SD = 6.05). We then stimulated at 110% of motor
threshold.
In the WSG and the SOG we simulated a real threshold-hunting paradigm, to
minimise potential contextual differences between the sham and real
stimulation. We pseudo-randomly chose a subthreshold stimulation intensity
and stimulated subjects with an average of 49% of stimulator output. For the
experimental design see Figure 1.
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Figure 1 represention of the experimental groups and experimental design.
Red refers to the stimulation blocks and blue to the preparation blocks.

Interview about realised differences between experimental blocks
Subjects were interviewed after the experiment to see if they noticed any
difference between blocks. They were asked to specifically comment on
differences between the tone of the stimulation (click), between the
sensations on the skin of the head, and between muscle twitches in the finger
across experimental blocks.
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Data Analysis
Pre-processing and artefact rejection
For data analysis, the Matlab-based (MathWorks, Natick,MA) Fieldtrip
package was used (http://www.ru.nl./fcdonders/fieldtrip; Oostenveld et al.,
2011).
Forty epochs of sham 1 trials, 80 epochs of learning trials, and 40 epochs of
sham 2 trials, ranging from 2 sec prior to 2 sec around stimulation, were
extracted. To reduce DC components all epochs were demeaned by
subtracting the mean of the data interval from 1 sec to .05 sec prior to
stimulation. TMS artefacts were removed (further details included in the next
section). Trials contaminated by large non-physiological artefacts such as
electrode jumps or residual TMS artefacts were identified and rejected by
visual inspection. Trials in which overall EMG activity was abnormally high
were also rejected. EEG data was cleaned from electrooculography (EOG)
and obvious muscle artefacts using independent component analysis. A final
visual inspection ensured rejection of remaining artefacts.
Removal of TMS artefacts
In our combined TMS-EEG study, EEG and EMG recordings are associated
with artefacts consisting of brief high-voltage peaks of about 6 msec duration,
depending on stimulation intensity. These peaks were detected using a
custom-made function that searched for the absolute maximal amplitude in a
time window from -10 msec to 20 msec around the TMS trigger transmitted by
the TMS machine. These artefacts were then replaced by a conservative 15
msec interval of random noise. The noise interval was adapted to the
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standard deviation from the pre-stimulus 150 msec to 50 msec pre-TMS data.
The generated data was then added to the offset of the last data point. Finally,
data was downsampled to 300 Hz (Weisz et al. 2014). This procedure was
done for all epochs, including sham epochs, and for all channels. The number
of trials within each subject and block were equalised prior to time-frequency
analysis.
Estimation of relative power change and group differences
At the electrode level, we proceeded as follows: The time-frequency
representations of oscillatory power were calculated using spectral analysis
applied to short sliding time-windows (Percival and Walden 1993). Frequency
bands from 5 to 35 Hz in steps of 2 Hz were analysed. We applied an
adaptive Hanning-tapered window of 4 cycles per frequency of interest in
steps of 5 msec and separately estimated power values for each electrode
location. Relative power change compared to baseline (1 sec to .05 sec prior
to TMS stimulation) was then calculated. A value of zero indicates no change
with respect to baseline while a value of one indicates an increase by 100%.
To statistically underline intervention dependent differences between groups,
we subtracted the power spectra from the baseline block from the test block
(sham 2 - sham 1). We then calculated F-tests with linear trend contrast
coefficients. The F-test is sensitive in assessing the hypothesis that highest
conditioning effects would be obtained for the SSG compared to a smaller
conditioning effect for the WSG, and no effect for SOG. We performed a
cluster-based permutation test using an independent samples F-statistic
across all subjects (Maris and Oostenveld 2007). In the test, we accounted for
the multiple comparison problem and the resulting family-wise error rate,
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which originates from EEG data having a spatiotemporal structure leading to
the calculation of a large number of statistical comparisons. In the Monte
Carlo cluster-based permutation test, the probability of 3D clusters (i.e., time,
frequency and space) is calculated by permuting data many times (here 1000
times) between relative power change of all groups as well as taking into
account highly correlated neighbouring channels and points in time-frequency
space. By these means, the empirically observed metric of each cluster (i.e.,
the sum of F-values) can be compared against a distribution of the same
metric under the assumption that the WSG and the SOG have lower influence
than the SOG. We considered a cluster of p < .05 as significant. Each channel
possessed an average of six neighbouring channels. To test differences
within the learning (TMS) block, we

calculated cluster statistics F-test

between groups with contrast coefficients testing a linear trend between high,
low and control group.
We were also interested in the generators of our statistically significant
electrode level effects. We used a spectral domain beamforming approach
(Dynamic Imaging of Coherent Sources, DICS; Gross et al. 2001) to identify
neuronal sources. Sources were calculated for the time and frequency
domains that were statistically most prominent on an electrode level. DICS is
an adaptive procedure using the cross-spectral density matrix to construct
spatial filters for each individual grid point. For a frequency band of interest,
the power can be optimally calculated for a certain location while suppressing
activity from all other locations.
A 3D grid (grid resolution: 10 mm) covering the brain volume and the leadfield
matrix for each grid point was calculated using a standard boundary element
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model (BEM) and standard electrode positions. All were supplied by the EEG
manufacturer (http://www.ant-neuro.com/). A common spatial filter from the
cross-spectral density matrix of the EEG signal was calculated for each grid
point at the frequency of interest over the active and baseline periods. We
used data epochs from baseline and activation intervals that were not
ICA-cleaned in order to avoid rank deficiency issues that can lead to
unreliable filter estimations. Prior to this step, the raw data was rigorously
inspected for artefacts such as blinks and muscle activity. We then applied
the spatial filters to the ICA-cleaned cross-spectral density matrix of
Fourier-transformed data (multitaper analysis, dpss window) for the frequency
and time window of interest.
The resulting activation volumes were normalised to a template MNI brain
provided by the SPM2 toolbox
(http://www.fil.ion.ucl.ac.uk/spm/software/spm2).
Sources underlying linear trend in the learning block
For all trials, the source localisation of power between 10 and 20 Hz (as
obtained from electrode analysis, here the significant cluster for the linear
trend between stimulation group and power spectra for the learning block)
was calculated for a time-window of .05 sec to .5 sec after stimulation. Source
activity was then normalised by the pre stimulus phase (-1 sec to -.5 sec).
Sources underlying linear trend in the sham 2 - sham 1 block
To test if there were also learned responses in beta band activity (as
suggested by the data; see results) in the sham 2 - sham 1 condition, source
analysis (same parameters as in the previous section) was calculated and
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power values of the baseline block were subtracted from the test block.
Estimation of corticomuscular coherence and group differences
Corticomuscular coherence on an electrode level was analysed to study
oscillatory synchrony between the signal of the hand muscle and the brain.
The EMG signal was 3-Hz highpass filtered and rectified (Myers et al., 2003).
Corticomuscular coherence was computed using the cross-spectral density
matrix of the time-frequency analysis between EMG channels and EEG
channels. The cross-spectral density matrix was calculated over time and
frequency in the frequency range from 5 to 35 Hz in steps of 2 Hz. We applied
an adaptive Hanning-tapered window of 5 cycles in steps of 50 msec. The
magnitudes of the summed cross-spectral density matrix were then
normalised by their respective power values. Resulting coherence values
reflect linear dependency (considering both phase and amplitude
relationships) between the EMG and EEG signals in different time and
frequency bands (Schoffelen et al. 2005).
Source for linear trend between corticomuscular coherence and stimulation
group in the learning block
To scrutinise the neuronal origins of corticomuscular coherence relationship
between high, low and sham stimulation for the learning block, we calculated
connectivity analysis for all trials using DICS and the EMG channel as a
reference channel. The source analysis was calculated over all trials from .05
sec to .4 sec post-TMS (baseline from -1 sec to -.65 sec) and for a frequency
range between 15 and 25 Hz (as obtained from electrode analysis). The
resulting spatial filters were then applied to the ICA-cleaned data sorted for
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electrode analysis.
Source for linear trend between power and stimulation group in the test block
To scrutinise the neuronal origins of corticomuscular coherence relationship
between high, low and sham stimulation, we calculated connectivity analysis
for all trials using DICS and the EMG channel as a reference channel. The
source analysis was calculated over all trials from 0 sec to .5 sec post-TMS
(baseline from -1 sec to -.5 sec) and for a frequency range between 7 +/- 3 Hz
(as obtained from electrode analysis). The resulting spatial filters were then
applied to the ICA-cleaned data sorted for electrode analysis.
Source level statistics
To reveal significant voxels for differences between groups in the learning
block, a group statistic (independent samples F-test) was applied that tested if
spectral power in the SSG was higher (in an absolute sense, since
"desynchronisations" would have negative signs) compared to the activity in
the WSG and SOG (SSG > WSG > SOG). The analysis was intended to test
the hypothesis that there is a linear relationship between power increase and
stimulation intensity. The same linear trend was tested for corticomuscular
coherence, hypothesising an increase in coherence linear to stimulation
intensity.
A group statistic (independent samples F-test), which tested if the power
difference between test and baseline condition (sham 2 – sham 1) of the SSG
was higher than the power difference of WSG and SOG, was calculated for all
grid points. This test operationalises the hypothesis that power increases
following the click would relate linearly to TMS intensity experienced in the
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learning block. The same F test was calculated for corticomuscular coherence
difference.
Since the source level statistics were performed to complement the
cluster-based permutation test performed on the sensor level, images were
thresholded with an uncorrected p < .05.
Estimation of differences in EMG activity
First, the TMS artifact was removed (see previous section). EMG data was
then 10 Hz highpass filtered, demeaned and rectified. MEP amplitudes were
detected though a custom-made function (for details see (Schulz et al. 2013a)
that compared the percentage of MEPs between conditions and blocks. We
also visually inspected EMG activity for possible magnitude changes as has
been suggested by Luber et al. (Luber et al. 2007) and statistically tested the
timeseries using an independent samples F-test for group differences. As we
were not able to find differences for EMG activity in the time series, we
calculated time frequency analysis for the EMG channel. For time frequency
normalisation we used a window from -1 to -.01 sec pre-TMS and the time
from .01 to 1 s post TMS as the active period. We calculated time frequency
analysis from 10 Hz to 500 Hz with a time resolution of 5 ms and a frequency
resolution 2 Hz. For statistical analysis we calculated an F-test for the test
condition (sham 2 – sham 1), testing for linear trends.
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Results
	
  
EMG activity
In the learning block we were able to elicit MEPs reliably in the SSG group
and small MEPs (at about 20 to 30 mV but same shape as a “real” MEP) in
the WSG. Furthermore, in the SSG, the MEP was reliably followed by a
cortical silent period (CSP; data not shown). For the critical sham 2 block
(normalised via sham 1) we could not identify significant magnitude changes
in the EMG, neither for the time-series nor for the spectral analysis.
Spectral power and corticomuscular coherence for the learning block (block
2)
Power spectra
With the aim of identifying differences between the experimental groups in the
learning block, we tested for a linear relationship (F-test) between groups. We
tested if relative power change for the SSG was larger than for the WSG and
if these two groups showed higher power change than the SOG. We found a
significant cluster with p < .05 for a linear relationship in the alpha and beta
band from about 8 to 30 Hz. This cluster can descriptively be subdivided into
two effects (as seen in Figure 2 a), with one peak at around 100 ms at 15 Hz
after TMS stimulation most prominent in left central electrodes (as can be
seen in Figure 2 b) and the other at around 300 ms post-stimulation at 15 Hz
in left frontolateral electrodes. In sum, there is, depending on stimulation
intensity, an increase in relative power change in alpha and beta band
oscillations, with a higher increase in power for high stimulation (SSG),
compared to low stimulation (WSG) and compared to no stimulation (SOG).
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Figure 2 a depicts rectified right EMG activity, showing an MEP at about 30
ms after the TMS pulse. The MEP is directly followed by CSP (EMG is
silenced) until the normal EMG activity is reversed at approximately 180 ms
after the TMS pulse. Thus the strongest statistical effects can be found during
the cortical silent period.
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Figure 2: Depiction of TMS dependent EEG activity. A shows a representative
electrode of relative power change (see black circle in figure 1 b) B shows the
topography of significant linear trend of relative power change in F values in
the range from 70 msec to 120 mses and 10 Hz to 20 Hz C significant voxels
of linear trend over relative power change in source analysis D depicts mean
relative power change and standard error of a significant voxel depending on
group. E shows a representative electrode of corticomuscular coherence (see
black circle in figure 2 f) in the range from 50 msec to 60 mses and 20 Hz, F
shows the topography of significant linear trend of TFR in F values G
significant voxels of linear trend over corticomuscular coherence (CMC) in
source analysis H depicts a mean CMC and standard error of a significant
voxel depending on group.

We calculated a beamformer analysis with a subsequent F-test to identify
neuronal sources for the linear trend illustrated above. At a source level we
found a significant linear trend in the left precentral area (BA 6) and the
posterior parietal cortex (BA 40), both areas closely related to action initiation.
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In addition, there were significant effects in the left middle frontal gyrus and in
the superior and inferior temporal lobe. In the right hemisphere we found
significant effects mainly in the occipital lobe (as depicted in Figure 2 c. All
effects were due to beta power increasing with stimulation intensity (SOG
<WSG < SSG). Figure 2 d shows a representative linear trend for the left
supramarginal gyrus (BA 40).
Corticomuscular coherence
For corticomuscular coherence in TMS trials, we found two significant clusters
in the F-test for a linear relationship between SSG, WSG, and SOG, (both p <
.001). The first represents the linear trend of coherence at 60 msec after TMS,
see Figure 2 e. As can be seen in the corresponding topography in Figure 2 f,
the linear trend for corticomuscular coherence is largest at central electrodes.
The second cluster peaks at about 300 ms and is stronger at bilateral frontal
electrodes. In sum, we found an increase in corticomuscular coherence with
stronger stimulation intensity (SOG<WSG<SSG) in the time range of the MEP
and a later recurrent increase.
At a source level we found the strongest significant linear relationship in the
beta band between group and coherence for the whole interval in the left
posterior parietal cortex (BA 7) and in the left central cortex as depicted in
figure 2 g. We also found a linear trend in right temporal gyrus. Descriptively,
the linear trend is driven by increases of beta band power related to
stimulation intensity in parietal and central areas. Figure 2 h depicts this linear
trend for beta band CMC in a significant representative voxel (BA7).
For the learning block alone, strong TMS, as expected, goes along with
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stronger modulations of power and corticomuscular coherence in beta band in
motor related areas. Beta band power appears to be slightly more related to
CSP EMG activity, whereas coherence seems more related to MEP activity.
Corticomuscular coherence and beta band power is stronger in motor-related
areas depending on stimulation group. Whereas beta band power is more
distributed over the whole cortex, corticomusuclar coherence is strongest in
primary motor and sensory areas.
Learned changes (sham 2 - sham 1) in spectral power and corticomuscular
coherence
Time-frequency power spectra
To test if there were conditioned brain responses we tested for a linear
relationship between groups (see section before) in the test block (sham 2)
minus the corresponding baseline (sham 1). We found a marginally significant
cluster (p = .054) for time-frequency data in the theta to beta range on the
electrode level (see Figure 3 a. For the beta band the peak was at occipital
and parietocentral electrodes with a maximum at approximately .15 sec after
sham onset. For the alpha/theta band we found a peak at around 6 Hz
comprising mostly parietocentral electrodes. Figure 3 b depicts the
topographic representation of both beta and theta band significant electrodes
(p<.05 uncorr.).
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Figure 3: Depiction of Sham 2 – Sham 1 dependent EEG activity. A shows a
representative electrode of relative power change (see black circle in figure 2
b) B shows the topography of significant linear trend of relative power change
in F values in the range from 0 msec to 200 mses and 10 Hz to 20 Hz C
significant voxels of linear trend over relative power change in source analysis
D depicts mean relative power change and standard error of a significant
voxel depending on group. E shows a representative electrode of
corticomuscular coherence (see black circle in figure 2 f) in the range from 0
msec to 250 mses and 5 Hz to 10 Hz, F shows the topography of significant
linear trend of TFR in F values G significant voxels of linear trend over
corticomuscular coherence (CMC) in source analysis H depicts a mean CMC
and standard error of a significant voxel depending on group.

Following the clicking sound of sham stimulation, at a source level (Figure 3 c)
we found a significant linear trend driven by increases in beta band power
change (p < .05) with stimulation intensity in the learning condition. The
significant voxels were in left precentral regions (primarily left BA6 which also
includes premotor and motor areas) and left central (M1) and postcentral
areas (S1). We found significant voxels in the bilateral occipital area, right
inferior temporal lobe and right BA 40. As can be seen in Figure 3 d, which
shows a representative voxel taken from central region (M1), beta band
power increases with stimulation intensity in the preceding learning block.

	
  

104	
  

Corticomuscular coherence for test condition
We found a significant linear trend (figure 3 e) between the difference in
corticomuscular coherence of test and baseline condition (sham 2 - sham 1)
and stimulation group in the lower alpha/theta band with p<.05. The linear
trend is in contrast to the other trends depicted in the results of the previous
sections. Thus the sham stimulation had higher values and the coherence
was mostly negative for the SSG group SOG>WSG>SSG. Descriptively,
there are two peaks; one at around .05 sec at 10 Hz and one at .2 sec at 6 Hz,
as seen in Figure 3 e. The relating topography shows that there are significant
electrodes in left central and parietal areas, but also in right lateral frontal and
occipital electrodes (Figure 3 f).
At a source level, we revealed a linear trend (SOG>WSG>SSG) in left inferior
frontal regions and in left BA 7 (medial parietal cortex) (Figure 3 g). There was
also a significant decrease in several right areas comprising right central
sulcus, right posterior parietal lobe, precentral regions and the insula. Figure 3
h depicts a representative significant voxel (right precentral area) and shows
that there is a decrease in coherence in the test condition. In sum, there is a
strong decrease in theta band corticomuscular coherence related to
stimulation intensity in the preceding learning block. This effect was mainly
pronounced in the hemisphere contralateral to stimulation.
Following the clicking sound in the test block, we found a stimulation-related
increase in beta and theta band power in motor relevant areas mainly
ipsilateral to TMS-side, and a decrease in theta band CMC mainly in
contralateral motor areas. Both effects were most pronounced during the
CSP.
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Discussion
The current study was conducted to find out if there are learned, i.e.
conditioned, effects to the TMS click. We found that there are differences in
the excitability state (beta and theta band power) and in CMC in the test
condition depending on stimulation intensity of a preceding learning block. In
particular, theta/beta-band power is increased and theta band
corticomuscular coherence is decreased in the SSG compared to WSG and
SOG in the test condition (sham 2 - sham 1). These effects were found ipsiand contralaterally to stimulation side, with a dominance pattern differing for
the power and CMC effect. These findings indicate that there are learned
brain responses in the sham condition, depending on the previous TMS
treatment.
Effects in the learning block
To elucidate the difference induced by pure intensity difference, we first
looked for spectral power changes in the brain. We analysed if there are
alterations in communication between muscle and brain, with a special focus
on EMG related changes such as MEP and during CSP. For corticomuscular
coherence we found broader beta band activity for SSG versus WSG versus
SOG. The linear relationship between stimulation intensity and coherence
was primarily present during MEP and again after .3 sec. The relationship is in
line with Hansen and Nielsen (2004), who also found greater coupling
between muscle and cortex during MEP. The decrease in corticomuscular
coupling between these peaks could potentially be attributed to inhibitory
brain activity during CSP, and the peak after .3 sec could represent the
elevated coupling between hand and cortex after its termination of cortical
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silent period. These findings merit further investigation in the future.
We found an increase in power within the alpha and beta band during MEP
but with the peak during CSP. The increase is in line with findings by Farzan
et al. (Farzan et al. 2013), who found an increase in delta, alpha and beta
oscillatory activity during MEP and CSP, and is supported by findings that
associate cortical silent period with an increase in inhibitory neurotransmitters
(for a broad overview see Paulus et al. 2008). At a source level, we found
significant linear trends in posterior parietal cortex and premotor area, both
areas are well known as relevant for motor action initiation (Fagg and Arbib
1998). To summarise, there is an increased coupling between cortex and
muscle during TMS induced muscle activity and also an increase of putatively
inhibitory local activity during cortical silent period.
Effects in the test block
The main scientific question of this study was whether there are conditioned
effects in the test condition. We were not able to identify learning effects in the
EMG data, possibly due to several factors. EMG activity is influenced by
several factors beyond cortical activation. For example, the EMG also
measures activity of motor units within a skeletal muscle, especially when
these are recruited during movement (Mills 2005). It is also possible that
effects are present but not detectable with our statistical methods.
Contrary to EMG activity, we found strong evidence that there are learned
responses at a cortical level and for corticomuscular coupling. We found in
the stimulation groups (SSG and WSG) an increase in beta band and theta
band power in motor related areas compared to the SOG. This increase

	
  

107	
  

indicates that there are learned excitability changes to the TMS click in
motor-related areas, especially in the previously stimulated hemisphere. In
line with this, we found mainly in the non-stimulated side less theta band
corticomuscular coherence in the stimulation groups compared to the SOG
(SSG<WSG<SOG). In detail there was a stronger decoupling in
corticomuscular coherence with stronger stimulation intensity. These effects
were most pronounced in the previously non-stimulated hemisphere,
indicating that there is a learned response to the TMS click which influences
long distant communication to the muscle. Thus the effect differs to the other
effects where we found increases in CMC and power with an increase of
stimulation intensity. This might point decoupling mechanisms in areas
contralateral to stimulation, functionally translating into a "shutting-down" of
communication between the contralateral, and therefore less important,
areas. In sum, we observed learned excitability and communication
changes after the TMS click when preceded by real TMS.
The evidence for learned responses to the TMS click at a cortical level differs
from the brain responses we found during the learning condition. Whereas
main effects for power were found in the beta band power in the learning
condition, effects in the test condition were found both in the beta and the
theta band. For corticomuscular coherence, effects were mainly in the theta
band and also of the opposite trend to the learning condition and more
pronounced for the non-stimulated site.
The finding that the theta band is modulated though learning or conditioning is
in line with Hoffman and Berry (Hoffmann and Berry 2009), who found
increased theta band connectivity on a cortical level between cerebellum and
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hippocampus in trace eye blink conditioning in rabbits. Frontal theta band
seems to be related to control processes related to Pavlovian conditioning
(Cavanagh et al. 2013) and contingency detection (Nokia and Wikgren 2010).
Thus it is possible that the theta band power increase and corticomuscular
coherence decrease is related to conditioned or learned responses.
It is possible that alpha or theta activity represents an anticipatory response to
the electrical current applied to motor areas (Lieberman 2000). This
hypothesis is underlined by the fact that mainly sensorimotor brain regions
are involved but, as we do not know what the backlash of the excitability
changes look like, we cannot support this hypothesis.
We also found beta effects in the test condition primarily when looking at
power values. There is evidence that beta band power is associated with
inhibitory activity and/or with the maintenance of activity in the motor system
(Haegens et al. 2011; Salmelin et al. 1995; Gilbertson et al. 2005; Schulz et
al. 2013), which indicates that there are possible inhibitory responses
occurring. The increase in beta band power might indicate that cortically,
especially motor related regions (and mainly contralateral to stimulation),
might display a backlash where areas are disengaged following the TMS
click. To conclude, brain responses to the TMS click point to the presence of
learning effects that depend on the previous TMS treatment, although they
are not observable via EMG.
The results of the current study have implications for several fields using
TMS. First, sham condition is one of the most used placebo conditions in TMS
studies. This includes clinical applications such as studies for treating
depression depression, but also for examining treatments of other
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neuropsychiatric disorders such as schizophrenia or borderline personality
disorder (for some examples see Farzan et al. 2013). Second, sham condition
is also used in cognitive neuroscience (for a broad overview on several
studies using TMS in neuroscience see (Thut and Miniussi 2009), though less
extensively than in clinical studies. Thus there are constraints to results
obtained from studies using sham as a control condition, especially in
crossover designs where TMS stimulation sometimes precedes other
conditions.
When designing TMS studies, the following points should be considered.
First, crossover designs, which are usually good scientific practice, should be
handled with care in TMS studies. Second, it is useful to further investigate
possible sham mechanisms and further disentangle the TMS and auditory
induce responses. And third, it is useful if subjects are TMS naïve prior to
participating in the experiment and it is very important to reduce noise by
using good earplugs or by developing TMS hardware with reduced noise
levels. Results obtained from TMS studies, especially when looking at
excitability changes through TMS or for therapeutic effects, should be treated
cautiously.
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3 Overall Discussion and Perspectives
3.1 Overall Discussion and Perspectives
Based on the three experiments I can conclude that muscle activity as a
representative measure for motor action depends on theta and beta band
activity in the cortical motor action network (as has been suggested by
Battaglia-Mayer et al. 2003; Fagg and Arbib 1998; Rizzolatti and Luppino
2001) comprising posterior region (BA 7 and BA 4), M1 and premotor regions
(BA 6).
All three studies point to the fact that theta and beta band activity probably
reflect the excitability state of the network where particularly beta band power
increase is probably related to a more inhibited state of of local areas within
the network, whereas theta band oscillations mainly reflect long-range
communication here quantified through coherence. Theta band coherence
(either ITC or CMC) could represent whether the network at that time is more
open or more closed for long-range communication and action.
Given the fact that corticomuscular coherence and obvious motor behaviour
is directly linked to the excitability state of the motor action initiation network,
either represented through phase or through amplitude, one can conclude
that the actual brain state is important for the regulations of behaviour. This
has a lot of implications for everyone’s daily life. First this means that
voluntary and induced motor activity is more likely when the motor action
network is in an excited state where corticomuscular coherence is increased,
whereas it is less likely when it is in a more “inhibited” state when
corticomuscular coherence is decreased. This not only goes well in line with
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and complements findings in other modalities, but also gives further support
for the fact that the “gating by inhibition” framework (Jensen and Mazaheri
2010), and the “communication through coherence” hypothesis (Fries 2005) is
also well suited to the sensorimotor system.
But there are still a lot of open questions.
As I showed before, theta band seems to be relevant both for communication
between muscle and brain but also for the integration of the different areas
probably through an intrinsically entrainment mechanism. Thus, the first
thing, which would be nice to find out in future study is, if theta band activity is
generated by a pacemaker region.
To be brought into consideration are, for example, the hippocampus, or the
cerebellum. It might be helpful to go to animal models where LFP data can be
obtained and we can measure deeper sources. Addtionally, experiments with
EcoG data where, for example, theta phase is brought together with
corticomuscular coherence resting state data would give a hint of the
underlying structures obtained in my results. Secondly, to get a deeper
understanding of how the integration of networks is built, it would be good to
see if the interplay between local beta band power, theta band phase in the
motor action network and corticomuscular coherence gets stronger when
learning new movements, which would bring us a better understanding of
where the “shaping” of the architecture originates. For example, whether the
error rate of a newly learned movement is stronger if there is less inhibitory
activity or the phase dependence is not yet as finely tuned as in well learned
behaviours as we measured them. Thus showing whether the learned
responses differ in network integration and communication compared to
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non-learned responses. And lastly we could try to entrain rhythms such as
theta band rhythm via TMS so that we get a better feeling of how phase
influences behaviour or beta band rhythms to see how induced power
changes influence behaviour and coherence. And how inhibitory pulses can
be used for fine-tuning.
Another interesting question which we could not answer within this thesis is
whether theta beta cross frequency coupling is something which applies more
generally to the cortex or how cross frequency coupling with oscillation of
more “inhibitory nature” takes place in general (cross frequency coupling
having often been done between gamma and theta band which is more
excitatory).
If we could get to know more about how these networks are built and
integrated we would first of all understand the gating mechanism better.
Beyond that it would be helpful for therapeutic interventions. For example for
Parkinson disease where an elevation in beta band power leads to movement
poverty symptoms, if we could somehow influence this elevation by
counteracting the elevated inhibitory activity, for example by influencing theta
phase through TMS it might be possible to reduce symptoms.
On a more general level beyond motor action related networks, it would also
be useful to find out more about network formation and integration. For
example, in psychiatry there are probably a lot of diseases, which probably go
along with weaker inhibitory activity and with malfunctioning networks. First it
would be helpful to find out how networks are dysfunctionally differentiated
and how it comes to that differentiation. And whether this could be prevented
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in the first place. Or whether it can be therapeutically handled.
By regulating the brain state within a network, for example by improving
methods such as neurofeedback or computer trainings. Generally I think that
the focus of psychotherapeutic interventions should get more into improving
methods, which shape or tune functional networks. For example by reducing
the conversational amount in therapy lessons and coming back to more
exercising and action related elements, such as fear exposition in behavioural
therapy. Additionally these findings also limit therapeutic interventions such
as TMS at the moment, particularly TMS without neuronavigation because
they are imprecise in their location and we cannot completely exclude that
there are also conditioned responses to the tone, which again somehow
disturbs network tuning. Improving therapeutically used TMS should then go
more into directions, as has been suggested by Weisz et al. where a
differentiation or fine tuning of a network is made a priori to Stimulation.

3.2 Overall Conclusion
Based on the three studies conducted within the framework of the current
thesis I can conclude that motor behaviour, either voluntary or forced,
depends on oscillatory theta and beta activity in the action motor network.
Further motor behaviour is related to communication or coherence between
the action motor system and the muscle. These findings are consistent with
theoretical frameworks concerned with the role of oscillatory activity for the
information flow between different brain areas, such as the “gating by
inhibition” model by Jensen and Mazaheri (2010) or the “communication
through coherence” by Fries (2005).
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The described findings and resulting perspectives for future research nicely
combine these two models by showing how phase, amplitude, frequency and
corticomuscular coherence fine-tune and integrate a network which then
leads to obvious motor behaviour.
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Conducted studies and own research contributions
The studies of the current thesis were co-authored and supported by a
number of colleagues. They are listed below together with my own research
contributions.

Study 1: Now I am Ready—Now I am not: The Influence of Pre-TMS
Oscillations and Corticomuscular Coherence on Motor-Evoked
Potentials

Authors: Hannah Lienhard (published as Hannah Schulz), Teresa Übelacker,
Julian Keil, Nadia Müller and Nathan Weisz
Published in Cerebral Cortex

I designed and implemented the experiment in cooperation with Nathan
Weisz, carried out the EEG measurements or TMS stimulation together with
Teresa Übelacker, wrote functions for data analysis, performed the data
analyses and drafted the manuscript.

Study 2: A time to rest, a time to act: corticomuscular coherence is
intrinsically entrained at a theta rhythm via the fronto-parietal action
system.

Authors: Hannah Lienhard, Anne Hauswald, Jan-Mathijs Schoffelen and
Nathan Weisz
Currently in preparation for submission
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I designed and implemented the experiment in cooperation with Nathan
Weisz, carried out the EEG measurements and TMS stimulation together with
Teresa Übelacker and Pascal Binder, wrote functions for data analysis,
performed the data analyses and drafted the manuscript.

Study 3: Sham ≠ sham: Corticomuscular coherence and power
modulations following a sham TMS pulse depends on prior
TMS-intervention
Authors: Hannah Lienhard and Nathan Weisz
Currently submitted in Neuroimage (current satus from 14 th April 2014: under
review)

I designed and implemented the experiment in cooperation with Nathan
Weisz and Brigitte Gräter, carried out, or suppervised and supported Brigitte
Gräter and Teresa Übelacker during EEG measurements and TMS
stimulation, performed the data analyses, wrote functions for data analysis
and drafted the manuscript.
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Figure Index
Study 1
Figure 1 (Figure 1, study 1) : example of a single TMS trial
Figure 2 (Figure 2, study 1): movement related changes in time-frequency
power and corticomuscular coherence.
Figure 3 (Figure 3, study 1): significant negative cluster for correlations
between spectral power and MEP peak-to-peak amplitude
Figure 4 (Figure 4, study 1): linear relationship between MEP peak-to peak
amplitude and pre TMS corticomuscular coherence in the alpha range
Figure 5 (Figure 5, study 1): Between-analysis concordance
Study 2
Figure 6 (Figure 1, study 2): Depiction of example single trial of the reaction
block
Figure 7 (Figure 2, study 2): Overview of the logical steps behind the analysis
of data during the reaction demanding task and the resting state.
Figure 8 (Figure 3, study 2): ITC and CMC around movement onset
Figure 9 (Figure 4, study 2): Crossfrequency coupling in CMC data
Figure 10 (Figure 5, study 2) the spectral density of reaction times
Study 3
Figure 11 (Figure 1 study 3): represention of the experimental groups and
experimental design.
Figure 12 (Figure 2, study 3): Depiction of TMS dependent EEG activity.
Figure 13 (Figure 3, study 3): Depiction of Sham 2 – Sham 1 dependent EEG
activity.
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