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16Interactions between the cerebellum and primarymotor cortex are crucial for the acquisition of newmotor skills.
17Recent neuroimaging studies indicate that learning motor skills is associated with subsequent modulation of
18resting-state functional connectivity in the cerebellar and cerebral cortices. The neuronal processes underlying
19the motor-learning-induced plasticity are not well understood. Here, we investigate changes in functional con-
20nectivity in source-reconstructed electroencephalography (EEG) following the performance of a single session
21of a dynamic force task in twenty young adults. Source activity was reconstructed in 112 regions of interest
22(ROIs) and the functional connectivity between all ROIs was estimated using imaginary part of the coherence.
23Significant changes in resting-state connectivity were assessed using partial least squares (PLS). We found that
24subjects adapted their motor performance during the training session and showed improved accuracy but
25with slowermovement times. A number of connectionswere significantly upregulated aftermotor training, prin-
26cipally involving connections within the cerebellum and between the cerebellum and motor cortex. Increased
27connectivity was confined to specific frequency ranges in the mu- and beta-bands. Post hoc analysis of the
28phase spectra of these cerebellar and cortico-cerebellar connections revealed an increased phase-lag between
29motor cortical and cerebellar activity following motor practice. These findings show a reorganization of intrinsic
30cortico-cerebellar connectivity related to motor adaptation and demonstrate the potential of EEG connectivity
31analysis in source space to reveal the neuronal processes that underpin neural plasticity.
32© 2016 Published by Elsevier Inc.
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43 Introduction

44 Neural plasticity is the ability of the brain to adapt its intrinsic func-
45 tional organization to environmental changes and pressures, physiolog-
46 ic modifications and experiences (Pascual-Leone et al., 2005). Motor
47 skill learning is a paradigmatic example of neural plasticity (Karni
48 et al., 1995; Sanes and Donoghue, 2000; Hikosaka et al., 2002; Doyon
49 and Benali, 2005; Halsband and Lange, 2006). Analogous to perceptual
50 learning, the acquisition of newmotor skills advances through two dis-
51 tinct stages: a single-session improvement that can be induced by a lim-
52 ited number of trials and subsequent slowly evolving post-training
53 incremental performance gains (Karni et al., 1998; Pascual-Leone
54 et al., 2005; Luft and Buitrago, 2005; Doyon and Benali, 2005). In
55 many instances, most gains in performance that evolve in a latent man-
56 ner not during training but rather after training have ceased. The latent

57phase in human skill learning is thought to reflect a process of consoli-
58dation of experience-dependent changes in the cortex that are triggered
59by training but continue to evolve thereafter (Karni and Sagi, 1993). Fast
60(single session) and slow (multi-session) learning processes are
61thought to involve distinct neural processes: disinhibition of existing
62connections within neural populations may induce changes on a short
63timescale, whereas structural modifications of connections and synap-
64ses may subserve slow learning and memory consolidation (Karni
65et al., 1998; Dudai, 2004; Dayan and Cohen, 2011).
66Neuroimaging studies have investigated theneural substrates of these
67two phases of motor learning (Ungerleider et al., 2002; Kelly and
68Garavan, 2005; Tomassini et al., 2011; Krakauer and Mazzoni, 2011).
69Fast learning of sequential motor tasks modulates regional brain activity
70in the dorsolateral prefrontal cortex (DLPFC), primarymotor cortex (M1),
71and pre-supplementary motor area (preSMA) (Sakai et al., 1999;
72Floyer-Lea and Matthews, 2005) – which show decreased activation as
73learning progresses – and in the premotor cortex, supplementary motor
74area (SMA), parietal regions, striatum, and cerebellum –which show in-
75creased activation with learning (Honda et al., 1998; Grafton et al., 2002;
76Floyer-Lea and Matthews, 2005). M1 is one of the key brain regions
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77 involved in fastmotor learning. Likewise, slow learning – reflected by im-
78 provedmotor performance overmultiple training sessions – is associated
79 with increased activation in neuronal populations in M1 (Floyer-Lea and
80 Matthews, 2005), primary somatosensory cortex (Floyer-Lea and Mat-
81 thews, 2005), SMA (Lehéricy et al., 2005), putamen (Lehéricy et al.,
82 2005; Floyer-Lea andMatthews, 2005), premotor cortex, supplementary
83 motor area, parietal regions, and the cerebellum (Grafton et al., 2002;
84 Floyer-Lea and Matthews, 2005), as well as an increase of gray matter
85 in the supplementary motor area (Hamzei et al., 2012).
86 It is hence apparent that different parts of the distributedmotor sys-
87 tem, including subcortical structures such as the cerebellum and basal
88 ganglia, are associated with motor skill learning (Karni et al., 1998;
89 Galea et al., 2011). Therefore, understanding the functional role of mul-
90 tiple brain regions in motor learning requires investigation of distribut-
91 ed brain networks and connectivity patterns. Task-driven functional
92 connectivity (Coynel et al., 2010) and effective connectivity (Ma et al.,
93 2011; Tzvi et al., 2014) have indicated changes in the connections be-
94 tween M1 and the cerebellum during motor learning (Raymond et al.,
95 1996; Inoue et al., 2000; Della-Maggiore et al., 2009). Alternatively,
96 cortico-cerebellar connectivity has been indirectly assessed by evaluat-
97 ing changes in somatosensory-evoked potentials (SEP) ormotor-evoked
98 potentials (MEP) (Haavik and Murphy, 2013; Andrew et al., 2015;
99 Baarbé et al., 2014). Recent resting-state fMRI studies revealed increased
100 functional connectivity in cortical and subcortical regions after a short
101 course of motor learning (Vahdat et al., 2011; Ma et al., 2011; Taubert
102 et al., 2011; Tung et al., 2013; Sami et al., 2014). These findings further
103 emphasize the involvement of the cerebellum in motor control and
104 the consolidation of motor memory (Raymond et al., 1996; Inoue
105 et al., 2000; Della-Maggiore et al., 2009).
106 Because of their superior temporal resolution, the connectivity analy-
107 sis of MEG and EEG data may provide additional information about the
108 neuronal processes underpinning the changes in intrinsic connectivity
109 followingmotor skill learning. Several MEG studies have shown changes
110 in beta-band synchronization in themotor cortex duringmotor learning,
111 reflecting a modulation in cortical excitability (Boonstra et al., 2007;
112 Houweling et al., 2008; Pollok et al., 2014). However, few studies have
113 investigated connectivity changes in the distributed motor system
114 using EEG or MEG. Motor-related changes in beta-band coherence have
115 been observed in surface EEG (Deeny et al., 2009; Tropini et al., 2011).
116 Coherence within the primary motor area in resting-state EEG has
117 been used to predict subsequent motor acquisition in single-session
118 motor skill learning (Wu et al., 2014). Recent studies have shown that
119 the connectivity analysis of source-reconstructed MEG and EEG permits
120 a better comparison to functional connectivity in fMRI data than sensor-
121 based analyses (Mantini et al., 2007; Brookes et al., 2011; Mehrkanoon
122 et al., 2014c). The ability to detect robust resting-state networks in
123 source-reconstructed MEG and EEG suggests that this approach may
124 also be sensitive to changes in intrinsic connectivity induced by motor
125 learning. We hence performed source connectivity analysis in resting-
126 state EEG recorded directly before and after a single session of motor
127 skill learning. Given the prior results in fMRI connectivity analysis, we
128 hypothesized that motor training would change the functional connec-
129 tivity in the distributedmotor system, in particular between the cerebel-
130 lum andmotor cortex. To examine this hypothesis, we comparedwhole-
131 brain resting-state connectivity in source-reconstructed EEG before and
132 after motor training and studied changes in intrinsic connectivity. By ex-
133 amining the frequency, phase, and temporal information of resting-state
134 coherence, we sought to further elucidate the neuronal processes in-
135 volved in neural plasticity during motor learning.

136 Materials and methods

137 Participants

138 Twenty healthy right-handed adults (age: 21.3 ± 1.8 years; 10
139 males) participated as volunteers in this study. The Human Research

140Ethics Committee of the University of Tasmania approved the protocol.
141All participants gave their informed consent according to National
142Health and Medical Research Council guidelines.

143Experimental design

144Wecompared intrinsic connectivity in source-reconstructed EEGbe-
145fore and aftermotor learning. Formotor skill acquisition,we used a sim-
146ple motor task in which participants were required to make a transition
147between two force levels as fast and accurately as possible. In a previous
148study, we have shown a reorganization in corticomuscular coherence
149when participants make an overshoot when reaching the second target
150(Mehrkanoon et al., 2014b). Herewe investigatedhowmovement accu-
151racy changes during a single session of motor training and compared
152cortico-cortical and cortico-cerebellar coherence during resting-state
153pre- and post-motor training. The task design involved three consecu-
154tive sessions: (1) an initial 10-min resting-state session, (2) 20 motor
155skill training trials, and (3) a further 10 min of resting state.
156Participantswere seated in a light- and sound-attenuated roomwith
157their right hand on a flat panel and their forearm supported. In the
158resting-state conditions, participants were instructed to relax with
159eyes closed and refrain from falling asleep. During the motor training
160session, participants were required to generate force by using their
161index finger and thumb (i.e., a pincer grip) against a force sensor
162(Fig. 1C). Participants received visual feedback of the exerted force
163and were instructed to keep their force within pre-defined force inter-
164vals (target 1: 0.7–1.1 N, target 2: 1.9–2.3 N) displayed on a computer
165screen (Fig. 1A). At the start of each trial, participants had to move the
166cursor into target 1 and keep it in themiddle of the target until they per-
167ceived an auditory stimulus (a 1-s tone at 500 Hz). Once the stimulus
168wasfinished, participants had tomove the cursor into target 2 as quickly
169as possible by increasing the exerted force and keep it in the middle of
170target 2 until the end of the trial. The auditory stimulus was presented
171after a variable time interval (9–11 s) from the onset of the trial. The
172movement trajectory from target 1 to target 2 was used to quantify
173motor performance.

Fig. 1. Task design. (A) Diagram of the two force targets. (B) Participant with an EEG cap.
(C) The force transducer. Subjects exerted force by using the index finger and thumb
against the force sensor.
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