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11 Abstract—Aim: A single session of skill or strength training

canmodulate the primarymotor cortex (M1), whichmanifests

as increased corticospinal excitability (CSE) and decreased

short-latency intra-cortical inhibition (SICI). We tested the

hypothesis that both skill and strength training can propa-

gate the neural mechanisms mediating cross-transfer and

modulate the ipsilateral M1 (iM1). Methods: Transcranial

magnetic stimulation (TMS) measured baseline CSE and

SICI in the contralateral motor cortex (cM1) and iM1.

Participants completed 4 sets of unilateral training with their

dominant arm, either visuomotor tracking, metronome-

paced strength training (MPST), self-paced strength training

(SPST) or control. Immediately post training, TMS was

repeated in both M1s. Results: Motor-evoked potentials

(MEPs) increased and inhibition was reduced for skill and

MPST training frombaseline in bothM1s. Self-paced strength

training and control did not produce changes in CSEandSICI

when compared to baseline in both M1s. After training, skill

and MPST increased CSE and decreased SICI in cM1 com-

pared to SPST and control. Skill and MPST training

decreased SICI in iM1 compared to SPST and control post

intervention; however, CSE in iM1 was not different across

groups post training. Conclusion: Both skill training and

MPST facilitated an increase in CSE and released SICI in

iM1 and cM1 compared to baseline. Our results suggest that

synchronizing to an auditory or a visual cue promotes neural

adaptationswithin the iM1, which is thought tomediate cross

transfer.� 2015 Published by Elsevier Ltd. on behalf of IBRO.
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metronome-paced strength, cross education.
12

13INTRODUCTION

14The acute improvements in neuromuscular performance

15following a single session of motor training have been

16attributed to early adaptations within the central nervous

17system (CNS) (Muellbacher et al., 2001; Carroll, 2012).

18These acute adaptations can be observed with various

19measurement techniques, including, but not limited to

20magnetic resonance imaging (MRI) (Gerloff et al.,

211998a; Thaut et al., 2002) and transcranial magnetic stim-

22ulation (TMS) (Perez et al., 2004; Kidgell and Pearce,

232010). In particular, the primary motor cortex (M1) can

24be modulated by skill and strength training which mani-

25fests as an increase in corticospinal excitability (CSE)

26and a decrease in short-latency intra-cortical inhibition

27(SICI) (Perez et al., 2004; Perez and Cohen, 2008;

28Weier and Kidgell, 2012). Isometric, ballistic and visuomo-

29tor skill training studies have consistently reported an

30increase in CSE following a single bout of training

31(Hasegawa et al., 2001; Muellbacher et al., 2001;

32Ziemann and Hallett, 2001; Zoghi et al., 2003; Perez

33et al., 2004; Camus et al., 2009; Rogasch et al., 2009;

34Hinder et al., 2010; Lee et al., 2010; Pearce and Kidgell,

352010; Smyth et al., 2010; Cirillo et al., 2011; Schmidt

36et al., 2011; Kouchtir-Devanne et al., 2012). However,

37to date, only two studies have examined the early neural

38responses (i.e. motor cortical responses) to the effects of

39a single bout of strength training (Hortobagyi et al., 2011;

40Selvanayagam et al., 2011). Furthermore, the results

41from these two studies were conflicting, with one study

42reporting an increase in CSE (Selvanayagam et al.,

432011), while the other study reported no changes in

44CSE and SICI (Hortobagyi et al., 2011).

45Although the two acute studies present conflicting

46results, short-term strength training studies that have

47used externally paced repetitions have reported

48increased CSE, (Kidgell et al., 2011; Goodwill et al.,

492012). In addition, when skill training (i.e. visuomotor

50tracking) is externally paced with a metronome, an

51increase in CSE is observed (Ackerley et al., 2011).

52Previous skill training studies have demonstrated that the

53synchronization to an audible cue (metronome-pacing) or

54a visual cue (visuomotor tracking) stimulates use-

55dependent plasticity and activates neural pathways speci-

56fic to the task, whereas a self-paced training task does not

57(Gerloff et al., 1998b; Perez et al., 2004; Ackerley et al.,

582011). Furthermore, imaging studies have shown broader

59regions of cortical and sub-cortical activation in self-paced

60movements, compared to metronome-paced movements

61where specific cortical regions are activated (Gerloff
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62 et al., 1998b). In this context, specific repeated activation

63 of regions such as the M1, supplementary motor area

64 and the premotor cortex may manifest as changes in

65 CSE (Gerloff et al., 1998b; Thaut et al., 2002; Lu et al.,

66 2012). On this basis, it seems reasonable to hypothesize

67 that strength training that is paced to a metronome, may

68 modulate similar neural pathways that are important for

69 motor performance that are often observed following

70 metronome-paced skill training (Ackerley et al., 2007,

71 2011).

72 Paired-pulse TMS techniques have been used to

73 investigate the intra-cortical circuitry of the M1 to

74 confirm that both visuomotor skill training and ballistic

75 skill training reduces SICI following a single bout of

76 training (Perez et al., 2004; Camus et al., 2009;

77 Rogasch et al., 2009; Hinder et al., 2010; Cirillo et al.,

78 2011; van den Berg et al., 2011). However, to date, only

79 one study has examined the effects of a single bout of

80 strength training on the intra-cortical circuitry of the M1

81 to reveal no changes in intra-cortical inhibition

82 (Hortobagyi et al., 2011).

83 In addition to task-specific demands, an interesting

84 observation is the phenomenon of cross-transfer (i.e.

85 cross-limb transfer, cross education) of motor skills,

86 whereby motor skill training of a single limb improves

87 motor skill performance of the untrained limb. This

88 phenomenon may also have a significant impact on

89 neural adaptations confined to the M1 (Carroll et al.,

90 2002; Munn et al., 2004; Jensen et al., 2005). For exam-

91 ple, previous studies have shown that a single bout of uni-

92 lateral skill training increases CSE and reduces SICI in

93 both the trained (contralateral [cM1]) and untrained (ipsi-

94 lateral [iM1]) M1’s (Perez et al., 2004; Camus et al.,

95 2009). There is also evidence to demonstrate that the

96 cross-transfer of strength that occurs following 3 to

97 4 weeks of unilateral strength training is accompanied

98 by increased CSE and reduced SICI in both the cM1

99 and iM1 (Kidgell et al., 2011, 2015; Goodwill et al.,

100 2012). However, there has only been one study that has

101 examined the early neural responses of both the CM1

102 and iM1 following a single bout of unilateral strength train-

103 ing (Hortobagyi et al., 2011). In this particular study, there

104 were no changes in CSE or SICI. To date, the only study

105 to have directly compared skill and strength training was

106 conducted by Jensen et al. (2005), and it was demon-

107 strated that skill training significantly increased CSE,

108 while strength training did not, leading to the conclusion

109 that skill and strength training involve different sites of

110 adaptation within the CNS. However, this finding has not

111been systematically examined; therefore, the purpose of

112the present study was to compare the effects of a single

113bout of skill training and strength training on CSE and

114SICI. To do this, we examined the changes in CSE and

115SICI elicited by a single bout of a skilled task (i.e. visuo-

116motor tracking), a metronome-paced strength training

117task and a self-paced strength training task. It was

118hypothesized that the magnitude of corticospinal plasticity

119would not be different following skill and strength training

120and that both skill and strength training can propagate the

121neural mechanisms mediating the cross-transfer of motor

122function and modulate the M1.

123EXPERIMENTAL PROCEDURES

124Participants

125Forty-four participants (age of 26.1 ± 6.8 years; right-

126hand dominant, 24 males and 20 females) volunteered

127to participate in the study and were randomized into four

128groups (control n= 10; metronome-paced strength

129training n= 11; skill training n= 12; self-paced strength

130training n= 11). All participants provided written

131consent prior to participation of the study and were

132screened for any neurological and musculoskeletal

133disease or injury and allocated a participant ID number.

134Participants hand dominance was established by

135Edinburgh handedness inventory (Oldfield, 1971). There

136was one left-hand dominant participant in each group.

137The study was approved by the Deakin University

138Human Research Ethics Committee and was conducted

139in accordance to the Declaration of Helsinki. No partici-

140pants reported any discomfort or ill effects during and

141after the study.

142Study protocol

143Participants attended a familiarization session in order to

144adjust to TMS, completed one set of each exercise.

145Baseline measures took place after a 2-week washout

146period following the initial familiarization session. With

147reference to Fig. 1, at the commencement of the

148baseline session, single-and paired-pulse TMS was

149performed to measure baseline CSE and SICI from the

150cM1 and iM1. Depending on their group allocations,

151participants then completed four sets of their respective

152training paradigms (described in detail in the training

153below). Five minutes after the training session, single-

154and paired-pulse TMS was repeated to measure the

155acute changes in CSE and SICI in both M1s.

Fig. 1. Study overview.
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