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14 Abstract—This experiment tested the hypothesis that inter-

limb transfer of motor performance depends on recruitment

of motor control processes that are specialized to the

hemisphere contralateral to the arm that is initially trained.

Right-handed participants performed a single-joint task, in

which reaches were targeted to 4 different distances. While

the speed and accuracy was similar for both hands, the

underlying control mechanisms used to vary movement

speed with distance were systematically different between

the arms: the amplitude of the initial acceleration profiles

scaled greater with movement speed for the right-

dominant arm, while the duration of the initial acceleration

profile scaled greater with movement speed for the left-

non-dominant arm. These two processes were previously

shown to be differentially disrupted by left and right hemi-

sphere damage, respectively. We now hypothesize that task

practice with the right arm might reinforce left-hemisphere

mechanisms that vary acceleration amplitude with distance,

while practice with the left arm might reinforce right-

hemisphere mechanisms that vary acceleration duration

with distance. We thus predict that following right arm prac-

tice, the left arm should show increased contributions of

acceleration amplitude to peak velocities, and following left

arm practice, the right arm should show increased contribu-

tions of acceleration duration to peak velocities. Our find-

ings support these predictions, indicating that asymmetry

in interlimb transfer of motor performance, at least in the

task used here, depends on recruitment of lateralized motor

control processes. � 2016 IBRO. Published by Elsevier Ltd.

All rights reserved.
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16INTRODUCTION

17Patterns of generalization have provided information

18about how motor learning might be represented in the

19central nervous system. Generalization of learning

20across the limbs has the added advantage of providing

21information that can be exploited in rehabilitation of

22unilateral disorders of movement, such as stroke

23(Dragert and Zehr, 2013; Yoo et al., 2013; Urbin et al.,

242015). However, the literature on interlimb transfer of

25motor learning is replete with seemingly contradictory

26findings. A number of previous studies have reported

27asymmetries in interlimb transfer that depend on whether

28the dominant or non-dominant arm is initially trained, sug-

29gesting that hemispheric lateralization can predict the

30direction of interlimb transfer (Sainburg and Wang,

312002; Criscimagna-Hemminger et al., 2003; Wang and

32Sainburg, 2004b, 2006b; Galea et al., 2007; Chase and

33Seidler, 2008; Lefumat et al., 2015). However, other stud-

34ies have reported that handedness has no influence on

35transfer of motor practice effects across the arms

36(Balitsky Thompson and Henriques, 2010; Stockinger

37et al., 2015).

38While earlier studies tended to examine transfer of

39tasks such as finger tapping (Laszlo et al., 1970) key-

40board pressing (Taylor and Heilman, 1980), and writing

41(Parlow and Kinsbourne, 1989, 1990), more recent stud-

42ies have focused on adaptation to environmental pertur-

43bations during reaching, a paradigm that allows for the

44quantification of the extent of transfer, as well as assess-

45ing the coordinate system governing transfer. In the case

46of adaptation to novel force fields imposed by pro-

47grammable robotic devices, some studies reported asym-

48metries in the direction and extent of transfer (Sainburg,

492002; Criscimagna-Hemminger et al., 2003; Wang and

50Sainburg, 2004a; Duff and Sainburg, 2006; Schabowsky

51et al., 2007; Yadav and Sainburg, 2014b; Lefumat et al.,

522015), while Stockinger et al. recently reported complete

53symmetry in transfer of adaptation to velocity-dependent

54curl-fields imposed by a robotic device. Such forces push

55the arm perpendicular to the target direction (Stockinger

56et al., 2015). Another type of environmental perturbation

57that has been well-studied involves visual-motor distor-

58tions, in which visual feedback about movement is dis-

59placed or reflected. Visual displacements have been

60studied using physical prisms in goggles (Martin et al.,

611996), while visual rotations can be imposed using com-

62puter feedback of hand position. In the case of visuomotor

63rotations, the computer cursor representing the hand is

64rotated relative to the start position of the hand, such that
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65 a straight anteriorward path of the hand will produce a

66 straight path of the cursor that is directed a given amount

67 (ie. 30�) relative to the hand path. Some studies of visuo-

68 motor rotation adaptation have reported that different

69 aspects of task performance transfer asymmetrically

70 (Taylor and Heilman, 1980; Imamizu and Shimojo,

71 1995; Stoddard and Vaid, 1996; Thut et al., 1996; Wang

72 and Sainburg, 2006a,b; Anguera et al., 2007; Galea

73 et al., 2007), while other studies have failed to verify

74 asymmetry in transfer (Balitsky Thompson and

75 Henriques, 2010). It should be noted that most studies

76 that found asymmetry in transfer assessed savings, quan-

77 tified as a reduction in errors when one arm is exposed to

78 the environmental conditions that were previously

79 adapted to with the other arm. In contrast, the studies that

80 showed symmetry in interlimb transfer assessed after-

81 effects, the training-dependent error that is displayed

82 when the untrained arm is exposed to a typical, null envi-

83 ronment. These two measures likely reflect different

84 aspects of learning and memory.

85 In addition to questions of whether interlimb transfer is

86 affected by handedness, some researchers have

87 questioned whether implicit motor learning transfers

88 between the arms at all. Implicit learning refers to

89 processes that are not accessible to awareness, such

90 as conscious recognition and correction of errors.

91 Explicit learning refers to processes that are conscious

92 and reflect progressive corrections for perceived errors

93 in movement (Taylor et al., 2014). Mafait and Ostry

94 (Malfait and Ostry, 2004; Taylor et al., 2014) provided evi-

95 dence that interlimb transfer of robot induced force-fields

96 depended on awareness of movement errors during the

97 course of adaptation by showing that transfer is mitigated

98 when the force environment is introduced too gradually for

99 subjects to become aware of their movement errors. How-

100 ever, Wang et al. failed to corroborate those findings for a

101 visuomotor rotation task (Wang et al., 2011). Thus, fac-

102 tors that appear to influence interlimb transfer of learning

103 include the nature of the task and environmental manipu-

104 lations that are introduced by the paradigm, whether

105 errors are corrected through implicit or explicit mecha-

106 nisms during adaptation, and how transfer is assessed,

107 either by quantifying savings or aftereffects.

108 We designed an experiment to examine transfer of

109 motor performance using a task that avoids the

110 confounding factors described above. We exploit a

111 single-joint targeted elbow movement paradigm that

112 does not impose an environmental perturbation.

113 Because the task is easy to perform correctly, and

114 because participants neither receive feedback about

115 performance nor task-accuracy, explicit information

116 about task errors was not available during practice. In

117 addition, previous research has shown that this task is

118 performed symmetrically with regard to movement

119 speed and accuracy. However, robust differences

120 between performance with the two arms were reflected

121 in the tangential acceleration profiles (Sainburg and

122 Schaefer, 2004; Yadav and Sainburg, 2011). Specifically,

123 maximum hand velocities were scaled with movement

124 distance in different ways for each arm. Non-dominant

125 arm movements showed greater scaling in the duration

126of the initial acceleration profiles, while dominant arm

127movements showed greater modulation of the amplitude

128of the initial acceleration profiles. We previously showed

129that these different strategies were differentially disrupted

130by either left or right hemisphere damage (RHD)

131(Schaefer et al., 2007). In short, right hemisphere lesions

132led to reduced scaling of acceleration duration with peak

133velocity, while left hemisphere lesions led to reduced scal-

134ing of acceleration amplitude with peak velocity. We con-

135cluded that these two aspects of control, scaling of

136acceleration peak and scaling of acceleration duration,

137reflect control processes that have become differentially

138specialized in each hemisphere.

139The current study tests the specific hypothesis that

140asymmetry in interlimb transfer of motor performance

141might result from recruitment of different processes that

142have become specialized in each hemisphere. Thus,

143practice with the right arm would be expected to

144reinforce left hemisphere mechanisms while practice

145with the left arm might reinforce right hemisphere

146mechanisms. We expect that initial performance of our

147task with the right arm should reinforce scaling of

148acceleration amplitude with variations in peak velocity,

149while initial performance with the left arm should

150reinforce scaling of acceleration duration. We thus

151predict that following right arm practice, left arm

152performance should incorporate greater modulation of

153acceleration amplitude, and reduced modulation of

154acceleration duration, to achieve distance-dependent

155variations in peak velocity. In contrast, we predict that

156initial performance of the task with the left arm should

157primarily practice modulation of acceleration duration to

158specify scaling of peak velocity with distance, a process

159that should subsequently influence the right arm control

160strategy.

161EXPERIMENTAL PROCEDURES

162Participants

163Eleven right-handed individuals (3 males, 8 females, age

16420 to 25 yr) participated in this study. Handedness was

165determined using a 12-item version of the Edinburgh

166inventory (Oldfield, 1971), with all participants having a

167laterality quotient (LQ) of >85. Five of the participants

168performed movements with their (nondominant) arm first,

169followed by their right (dominant) arm, while the remaining

170six performed movements with their right arm first fol-

171lowed by their left arm. Thus, this study was counter-

172balanced to compare left and right arm performance both

173under ‘naı̈ve’ conditions as well as ‘transfer conditions’,

174when the unexposed arm performs the task following

175practice with the other arm. None of the participants had

176any neurological or musculoskeletal disorder affecting

177movements of their upper limbs. All the experiments were

178conducted in accordance with the Institutional Review

179Board of the Pennsylvania State University. A portion of

180these data was previously published (Sainburg, 2004).

181In that study, only the initial experimental session was

182reported (i.e., ‘naı̈ve’ conditions), but interlimb transfer

183conditions were not included.
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