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ABSTRACT

Using both hands at the same time is an important ability of the human action system. This is
referred to as bimanual coordination, and complex cases of coordination are often tested to
reveal its limitations. A common limitation is that the limbs cannot make independent
movements but are drawn to follow the same spatial trajectories with similar temporal properties.
These examples of bimanual interference are called spatial and temporal interference. Another
type of interference is seen in the initiation of bimanual reaching movements. When a reaching
movement is directly-cued by illuminating the targets, the reaction time is the same for
symmetric or asymmetric movements. However, the reaction time is longer for asymmetric
compared to symmetric movements if they are symbolically-cued. The leading hypothesis for
this reaction time cost is that the increased processing demands on response selection for
symbolically-cued asymmetric movements results in bimanual interference (Diedrichsen,
Hazeltine, Kennerley, & Ivry, 2001). In two experiments, we investigated the effect of this
interference when it occurred as the result of a perturbation during a movement that required an
on-line correction. We sought to determine if there was larger spatial interference in one limb
when the other limb responded to a symbolically-cued on-line correction compared to a directly-
cued correction. Participants made bimanual reaches to targets that were occasionally perturbed
at movement onset. These perturbations required on-line corrections with one limb to the new
target location. The new target location was indicated by illuminating the new target as a direct
cue (experiments 1 and 2) or symbolically cueing the target with a colour change (experiment 1)
or displaying the letter L or S (experiment 2). We found larger spatial interference for
symbolically-cued on-line corrections compared to directly-cued corrections. Although there
was greater interference with symbolic cues, the interference was small and transient with direct
and symbolic cues. It was also subtle in comparison to spatial interference during preplanned
bimanual reaches. Since a correction in one limb can be accomplished without a large or lasting
effect on the other limb, we conclude that on-line control of the limbs during bimanual reaching

is largely independent.
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1 INTRODUCTION

Using both hands at the same time is an important ability of the human action system. This is
referred to as bimanual coordination, and complex cases of coordination are often tested to
reveal its limitations. These limitations are not always obvious in everyday tasks but they are
important as “limitations in producing bimanual movements can illuminate the underlying
functional architecture of the action system” (Diedrichsen, Grafton, Albert, Hazeltine, & Ivry,
2006, pp. 1729). A common limitation is that the limbs cannot make independent movements
but are drawn to follow the same spatial trajectories with similar temporal properties. These
examples of bimanual interference are called spatial interference and temporal interference.
Another type of bimanual interference is seen in the initiation of bimanual reaching movements.
When a bimanual reaching movement is cued directly by illuminating the targets, the reaction
time is the same or similar for symmetric or asymmetric movements. However, the reaction time
is longer for asymmetric compared to symmetric movements if they are cued symbolically. The
leading hypothesis for this reaction time cost is that the increased processing demands on
response selection for symbolically-cued asymmetric movements results in bimanual
interference (Diedrichsen, Hazeltine, Kennerley, & Ivry, 2001; Diedrichsen, Ivry, Hazeltine,
Kennerley, & Cohen, 2003). We proposed to investigate the effect of this bimanual interference
when it occurred as the result of a perturbation during the movement that required an on-line
correction. The on-line correction may result in spatial and temporal interference. We asked:
will there be larger spatial interference for a symbolically-cued on-line correction compared to a
directly-cued correction? Next, we will begin to detail our experimental logic by reviewing

foundational research on bimanual reaching movements.

1.1 Bimanual reaching

Kelso, Southard, and Goodman (1979) investigated how bimanual reaching movements are
coordinated by the nervous system. One possibility is that there are “functional groupings of
muscles that are constrained to act as a single unit,” which is defined as a coordinative structure
(Kelso, Southard, & Goodman, 1979, pp. 229). For unimanual movements, Fitts’ Law describes

the relationship between movement times and the amplitude and width of targets (Fitts, 1954).



Simply, movement times increase with larger movement amplitudes or smaller target widths.
Kelso and colleagues were interested in comparing the movements times of each limb when one
limb made a short movement to a big target (easy target) and the other limb made a long
movement to a small target (difficult target), while being as quick and accurate as possible.
Fitts’ law states that the former movement time will be much faster than the latter. However, if
the nervous system imposes a coordinative structure, a bimanual movement to an easy and
difficult target may be synchronized. They found that bimanual movements had synchronous
initiation and termination. Compared to unimanual movements, the movement time to the easy
target increased to match the movement time to the difficult target. Peak velocity and peak
acceleration were practically synchronized, even though the limbs moved at different speeds.
Kelso and colleagues (1979) concluded that even disparate movements are constrained with an
invariant temporal structure. This creates a coordinative structure where the two limbs act as a
single unit and solves the problem of controlling multiple degrees of freedom in a bimanual task

(Bernstein, 1967; Turvey, 1977).

In one part of a follow-up experiment, Kelso, Putnam, and Goodman (1983) examined if
bimanual movements have spatial constraints as well as temporal constraints. They introduced
an obstacle in the path of one limb to see if the trajectory of the other limb would also be
modified. They found there was a compensatory effect on the trajectory of the limb without an
obstacle for the majority of participants. The participants that avoided spatial interference tended
to move their limbs more asynchronously, delaying the initiation of the second limb. The
temporal aspects of the movements with the left and the right limbs were still synchronized,
regardless of the compensatory strategy. From both experiments, they concluded that bimanual

movements have a coordinative structure that entails common spatial and temporal properties.

Marteniuk and MacKenzie (1980; Marteniuk, MacKenzie, & Baba, 1984) tested the proposal of
a coordinative structure for bimanual movements. Their methods were similar to Kelso and
colleagues (1979) except that participants held styli and moved to targets that were 1 mm in
diameter instead of moving their fingers to targets that were 3.6 or 7.2 cm wide. The target
distances were 10 or 30 cm, with the bimanual symmetric movements coded as 10-10 or 30-30
and asymmetric movements as 10-30 or 30-10. They also included trials in which weight was
added to either stylus or both styli and examined if the limbs remained synchronized. Two main

differences were found from Kelso and colleagues (1979). First, when a weight was added to



one stylus, the unweighted stylus reached its target earlier than the weighted stylus. Second, the
non-dominant limb significantly overshot the short target when the dominant limb moved to a
long target (10-30 for right-handed participants), which they referred to as amplitude
assimilation. Specifically, the non-dominant limb overshot the short target by 7.0 mm in the 10-
30 condition compared to 2.3 mm in the 10-10 condition. There was a slight decrease in the
length of the dominant limb moving to a long target, but it was not significant. In the 30-10

condition, there was a small, non-significant amount of amplitude assimilation in each limb.

Marteniuk and MacKenzie (1980) argued that the statistically significant difference in movement
time in the weighted condition opposed Kelso and colleagues’ (1979) hypothesis of a
coordinative structure with time as an invariant feature of bimanual control. They also proposed
a model of bimanual coordination based on the functional properties of the central nervous
system where ipsilateral and contralateral motor commands may interfere with each other at
three levels: “the relatively high levels [cortical] where these processes first originate [during
information processing]; the brain stem level where movement commands converge; or, at the
spinal level where contralateral and ipsilateral projections interact from both corticospinal and
descending brain stem pathways” (pp. 193). Marteniuk and MacKenzie (1980) theorized that
movement time asymmetry and amplitude assimilation resulted from command interference at
the brain stem and spinal levels during movement execution. Interference was proportional to
the intensity of activation in the contralateral movement, which explained why the increase in
amplitude of the short movement was greater than the decrease in amplitude of the long

movement.

Kelso and colleagues (1983) responded that the average difference in movement times measured
by Marteniuk and MacKenzie (1980) was only 20 ms and may be the result of increased
accuracy demands for targets that were 1 mm in diameter. They also suggested that amplitude
assimilation could be a coordinative structure imposing common spatial properties, as seen when
an obstacle is placed in the path of one limb (Kelso et al., 1983). Common to both of these
approaches, there is interference during bimanual movements whether it is caused by the
demands of the coordinative structure or the crosstalk of the movement commands. The concept
of neural crosstalk assumes there are separate neural commands for the two limbs. When these
commands differ, such as the case for a bimanual asymmetric movement, neural interference

between these commands can occur. This interference, or crosstalk, can occur during movement
3



preparation and movement execution at many levels of the central nervous system (Swinnen &
Wenderoth, 2004). A likely source of cortical crosstalk is the information processing required to
produce the motor commands, which includes stimulus identification, response selection, and
response programming. The neural crosstalk perspective will be the paradigm used in this thesis.

Next, we will show how crosstalk can occur at cortical levels during information processing.

1.2 Cortical crosstalk

1.2.1 Response programming

Spijkers, Heuer, Kleinsorge, and van der Loo (1997) also examined short and long bimanual
reaching movements that could be symmetrical or asymmetrical in choice reaction time
conditions. Precuing the target amplitudes 0 to 1000 ms before the imperative stimulus altered
the amount of time for preprogramming. This was done to examine interference during response
programming. Their logic was that if there is interference during response programming for
asymmetric movements, then reaction times for asymmetric movements should be longer than
symmetric movements. When the precue occurs before the imperative stimulus, this interference
occurs during preprogramming and has less influence on the reaction time. Thus, reaction times
for symmetric and asymmetric movements should be equivalent when the precue is long enough

to accommodate the interference caused by asymmetric movements.

The precue was the German word for “short” or “long” for each limb. Spijkers and colleagues
(1997) found that when the precue was coincident with the imperative stimulus, the reaction
times for asymmetric movements were longer than symmetric movements, with a difference of
174 ms. As predicted, the reaction time cost for asymmetric movements diminished as the
precue interval increased but was still significant at the longest precue interval of 750 ms (Figure
1.1 left). The precue was altered to be more movement-compatible in a second experiment by
displaying a short or long horizontal bar for each limb. The reaction time cost with a 0 ms
precue was reduced to 57 ms, but it had the same trend as the less compatible precue and was no
longer significant with a 1000 ms precue (Figure 1.1 right). Since the reaction time cost only

existed when the time for movement preparation was limited, they reasoned that this type of



interference occurs at a cortical level during response programming. Amplitude assimilation was
also seen, but it was less influenced by the precue interval than the reaction time cost. It was
hypothesized that amplitude assimilation occurs at low-levels (brain stem, spinal) during

movement execution.
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Figure 1.1. Reaction time by precue interval for the word precue (left) and the more movement-compatible
horizontal bar precue (right). In both cases, the reaction time for asymmetric movements (yellow and red) compared
to symmetric movements (blue and cyan) was still significant at a precue interval of 750 ms. Based on data from
Spijkers and colleagues (1997).

1.2.2 Stimulus identification or response selection

It is possible that the reaction time cost for asymmetric movements is the result of interference
during response programming. However, since preprogramming influences all three stages of
information processing, the interference could occur during any stage or any combination of
stages. Diedrichsen, Hazeltine, Kennerley, and Ivry (2001) reasoned that the symbolic precues
used by Spijkers and colleagues (1997) placed high processing demands on response selection
that are atypical for goal-directed actions. Symbolically-cued movements, like displaying the
words “short” and “long”, require more processing during response selection to translate the cue
into a movement goal than a directly-cued movement in which the target is visually specified
(Goodman & Kelso, 1980). The reaction time cost could be the result of increased processing
during response selection for different symbolic cues in asymmetric conditions that requires
more processing as symmetric conditions with identical cues. They tested the hypothesis that the
reaction time cost is the result of interference during stimulus identification or response selection
that can be abolished by cuing the movements directly. Independent of the type of cue (direct or

symbolic), the same response programming was required. Therefore, if the reaction time cost



was eliminated by directly cuing the movements, then the interference would appear to occur
during stimulus identification or response selection and neither response programming nor

movement execution.

To test their hypothesis, symmetric and asymmetric reaching movements were made to short and
long targets. The participants were instructed to move as quickly and accurately as possible to
the targets specified by the direct or symbolic movement-cues that also served as the imperative
stimulus. The symbolic cues were the letters S and L for the short and long targets, and the
targets were illuminated as direct cues. A reaction time cost of 55 ms for symbolically-cued
asymmetric movements replicated Spijkers and colleagues (1997) (Figure 1.2 left). There was
no difference in reaction time for symmetric or asymmetric movements that were directly cued
(Figure 1.2 left). This supported their hypothesis that the bimanual interference occurred during

stimulus identification or response selection and not response programming.
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Figure 1.2. Reaction times (left) and movement times (right) in symbolic and direct conditions. Error bars are
plus or minus one standard error. Based on data from Diedrichsen and colleagues (2001).

The movement times also yielded some interesting results (Figure 1.2 right). With direct cues,
asymmetric movements had movement times closer to symmetric long movements than
symmetric short movements. It is has been shown (Kelso, Putnam, & Goodman, 1983; Kelso,
Southard, & Goodman, 1979; Marteniuk & MacKenzie, 1980, Marteniuk, MacKenzie, & Baba
1984) that the movement time of the short movement accommodates to the movement time of
the long movement so the movements can begin and end simultaneously. However, in the study
by Diedrichsen and colleagues (2001), the asymmetric movements had an even larger increase in
movement times in the symbolic compared to direct conditions, and the movement time of a long

movement paired with a short movement was even longer than a symmetric long movement.



This suggests the larger accommodation effects in symbolically-cued asymmetric movements
may also be contributed to by the bimanual interference that results in the reaction time cost.
This cost is eliminated with a 1000 ms precue, so it is possible this interference also affects the
movement time when the precue is coincident with the imperative stimulus. In different terms,
the stimulus identification or response selection of symbolically-cued asymmetric movement
produces interference that can be measured during movement preparation and movement
execution. This has been shown in the measures of reaction time and movement time,
respectively. We will return to the possibility that this interference may also appear in the

trajectory of the movement.

1.2.3 Response selection

A follow-up experiment investigated if the reaction time cost is the result of interference during
stimulus identification or response selection (Diedrichsen et al., 2003). The hypothesis was that
the reaction time cost for asymmetric movements might be the result of translating two different
symbolic cues into movements. Translating the same cue twice for a symmetric movement may
result in a time-savings (Hazeltine, Diedrichsen, Kennerley, & Ivry, 2003). If the reaction time
cost is the result of increased processing to identify or translate two cues into movements, then it
should be seen regardless of the type of movement required, symmetric or asymmetric. Using
the same or different colour cues that required either symmetric or asymmetric movements tested
this. Identical reaction time costs of 185 ms were found when different symbolic cues required
symmetric or asymmetric movements. This supported the earlier hypothesis that bimanual
interference can result from stimulus identification or response selection. To compare the roles
of identification and selection they manipulated the demands on these stages in a series of
experiments. They found the reaction time cost was independent of the demands on stimulus
identification and dependent on the demands on response selection. This supported the
hypothesis that bimanual interference occurred during response selection, and not stimulus
identification. They argued that interference during selection results from a competition between

the cue-to-target rules for each limb when the symbolic cues are different.



1.3 Spatial coupling of movement trajectories

The type of cues used to specify the targets of bimanual reaching movements can result in
bimanual interference. This interference is expressed as a reaction time cost when each limb is
cued with two different cues instead of identical cues (Spijkers et al, 1997; Diedrichsen et al.,
2001). The reaction time cost is found regardless of if the two different cues require symmetric
or asymmetric movements (Diedrichsen et al., 2003). Interestingly, illuminating the targets as
direct cues eliminates the reaction time cost (Diedrichsen et al., 2001). The hypothesis is that the
increased processing demands on response selection for the cue-to-target translations with
symbolic cues compared to direct cues results in bimanual interference (Diedrichsen et al., 2001;
Diedrichsen et al., 2003; Hazeltine et al., 2003). However, response selection can also occur
during a movement as part of on-line control processes. How would the bimanual interference
be expressed if it occurred during on-line control; would it result in the spatial interference of the

movement trajectories?

Spatial interference of movement trajectories has been shown in bimanual reaching movements
(Kelso, Putnam, & Goodman, 1983; Kelso, Southard, & Goodman, 1979; Marteniuk &
MacKenzie, 1980, Marteniuk, MacKenzie, & Baba 1984; Swinnen, Walter, & Shapiro, 1988) as
well as continuous bimanual movements (Franz, 1997; Franz, Eliassen, Ivry, & Gazzaniga,
1996). For example, when attempting to continuously draw lines with one limb and circles with
the other, both shapes end up looking like ovals (Franz, 1997). Spatial interference results in this
egocentric symmetry, which can be visualized as mirrored movements about the midsagittal
plane. If one limb moves to the left, then spatial interference pulls the other limb to the right to
maintain the egocentric symmetry. The opposite is allocentric symmetry, which is when the
limbs move in the same direction in external space; if one limb moves to the left, then the other
limb also moves to the left. Spatial interference has been suppressed in continuous movements
with the use of salient (Lissajous) feedback that displays the relationship between the limbs
(Swinnen, Verschueren, Bogaerts, Dounskaia, Lee, Stelmach, & Serrien, 1998) and haptic
tracking (Rosenbaum, Dawson, & Challis, 2006). It is possible that these manipulations altered
the movements from being cued symbolically to directly. How would spatial interference
compare in bimanual reaching movements with directly- or symbolically-cued target

perturbations?



The reaching movements with spatial interference that have been investigated are all movements
that are planned in advance of movement execution (Kelso, Putnam, & Goodman, 1983; Kelso,
Southard, & Goodman, 1979; Marteniuk & MacKenzie, 1980, Marteniuk, MacKenzie, & Baba
1984; Swinnen, Walter, & Shapiro, 1988). For example, the obstacle used by Kelso and
colleagues (1983) was visible before the start of the trial, so bimanual movements that avoided
the obstacle could be preplanned. The limb with the obstacle had a higher trajectory than control
trials. Spatial interference was seen in the majority of participants as higher trajectories in the
limb without the obstacle. Another example of spatial interference in preplanned bimanual
reaching movements is the experiment by Swinnen, Walter, and Shapiro (1988). Participants
made simultaneous elbow flexion movements from far targets to close targets with egocentric
symmetry, but the right limb had to make a double reversal action in the middle of the
movement. Spatial interference was seen as a concomitant double reversal in the left limb that
was most evident in the acceleration profile. The required acceleration profile of the left limb
should have one positive and negative peak. Instead, it resembled the acceleration profile of the
right limb and had two positive and negative peaks. In contrast, we proposed to examine spatial
coupling caused by on-line control. Response selection (and more broadly, information
processing) occurs during preplanning and on-line control, but there is behavioural and
neurophysiological evidence that shows a distinction between these processes (Glover, 2004;

Milner & Goodale, 2008).

1.3.1 On-line control of bimanual reaches

We asked the following research question: will there be larger spatial interference in the
unperturbed limb when the perturbed limb responds to a symbolically-cued on-line correction
compared to a directly-cued correction? Having a target change locations or change colour at
movement initiation will compare directly- and symbolically-cued on-line control. On-line
control will be required to adjust to wherever the target jumped (direct) or to translate the colour
change into a new target location and perform an adjustment (symbolic). There should be a
difference in the time required to respond to the target perturbation, with directly-cued
perturbations beginning sooner (more automatic) than symbolically-cued ones (more voluntary)

(Diedrichsen et al., 2001). By automatic, we mean that target jumps can sometimes elicit



corrections contrary to task instructions (automatic capture) (Pisella, Gréa, Tilikete, Vighetto,
Desmurget, Rode, Boisson, Rossetti, 2000) or corrections when the participant is unaware of the
target displacement (Goodale, Pelisson, & Prablanc, 1986). We are interested if symbolically-

cued on-line corrections will have larger spatial coupling than directly-cued corrections.

To our knowledge, directly and symbolically-cued on-line corrections have not been compared.
The effect of directly-cued corrections on the movement trajectories has been examined
(Diedrichsen, Nambisan, Kennerley, & Ivry, 2004; Mason, 2008). In the experiment by
Diedrichsen and colleagues (2004), participants made bimanual reaching movements to targets
that were 2.4 cm in diameter and 23 cm in front of the starting position. The targets appeared as
the imperative stimulus and the goal of the movement was to be as accurate as possible and to
have a movement time below 450 ms. The forward positions of the limbs were displayed in real-
time, but lateral deviations were not shown; feedback of the spatial accuracy was given after
each trial. Unimanual movements with and without a target jump and bimanual movements
without a target jump were included as control conditions. In the experimental bimanual trials,
one or both targets jumped to the left or right at movement initiation. This required on-line
control of the limbs (the perturbed limbs) to adjust to the directly-cued target perturbation.

When one target jump occurred, the mean trajectory of the other limb (the unperturbed limb) was

compared to control for spatial interference.

Diedrichsen and colleagues (2004) found that movements were as accurate in all of the target
jump conditions as the control conditions. The average onset of adjustment to a target jump was
175 ms and also did not differ in unimanual or bimanual (one or both targets jumped) conditions.
This showed that participants could perform on-line corrections to two target jumps as
proficiently as one target jump in bimanual or unimanual conditions. When only one target jump
occurred in a bimanual movement, there was small, transient spatial interference in the
unperturbed limb that was statistically significant. The mean magnitude of the interference at
peak lateral velocity was 2.1 £ 1.4 mm (mean =+ standard deviation); it was corrected within 100
ms, and did not impact the endpoint accuracy of the movement. Interestingly, the interference
was in the same direction as the correction for the target jump (see Diedrichsen et al., 2004
Figure 3B). This is the opposite of egocentric symmetry and is referred to as allocentric

symmetry. They concluded that directly-cued on-line corrections can occur independently for
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the two limbs with only small, transient spatial coupling. The allocentric interference may be the

result of the reliance on the posterior parietal cortex for directly-cued on-line corrections.

Diedrichsen and colleagues (2004) showed small, transient bimanual interference for directly-
cued on-line corrections. The interference was small in comparison to the size of the reaction
time cost for symbolically-cued movements (Diedrichsen et al., 2001; Spijkers et al., 1997) or
the magnitude of spatial coupling in preplanned bimanual reaches (Kelso, Putnam, & Goodman,
1983; Kelso, Southard, & Goodman, 1979; Marteniuk & MacKenzie, 1980, Marteniuk,
MacKenzie, & Baba 1984; Swinnen, Walter, & Shapiro, 1988). To address our question, we

required a comparison between directly and symbolically-cued on-line corrections.

In summary, high processing demands on response selection have been shown to result in
bimanual interference (Diedrichsen et al., 2001; Diedrichsen et al., 2003; Hazeltine et al., 2003).
We tested if increased processing demands on response selection for symbolically-cued on-line
corrections compared to directly-cued corrections resulted in spatial coupling, a form of
bimanual interference. Diedrichsen and colleagues (2004) found small, transient interference
with directly-cued online corrections, so we expected to replicate this amount of interference in
direct conditions and to find larger interference in symbolic conditions. Based on the results of a
pilot study (Appendix A), we advanced the methods used by Diedrichsen and colleagues (2004)
to allow a comparison of bimanual interference with directly and symbolically-cued on-line

corrections.
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2 EXPERIMENT ONE

2.1 Methods

2.1.1 Participants

The participants were 11 students from the University of British Columbia. The University of
British Columbia Office of Research Services approved this study. All participants had normal
or corrected-to-normal vision and were right handed based on self-report measures of the

Edinburgh Handedness Inventory (Oldfield, 1971), with a laterality quotient greater than .60.

2.1.2 Task and apparatus

Bimanual reaching movements were made on a horizontal surface with forward movements in
the transverse plane. The dimensions of the stimulus display are shown in Figure 2.1. This was
displayed on the horizontal surface by placing a monitor above the surface and a half-silver
mirror midway between the two. Vision of the limbs was available at the start of every trial to
orient the participant, but it was removed during movements to prevent vision-based on-line

corrections.

0.9
= JD

24.6

Figure 2.1. Dimensions of the stimulus display in the mid configuration. All dimensions are in
centimeters.
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The participant was instructed to maintain fixation on the cross, begin the movement when
ready, and be as accurate as possible with a goal movement time of 500 ms + 50 ms. The
movements were made with digitization pens with infrared emitting diodes near the tip of each
pen. These were used to record the spatial location of the pens and the status of the tips (up or
down) at 500 Hz with an Optotrak imaging system (Optotrak 3020, Waterloo, Ontario) for two

seconds beginning with the target presentation.

There were three bimanual reaching conditions: Control, Direct, and Symbolic. Feedback of the
movement endpoint was displayed on the movement surface for only the Control condition
(Figure 2.2 d2). The Direct and Symbolic conditions had target perturbations at movement
onset, measured by when both pens were lifted off the aiming surface. The participant was
instructed to begin an on-line correction as quickly as possible to any target perturbation and to
be as accurately as possible. In the Direct condition, the initial target for one limb may jump to
the posterior target placeholder (Figure 2.2 el). The initial target for one limb may change
colour in the Symbolic condition (Figure 2.2 f1). The target might change colour to blue, and the
participant was taught the association between the change in colour and the target placeholders.
At the end of trials with colour changes, the target placeholders were filled with their respective

colour to remind the participant of the colour-to-target association (Figure 2.2 {2).

In all conditions, the locations of the target placeholders and fixation were randomized between
three configurations (near, mid, far). The stimulus display in Figure 2.1 is the mid configuration
where the distance from the starting positions to the two closest target placeholders (the initial
target placeholders) was 24.6 cm. All the target placeholders and the fixation were moved 1 cm
closer to the starting positions in the near configuration so that the distance from the starting
positions to the initial target placeholders was 23.6 cm. The far configuration had the opposite
adjustment, so the distance from the starting positions to the initial target placeholders was 25.6
cm. This was done to prevent increasingly open-loop movements in the control trials and for the
limb without a target perturbation in direct and symbolic trials as the experiment progressed.

Target perturbations always occurred in the mid configuration.
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Figure 2.2. Stimulus progression. The limbs were moved into the starting positions (a), the fixation point
appeared (b), and then the targets for the left and right limbs appeared (c). In the Control condition, the
participant reached to the targets (d1) and feedback of their end positions was displayed at the end of the
trial (d2). In the above example of a direct target perturbation, the target for the left limb jumped to the
posterior target placeholder at movement initiation and an on-line correction was made to the new target
(el). No feedback was given at the end of direct trials (e2). In the above example of a symbolic target
perturbation, the left target changed colours to blue (f1), which required an on-line correction with the left
limb to the posterior target placeholder. The colour to target placeholder association was shown at the end
of symbolic trials (f2).

2.1.3 Design

The experiment was divided into three sections: practice, direct, and symbolic (Table 2.1). The
experiment began with 21 practice trials in control conditions to familiarize the participant with

the procedure and to achieve a movement time of 500 ms £ 50 ms. The order of the Direct and

14



Symbolic sections was counterbalance. These sections consisted of 108 trials, with a
randomization of two-thirds control trials and one-third target perturbations, with an equal

number of the two types of perturbations (left limb long, right limb long).

Table 2.1. The experimental design.

Practice Direct Symbolic
72 control 72 control
18 x 2 perturbation 18 x 2 perturbation
21 control Symbolic Direct
72 control 72 control
18 x 2 perturbation 18 x 2 perturbation

2.1.4 Data analysis

The analyses were restricted to movements in the transverse plane. Raw trajectory data were
low-pass filtered with a dual pass fourth order Butterworth filter at a cut-off frequency of 10 Hz.
The data were then differentiated with a central finite-difference method to calculate velocity in
the forward and lateral directions. Temporal averages were used to calculate mean displacement
and velocity trajectories for each participant. This included mean trajectories for the control
limbs and the limbs that made the correction (the perturbed limbs) and the limbs that did not

make a correction (the unperturbed limbs) in Direct and Symbolic conditions.

Individual trials were excluded from analyses if they met any of the five exclusion criteria. First,
either Optotrak marker was missing for longer than 10 ms (5 frames at 500 Hz). Missing
markers in shorter intervals were estimated with linear interpolation. Second, either movement
began after the two-second recording interval of the Optotrak, or third, either movement finished
after the recording window. Fourth, the endpoint of either limb in the forward direction was
further than 25 mm from the centre of the target placeholder. This distance was selected, as it
was approximately half the distance between the control and the perturbed target placeholders.
Fifth, the absolute difference in the time from the initial target presentation to the pen-up of each
limb (the reaction time asynchrony) was larger than 25 ms. Trials with asynchronous reaction
times were determined on-line and recycled to the end of the section to prevent decreasing the

number of trials in each condition. This criterion was included to prevent the possibility of
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reducing the spatial interference by delaying the initiation of the second limb (Kelso, Putnam, &

Goodman, 1983).

Movement times were measured from the pen-up to the pen-down of each limb. The onset of
adjustment to a target perturbation was measured by comparing the mean velocity of the
perturbed limb to control, and this was done separately for each limb. An adjustment occurred if
the perturbed trajectory went outside of two standard deviations from the control trajectory. This
was traced back to when the two trajectories converged to determine the onset of adjustment,

which was the time from movement onset (second pen-up) to when the trajectories diverged.

Constant error and variable error were calculated from the movement endpoint to the centre of
the target placeholder in the forwards and lateral directions. If there is spatial interference that
lasts until the end of the movement, then the unperturbed limbs may be less accurate or less
consistent than controls. Spatial interference might occur in the forward direct, the lateral
direction, or both directions. In the forward direction, spatial interference should pull the
unperturbed limb in the same direction as the perturbed limb, which is further than control. The
unperturbed limb should overshoot regardless of if the interference occurs in an allocentric or an
egocentric reference frame, but the reference frame will impact the lateral interference.
Allocentric interference will pull the unperturbed limb in the same lateral direction as the
perturbed limb, so towards the midline. The unperturbed limb will move away from the midline,
in the opposite lateral direction as the perturbed limb, if the interference occurs in egocentric

coordinates.

Spatial interference in the unperturbed limbs may be transient, correcting itself before the end of
the movement and not changing the reach accuracy or consistency. We therefore compared the
unperturbed displacement trajectories to controls across the entire movement. We calculated the
temporal average of these two reach types for each participant (and each cue and each limb), and
then compared these averages across participants. The mean forward and lateral positions of the
unperturbed limbs were compared to controls every 20 ms after movement onset to determine if
the unperturbed limb was affected by spatial interference from the on-line correction of the
perturbed limb. As with constant and variable error, spatial interference should pull the

unperturbed limb further than control in the forward direction. In the lateral direction, the
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unperturbed limb could be pulled in either direction depending on if the interference occurred in

allocentric or egocentric coordinates.

Data were analysed with analysis of variances (ANOV As) to determine statistically significant
results (p <.05). All factors in the ANOVAs had repeated measures. The Huynh-Feldt
correction was applied whenever the Mauchly’s test of sphericity was statistically significant (p
<.10). Significant main effects with more than two levels were further analysed by pairwise
comparisons using the Sidak adjustment for multiple comparisons. Significant interactions were
analysed with simple main effects and, if necessary, pairwise comparisons using the Sidak
adjustment. Main effects and interactions that are not reported, did not reach significance (p >

05).

2.2 Results and discussion

The number of trials excluded for each participant is shown in Table 2.2. The most common
reason for exclusion was reaction time asynchrony, but these trials were recycled to the end of

the block to prevent decreasing the number of trials in each condition.

Table 2.2. The number of excluded trials for each participant and for each exclusion criterion.

- Missing Asynchronous Slow Slow
Participant Markers Reaction Time Mpyement Movgmept Poor Accuracy
Initiation Termination

1 0 5 0 0 4
2 2 69 0 0 6
3 1 4 2 0 0
4 0 12 0 4 6
5 0 8 0 0 1
6 1 56 0 17 4
7 1 49 0 0 24
8 36 8 0 4 9
9 0 3 0 1 6
10 4 12 1 0 5
11 1 37 0 4 5

Total 46 263 3 30 70

Percent 1.7 10.0 0.1 1.1 2.7
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The mean trajectories of participant 5 are shown in Figure 2.3. The trajectories are temporal
averages of reaches in the forward position by the lateral position (the transverse plane). The
starting positions and the two targets for each limb are shown for direct (Figure 2.3 top) and
symbolic cues (Figure 2.3 bottom). For clarity, only three reach types are shown: control reaches
to the middle targets in black (left limb solid, right limb dashed), on-line corrections with the left
limb in green, and corrections with the right limb in magenta. The dashed green and magenta
limbs made on-line corrections and are referred to as perturbed limbs, with the solid green and
magenta limbs being the unperturbed limbs. Representative participant data is always from

participant 5, and the same pattern and colour scheme will be used in all graphs.
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Figure 2.3. Bird’s eye view of the mean reach trajectories in Direct (top) and Symbolic (bottom) conditions
for participant 5. The perturbed left limb is dashed green, and the unperturbed right limb is solid green. The
unperturbed left limb is solid magenta, and the perturbed right limb is dashed magenta. The left control is
solid black, and the right control is dashed black. The centre of the targets and starting positions are
represented by the black squares.
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The same trajectories in Figure 2.3 are re-plotted as forward position by time in Figure 2.4, to
emphasise the variables used in our analyses. Time zero is when the second pen was lifted from
the starting position, which is also when target perturbations occurred. The last time point is the
participant’s mean movement time for each limb and reach type. As these are temporal
averages, the variable endpoints and movement times of the perturbed limbs resulted in the end
of perturbed trajectories being irregular. This occurred because shorter movements are not
extended to the mean movement time and fluctuations can result as these trials no longer
contribute to the average. It is important to note that the irregular portions of perturbed
trajectories were not used in any analysis, and a temporal average is the best averaging technique

to display two trajectories with disparate movement times.
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The perturbed left limb is dashed green, and the unperturbed right limb is solid green. The unperturbed left
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2.2.1 No difference in the onsets of adjustments with direct or symbolic cues

Onsets of adjustments were calculated by determining when the temporal average velocity of the
perturbed limbs and controls diverged. Figure 2.5 shows the right perturbed limbs diverging
from controls, with the onsets of adjustments displayed by the vertical lines. The onsets of

adjustments were surprisingly similar with either direct or symbolic cues.
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Figure 2.5. Forward velocity of the perturbed right limb (dashed magenta) in Direct (left) or Symbolic (right)

conditions for participant 5. The onsets of adjustments (dashed vertical lines) shown above are when the forward

velocity of the perturbed right limbs diverged from the velocity of the left controls (black).
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The onsets of adjustments were analysed with a 2 Cue (direct, symbolic) by 2 Limb (left, right)
ANOVA. There were no significant main effects or interactions, p > .05. Most importantly, the
onsets of adjustments with direct cues (260 + 34.0 ms, mean + standard deviation) were not
significantly different from the onsets of adjustments with symbolic cues (277 + 61.9 ms), F; 9

=23,p=.158,m,"=.19.

A large and significant difference between the onsets of adjustments for direct and symbolic cues
is fundamental to our experiment. Symbolic cues are expected to have increased processing
demands for the cue-to-target translations compared to direct cues, which has been shown to
significantly increase the onsets of adjustments (Diedrichsen et al., 2001, Blinch et al., 2008).
One difference in this experiment compared to our pilot experiment (Appendx A) was that only
one target perturbation could occur for either limb. When a target perturbation can occur in at
least two directions, the perturbation is identified and then translated to determine the appropriate
on-line correction. The difference in processing time for direct or symbolic cues results from the

cue-to-target translation (Diedrichsen et al., 2003) and likely not the identification. When a
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target perturbation can occur in only one direct, it is possible that participants only had to
identify the perturbation and not translate it to determine the appropriate correction, as the
correction was always the same. The lack of translation could have resulted in onsets of
adjustments that were comparable with direct or symbolic cues. To establish a difference in the
onsets of adjustments, Experiment 2 (presented later in this thesis) tested a new group of
participants with target perturbations that required either longer or shorter movements than

control.

2.2.2 Movement times of the perturbed limbs were longer than the unperturbed limbs

Movement time was calculated from the pen-up to the pen-down of each limb. A 2 Cue (direct,
symbolic) by 2 Limb (left, right) by 3 Type (control, long perturbed, long unperturbed) ANOVA
with repeated measures on all factors was used to analyse movement times. There was a main
effect of type (Figure 2.6), Fi5 150=9.5,p <.01, npz = .49, which was further analysed by
pairwise comparisons using the Sidak adjustment for multiple comparisons. The long perturbed
limb had a longer movement time than the unperturbed limb or control. The movement time of
the perturbed limb was likely extended to allow for an on-line correction. It is interesting that
the movement time of the unperturbed limb was not statistically different from control.
Temporal interference in bimanual reaches can cause the two limbs to end at the same time
(Kelso, Southard, & Goodman, 1979), but the perturbed limb did not result in a longer

movement time for the unperturbed limb.

There was also a significant cue by type interaction (Figure 2.6), Fi6 155 =7.9, p <.01, np2 = .44,
that was further analysed using simple main effects on cue. The long unperturbed limb had a
longer movement time with a symbolic cue than a direct cue, F; 10=7.1, p=.023, npz = .42,
Therefore, symbolically-cued on-line corrections resulted in longer movement times than

directly-cued ones, despite the equivalent onsets of adjustments.
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Figure 2.6. Mean movement times for the cue by type interaction. The error bars are plus or minus one
standard error.

2.2.3 Constant and variable error were comparable with the unperturbed limbs and

controls

Reach accuracy and consistency were measured by constant and variable error, which were
calculated by the forward and lateral distances from the endpoint of each limb to the centre of the
appropriate target. If there is spatial interference that lasts until the end of the movement, then
the unperturbed limbs may be less accurate or less consistent than controls. In the forward
direction, spatial interference should pull the unperturbed limb in the same direction as the
perturbed limb, which is further than control. In the lateral direction, spatial interference may
occur in an allocentric or egocentric reference frame. Allocentric interference will pull the
unperturbed limb in the same lateral direction as the perturbed limb, so towards the midline. The
unperturbed limb will move away from the midline, in the opposite lateral direction as the

perturbed limb, if the interference occurs in egocentric coordinates.

Constant error and variable error in the forward direction were analysed separately with 2 Cue
(direct, symbolic) by 2 Limb (left, right) by 3 Type (control, long perturbed, long unperturbed)
ANOVAs. For constant error, there were significant main effects of limb and type, F;, 10 = 12.8,
p<.01,m,"=.56,F ;3 134=8.3,p<.01,m," = .46. The right limb (-6.0 + 7.4 mm) undershot the
target more than the left limb (-3.9 £ 7.3 mm). The unperturbed limb (-8.2 + 6.7 mm) undershot
more than the perturbed limb (-0.7 + 7.8 mm), but they were both comparable to control (-5.9 +
5.5 mm).
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For variable error, there were also significant main effects of limb and type, F; 10 =15.5, p <.05,
npz =.61,F, 20=13.7,p<.01, npz =.58. The left limb (7.4 + 2.0 mm) was less consistent than
the right limb (6.5 + 1.3 mm), and the perturbed limb (8.1 = 1.8 mm) was less consistent than the
unperturbed limb or control (6.5 = 1.7 mm, 6.2 £ 1.2 mm). The increased variability of the
perturbed limb was likely the result of making on-line corrections to target locations that were
never given endpoint feedback. Endpoint feedback was also withheld for the unperturbed limb,

but its target did receive feedback in control trials.

The same ANOVAs were used to evaluate constant and variable error in the lateral direction.
Constant error had a significant main effect of limb, F; ;o= 8.6, p=.015, np2 = .46, that showed
the left limb was to the left of the targets (-3.9 + 5.3 mm) and the right limb was to the right of
the targets (1.8 = 5.4 mm). For variable error, there were significant main effects of cue, limb,
and type, F1,10=19.2,p <.01,m," = .66, F) 10="7.1,p=.023,m," = .42, F1 5. 129 = 19.7, p < .01,
np2 =.66. Movement endpoints in the Direct condition (5.4 £ 1.4 mm) were less variable than in
the Symbolic condition (6.1 = 1.9 mm), and the left limb (6.1 + 1.8 mm) was more variable than
the right limb (5.4 £ 1.5 mm). As with variability in the forward direction, the perturbed limb
(7.1 £ 1.9 mm) was less consistent than the unperturbed limb and control (5.1 +£ 1.2 mm, 5.1 £
0.9 mm). The increased variability of the perturbed limb was likely the result of making on-line

corrections to target locations that were never given endpoint feedback.

Constant and variable error did not reveal spatial interference from the perturbed limb that pulled
the endpoint of the unperturbed limb in the forward or lateral directions; the accuracy and
consistency of the unperturbed limbs were always comparable to controls. Spatial interference
could have been transient, occurring sometime after the onset of adjustment and correcting itself
before the movement endpoint. This possibility was investigated by comparing the forward

positions of the unperturbed limbs to controls.

2.2.4 Forward and lateral positions did not reveal spatial interference

We were interested if on-line corrections of the perturbed limbs resulted in spatial interference
that affected the position of the unperturbed limbs. As with reach accuracy, interference in the
forward direction should pull the unperturbed limbs further than control, and lateral deviations
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could be to either side of control depending on if the interference occurred in an egocentric or an

allocentric reference frame.

Visual analysis of the forward or lateral positions did not support large spatial interference with
direct or symbolic cues. As there was no obvious trend for spatial interference, a single point in
time with the greatest spatial interference could not be identified and analysed. Instead, the
positions of the unperturbed limbs were analysed in 20 ms intervals after movement onset (20,
40, etc.). For the Direct condition, the last complete data set was 460 ms after movement onset.
The last complete data set in the Symbolic condition was 420 ms, so both conditions were

analysed together from 20 to 420 ms to prevent losing data from any participant.

Forward and lateral positions were analysed separately with 2 Cue (direct, symbolic) by 21 Time
(20, 40, 60...420 ms) by 2 Limb (left, right) by 2 Type (control, long unperturbed) ANOVAs. In
the forward direction, there was a main effect of time, F» 204 = 2230, p <.01, np2 =.99. More
interesting were the significant interactions of cue by time by type, cue by limb by type, and cue
by time by limb by type, F22. 224 = 3.6, p=.039, ,” = .27, Fy_10 = 240, p = .049, ,” = .33, Fy3,
231=3.9,p=.03, np2 =.28. Simple main effects on type were used to analyse the four-way
interaction. This is similar to performing a one-way ANOVA on Type (control, long

unperturbed) for each combination of cue, time, and limb.

In the Direct condition, the left unperturbed limb undershot the left control limb from 380 ms to
the last time point of 420 ms, p < .05, with a peak difference of 3.0 = 4.0 mm at 420 ms. This
region is shown in Figure 2.7 top; the left unperturbed limb (solid magenta) undershoots the left
control limb (solid black) from 380 to 420 ms. There are two reasons why this likely did not
reflect transient spatial interference. First, it occurred in only the left limb. The
counterargument is that interference is sometimes larger in the nondominant limb, and the
interference in this movement is so small that it is only visible in the nondominant limb. Second,
and more difficult to reconcile, spatial interference should occur in the opposite direction,

resulting in the unperturbed limb overshooting control.
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Figure 2.7. Magnified mean forward positions in the Direct (top) and Symbolic (bottom) conditions. The left
perturbed limb is dashed green, and the right unperturbed limb is solid green. The left unperturbed limb is
solid magenta, and the right perturbed limb is dashed magenta. The left control is solid black, and the right
control is dashed black. Spatial interference is examined by comparing the control limbs to the unperturbed
limbs: the left unperturbed limb (solid magenta) to the left control (solid black) or the right unperturbed limb
(solid green) to the right control (dashed black).
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In the Symbolic condition, the right unperturbed limb undershot the right control limb from 100
to 200 ms, p < .05, with a peak difference of 2.2 +£ 2.8 mm at 180 ms. This region is shown in
Figure 2.7 bottom; note how the right unperturbed limb (solid green) undershoots the right
control limb (dashed black) from 100 to 200 ms. It is possible for spatial interference to occur
early in the movement, possibly before the onset of adjustment. However, this undershoot may
not be spatial interference as it occurred in only the right limb and was in the opposite direction

as the predicted spatial interference.

As for the analyses on lateral position, there were significant main effects of time and limb, F; 7,
271 =3.6,p=.03,m," = .26, F1 10= 567, p < .01,m,” = .98, and a significant time by limb
interaction, F; 3 134 =42, p <.01, np2 = .81. These showed the typical lateral curvature away
from each other as the limbs moved forward (Figure 2.3). There was also a significant cue by
time by limb by type interaction, F24 239 = 3.4, p = .044, np2 = .25, that was further analysed
with simple main effects on type. Control and the unperturbed left limb were significantly
different in the Symbolic condition at 20 and 40 ms, p <.05. The unperturbed left limb was
pulled to the left of control with a peak difference of 0.3 = 0.4 mm at 40 ms; the direction of this
pull was consistent with egocentric interference. However, this likely did not reflect transient

spatial interference as it occurred too early in the movement.

To summarize, reach accuracy and consistency in the forward and lateral directions did not
support spatial interference on the unperturbed limbs that lasted until the movement endpoint.
We also did not find reliable evidence of transient interference in the forward or lateral directions
of the unperturbed limbs. There were a few differences between control and one of the limbs,
but in the forward direction it was always an undershoot compared to control, in the opposite
direction than predicted by spatial interference. Instead of spatial interference, we found
evidence to suggest primarily spatial independence between the perturbed and unperturbed
limbs. We predicted larger spatial interference with symbolic cues than direct cues. However,
having only one potential target perturbation instead of two decreased the uncertainty of the on-
line corrections and resulted in comparable onsets of adjustments with direct or symbolic cues.

In this case, we no longer expect different spatial interference, as the cues are too similar.

We anticipated small, transient spatial interference with direct cues, as was found by Diedrichsen

and colleagues (2004) with lateral perturbations and Mason (2008) with anterior perturbations. It
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is curious that we did not find consistent interference, but it is not a fundamental problem to our
experiment as is the lack of difference in the onsets of adjustments with direct and symbolic
cues. Perhaps the interference was attenuated or eliminated by one of the differences in our
experiment. The important point is that we predict greater spatial interference with symbolic
cues than with direct cues. This may be seen as no spatial interference with direct cues and some
amount of interference with symbolic cues - be it small and transient or big and lasting - simply
greater than with direct cues. Since a difference in the onsets of adjustments with direct and
symbolic cues is required before we can compare the amount of spatial interference in each
condition, we tested a new group of participants in Experiment 2 with target perturbations that
required either longer or shorter movements than control to establish a difference in the onsets of

adjustments.
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3 EXPERIMENT TWO

3.1 Methods

The following changes were made to the methods from the first experiment.

3.1.1 Participants

The participants were 12 students from the University of British Columbia. The University of
British Columbia Office of Research Services approved this study. All participants had normal
or corrected-to-normal vision and were right handed based on self-report measures of the

Edinburgh Handedness Inventory (Oldfield, 1971), with a laterality quotient greater than .60.

3.1.2 Task and apparatus

The dimensions of the stimulus display are shown in Figure 3.1. Unlike the first experiment,
target perturbations required an on-line correction in only the forward direction, but it could be to
either the anterior or the posterior target placeholders. This setup was used to create an on-line
correction task that was similar to the preplanned task used by Diedrichsen and colleagues
(2001) and Blinch and Chua (2009). Three target placeholder configurations were used (near,
mid, far), and the distances from the starting locations to the middle target placeholders were
14.6, 19.8, and 25 cm; a difference of 5.2 cm between configurations, which was the same as the
distances between the short and middle targets or the middle and long targets. These distances
were selected so that, for example, the middle targets in the mid configuration were the long

targets in the near configuration.
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Figure 3.1. Dimensions of the stimulus display in the mid configuration. All dimensions are in centimeters.

The target perturbations in Symbolic conditions were no longer changes in the colour of the
middle targets. Instead, the middle targets could change at movement onset to the letter L or S.
The participant was instructed that if the right target changed to the letter L than they should
perform an on-line correction with the right limb to the long target placeholder. The letter S
required a correction to the short target placeholder. The type of symbolic target perturbation
was changed to replicate the type of symbolic cue used by Diedrichsen and colleagues (2001)
and Blinch and Chua (2009). However, both colour change and identity change symbolic
perturbations increase the processing demands for cue-to-target translation and are an
appropriate contrast to direct cues (Cressman, Franks, Enns, & Chua, 2006; Diedrichsen et al.,

2001; Diedrichsen et al., 2003).

3.1.3 Design

The experiment was divided into four sections: practice, direct, practice, and symbolic (Table
3.1). The experiment began with 31 practice trials to familiarize the participant with control and
perturbation trials and to achieve a movement time of 500 ms + 50 ms. The perturbation trials
were the same as the type used in the following direct or symbolic section. These trials were
added to practice as we found that in the first experiment, most participants were unable to make
on-line corrections in the first two perturbation trials and this reduced the number trials that
contributed to the mean. The number of trials in the second practice section was reduced to 16,
as the participant only needed familiarization with the new type of target perturbation. The order
of the direct and symbolic sections was counterbalance. These sections consisted of 160 trials,

with a randomization of 60% control trials and 40% target perturbations, with an equal number
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of the four types of perturbations (left limb long, left limb short, right limb long, right limb

short). Target perturbations occurred in all the target placeholder configurations (near, mid, far).

Table 3.1. The experimental design.

Practice Direct Practice Symbolic
23 control Mid Near or Far 8 control Mid Near or Far
8 perturbation 72 control 12 control 8 perturbation 72 control 12 control
12x 4 2x4 12x 4 2x4
perturbation perturbation perturbation perturbation
Symbolic Direct
Mid Near or Far Mid Near or Far
72 control 12 control 72 control 12 control
12x4 2x4 12x4 2x4
perturbation perturbation perturbation perturbation
3.1.4 Data analysis

The control trajectories and the trajectories of the on-line corrections were primarily in the
forward direction, so the analyses were in the forward direction. The endpoint accuracy
exclusion criterion (the absolute forward distance from the movement endpoint to the centre of
the target placeholder) was increased from 25 mm in the first experiment to 30 mm, as the target
placeholders were further apart. The reaction time asynchrony criterion was also increased from
25 ms to 30 ms to decrease the number of trials recycled to the end of the section. Target

perturbations in the near or far configurations were excluded from the analyses.

As there were on-line corrections in opposite directions, the onsets of adjustments were
calculated with the same method used by Diedrichsen and colleagues (2004). The onset of
adjustment was measured by comparing the mean velocity of the perturbed limb to the long
target to the mean velocity of the perturbed limb to the short target, and this was done separately
for each limb. The onset of adjustment was the time from movement onset to when these

trajectories diverged.
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3.2 Results

The number of trials excluded for each participant is shown in Table 3.2. We successfully
decreased the occurrence of asynchronous trials from 10.0% in the first experiment to 4.1% in

the second experiment by increasing the asynchronous reaction time criterion from 25 to 30 ms.

Table 3.2. The number of excluded trials for each participant and for each exclusion criterion.

Participant Missing Asynchronous Slow Slow Poor Accuracy
Markers Reaction Time Movement Movement
Initiation Termination

1 10 12 0 0 2
2 1 24 2 9 1
3 0 26 0 0 2
4 2 11 0 1 5
5 0 5 0 0 2
6 26 18 0 1 3
7 0 3 0 0 5
8 9 9 1 3 1
9 0 8 1 0 4
10 0 6 0 0 4
11 0 15 2 2 6
12 3 10 0 0 3

Total 51 147 6 16 38

Percent 1.4 4.1 0.2 0.4 1.1

The mean trajectories of participant 8 are shown in Figure 3.2. The trajectories are temporal
averages of reaches in the forward position by the lateral position (the transverse plane). The
starting positions and the three targets for each limb are shown for direct (Figure 3.2 top) and
symbolic cues (Figure 3.2 bottom). For clarity, only three reach types are shown: control reaches
to the middle targets in black (left solid, right dashed), on-line corrections with the right limb to
the long target in magenta, and corrections with the right limb to the short target in cyan. The
dashed magenta and cyan right limbs made on-line corrections and are referred to as perturbed
limbs, with the solid magenta and cyan left limbs being the unperturbed limbs. Representative
participant data are always from participant 8, and the same pattern and colour scheme will be

used in all graphs.
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Figure 3.2. Bird’s eye view of the mean reach trajectories in Direct (top) and Symbolic (bottom) conditions for
participant 8. The short unperturbed left limb is solid cyan, and the short perturbed right limb is dashed cyan.

The long unperturbed left limb is solid magenta, and the long perturbed right limb is dashed magenta. The left

control is solid black, and the right control is dashed black. The centre of the targets and starting positions are
represented by the black squares.
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The same trajectories in Figure 3.2 are re-plotted as forward position by time in Figure 3.3, to
emphasise the variables used in our analyses. Time zero is when the second pen was lifted from
the starting position, which is also when target perturbations occurred. The last time point is the
participant’s mean movement time for each limb and reach type. As these are temporal
averages, the variable endpoints and movement times of the perturbed limbs resulted in the end
of perturbed trajectories being irregular. As with the first experiment, irregular portions of

perturbed trajectories were not used in any analysis.
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Figure 3.3. Mean forward position by time in Direct (top) and Symbolic (bottom) conditions for participant 8.

The short unperturbed left limb is solid cyan, and the short perturbed right limb is dashed cyan. The long

unperturbed left limb is solid magenta, and the long perturbed right limb is dashed magenta. The left control is

solid black, and the right control is dashed black.
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3.2.1 Movement times of the perturbed limbs were longer than the unperturbed limbs

Movement time was calculated from the pen-up to the pen-down of each limb. A 2 Cue (direct,
symbolic) by 2 Limb (left, right) by 5 Type (control, long perturbed, long unperturbed, short
perturbed, short unperturbed) ANOVA with repeated measures on all factors was performed on
the movement time data. There was a significant main effects of cue, F; ;; =38, p <.01, np2 =
.78, that showed movement times were slower in symbolic than direct conditions (Figure 3.4).
The significant main effect of type, Fi6 171 =27, p < .01, npz = .71, was further analysed by
pairwise comparisons using the Sidak adjustment for multiple comparisons. Movement times of
the perturbed limbs (long or short) were slower than the unperturbed limbs or control. The short
unperturbed limb was slower than control, but the long unperturbed limb was not statistically
different from control. Thus, a target perturbation resulted in temporal interference that slowed
the unperturbed limb, but not to the same extent as the perturbed limb. There was also a
significant cue by type interaction, Fa6 251 = 15.9, p <.01, np2 =.59. The cue by type interaction
was further analysed using simple main effects on cue. Movement times were significantly
longer for all types with symbolic cues compared to direct cues, F; 11> 1, p <.05. The

interaction was likely the result of larger increases in movement time for the perturbed limbs.
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Figure 3.4. Mean movement times for the cue by type interaction. The error bars are plus or minus one
standard error.
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3.2.2 Onsets of adjustments were longer with symbolic cues than direct cues

The dashed vertical lines in Figure 3.5 are the onsets of adjustments for the perturbed right limbs.
These were calculated by determining when the temporal averages of the velocity for long and
short perturbed limbs diverged (Diedrichsen et al., 2004). The onsets of adjustments are visible
as the divergence of the long (magenta) and short (cyan) perturbed right limbs.
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Figure 3.5. Forward velocity of the short perturbed right limb (dashed cyan), the long perturbed right limb
(dashed magenta), and right control (dashed black) in Direct (left) and Symbolic (right) conditions for participant
8. The onsets of adjustments (dashed vertical lines) shown above are when the forward velocity of the short
perturbed right limb diverged from the velocity of the long perturbed right limb.

Onsets of adjustments were analysed with a 2 Cue (direct, symbolic) by 2 Limb (left, right)
ANOVA. A significant main effect of cue, F; 1, =152, p <.01, npz = .93, revealed that
adjustments began earlier for directly-cued perturbations (236 + 34.7 ms, mean =+ standard

deviation) compared to symbolically-cued perturbations (370 + 46.5 ms).

The onsets of adjustments can be related to the movement times of the perturbed limbs. As the
onsets of adjustments occurred later in Symbolic than Direct conditions, the movement times of
the perturbed limbs in Symbolic conditions will also be slower than direct conditions to allow
enough time for the on-line corrections. When subtracting Direct from Symbolic conditions, the
onsets of adjustments differed by 134 ms and the movement times had a similar difference of

117 ms.
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3.2.3 Constant and variable error were comparable with the unperturbed limbs and

controls

Reach accuracy and consistency were measured by constant and variable error, which were
calculated by the distance in the forward position from the endpoint of each limb to the centre of
the appropriate target. If spatial interference occurred and it resulted in a lasting effect on the
unperturbed limbs, then the unperturbed limbs should be less accurate or less consistent than

controls.

Constant error was analysed with a 2 Cue (direct, symbolic) by 2 Limb (left, right) by 5 Type
(control, long perturbed, long unperturbed, short perturbed, short unperturbed) ANOVA. The
main effect of limb, Fy ;1 =5.4, p=.04, np2 = .33, showed that the left limb (2.4 + 7.6 mm)
slightly overshot the target and the right limb (-0.7 + 6.6 mm) was more distributed around the
target. Simple main effects on cue were used to analyse the significant cue by type interaction,
F21.2206=4.6,p=.02, npz =.30. Cue only had an impact on the long unperturbed limb, F; ;; =
11.4,p<.01, np2 = .51, which undershot with a direct cue and was more distributed around the

target with a symbolic cue (Figure 3.6).
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Figure 3.6. Mean constant error for the cue by type interaction. The error bars are plus or minus one
standard error.

Variable error was analysed with the same ANOVA as constant error. There was a significant
main effect of type, F4 44 =7.4,p < .01, np2 = .40, which was the result of greater variable error
for the long perturbed limb (8.1 + 2.5 mm) than control (6.5 = 1.2 mm). The lack of endpoint

feedback in perturbed trials likely resulted in the increased variability.
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Constant and variable error did not reveal consistent spatial interference from the perturbed limb
that pulled the endpoint of the unperturbed limb in the same direction. The long unperturbed
limb did undershoot with a direct cue compared to a symbolic cue, but spatial interference from
the long perturbed limb should result in an overshoot. Spatial interference could have been
transient, occurring after the onset of adjustment and correcting itself before the movement
endpoint. This possibility was investigated by comparing the forward positions of the

unperturbed limbs to controls.

3.2.4 Forward positions revealed small, transient spatial interference that was larger with

symbolic cues than direct cues

The on-line corrections of the perturbed limbs resulted in large differences from control by the
end of the movement. We were interested if these corrections resulted in spatial interference that
affected the position of the unperturbed limbs. It was hypothesized that if spatial interference
occurred, it would pull the unperturbed limb in the same direction as the perturbed limb: the
position of the long unperturbed limb would be greater than control, and the short unperturbed

limb would be less than control.

Visual analysis of the forward positions did not support large spatial interference with direct or
symbolic cues. As there was no obvious trend for spatial interference, a single point in time with
the greatest spatial interference could not be identified and analysed. Instead, the positions of the
unperturbed limbs were analysed in 20 ms intervals after movement onset (20, 40, etc.). For the
Direct condition, the last complete data set was 460 ms after movement onset. The last complete
data set in the Symbolic condition was 440 ms. This was extended to 460 ms to match the Direct

condition by excluding the one participant (participant 10) that began to lose data at 440 ms.

A 2 Cue (direct, symbolic) by 23 Time (20, 40, 60...460 ms) by 2 Limb (left, right) by 3 Type
(control, long unperturbed, short unperturbed) ANOVA was used to analyse forward positions.
There were significant main effects of cue and time, F; 1o =21, p <.01, np2 =.68, F20,201 =
4023, p < .01, np2 =.99. The significant two-way interactions were cue by time, time by limb,
cue by type, and time by type, F2, 109 = 11.6, p < .01, m,> = .54, F2. 107 =4.2, p = .03, n,” = .30,
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Fr20=3.7,p=.044, npz =.27,F4245=3.9,p<.01, np2 = 28. Most of these main effects and
interactions were captured by the significant three-way cue by time by type interaction, F42 418 =
3.6,p=.013, np2 =.26. This interaction was further analysed with simple main effects on type.
This is similar to performing a one-way ANOVA on Type (control, long unperturbed, short

unperturbed) for each combination of cue and time, so 23 levels of time for each cue.

With direct cues, the three reach types were significantly different at 340 and 360 ms, p <.05.
At these two times, the short unperturbed limbs undershot control (2.3 + 3.5 mm at 340 ms, 2.3
+ 3.5 mm at 360 ms). This small undershoot was in the same direction as the perturbed limb and
is therefore consistent with transient spatial interference. Notice in Figure 3.7 top how the short
unperturbed limb (solid cyan) is close to control (solid black) at 260 ms, undershoots control by
2.3 mm at 340 and 360 ms, and then overlaps control at 440 ms. It was interesting that the long

unperturbed limb was not pulled longer than control.
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Figure 3.7. Magnified mean forward positions in the Direct (top) and Symbolic (bottom) conditions. The
trajectories have been collapsed across limb to match the significant cue by time by type interaction. The long
perturbed limbs are dashed magenta, and the short perturbed limbs are dashed cyan. The long unperturbed
limbs are solid magenta, and the short unperturbed limbs are solid cyan. The controls are solid black. Spatial
interference is examined by comparing the control limbs to the unperturbed limbs: the long unperturbed limb
(solid magenta) to the control (solid black) or the short unperturbed limb (solid cyan) to the control (solid

black).
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A similar trend emerged in the Symbolic condition, but the spatial interference of the short
unperturbed limb lasted longer and was slightly larger in magnitude. The three reaches types
were significantly different from 300 ms to the last time point (460 ms), p <.05. It was the short
unperturbed limb that undershot control at these time points, reaching a maximum undershoot of
4.9 £4.6 mm at 380 ms. In Figure 3.7 bottom, the short unperturbed limb (solid cyan) is below
control (solid black) from 300 to 460 ms. As in the Direct condition, the long unperturbed limb
was not pulled further than control. Therefore, spatial interference appeared to occur for the

short unperturbed limb but not the long unperturbed limb.

We compared the peak undershoot of the short unperturbed limbs compared to controls in the
Direct condition (at 340 and 360 ms) to the Symbolic condition (380 ms) to determine if the
Symbolic condition had a larger undershoot. The symbolic undershoot was not significantly
different from the direct undershoot at 340 or 360 ms, t(11) =1.98, p=.073,d=0.81, t(11) =
1.86, p=.090, d = 0.80. Although the magnitudes of the peak undershoot were not significantly
different, the duration of the undershoot was at least 160 ms in the Symbolic condition and only

20 to 40 ms in the Direct condition.

In summary, the onsets of adjustments with symbolic cues were later than with direct cues. In
contrast to the first experiment, this allowed us to compare temporal and spatial interference in
Direct and Symbolic conditions. In both conditions, the movement times of the perturbed limbs
increased compared to control to allow for the on-line corrections. This resulted in longer
movement times for the unperturbed limbs, but the movement times did not increase to the same
extent as the perturbed limbs. Pointing accuracy and consistency of the unperturbed limbs were
comparable to controls, so if there was spatial interference in either condition, then it was
corrected before the end of the movement. Small, transient spatial interference was seen when
the unperturbed limbs were compared to controls. The interference had comparable magnitudes
in both conditions but lasted longer with symbolic cues than with direct cues. In both conditions,

interference was found for the short unperturbed limb but not the long unperturbed limb.
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4 GENERAL DISCUSSION

In Experiments 1 and 2, we sought to determine if there was larger spatial interference in the
unperturbed limb when the perturbed limb responded to a symbolically-cued on-line correction
compared to a directly-cued correction. Participants made bimanual reaches to targets that were
occasionally perturbed at movement onset. These perturbations required on-line corrections with
the perturbed limb to the new target location. The new target location was indicated by
illuminating the new target as a direct cue (Experiments 1 and 2) or symbolically cueing the
target with a colour change (Experiment 1) or displaying the letter L or S (Experiment 2).
Symbolically-cued on-line corrections should have longer onsets of adjustments than directly-
cued corrections due to the increased processing demands on response selection for the cue-to-

target translations (Diedrichsen et al., 2001; Diedrichsen et al., 2003).

Surprisingly, there was no difference in the onsets of adjustments with direct or symbolic cues in
the first experiment. We suggested this occurred because the correction was always made to the
same target. Uncertainty of the correction may be required for the target perturbation to be
translated and a difference to exist between direct and symbolic cues. Two potential targets for
the on-line correction were included in the second experiment to ensure that onsets of
adjustments with symbolic cues occurred later than direct cues. The onsets of adjustments were
longer with symbolic cues (370 + 46.5 ms) than direct cues (236 + 34.7 ms) in the second
experiment, so the second experiment can be used to compare spatial interference with direct and

symbolic cues.

4.1 Spatial interference

The accuracy and consistency of pointing with the unperturbed limbs and controls were
comparable in both experiments, so if there was spatial interference then it would have to be
transient, correcting itself before the end of the movement. In the first experiment, comparison
of the forward positions of the unperturbed limbs and controls revealed some differences. We do

not believe that these were reliable evidence for transient spatial interference as they were in the
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opposite direction as the predicted interference; the unperturbed limbs were pulled in the

opposite direction as the perturbed limbs.

In contrast, there were indications of small, transient spatial interference in the second
experiment. When the short perturbed limb made an anterior on-line correction, the short
unperturbed limb was pulled towards the correction. With direct cues, the transient interference
lasted between 20 and 40 ms and pulled the unperturbed limb 2.3 + 3.5 mm anterior. This is
similar to the 2.1 + 1.4 mm of lateral deviation in the experiment by Diedrichsen and colleagues
(2001), but their transient spatial interference lasted around 100 ms. It is interesting that
transient spatial interference occurred for the short unperturbed limbs but not the long
unperturbed limbs. One explanation is that reversing directions with an on-line correction to the
short target requires a greater change in the preplanned movement than extending the movement
to the long target. It is the larger change in the preplanned movement for the short perturbed
limbs compared to the long perturbed limbs that may result in interference. Mason (2008) made
the same suggestion when comparing the longer duration of transient spatial interference in her
experiment to Diedrichsen and colleagues’ (2001). Mason’s on-line corrections required a

reversal in direction compared to Diedrichsen’s lateral corrections.

Notably, the transient spatial interference with symbolic cues had a similar magnitude but a
longer duration than with direct cues. The interference lasted at least 160 ms, pulling the short
unperturbed limb anterior by 4.9 £ 4.6 mm. This greater interference is likely the result of the
increased processing demands for the cue-to-target translations of symbolic cues. This
processing begins after movement onset when the target is perturbed, so interference could occur
anytime after movement onset. Symbolic interference began 300 ms after movement onset,
which was 70 ms before the mean onset of adjustment. It is the difference in the cue-to-target
translation for symbolic cues that likely increased the transient spatial interference compared to
direct cues. If interference was the result of response programming or movement execution, then

it should be similar with direct or symbolic cues.

Our asymmetric movements did have larger spatial interference with symbolic cues than direct
cues, but the interference was much smaller than in asymmetric movements that are planned in
advance of movement execution (Kelso, Putnam, & Goodman, 1983; Marteniuk & MacKenzie,

1980, Marteniuk, MacKenzie, & Baba 1984). For example, Blinch and Chua (2009) tested
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symmetric and asymmetric bimanual reaches that were directly- or symbolically-cued in a
reaction time task. This is similar to the second experiment except the target perturbation
became the imperative stimulus and the short and long targets were 7 and 14 cm from the

starting positions (Figure 4.1).

S S

Symmetric
-

ol 1H
o] [ ]

SL

Asymmetric

| []®][]

v

Direct Symbolic
Figure 4.1. In Blinch and Chua (2009), participants made bimanual reaching movements that were cued
directly (left) or symbolically (right) in a reaction time paradigm. The movements were either symmetric

with both targets at equal distances (top) or asymmetric with targets at different distances (bottom). From
Blinch and Chua (2009).

Blinch and Chua (2009) replicated Diedrichsen and colleagues (2001) and found longer reaction
times with direct cues than symbolic cues, as well as longer reaction times for asymmetric
movements than symmetric movements with symbolic cues. More importantly, transient spatial
interference was evident in the trajectories of the asymmetric movements with symbolic cues
(Figure 4.2). When the short asymmetric movements (red) were compared to short symmetric
movements (cyan), the short asymmetric movement overshot by 13.5 + 8.3 mm. This is larger
than the 4.9 = 4.6 mm of spatial interference that we found for symbolically-cued on-line
corrections that resulted in asymmetric movements. Our interference was found when
comparing the participants’ means but the same trend was difficult to identify in mean
trajectories of individual participants. Subsequent statistical analysis on the trials of each
participant did not find any participant with greater interference (magnitude or duration) in
Symbolic compared to Direct conditions. In contrast, the interference in preplanned movements
found by Blinch and Chua was seen in mean participant trajectories as well as individual trials.
Since we found spatial interference that was quite small and subtle, we are more inclined to
conclude at this point that on-line control of the limbs during bimanual reaching is mostly

independent. This was found even with increased processing demands on response selection to
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translate symbolic cues. It remains to be seen whether on-line control of the limbs is truly
independent, or what conditions are necessary and sufficient to induce spatial interference during

on-line control of bimanual reaching.

Symbolic

-1900

8
o

£
o

2
3

sapuiEEEEEE.

%
o

-2000

Forward position (mm)

-2020

_2040 | 1 | | ]
0 20 40 60 80 100

Time (%)
Figure 4.2. Grand mean trajectories of the left limb for reaches with symbolic cues graphed in forward position by
percent time. Long and short symmetric movements are shown in blue and cyan. Short asymmetric movements are
red, and long asymmetric movements are orange. Notice how the short asymmetric movement (red) overshoots the

short symmetric movement (cyan). The dotted lines are plus or minus one standard error. Adapted from Blinch and
Chua (2009).

Directly- and symbolically cued movements place different processing demands on the cue-to-
target translations during response selection (Diedrichsen et al., 2003). When these cues are part
of premovement planning symbolically-cued asymmetric movements result in bimanual
interference during movement initiation (Diedrichsen et al, 2001; Spijkers et al., 1997). The
interference is not the result of motor programming or execution, as the required movements are
very similar with direct or symbolic cues. Rather, symbolic cues change how the action goals
are represented and this result in bimanual interference (Franz, 2003; Ivry, Diedrichsen, Spencer,

Hazeltine, & Semjen, 2004; Serrien, Ivry, & Swinnen, 2006; Serrien, Ivry, & Swinnen, 2007).
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Blinch and Chua (2009) showed that a symbolic representation had a downstream influence on
movement execution. However, we found only minimal interference when the symbolically-
cued movement is a modification to a currently executing movement. Why does the action
representation result in bimanual interference for a preplanned movement and not on-line
control? It is possible that there are two different types of movement selection: one for
preplanned movements and one for online control, with the latter being more immune to cortical
crosstalk. Perhaps both types of movements share the same selection process and then some
other process differs before movement execution. For example, specifying the initial movement
parameters during planning may differ from adding an on-line correction to a currently executing

movement. This is an interesting area for future research.

4.2 Challenges to independent on-line control

There are two extensions to these experiments that could yield results that challenge the notion
of independent on-line control during bimanual reaching. First, if on-line control is independent,
then both limbs should be able to make on-line corrections at the same time without the
corrections interfering with each other. In our pilot experiment (Appendix A), we included trials
where both limbs were required to make on-line corrections. The onsets of adjustments and
other performance measures were comparable to bimanual reaches when only one limb made an

on-line correction. Therefore, independent on-line control was still supported.

Second, it is possible the amount of on-line control for the unperturbed limbs decreased
compared to controls, relying on a more open-loop or ballistic mode of control, which could
result in spatial interference. In different terms, there may have been a tradeoff between on-line
control for each limb, and as the perturbed limbs required on-line control, the unperturbed limbs
relied on open-loop control and the reach trajectories differed compared to controls. This
tradeoff was likely temporary, as the spatial interference was transient and the unperturbed limbs
were no different from control by the end of the movement. The tradeoff may even be larger
with symbolic cues than direct cues, which could explain the different amounts of spatial
interference. The possibility of a tradeoff between the limbs could be investigated with
variability analysis or endpoint correlation analysis (Khan, Franks, Elliott, Lawrence, Chua,
Bernier, Hansen, & Week, 20006).
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4.3 Cue-to-target translation

The onsets of adjustments were longer with symbolic cues (370 + 46.5 ms) than direct cues (236
+ 34.7 ms) in the second experiment. Symbolic cues have longer onsets of adjustments because
of the increased processing demands on response selection for the cue-to-target translations
(Diedrichsen et al., 2003). When there is no uncertainty to the location of the on-line adjustment
for each limb (as in the first experiment), the target perturbation need only be detected and not
translated to perform the on-line correction. Without translation, it follows that the onsets of
adjustments with direct or symbolic cues will be the same. In the second experiment, two
potential targets for the on-line correction ensured the cues were translated and the difference

between direct and symbolic cues emerged.

The onsets of adjustments in the second experiment with direct cues (236 + 34.7 ms) were
slower than the direct onsets of adjustments (173 & 11 ms) reported by Diedrichsen and
colleagues (2004). One difference was our on-line corrections were in the forward direction and
Diedrichsen’s were in the lateral direction. It has been shown that corrections in the forward
direction occur later than lateral corrections (Sarlegna & Sainburg, 2008), which supports our

slower onsets of adjustments.

The delayed onsets of adjustments with symbolic cues compared to direct cues reflects increased
processing during the initiation of an on-line correction (Diedrichsen et al., 2003). This is
similar to the increased reaction time for symbolically-cued movements compared to directly-
cued movements, except that processing occurs during premovement planning. Diedrichsen and
colleagues (2004) have shown that the onsets of adjustments with direct cues are comparable for
unimanual or bimanual reaches with a correction in one limb or both limbs. In other words,
there is no bimanual cost for on-line corrections compared to unimanual conditions. Blinch and
colleagues (2008) found comparable onsets of adjustments with symbolic cues for bimanual
reaches with a correction in one limb or both limbs, but baseline performance in unimanual
conditions was untested. It is possible that there is a bimanual cost for symbolically-cued on-line

corrections. This would be a form of bimanual interference and would argue against
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independent on-line bimanual control when processing demands are increased with symbolic

cucs.

4.4 Temporal interference

When a short duration unimanual movement with one limb is combined with a long duration
unimanual movement with the other limb, temporal interference typically occurs that results in
the disparate timing of the movements becoming comparable under bimanual performance. This
has been shown for preplanned bimanual reaches (Kelso, Putnam, & Goodman, 1983; Kelso,
Southard, & Goodman, 1979; Marteniuk & MacKenzie, 1980, Marteniuk, MacKenzie, & Baba
1984; Swinnen, Walter, & Shapiro, 1988), as both limbs beginning their movements and ending
their movements at approximately the same time. In contrast, the movement times of the
perturbed and unperturbed limbs were different with direct or symbolic cues. The perturbed
limbs had longer movement times than controls to allow for the on-line corrections. Temporal
interference should extend the movement times of the unperturbed limbs. The movement times
of the short unperturbed limbs were longer than controls, but still not as long as the short
perturbed limbs, and the long unperturbed limbs were comparable to controls. There was some
temporal interference, but the movement times of the two limbs were mostly independent. It
seems that on-line control escapes much of the temporal interference experienced by preplanned
movements in the same way that on-line control appears relatively immune to spatial

interference.

4.5 Conclusion

We found larger spatial interference for symbolically-cued on-line corrections compared to
directly-cued corrections. Symbolic cues place greater demands on response selection for the
cue-to-target translations than direct cues (Diedrichsen et al., 2003). This increases cortical
crosstalk and results in spatial interference. Although there was greater interference with
symbolic cues, the interference was small and transient with direct or symbolic cues, and it
occurred in only the short unperturbed limb and not the long unperturbed limb. It was also subtle
in comparison to spatial interference during preplanned bimanual reaches. Since a correction in

one limb can be accomplished without a large or lasting effect on the other limb, we therefore
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conclude that on-line control of the limbs during bimanual reaching is mostly independent. The
independence of on-line control fits with our expectations in daily life; we do not miss either
target when making asymmetric reaching movements. Perhaps we use on-line control to correct

the spatial interference that is sometimes introduced by premovement planning.
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APPENDICIES

Appendix A: Pilot experiment

Blinch, Cameron, Lam, Hua, Cory, and Chua (2008) tested ten participants on bimanual reaching
movements with a movement time goal of 500 ms. The imperative stimulus was the appearance
of a number 8 inside the middle target placeholder for the left and right limbs. At movement
onset for 50% of the trials, an on-line correction was directly or symbolically cued by a target
jump (Figure A.1d) or a target identity change (Figure A.le). For directly-cued on-line
corrections, the target 8 would jump to the left or right target placeholder and the participant
would reach to the new target location. If the right target box changed to a rightward facing “E”,
then the right limb (the perturbed limb) would make an on-line correction to the right target
placeholder. A leftward facing “E” was used for corrections to the left target placeholder.
Comparing the lateral deviation to control trials tested the effect of the target perturbation on the

unperturbed limb when only one limb was required to change direction.
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Figure A.1. Stimulus progression for each type of trial. The fixation point appeared in the middle of the
target boxes (a). A target number “8” appeared in the middle target box for each limb as the movement cue
(b). In control trials, the participant reached to the original targets (c). Both the direct (d) and symbolic (¢)
cues shown above required an on-line correction of the right limb to the right target box. The red lines
represent the trajectories of the limbs. Adapted from Blinch and colleagues (2008).

All participants successfully made on-line corrections to symbolically- or directly-cued target

locations. The mean onset of adjustment was earlier in direct (303 ms) than symbolic (412 ms)
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conditions. A small, transient perturbation of 2.9 mm was seen in one of the direct conditions
(Figure A.2 left). A larger perturbation of 4.8 mm that remained uncorrected was seen in one of
the symbolic conditions (Figure A.2 right), but the magnitude of the spatial interference was
smaller than expected when compared to spatial interference in preplanned bimanual movements
(Kelso, Putnam, & Goodman, 1983; Kelso, Southard, & Goodman, 1979; Marteniuk &
MacKenzie, 1980, Marteniuk, MacKenzie, & Baba 1984; Swinnen, Walter, & Shapiro, 1988).
When spatial interference occurred, it always resulted in allocentric symmetry. The significant
difference in the magnitude of spatial interference supported the conclusion that high processing
demands on response selection for symbolically-cued on-line corrections results in more spatial

interference than directly-cued corrections.
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Figure A.2. Mean lateral position of the right, unperturbed limb by the percentage of movement. Directly-cued on-
line corrections are on the left graph and symbolically-cued corrections are on the right. The position of the
unperturbed limb is shown when the correction of the left, perturbed limb is to the right (red), left (blue), or control
(black). Filled points are significantly different from control; vertical lines are standard deviations of the means.
From Blinch and colleagues (2008).

It is possible the true magnitude of spatial interference (in both conditions) may have been
suppressed by the experimental methods. Therefore, we proposed the following refinements to
the methods used in this thesis. First, we tested larger target perturbations to smaller targets.
Both of these changes have increased interference in bimanual reaching movements (Marteniuk
& MacKenzie, 1980; Marteniuk, MacKenzie, & Baba, 1984; Sherwood, 1994). Second, we
tested lateral perturbations that were also posterior to the initial target. More cortical crosstalk
may occur when a correction is made in the same direction as the original movement (Mason,
2008) and may increase the spatial interference. Third, we created a larger difference between
direct and symbolic conditions by using a colour change of the initial target as a symbolic cue
instead of a target identity change. The leftward and rightward facing “E” may have been coded
as arrows, with the prongs of the letter pointing towards the target change. In comparison, a
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colour change will require more translation during response selection and potentially result in
larger spatial interference. Fourth, to prevent highly practiced, automatic movements in the
unperturbed limb that may avoid spatial interference, the target placeholders appeared in a

randomized order between three slightly different configurations.
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