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ABSTRACT
When reaching for an object with the hand, the gaze is usually directed at the

target. In a laboratory setting, fixation is strongly maintained at the reach target until the
reaching is completed, a phenomenon known as “gaze-anchoring”. While conventional
accounts of such tight eye-hand coordination have often emphasized the internal
synergetic linkage between both motor systems, more recent optimal control theories
regard motor coordination as the adaptive solution to task requirements. We here
investigated to what degree gaze control during reaching is modulated by task
demands. We adopted a gaze-anchoring paradigm in which participants had to reach
for a target location. During the reach, they additionally had to make a saccadic eye
movement to a salient visual cue presented at locations other than the target. We
manipulated the task demands by independently changing reward contingencies for
saccade reaction time (RT) and reaching accuracy. On average, both saccade RTs and
reach error varied systematically with reward condition, with reach accuracy improving
when the saccade was delayed. The distribution of the saccade RTs showed two types of
eye movements: fast saccades with short RTs, and voluntary saccade with longer RTs.
Increased reward for high reach accuracy reduced the probability of fast saccades, but
left their latency unchanged. The results suggest that gaze-anchoring acts through a
suppression of fast saccades, a mechanism that can be adaptively adjusted to the current

task demands.

Downloaded from journals.physiology.org/journal/jn at Univ Western Ontario (129.100.119.099) on August 5, 2021.



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

NEW & NOTEWORTHY

During visually-guided reaching, our eyes usually fixate the target and
saccades elsewhere are delayed (“gaze-anchoring”). We here show that the degree of
gaze-anchoring is flexibly modulated by the reward contingencies of saccade latency
and reach accuracy. Reach error became larger when saccades occurred earlier. These
results suggest that early saccades are costly for reaching, and the brain modulates
inhibitory online coordination from the hand to the eye system depending on task

requirements.

INTRODUCTION

When reaching for an object with the hand, gaze is usually directed at the target
(see 1, 2, for reviews). One conventional view of eye-hand coordination is that both
motor systems share a common control signal for initiating each movement (e.g. 3, 4).
Empirical support for this view is that the initiation of hand and eye movement to the
target is spatially and temporally coupled (5-9). In other words, eye movements are
strongly yoked to movements of the hand by an internal synergetic linkage (10-12). Such
strong linkage can be also seen during the execution of a reach. Neggers and Bekkering
(13-15) showed that the gaze is locked to the reach target: even when a salient external
visual cue is presented, participants seldom initiate saccades until after the hand has
reached the target - a phenomenon described as “gaze-anchoring”.

How fixed is the linkage between hand and eye movements? The framework of
optimal control theory (OCT) emphasizes that motor coordination constitutes the
adaptive solution to task requirements, rather than resulting from fixed synergetic
linkage (16). OCT postulates that characteristics of coordination are determined by how
the brain solves the optimal solution for task demands, environments, state of each body
effector, and motor effort (17). In other words, coordination patterns should change
flexibly to minimize task-dependent cost functions. This theory has succeeded in
explaining muscular coordination of limb movements (18-20), the distribution of work

across a set of joints for reaching movements (21), and finger coordination for force
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production task (22). Optimality in control can not only be found in the flexible
distribution of feed-forward motor commands, but also in flexible and task-dependent
feedback responses (23, 24). For example, during bimanual reaching movements (25-27),
feedback corrections to unpredictable perturbations depend on the nature of the task
being achieved with the two hands.

In addition to task-dependent coordination of limb movements, several studies
also have found flexible changes in eye-hand coordination in well-learned natural tasks
(28-30). More critically, two additional studies systematically manipulated task
demands, and showed that spatial and temporal eye-hand coordination could indeed be
modulated by demands (31, 32). In particular, Sims et al. showed that in a sequential
reaching task, the timing of eye movement to the second target relative to the completion
of the first reach was adjusted to a nearly optimal solution, which could be predicted by
ideal actor model. Similarly, the relative timing between eye and hand movements
adapts to the requirement of reaching accuracy (33, 34) and time constraints (35). In all
these studies, however, the target for eye movements was kept at the single location
across trials and were presented long before the actual movements. In such situation,
adaptive coordination patterns could be predetermined before the initiation of each
motor action — i.e. the task requirements shape the coordination of feed-forward
commands. However, it remains unclear whether the brain adaptively also adjusts eye-
hand coordination during online feedback control. Thus, one central claim of OCT,
namely that the coordination of both feed-forward and feedback commands is flexibly
adjusted according to task-demands, remains untested in the domain of eye-hand
coordination.

To address this gap, we asked participants to reach and, during on-going
movement, to make a saccadic eye movement following an unpredictable shift of the
fixation point. We then independently changed the reward schedule for saccade reaction
time (RT) and endpoint accuracy of the hand movements. The task allowed us to
investigate whether and how eye-hand coupling during on-going reach (i.e. gaze-

anchoring) was modulated by reward contingencies.
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MATERIAL AND METHODS

Participants

Sixteen healthy right-handed naive participants (7 males, mean age + SD: 27.3 +
5.8) gave informed consent to take part in the experiment. The study was approved by
the local research ethics committee of the University College London.
Apparatus

Participants made forward reaching movements (20 cm) while holding a planar
robotic manipulandum with their right hand (Fig. 1A). Hand position data was recorded
at 500 Hz. Visual feedback was provided on a monitor placed above the robot (vertical
refresh rate of 60 Hz). This prevented participants from viewing their actual hand/arm.
The position of right hand was presented on the monitor by a cursor. Head movements
of participants were restricted by a chin-rest where a gaze-tracker was mounted to

record gaze position (Eyelink, 500 Hz).

Figure 1

Trial procedure

Main task: The trial started when participants put the hand cursor (diameter of
0.3 cm) into the start box and directed the gaze onto to the fixation cross, located 20cm
in front of the starting position (Fig. 1A, B). After 500 ms of gaze fixation, a reaching
target (square, 1.5 x 1.5 cm) appeared at the same location as the fixation cross, cuing
participants to initiate an arm-reaching movement toward the target. On randomly
selected trials, the fixation cross shifted to the left or right (7cm along x-axis) when the
hand had moved 2cm from the start box in the y-axis direction. Left or right shift
occurred with equal probability (i.e. one-third of trials each). The typical timing of reach
initiation, fixation shift, and reach termination are shown in Figure 1C. The mean time
of fixation shift and reach termination across participants with respect to the reach

initiation was 38.9 + 3.1 ms and 683 + 15 ms, respectively. In such shift-trials, participants

Downloaded from journals.physiology.org/journal/jn at Univ Western Ontario (129.100.119.099) on August 5, 2021.



145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

173

were asked to make a saccadic eye movement to the new fixation as rapidly as possible
while finishing the ongoing reach to the target location. The reaching target (square) was
presented at the central location every trial and continued to appear at that place during
the trial. In non-shift-trials (remaining one-third of trials), the fixation cross stayed
stationary on the target location.

The original gaze-anchoring studies (13, 14) adopted a double-step task, where
participants started reaching along with the first saccade to the reach target, and then
made the second saccade in response to the fixation shift during a reaching. Here, we
used a single-step task, where participants could fixate the target long before the
movement, and then made a reactive saccade to the fixation shift. We made this
methodological change to ensure that the saccadic suppression (36), the saccadic
refractory period (37), and/or saccade-related unreliable spatial representation (38—41)
would not be able to account for our results.

To match reaching behavior across trials, participants were asked to keep peak
tangential velocity between 38 - 52 cm/s and movement times between 550 — 800 ms. If
those parameters were out of the instructed range, that trial was regarded as failure. In
addition, a trial was considered failed if the saccade was executed in the wrong direction,
occurred before the shift of the fixation, or was initiated with an extremely short reaction
time (< 150 ms). Note that the last criterion was used to exclude false positives caused by
head movements or small blinks. The fastest observed saccade RT in the current
experimental task was 175 ms. After each trial, participants received feedback about
success or failure of that trial. Failed trials were repeated in random order at the end of
a conditional block. One condition finished when 30 trials were completed for each
fixation shift (rightward, leftward, or non-shift), i.e. each condition consisted of 90
successful trials. The failure rate due to the reach- and eye-related criteria was 13.3 +3.7%
and 1.6 + 1.3%, respectively.

Saccade only: In this control task, we examined the RT of saccades without
reaching. The trials started when participants put the cursor into the start box, followed

by rightward or leftward shift in the fixation cross with a certain delay (1000 ms). In such
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shifted-trials, participants had to make a saccade as fast as possible without moving the
hand. In non-shifted trials, participants just maintained gaze fixation for 500 ms. As in
the main task, this condition terminated when 90 trials were completed for each saccade
directions (leftward, rightward, or non-shift).

Reaching only: In this control task, we examined the effect of a fixation cross shift
on reaching behavior without an eye movement. The procedure was the same as in the
main task except that participants did not make saccades when the fixation cross moved.
As in the main task, this condition terminated when 90 trials were completed for each

shift in the fixation cross (leftward, rightward, or non-shift).

Session design

After familiarization with the task and apparatus, participants conducted a Base
condition where they were asked to perform the main task as accurately as possible for
reaching and as fast as possible for saccade (Fig. 1D). Subsequently, they also performed
the main task in reward conditions where they received a reward point (0, 1, or 2) on
each trial based on the combination of reach endpoint error (distance from target
location) and/or saccade reaction times (RTs). There were three types of reward
conditions: (1) only reach accuracy mattered (Hand), (2) only saccade RTs mattered
(Eye), or (3) both these measures mattered equally (Both). Participants were instructed
explicitly in the beginning of each block regarding the upcoming reward condition. In
the Both condition, participants also received a feedback about which motor outputs
(saccade RTs or reaching error) they should improve in order to get high reward point on
each trial.

We determined thresholds for reward points of each participant based on
individual data recorded in the Base condition. In the Hand priority condition,
participants won 2 points if reach error was less than the 20th percentile of base-data,
won 1 point with error less than the 50th percentile, and 0 points with error more than
50th percentile (leftmost in Fig. 1 E). The same procedure was used for the Eye priority
condition by replacing reach error with saccade RTs (rightmost in Fig.1E). Saccade with

short RT led to large reward. To keep the overall probability of each reward matched
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across conditions, we adjusted the thresholds for the Both priority condition, such that
participants won 2 points if both reach error and saccade RT were less than 45th
percentile, 1 point with both performance less than 71th percentile, and 0 points with
reach error or saccade RT more than 71th percentile (middle in Fig. 1E).

Each reward condition (Both, Eye, or Hand) was performed twice, with the
order counterbalanced (e.g. Both, Eye, Hand, Hand, Eye, and Both as shown in Fig. 1D).
The order of the conditions was varied across participants. To keep participants
motivated, thresholds for reward points in the second reward sessions were updated
based on the data recorded in the first reward sessions. After all reward sessions, the two
control conditions (Saccade only, Reaching only) were conducted (See Trial procedure in

more detail).

Data analysis

Reaching movements: The start of reaching movement was defined as when the
hand had moved 1 cm from the stat box in the y-axis direction. The end of the reaching
movement was defined as the first time point when the tangential velocity fell below 3.5
cm/s for at least 40 ms. The distance between reach endpoint and the target was
calculated as the endpoint error for every trial. In the offline analysis, we used not only
the endpoint distance error, but also the error in the x-axis (See axis in Fig.1 A), i.e. the
error in the direction of the saccade.

We are further interested in the effect of saccades on the online reaching
trajectory. Thus, we temporally aligned the hand position data in the x-axis with respect
to the moment of the shift in the fixation cross. This data was smoothed by Gaussian
filter using sigma of 8 ms, and the velocity pattern was calculated by three points
numerical time differentiations of filtered data.

Saccadic eye movements: Saccade initiation was defined as the time at which eye
velocity first exceeded 80 °/s. The mean amplitude of the saccade across participants, as
determined in offline analyses, was 7.3 + 0.37 cm.

Session collapsing and trial rejections: For the reward conditions (i.e. Eye, Hand,
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and Both), we collapsed the data across the first and the second reward session, resulting
in 60 trials for each saccade direction (leftward, rightward, or non-shift). For the
remaining conditions (i.e. Base, Saccade only, and Reaching only), we had 30 trials for
each saccade direction. In the offline analysis, we rejected trials in which the saccade
amplitude had deviated more than 1.5 times the interquartile range (IQR) from 25th or
75th percentile of the data for each participant. This IQR method was also applied to
reach endpoint error, reach movement time, and saccade RT for each reward condition.
Combined, these criteria led to an exclusion of 9.2%, 7.4%, 7.2%, 9.0%, 4.5%, and 0% of
the trials for the Base, Both, Eye, Hand, Saccade only, and Reaching only condition,
respectively.

Statistical Analysis: One-way or two-way repeated ANOVA was used for the
statistical test. If the ANOVA was significant, post-hoc test was performed using
Ryan's method (42).

Uni-modal vs. Bi-modal saccade RT models: To examine how the reward condition
influenced saccade RTs, we fitted a mixture model to the distribution of saccade RTs.
Saccade RTs are known to be right-skewed, following approximately a log-normal
Gaussian distribution (e.g. 43) where the logarithm of the RT (x) is normally distributed

with a mean of y and a standard deviation of o:

f) = ——exp {- LX) 1

2
However, in the gaze-anchoring task we often observed a bi-modal distribution (see Fig.

3A and Appendix Fig. Al). To capture this, we described the distribution using a mixture

of two log-normals with a weighting of pmix:

1

1 (l - )2 (l - )2
[ @) = Pruix gz €xP |~ T 5} + (1= Pie) oz exp |~ 52 2]

I 2042 20,2
We fitted the data with the uni-modal and bi-modal log-normal distribution with Matlab
function (“gmdistribution.fit”), and compared models using Bayesian information
criterion (BIC):
BIC = —2log. (L) + klog.(n) [3]
where L is the maximized value of the likelihood function, # is the number of data points,

and k is the number of parameters (k=2 for uni-modal and k=5 for bi-modal model).
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Model comparison with BIC was performed for each reward condition and each
individual separately.

Fixed vs. Flexible bimodal saccade RT models: The distribution of the saccade RTs
across reward conditions (Fig. 3A and Appendix Fig. Al) suggested the idea that the
center of fast component of the RT distribution maybe insensitive to reward. The
prolongation of mean eye RTs, would then have to be explained by a decreasing
probability to make a fast saccade and/or a change in the mean of the second component
(i.e. long-RTs trials). To quantitatively test this interpretation, we considered “Fixed-
model” where the standard deviation and mean of the first component (o1 and 1) were
kept the same across three reward conditions, and the mixture proportion (pmix) and the
parameters for the second component (u2 and 02) was free to change across conditions
(11 free parameters). For the comparison, we considered “Flexible-model” where the
parameters (01, 02, {1, p2, and pmix) were flexibly determined for each reward condition,
resulting in 15 parameters. For fitting, we minimized the negative log-likelihood across
all reward conditions using a nonlinear fitting function in Matlab (“fmincon”). The
distribution of the RTs in the Eye condition was nearly uni-modal for many participants,
consisting mainly of fast RTs. To ensure that these were captured by the first component,
we introduced two constraints for the Eye condition: 1) u2 was larger than p: by
interquartile range of the distribution, and 2) p: was larger than 0.5. Note that the second
constraint was removed for two participants (P4 and P15) whose distribution in the Eye
condition was clearly bi-modal with the second component more dominant. Model
comparison between “Fixed-model” and “Flexible-model” was conducted with BIC for

each participant.

10
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RESULTS

Saccade reaction times and reaching accuracy

During a reach, the gaze is anchored at the target, which substantially delays
saccades elsewhere (13). Gaze anchoring was also observed in the current experiment:
The saccade reaction times (RTs) during reaches (Base trials, 434 + 130.0 ms, [mean + SD
across participants]) were significantly longer than for the Saccade-only trials in the
control session (280 + 30.9 ms, paired t-test, t(15) = 5.57, p < 0.001). Our aim was to
examine whether this feedback-driven eye-hand coordination was flexibly modulated
according to reward contingencies.

First, we compared average saccade RTs among reward conditions (Fig. 2A).
Saccade RTs for the Hand condition was longer than for other two conditions, indicating
that gaze-anchoring was stronger when reaching accuracy mattered. On the other hand,
when reward was allocated to the eye movement (i.e. Eye and Both), saccade RTs were
markedly reduced. One-way ANOVA revealed a significant main effect of reward
condition (F(2,30) = 23.4, p < 0.0001), and post-hoc test showed a significant difference
between the Both and Hand conditions (t(30) = 5.3, p < 0.0001) and between the Eye and
Hand conditions (t(30) = 6.4, p <0.0001). These results indicate that gaze-anchoring is not
an obligatory feature, but modulated based on reward contingencies. Furthermore, we
found that the standard deviation of the saccade amplitude was significantly larger for
the Hand condition than other two conditions (Eye vs. Hand: t(30)=4.11, p= 0.0003, Both
vs. Hand: t(30)=3.33, p=0.002). Placing the reward on reach accuracy not only delayed
the saccade but also increased variability of saccade amplitude.

Second, we examined the effect of reward on reaching accuracy. Figure 2B
depicts reaching endpoint error, split up by saccade and non-saccade trials. Reaching
error changed depending on reward condition and saccade occurrence. A two-way
ANOVA (Reward x Saccade) showed a significant main effect of reward condition
(F(2,30) = 9.7, p < 0.001). Post-hoc test showed a significant difference between the Both
and Eye condition (t(30) =2.79, p <0.01) and between the Eye and Hand condition (t(30)

=4.34, p <0.001), indicating that the reward associated with the reaching aspect (i.e. Both

11
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or Hand) improved reaching accuracy.

Reaching accuracy was also influenced significantly by whether or not a saccade
occurred during the reach (F(1,15) = 11.0, p < 0.01). We confirmed that the movement
time of the reaching movement for saccade trials was not statistically longer than that
for non-saccade trials (one-sided paired t-test, t(47) = -0.28, p = 0.61). The maximum
speed of reaching did not also differ between these trials (one-sided paired t-test, t(47) =
-3.08, p =0.99). These findings clearly ruled out explanations based on the conventional
speed-accuracy tradeoff (44). Rather, our data provides clear evidence that a saccade
during the reach negatively influences reach accuracy, and that eye-hand coordination

is flexibly modulated according to task demands.

Figure 2

We further examined whether behavioral modulation occurred immediately after
the explicitly instructed change in reward condition or whether it gradually developed over
the course of a block. To estimate temporal change in behavior, for each reward condition,
we averaged reaching error and saccade RTs over every 30 trials and 20 trials (trial block),
respectively. A three-way repeated ANOVA with factors of Session (first and second
sessions), Trial blocks (three blocks), and Reward conditions (Eye, Both, and Hand) showed
no significant effect of Trial block for Reaching error (F(2,30)=0.52, p= 0.60) or for Saccade
RTs (F(2,30)=0.39, p=0.68). The interaction of Trial blocks and Reward condition was not also
significant for Reaching error (F(4,60)= 0.65, p= 0.63) or for Saccade RTs (F(4,60)= 2.05, p=
0.10). Thus, neither reaching error nor saccade RTs changed throughout a specific reward
condition, suggesting that the change in behaviors was immediate and caused by the explicit

instruction at the beginning of the block.

Distribution of saccade RTs

What is the mechanism by which the participants delayed their saccade

12
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especially in the Hand condition? Figure 3A shows the distribution of saccade RTs,
plotted separately for each reward condition (2 participants: P13 and P2). The
distribution clearly showed a bimodal distribution especially for the Both and Hand
conditions. To quantify this observation, we fitted a uni-modal (equation [1]) and bi-
modal (equation [2]) log-normal distribution to the data, and compared the quality of
the fit using BIC (See Method “Uni-modal vs. Bi-modal saccade RT models” for details). For
the Hand condition, the bi-modal model provided a better description than the uni-
modal model in the majority of participants (13/16 participants), which is statistically
significant in a simple Binomial test (p = 0.02). For the eye condition (6/16 better with the
bi-modal model) and the Both condition (8/16 better with the bi-modal model), the bi-
modality was not as clear in all individual participants.

However, visual inspection of the individual RT distributions (Fig 3A) indicated
that the mean of the fast component of the saccade distribution remained the same for
the other two conditions. The only thing that appeared to change was the proportion of
trials that came from the slower, delayed distribution. To test this idea, we fitted a single
bi-modal model across all the individual distribution (See Method “Fixed vs. Flexible
bimodal saccade RT model” for details.). “Flexible-model” used five free parameters (o1,
02, p1, p2,and pmir) for each reward condition. The resultant fits showed that u: was 280 +
74 ms for the Eye, 302 + 91 ms for the Both, and 335 + 138 ms for the Hand condition
(mean + SD across participants). In the comparison between the Eye and Hand
conditions, the amount of the change in u1 was less than 34 % of the total change in RTs.

On the other hand, the proportion of the first component differed across
conditions, and remarkably dropped for the Hand condition (Fig. 3B, “Flexible-model”).
In other words, the weight of the second component clearly increased when the reaching
accuracy mattered. Indeed, estimated pmix was 0.72 + 0.27 for the Eye, 0.76 + 0.24 for the
Both, and 0.43 + 0.28 for the Hand condition (mean + SD across participants).

To test whether the data could be equally well explained by a fixed first
component, we fixed the parameters (u: and o1) across the reward conditions (“Fixed

model” — the Methods for details). BIC comparison showed that “Fixed-model” was

13
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better than “Flexible-model” in 13 out of 16 participants (Binomial test, p=0.02),
indicating that the constraint of fixing the first component explains the individual
distribution well. Again, the proportion of the first component (pmix) was the highest for
the Eye condition (pmix = 0.81 + 0.26), and dropped for the Both (pmix = 0.58 + 0.30) and
Hand (pwix = 0.30 + 0.22) conditions. Anova (F(2,15)=22.2, p < 0.01) and post-hoc test
showed a significant difference in the proportion between all the pairs (Eye vs. Both:
t(30)=3.0, p < 0.01, Eye vs. Hand: t(30)=6.6, p < 0.01, Both vs. Hand: t(30)=3.6, p < 0.01).
Thus, our results suggest that reward contingencies modified saccade behavior by
changing the probability of “fast” saccades. Furthermore, the center of “fast” saccades
(i.e. p1:290 £ 74 ms) was not significantly different from the mean saccade RTs for the
Saccade-only trials in the control session (280 + 30.9 ms, paired t-test, t(15) =0.5, p=0.62),
in which participants focused entirely on the saccade without reaching movements. This
also suggests that “fast” saccades would be mediated by the fastest visuomotor pathway

that could be utilized in the current task.

Figure 3

Tradeoff between saccade reaction time and reaching accuracy

Reaching accuracy was clearly modulated not only by reward contingencies but
also by whether saccade was made or not (Fig. 2B). This suggests that moving the eyes
to a non-target location during a reach has a cost. For a more fine-grained analysis of
how saccade RT affected reaching accuracy, we assigned each trial to 1 of 3 bins
according to saccade RTs for each reward condition and participant. We then plotted the
absolute value of reaching error in the horizontal axis, consistent with the direction of
saccade, as a function of saccade RTs for different groups of reward conditions (Fig. 4A).
As seen before (Fig. 2A and Fig. 2B), reaching error and saccade RTs generally varied
depending on reward contingencies. Furthermore, reaching error for saccade trials was

larger than that for non-saccade trials. More interestingly, in each reward condition
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(Green, magenta, and blue lines in Fig. 4A), there was a clear tradeoff between reaching
accuracy and saccade RTs with trials with longer RTs showing smaller errors. This
observation was statistically confirmed by a two-way repeated measures ANOVA
(Reward x Bin), which showed a significant main effect of Reward (F(2,30) = 11.07, p =
0.0003) and Bin (F(2,30) =5.76, p = 0.008). A significant interaction did not emerge (F(4,60)
= 0.62, p = 0.65). These results indicate that the reward condition influenced reaching
accuracy in two ways: First, placing a reward on reaching accuracy (Both and Hand
conditions) directly reduced the absolute reaching error. This was also supported by the
clear decrease in error for those reward conditions in Non-saccade trials (Fig. 4A).
Secondly, especially in the hand condition, participants further delayed their saccades,

resulting in an additional reduction in reaching error.

Figure 4

Saccades induced systematic deviations during reaching

To elucidate how saccades influenced the reach, we analyzed the signed
endpoint error of reaching in the horizontal axis (x-axis shown in Fig.1A). As shown in
Figure 4B, the reach was systematically influenced by the saccade directions. We
observed positive error (rightward deviation from the target) when leftward saccade was
made, and a leftward deviation when rightward saccade was made. In other words,
reaching endpoints tended to be biased to the direction opposite from the saccades (Fig.
4B). These findings indicate that saccades induced a deviation of the hand movement in
the opposite direction.

To further examine why the reaching endpoints were biased in the direction
opposite to the saccade, we analyzed online trajectories of reaching movements. We
temporally aligned hand velocity signals in the x-axis (x-velocity) with respect to the

shift in the fixation cross. We averaged x-velocity of the hand across trials for each
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saccade direction, reward condition, and participant. Figure 5A shows averaged hand
velocity patterns across participants for different saccade directions under the Both
condition. Approximately 300 ms after the fixation cross displacement, the hand
movement was deviated rightward for the leftward saccade, and leftward for the
rightward saccade. As for the endpoints, the online hand movement was deviated
toward the direction opposite to saccades. This finding implies that the endpoint
deviation induced by saccades begins immediately after the fixation cross displacement.

To quantify the hand response, we computed the difference in the x-hand
velocity between saccade directions (leftward — rightward), with larger values denoting
larger hand deviation. Figure 5B depicts the mean hand response for three reward
conditions (colored curves) and for the Reaching only condition (black dashed curve).
The arrow in Figure 5B indicates the mean saccade RTs for each condition. Despite the
large difference in saccade RTs among reward conditions, these hand responses for the
Eye, Both, and Hand condition initiated at roughly the same time with similar
amplitude. In contrast, the response for the Reaching only condition, where participant
had to maintain gaze fixation on the original location even when the fixation visually
shifted (See Material and Methods for the details), was markedly smaller than for other
reward conditions.

Based on these observations, one can argue that the lateral hand deviation is
triggered by the visual shift of the fixation cross rather than by the execution of the
saccades. However, this would be unlikely for two reasons below. Firstly, it is known
that reflexive hand responses induced by visual information, such as target shift,
background motion, and distractor movements, are directed to the same direction as
visual changes (45, 46). Thus, anti-directional response we observed here is difficult to
be explained by visually-induced reflexive responses that are generally pro-directional
responses. Secondly, the hand response was much smaller when saccade was not made
(Reaching only condition). Taken together, we propose that online hand response is

probably induced by saccade-related signals during the reaching movement.
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Figure 5

DISCUSSION

We adopted a gaze-anchoring paradigm, and tested whether and how eye-hand
coordination is modulated according to task demands. We found clear and systematic
changes in saccade RT and reaching accuracy depending on reward contingencies. The
analyses of saccade RTs distributions with model approach suggests that the change in
gaze-anchoring is achieved by modulating the probability of reflexive and voluntary
saccades. We also showed that reach error depended on saccade RTs, with faster
saccades leading to larger errors. Our findings show that the brain modulates eye-hand

coordination during reaching depending on reward-based task demands.

Task-dependent modulation of gaze-anchoring

During a visually-guide reaching, fixating target is strongly favored, which
substantially delays saccades elsewhere. This implies that it is mediated by inhibitory
coupling from the hand to the eye system. A neurophysiological study suggested the
rostral part of superior colliculus, an area classically related to gaze fixation, as a
potential neural substrate for gaze-anchoring (47). In contrast to the yoking hypothesis
for gaze-anchoring (12-14, 48), under some conditions, participants performed eye
movements to the next task-relevant object before the previous actions had been
completed (28-30, 49). Importantly, the timing of gaze shift relative to reaching
termination adapts to task demands (32-35). In most of those previous studies, however,
the targets for hand and eye movements were repeated and predictable. Thus, eye-hand
coordination can be pre-planned before the onset of the movement.

In our current study we show now clearly that the online coordination between
eyes and hand can be modulated in a task-dependent fashion without the need to

preplan. Participants did not know the saccade condition (leftward, rightward, or non-

17

Downloaded from journals.physiology.org/journal/jn at Univ Western Ontario (129.100.119.099) on August 5, 2021.



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

525

saccade) before the middle of the reach. While there is neurophysiological evidence that
participants likely can preplan eye movement to two potential targets (e.g. Basso and
Wurtz 1998), our three target options should have prevented effective pre-planning.

Furthermore, we found bimodality of saccade RTs distribution (Fig. 3 and
Appendix Fig. Al), suggesting the existence of two types of saccades with different
timescales (43, 51). Across reward conditions, the center of “fast” saccade component did
not appear to vary. Rather the probability of issuing a “slow”, rather than “fast” saccade
changed. This suggests that, to modulate gaze-anchoring, the brain did not change the
motor commands for “fast” saccades, but modulate inhibitory signals to the generator
of “fast” saccades. In particular, when reaching accuracy mattered (Hand), “fast”
saccades became less frequently, and were instead replaced by slower, more voluntary
saccades. Our results suggest that the brain optimally modulates the strength of
inhibitory coupling from the hand to the eye system to make responses to unpredictable
visual presentation.

Although the “fast” saccades we observed were immutable across reward
conditions and appeared to behave like reflexive saccades, they should be considered a
different class of eye movements from “express saccade”, which occur at very short
latencies (human: 80 — 120 ms, monkey: 70 — 80 ms) in the gap-task (e.g. 52). Express
saccades are generated through a direct pathway from retina to superior colliculus (e.g.
53), and are substantially faster than our “fast” saccades (about 290 ms). Interestingly,
Fischer et al. (51) also found three separated peaks in saccade distribution, and called
each component, in order of fastest to slowest, “express”, “fast regular”, and “slow
regular” saccades. Thus, the second and third component could correspond to our “fast”
and “slow” component. It remains an open question how multiple different cortical

saccade pathways may be affected differentially by reward-based task demands.

Dependence of reaching accuracy on saccades
Another important aspect of the current study is to explicitly show the

dependence of reach accuracy on saccades. First, distance error was significantly larger
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when saccade was accompanied with than when it was not (Fig. 2B). Secondly, the
reaching error was significantly related with saccade RTs (Fig. 4A). Finally, reaching
error in the horizontal direction was systematically biased by the direction of saccades
(Fig. 4B). These results suggest that reaching movement incurs a cost when making
saccades during reaching.

Several earlier publications have shown a direct co-dependence between eye
and arm movements. For example, when producing concurrent eye and hand
movements with different amplitude, reaching amplitude changed in accordance with
saccade amplitude (54, 55). Similarly, the initial component of online reaching
corrections to visual perturbation was modulated by whether saccade or gaze fixation
was required (8). A recent study also showed that the relative eye-hand latencies of
online corrections was modulated by the visual characteristics of the target change (56).
These studies suggested the direct interaction of saccade planning/execution with
reaching system, which can be flexible according to the task. Furthermore, some studies
have emphasized a significant role of gaze-related signals for providing the
representation of target location for reaching movements especially when making
reaching in darkness. These studies showed that when participants made the spatially
coupled or dissociated saccade during reaching, reaching accuracy was improved or
worsened, respectively (57-60). This view of spatial coupling is also supported by the
evidence that end points of saccade and reach are spatially correlated with each other (5,
61).

In contrast to these previous reports, showing that the hand follows the eye, we
found that the hand deviated in the direction opposite to the saccade (Fig. 4B, Fig. 5).
Such opposite bias can be explained by updating process of reaching goals dominated
by eye-centered mechanisms (For review, see 62, 63). In our experimental setting,
making a saccade changed the retinal position of the reaching target from fovea to
peripheral. Such change can be made quickly and predictively via an internal updating
process. Behavioral studies have shown that reaching to peripheral targets show

systematic directional bias with overestimating the eccentricity of targets (64). When
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participants made a saccade before reaching, the resulting reaching error matched the
updated target-gaze relationship (65, 66). More critically, this updating process can be
seen during reaching movements: gaze shifts induced anti-directional deviations in the
online reaching trajectory (67), as consistent with our current results.

As shown in Figure 5B, the hand responses generally preceded the initiation of
saccades, suggesting that saccade planning, rather than saccade execution or saccade-
related changes in visual inputs, drive the hand response. The hand response preceding
saccade initiation is consistent with predictive updating of the target representation (68,
69). This temporal relationship was more prominent in the Hand condition where strong
gaze-anchoring occurred. This also suggests that the inhibition of eye movements
according to explicit reward demands arises after saccade planning has affected online

reaching movements.

Reaching costs due to rapid saccades

We found that earlier saccades reduced reach accuracy more than late saccades
(Fig. 4A). Previous studies on eye-hand coupling have mainly focused on visual acuity
as cost for the reaching system: Locating objects in peripheral vision is less accurate than
in foveal vision, which leads to lower reaching accuracy (e.g. 32, 70). Reaching accuracy
highly depends on online information about the target and hand location (71-75). Thus,
earlier saccades would withdraw this crucial information earlier, and spatial uncertainty
would accumulate and be larger than when foveal feedback is withdrawn in the end of
the movement.

Alternatively, the dependence of reaching accuracy on saccade RTs may be due
to the fact that the saccade-induced hand deviation had more time to accumulate when
the saccade is early. Although some studies have shown flexible use of a reference frame
for motor actions and perception (76-81), we robustly observed the saccade-induced
hand responses that were irrelevant to the current experimental task. This suggests that,
in certain situations, planning/making saccades could be inherently linked with gaze-

centered updating of the target (e.g. 82, 83). Such automatic updating process might be
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one of the factors in causing saccade-related reaching cost.

While loss of visual acuity, as well as the influence of saccade planning on reach
trajectories, may have contributed to the relationship between saccade RT and reach
error (Fig. 4a), the presence of hand deviations that depend on saccade direction clearly
ague that at least part of the effect is due to influence of saccade planning on reaching.
It is worth to note that, similar to the error-RTs relationship shown in Figure 4A, the
difference of signed error at the endpoint between leftward- and rightward-saccade
conditions also appears to be greater (p=0.08, marginal significant effect) for trials with

earlier saccades (Appendix Fig. 2).

Summary

Taken together, our study tests two critical predictions of the hypothesis that
gaze anchoring is the result of an optimal feedback control policy that maximize reach
accuracy. First, we show that making an eye movement during an ongoing reach makes
the reach less accurate. Secondly, we demonstrate that probability of an early saccade
can be up- and down-regulated depending on the importance of reach accuracy. Of
course, our paper does not provide the most stringent test of optimal control theory in
this context, namely that the changes in feedback control are “optimal” in respect to a
well-defined cost-function. Nonetheless, our results confirm important, qualitative
predictions arising from the idea that eye-hand coordination is shaped to optimize task

performance.
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Figure 1. Experimental setup and methods. A: Experimental apparatus. B: Time course of a
single trial. Participants made reaching movements to a target (square of 1.5 x 1.5 cm) in a
forward direction. They had to make saccades in response to the shift in the fixation cross
while maintaining the reach to the target. C: Velocity trace (y-axis) for 3 example trials,
aligned to the detected start of the movement (Oms). Termination for each trace corresponds
to the detected end of movements. Vertical lines indicate the timing of fixation shift for
corresponding trial, occurring 2 cm into the movement. D: Sequence of experimental
sessions. Basic experimental task was the same across Base, Both, Eye, and Hand conditions.
In the Base condition, there was no reward. Reward was paid based on saccade performance
(Eye), reaching performance (Hand), and a combination (Both). Saccade only and Reaching
only conditions were conducted as a control. E: Payoff matrices for each reward condition.

See Materials and Methods for details.

Figure 2. Saccade reaction times and reaching error. A: Mean saccade RTs across
participants (n=16) for three reward conditions. Error bars indicate standard error, and ***
denotes statistical significance with p <0.001. B: Mean endpoint reaching error (distance from
the target), depending on whether a saccade was made and not made. Statistical significance

(***: p <0.001) is shown for the comparison among three reward conditions.

Figure 3. Distribution of saccade RTs A: Distribution of saccade RTs for each reward
condition obtained from two exemplary participants (P13 and P2, see Appendix Fig. Al for
all participants). Magenta and cyan curves represent best fitting of data as obtained by
“Fixed-model” and “Flexible-model”, respectively. Both models are based on bimodal log-
normal mixture distribution (Equation [2], See Method and Results for details). B: Fitting
curves split up by the first and second component. Each color corresponds to the reward

condition.

Figure 4. Relationship between reaching error and saccade. A: Relationship between
reaching error (absolute value in the x-axis) and saccade RTs for three reward conditions.

The saccade trials were binned by saccade RTs for each participant and condition. Error bars
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denote between-participants standard error (n=16). Reaching error for non-saccade trials was
also plotted. B: Mean reaching error (singed error in the x-axis) across participants for three
reward conditions with dividing the trials into saccade directions. Positive error values

reflect rightward biases. Error bars depict standard error.

Figure 5. Relationship between saccade and on-line hand response. A: Mean x-hand
velocities against the time from the fixation cross displacement. The hand responses were
induced in the opposite direction from the saccade. Shaded area: SD across participants
(n=16). B: We took the difference in the hand velocity between trials with leftward and
rightward saccades (leftward-rightward). Shown is the mean response across participants

for each reward condition. Arrows indicate the averaged saccade RTs for each condition.

Appendix Figure A1
Distribution of saccade RTs (Top: Eye, Middle: Both, and Bottom: Hand condition) for each
participant (P1 — P16). Magenta and cyan curve illustrates the fit of “Fixed-model” and

“Flexible-model”, respectively.

Appendix Figure 2. Relationship between signed reach error and saccade RTs.

The signed reach error in the x-axis at the endpoint was averaged across each direction of
the saccade. The difference in the mean error between leftward- and rightward-saccade
conditions was plotted against the saccade RTs (three bins). Data represent the mean and
standard error across participants. Two-way repeated measures ANOVA with Reward (Eye,
Both, or Hand) and Bin (three RTs bins) as main factors showed a non-significant main effect
of Reward (F(2,30)=0.69, p=0.51) and a marginal significant main effect of Bin (F(2,30)=2.69,
p = 0.08). The interaction effect was not significant (F(4,60)=1.208 p=0.38).
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