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 32 

Abstract 33 

 34 

Reaching is an essential behavior that allows primates to interact with the environment. Precise 35 

reaching to visual targets depends on our ability to localize and foveate the target. Despite this, 36 

how the saccade system contributes to improvements in reach accuracy remains poorly 37 

understood. To assess spatial contributions of eye movements to reach accuracy, we performed 38 

a series of behavioral psychophysics experiments in non-human primates (M. mulatta). We 39 

found that a coordinated saccade with a reach to a remembered target location increases reach 40 
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accuracy without target foveation. The improvement in reach accuracy was similar to that 41 

obtained when the subject had visual information about the current target’s location in the visual 42 

periphery and executed the reach while maintaining central fixation.  Moreover, we found that 43 

the increase in reach accuracy elicited by a coordinated movement involved a spatial coupling 44 

mechanism between the saccade and reach movements. We observed significant correlations 45 

between the saccade and reach errors for coordinated movements. In contrast, when the eye 46 

and arm movements were made to targets in different spatial locations, the magnitude of the 47 

error, and the degree of correlation between the saccade and reach direction was determined 48 

by the spatial location of the eye and the hand targets.  Hence, we propose that coordinated 49 

movements improve reach accuracy without target foveation, due to spatial coupling between 50 

the reach and saccade systems. Spatial coupling could arise from a neural mechanism for 51 

coordinated visual behavior that involves interacting spatial representations. 52 

 53 

News and Noteworthy  54 

How visual spatial representations guiding reach movements involve coordinated saccadic eye 55 

movements is unknown. Temporal coupling between the reach and saccade system during 56 

coordinated movements improves reach performance. However, the role of spatial coupling is 57 

unclear. Using behavioral psychophysics, we found that spatial coupling increases reach 58 

accuracy in addition to temporal coupling and visual acuity. These results suggest that a spatial 59 

mechanism to couple the reach and saccade systems increases the accuracy of coordinated 60 

movements. 61 

 62 

Keywords: reach, saccade, accuracy, eye-hand coordination, visual-motor 63 

Running title: Spatial coupling during coordinated eye-arm movements  64 
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Introduction 66 

 67 

Reaching and grasping are natural and essential behaviors that allow primates to interact with 68 

the world. Accurate reaching to visually-presented targets often depends on target foveation. 69 

Typically, the eyes foveate the target before the hand arrives (Abrams et al. 1990; Helsen et al. 70 

2000), allowing foveal visual information about the target to guide the reach. Reaching to 71 

peripheral targets during central fixation leads to inaccurate reaches (Prablanc et al. 1979). 72 

Thus, humans and non-human primates tend to coordinate eye and arm movements to foveate 73 

targets and reach accurately (Biguer et al. 1982; Iriki et al. 2001; Johansson et al. 2001; Land 74 

and Hayhoe 2001; Shepherd and Platt 2006). However, in humans, coordinated movements of 75 

the eyes and arms performed in absolute darkness without target foveation also lead to more 76 

accurate pointing dynamics (Bock 1986; Enright 1995; Henriques et al. 1998; Ren et al. 2006; 77 

Schütz et al. 2013). This suggests that in addition to visual target information, accurate reaching 78 

depends on coordinating a saccade with a reach. 79 

 80 

Coordinating a saccade with a reach recruits spatial and temporal mechanisms. Several lines of 81 

evidence demonstrate temporal coupling between the reach and the saccade systems during 82 

coordinated eye-arm movements (Fisk and Goodale 1985; Neggers and Bekkering 2000; Dean 83 

et al. 2011; Hagan et al. 2012). However, some forms of temporal coupling do not necessarily 84 

involve spatial coupling. A shared signal to initiate both movements, for example, can result in 85 

temporal coupling without spatial coupling (Dean et al. 2012). Behavioral evidence for spatial 86 

coupling during eye-hand coordination is also relatively mixed (van Donkelaar 1997; Sailer et al. 87 

2000).  Spatial coupling in the form of an influence of the saccadic eye movement amplitude on 88 

the coupled reach movement has been reported (van Donkelaar 1997). Evidence of spatial 89 

coupling through correlations between the eye and the hand errors has, however, been 90 

ambiguous (Sailer et al. 2000; Kattoulas et al. 2008). Coordinated reach accuracy may involve 91 
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coupling between spatial representations of the target within the saccade and the reach system. 92 

If so, reach accuracy should be modulated by the degree of spatial coupling between the 93 

saccade and the reach systems. Alternatively, coordinated reach accuracy may not rely on a 94 

spatial interaction between the saccade and the reach system. If so, reach accuracy should be 95 

independent of the degree of spatial coupling between the saccade and the reach system. 96 

However, it remains unclear whether the spatial metrics of saccadic and reach movements are 97 

coupled during coordinated eye-hand behavior, whether coupling reflects a common spatial 98 

representation guiding both motor plans, and/or whether coupling contributes to improved 99 

coordinated reach accuracy. 100 

 101 

To better understand the spatial mechanisms of coordinated reach accuracy, we performed 102 

behavioral psychophysics in non-human primates. The macaque monkey is the most frequently 103 

studied non-human primate model used to understand the neuronal basis of reach and saccade 104 

movements, (Andersen et al. 1985; Cui and Andersen 2007; Crawford et al. 2011; Konen et al. 105 

2013) , due to the similarity between behavior and movement kinematics with humans (Roy et 106 

al. 2000). The macaque monkey also offers practical advantages for studying eye-hand 107 

coordination. Extensive training can stabilize saccade and reach performance, multiple visual-108 

motor tasks can be interleaved and many trials can be collected across the different tasks. We 109 

therefore investigated spatial coupling by training two monkeys in a set of visual-motor tasks 110 

including a novel task that spatially dissociates reach and saccade movements while 111 

maintaining their temporal coupling. We tested whether the magnitude of the movement errors, 112 

as well as the degree of correlation between the saccade and the reach direction was related to 113 

the spatial properties of the eye and the hand targets. The results support the hypothesis that 114 

coordinated movements improve reach accuracy in the absence of target foveation due to 115 

spatial coupling between the reach and saccade systems.  116 

 117 
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 118 

Methods 119 

 120 

Experimental preparation 121 

Two male rhesus monkeys (Macaca Mulatta) participated in the experiments (Monkey 1, 7.5 kg, 122 

12 years old; Monkey 2, 11.2 kg, 8 years old). Monkeys were kept on a 12 h/12 h light/dark 123 

cycle. All experimental testing was completed during the light cycle under controlled-water 124 

access. Each animal was implanted with head-fixation hardware under isoflurane inhalant 125 

anesthesia and received buprenorphine and rimadyl analgesia for 72 hours after the surgical 126 

procedure. Head-fixation hardware was necessary to restrain the head during behavioral 127 

training and recording. All surgical and animal care procedures were approved by the New York 128 

University Animal Care and Use Committee and were performed in accordance with National 129 

Institutes of Health guidelines.  130 

 131 

Behavioral Tasks 132 

 133 

We trained two monkeys to perform six tasks involving a reach in which we manipulated 134 

visual target information and oculomotor behavior (Fig. 1): delay saccade-touch (DST), delay-135 

reach-and-fixate (DRF), delay-reach-and-saccade (DRS), dissociated-delay-reach-and-saccade 136 

(DRSd), memory-reach-and-fixate (MRF), memory-reach-and-saccade (MRS), and dissociated-137 

memory-reach-and-saccade (MRSd).  Reaches were made with either the left arm (Monkey 1) 138 

or right arm (Monkey 2) on a touch-sensitive screen (ELO Touch Systems, CA). Eye position 139 

was monitored with an open-source video-based eye-tracker (Zimmermann et al. 2016). Visual 140 

stimuli were presented on an LCD display (Dell Computers, TX) placed behind the touchscreen. 141 

All visual stimuli displayed on the screen were isoluminant confirmed with a spot 142 

spectroradiometer (Photo Research PR 650). The testing room was otherwise maintained in 143 

complete darkness to limit the use of visual landmarks.  144 

 145 
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 Monkeys were seated in a chair in front of the touch screen. The head was fixed. To 146 

begin each trial, each monkey placed his hands on two touch sensors located at waist height.  147 

When both of the touch sensors detected a touch, a yellow visual target (2 square) was 148 

illuminated at the center of the screen. The monkey had 1.0 s to reach and touch the yellow 149 

central square.  Each monkey then maintained fixation and touch for a baseline period of (0.5-150 

0.8 s). A spatial cue was presented in the form of one or two targets at random locations on a 151 

circle eccentricity 11 (Fig. 1). After a variable-duration instructed delay (0.7-1.0 s), the central 152 

visual target changed color from yellow to gray, instructing the monkey to reach or saccade to 153 

the peripheral target location. Monkeys were required to keep touch and fixation on the central 154 

yellow square from the beginning of the trial until the go cue. 155 

 156 

 Saccade reaction times were required to be within 0.05-0.5 s of the Go cue. Reach 157 

reaction times were required to be within 0.1-1.0 s of the Go cue. After acquiring the cued 158 

location, subjects maintained touch and fixation for 0.2-0.3 s. Each trial ended with the delivery 159 

of a fluid reward. The inter-trial interval was 0.3-0.7 s at which time the central visual target was 160 

re-illuminated for the next trial. 161 

 162 

The color of the spatial cue served as the effector cue. Red instructed a saccade while 163 

maintaining central touch in single effector trials (Fig. 1A). Green instructed a reach while 164 

maintaining central fixation in single effector trials (Fig. 1B, D). Yellow instructed a coordinated 165 

reach and saccade in double effector trials (Fig. 1C, E). Single effector movement and double 166 

effector coordinated movement trials involved a spatial cue with one target.  In the case of 167 

double effector trials with dissociated movements a pair of spatial cues with two targets, a green 168 

target for the reach and a red target for the saccade was presented (Fig 1F-G). For the 169 
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dissociation tasks, the reach and saccade targets were separated by at least 5 of visual angle. 170 

The location of spatial cue was randomized trial-by-trial.  171 

 172 

On delay trials the spatial cue was illuminated throughout the instructed delay period. On 173 

memory trials the spatial cue was illuminated for 0.3 s before being extinguished for the 174 

remainder of the instructed delay period. On memory trials, the spatial cue was re-illuminated 175 

for 0.1-0.15 s after the target was acquired.  176 

 177 

The central visual target was a square, 2 on a side. Touch and fixation was maintained 178 

within an acceptance window 2 x 2. All tasks used the same windows, except for the hand 179 

tolerance window in the memory dissociation task, which was 3 x 3.  180 

 181 

Calibration data sets were collected at the beginning of each recording session. Touch 182 

position was calibrated using 100 trials of delay-reach (DR) task performed by a human subject 183 

seated with head position in the same location as the animal subject.  The DR task is similar in 184 

nature to the DRF task (Fig.1B), except that the human subject was free to look at the target, 185 

thus the touch endpoints were as precise as possible. After calibrating touch position, the 186 

monkey then performed 100 trials of a delay-saccade-and-touch task (Fig1A, DST). These trials 187 

were used, offline, to calibrate fixation position.  188 

 189 

For each recording session, each monkey performed a maximum of 1000 trials. Blocks 190 

of 100 trials of single-effector and double-effector task trials were randomly interleaved. Within 191 

each block of single effector trials, the saccade-and-touch task and the reach-and-fixate task 192 

(Fig. 1A-B, D) were randomly interleaved trial-by-trial in equal proportions. Within each block of 193 

double effector trials, the coordinated-reach-and-saccade task (Fig.1C, E)  and the dissociated-194 
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reach-and-saccade (Fig. 1F-G) task were randomly interleaved trial-by-trial in equal proportions. 195 

Within each block, trials with a visual-delay and a memory-delay were randomly interleaved for 196 

all tasks trial-by-trial in equal proportions.   197 

 198 

Data collection 199 

 The task was controlled using custom-code Labview code running on real-time platform 200 

(National Instruments, PXI-1031). Behavioral data were digitized (12 bits at 10 kHz; National 201 

Instruments, TX) and continuously recorded to disk for further analysis (custom C and Matlab 202 

code). Gaze calibration was performed using an initial offset and gain calibration for online 203 

control and later offline using a linear transformation. Fixation and touch position were calibrated 204 

offline by fitting a center and slope parameters using a linear regression applied to calibration 205 

data sets. Calibration parameters were used to transform the acquired gaze/reach endpoints 206 

into target position coordinates. Only successful trials with endpoints located within 3 standard 207 

deviations of the mean location were used for calibration.  From the linear transformation, a 208 

slope and an intercept (center) were obtained and used to calibrate the rest of the trials. In M1, 209 

we collected a total of 8481 trials involving a reach (DRS=1558, MRS=1360, DRF=1154, 210 

MRF=1070, DRSd=914, MRSd=2425 trials) and 6356 trials involving a saccade (DRS=1572, 211 

MRS=1372, DRSd=944, MRSd=2468 trials). In M2, we collected a total of 5860 trials involving a 212 

reach (DRS=1284, MRS=1309, DRF=1028, MRF=998, DRSd=702, MRSd=1823 trials), and 213 

5180 trials involving a saccade (DRS=1292, MRS=1325, DRSd=713, MRSd=1850 trials). 214 

 215 

Data analysis 216 

We analyzed data from sessions in which the eye tracking was stable and did not require 217 

recalibration. Trials in which movement endpoints were more than 20º from the center of the 218 

screen were discarded.  Trials in which the magnitude of the movement error differed from the 219 
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mean error by more than 3 standard deviations were discarded. All data were analyzed using 220 

custom Matlab code (The Mathworks, MA). 221 

 222 

We quantified movement accuracy by calculating:  223 

1) The absolute magnitude of the error (Fig. 2A-B): The magnitude of the distance 224 

between the target coordinates and the effector (hand/eye) endpoints coordinates:  225 

𝑒𝑟𝑟𝑜𝑟 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 =226 

√( 𝐸𝑓𝑓𝑒𝑐𝑡𝑜𝑟  𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑋 − 𝑇𝑎𝑟𝑔𝑒𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑋)²+ (𝐸𝑓𝑓𝑒𝑐𝑡𝑜𝑟  𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌 − 𝑇𝑎𝑟𝑔𝑒𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌)²   227 

 228 

2) The angle of the reach error: The angle formed between the target and the reach 229 

movement vector (Fig. 2B), calculated as the absolute difference between the reach 230 

and target angles.  231 

𝑇𝑎𝑟𝑔𝑒𝑡 𝐴𝑛𝑔𝑙𝑒 = 𝐴𝑟𝑐𝑇𝑎𝑛(
𝑇𝑎𝑟𝑔𝑒𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌

𝑇𝑎𝑟𝑔𝑒𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑋
) 

          𝐻𝑎𝑛𝑑 𝐴𝑛𝑔𝑙𝑒 = 𝐴𝑟𝑐𝑇𝑎𝑛 (
𝐻𝑎𝑛𝑑 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌

𝐻𝑎𝑛𝑑 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑋
) 232 

        𝐴𝑛𝑔𝑙𝑒 𝑒𝑟𝑟𝑜𝑟 =   | (𝐻𝑎𝑛𝑑 𝐴𝑛𝑔𝑙𝑒 − 𝑇𝑎𝑟𝑔𝑒𝑡 𝐴𝑛𝑔𝑙𝑒)| 233 

 234 

3) The angle of the saccade error: Analogous to the angle of the reach error on trials 235 

involving a saccade. 236 

4) The amplitude of the error: The difference between the length of the effector vector 237 

and the length of the target vector. The length for the target/effector vector was 238 

calculated as the distance between the fixation touch-center, and the target/effector 239 

endpoint coordinates, respectively. For example:  240 

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟 = 

√( 𝐻𝑎𝑛𝑑  𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑋 − 𝐶𝑒𝑛𝑡𝑒𝑟 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑋)² + (𝐻𝑎𝑛𝑑 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌 − 𝐶𝑒𝑛𝑡𝑒𝑟 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌)²  

Thus, the amplitude of the error was computed as 241 
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𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑒𝑟𝑟𝑜𝑟 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟 − 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 

Positive amplitudes indicate the subject was overshooting, whereas negative 242 

amplitudes indicate undershooting (Fig. 2C).  243 

The same accuracy measures were used to analyze the dissociation task, except that 244 

we analyzed the errors as a function of the saccade and reach target locations.  We 245 

divided target locations on the circle into 4 quadrants, 0-90, 90-180, 180-270, 270-246 

360. We computed the reach error and saccade error for each of the 16 possible 247 

combinations of gaze and arm quadrants.  248 

We also calculated: 249 

5) The external angle of the effector: The angle formed between the target and the 250 

gaze shift/arm movement, with the target as a center (Fig. 2D). We first calculated the 251 

vector difference: 𝐷(𝐷𝑥, 𝐷𝑦), between the target and the effector (hand/gaze). We then 252 

calculated the angle:  253 

Angle=sign(𝐷𝑦) ∗ 𝐴𝑟𝑐𝐶𝑜𝑠(𝐷𝑥)/∥𝐷∥ 254 

Here, Sign refers to the Matlab function that for each element returns a 1 if the element 255 

is greater than zero, 0 if it equals zero and -1 if it is less than zero. Angle, provides values 256 

between [-180° and 180°]. For all values less than zero, we added 360°, shifting the output so 257 

that all angles lie within 0 - 360°. 258 

 259 

We computed the correlations between the saccade and reach error using Pearson 260 

correlation coefficient.  261 

 262 

We computed the circular correlation between the gaze angle error  and the reach angle 263 

error using circ_corrcc from the Circular Statistics Toolbox for Matlab (Berens 2009). 264 

 265 
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Statistical analysis  266 

We compared the means of the magnitude and amplitude of the errors using a one-way 267 

ANOVA test.  We corrected for multiple comparisons using the Tukey-Krammer test (p ≤ 0.05).  268 

For all statistics we took random samples within each population, to achieve the same number 269 

of samples across populations.  270 

 271 

  Mean angle error was compared using a Watson-Williams multi-sample test for equal 272 

means. The test is similar to running a one-way ANOVA test but for circular data. We used the 273 

toolbox for circular statistics in Matlab (Berens 2009).  274 

 275 

 Errors as a function of the saccade and reach targets in the dissociation trials were 276 

compared using a two-way ANOVA.  277 

 278 

Statistical significance of the correlations between the saccade and reach error was 279 

assessed using a Student’s t-distribution for a transformation of the correlation, assuming the 280 

errors are distributed normally.  281 

 282 

 283 

 284 

   285 

286 
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Results 287 

We investigated how reach accuracy depends on visual and oculomotor information about the 288 

target derived from 1 - the visual periphery, 2 - the fovea following target foveation, and 3 - a 289 

coordinated saccade without target foveation. A coordinated saccade involves spatial and 290 

temporal coupling to the reach. We first examined reach accuracy when the saccade is 291 

coordinated with the reach in space and time. We then examined reach accuracy when 292 

dissociating the saccade from the reach in space and maintaining coupling in time. 293 

 294 

Contributions due to a coordinated saccade 295 

To investigate reach accuracy due to a coordinated saccade, we compared reach accuracy 296 

during four tasks involving a spatial cue with a single target (Fig. 1B-E).  In the delay-reach-297 

and-saccade (DRS) task the reach is performed to the target with a coordinated saccade. 298 

Information is present from three sources: the visual periphery, the fovea following target 299 

foveation, and a coordinated saccade. In the memory-reach-and-saccade (MRS) task the 300 

reach is made with a coordinated saccade to a remembered target location. For this task, target 301 

information at the fovea is removed but remembered information from the visual periphery is 302 

used to coordinate a saccade with the reach. In the delay-reach-and-fixate (DRF) task the 303 

reach is made to the target while maintaining central fixation. Here, peripheral visual information 304 

about the target is present, but there is no coordinated saccade or target foveation. Finally, in 305 

the memory-reach-and-fixate (MRF) task the reach is performed to a remembered target 306 

location. There is no foveal target information and no coordinated saccade. 307 

 308 

Figure 3A depicts the mean reach endpoints with respect to target location. Both 309 

monkeys showed a similar pattern across tasks. When a reach and saccade were performed to 310 

a visible target (DRS, yellow lines), the reach endpoints landed very near the target locations. 311 

When reaches were performed without target foveation but with a coordinated saccade (MRS, 312 
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orange lines), the reach endpoints were less accurate. Interestingly, when a reach was 313 

performed with peripheral vision of the target but without a coordinated saccade, reach 314 

endpoints were also less accurate (DRF, light green). As expected, the least accurate reaches 315 

were observed when reaches were made without target foveation and without a coordinated 316 

saccade (MRF, dark green).  317 

 318 

We quantified reach accuracy across the four tasks by measuring the absolute 319 

magnitude, amplitude and angle, of the reach error trial-by-trial. The mean magnitude of the 320 

reach error differed significantly across tasks for both monkeys (Fig. 3B; M1: p=0.001, F-321 

value=377.11, n=1070 Tukey-Krammer corrected p=0.001; M2: p=0.001, F-value=153.33, 322 

n=988, Tukey-Krammer corrected, all comparisons p ≤ 0.001, except for the MRS versus the 323 

DRF task, p=0.9074). Smaller reach errors occurred when a coordinated saccade was 324 

performed and the target was visible (mean ± s.t.d. DRS, M1 =0.94+-0.01 cm; M2=0.83 ±0.01 325 

cm). Meanwhile, the largest errors were observed when each monkey maintained fixation and 326 

made a reach to a remembered target location (MRF, M1= 2.00 ± 0.03 cm; M2= 1.44 ± 0.02 327 

cm). Interestingly, the reach error elicited when making a reach with a coordinated saccade to a 328 

remembered target location was similar to (M2: p=0.9074) or smaller than (M1: p=0.001) the 329 

reach error elicited when making a reach to a visible peripheral target while maintaining fixation 330 

(MRS M1=1.37 ± 0.01 cm; M2 =1.07 ± 0.01 cm; DRF M1= 1.79 ± 0.02cm; M2= 1.09 ± 0.02 cm).   331 

 332 

We obtained similar results when we quantified reach accuracy by the angle formed 333 

between the target location and the reach endpoint. Figure 3C presents the mean reach angle 334 

for the four tasks. The smallest mean reach angle error was observed during the DRS task 335 

(DRS, M1= 4.12 ± 3.24°, M2=3.72 ± 2.95°), and the largest reach angle error was observed 336 

during the MRF task (M1=8.63 ± 6.22°, M2=6.62 ± 5.30°). When comparing the reach angle 337 

error elicited from MRS versus DRF task; in M1 the mean angle was significantly smaller when 338 
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the reach was coupled with a saccade to an invisible target (MRS), than when the reach was 339 

uncoupled but the target was visible DRF task (F=138.41, p=0.00;  M1: MRS: 6.11 ± 4.51°, 340 

DRF: 8.52 ± 5.72°). For M2, we did not find a significant difference between the reach angle 341 

error elicited during the MRS versus the DRF task (p=0.83, F-value=0.04; M2: MRS = 4.87 ± 342 

3.62°, DRF = 4.90 ± 4.24°). 343 

 344 

We next analyzed the amplitude error of the reach movements (Fig. 3D). The mean 345 

amplitude errors of the reaches differed significantly across the four tasks in both monkeys 346 

(mean ± s.t.d. M1: DRS = -0.18 ±0.01 cm, MRS = -0.04 ± 0.02 cm, DRF = 0.33 ± 0.3 cm, MRF= 347 

0.82 ± 0.03 cm, p=0.001, F-value=206.85; n=1070; M2: DRS = -0.06 ± 0.01 cm, MRS = 0.23 ± 348 

0.02 cm, DRF = -0.08 ± 0.02 cm, MRF = -0.29 ± 0.03 cm, p=0.001, F-value=69.78, n=988. 349 

Overshoot>0, Undershoot<0). Moreover, we found that the mean amplitude error was 350 

significantly different for the MRS than for the DRF task (M1: p<0.001; M2, p<0.001). This 351 

suggests that a coordinated saccade influences reach amplitude by increasing accuracy as 352 

much as target information from the visual periphery.  353 

 354 

Taken together, the reach error and reach amplitude results reveal that visual 355 

information about the target is not the only factor contributing to reach accuracy. A coordinated 356 

saccade increases reach accuracy in the absence of target foveation (MRS task), at levels 357 

similar to peripheral visual information (DRF task). Hence, eye-hand coordination increases 358 

reach accuracy independently of target foveation at levels comparable to the contribution of 359 

information from the visual periphery.  360 

 361 

Control for variations in temporal coupling 362 

 363 
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In the single target reach-and-saccade tasks, we instructed each monkey to shift gaze and 364 

reach to the same target location at the same time. This presents a concern as fluctuations in 365 

the temporal coupling between gaze and the reach could vary and alter reach accuracy 366 

according to a speed accuracy trade off factor. In particular, reach accuracy may vary with 367 

respect to the time when the saccade is emitted relative to the reach. The variability in this 368 

effector-to-effector delay could potentially alter reach accuracy in addition to the spatial coupling 369 

between the eye and hand targets. To test whether fluctuations in the temporal coupling 370 

between both effectors influenced reach accuracy, we calculated the correlation between the 371 

difference in the reach and saccade reaction times, and reach accuracy. Across all behavioral 372 

sessions, the difference between the reaction time of the reach and the reaction time of the 373 

saccade did not reliably predict the magnitude of the reach error, for M1 (M1: rho=0.038, 374 

p=0.72, median ∆RT=36 ms n=3080 trials) or M2 (M2: rho=-0.069, p=0.38, median ∆RT=68 ms, 375 

n=2128 trials). We obtained similar findings when we analyzed the data separately for each 376 

session. In M1, only one session displayed significant correlations (rho=-0.1687, p=0.0252). In 377 

M2, three sessions had significant correlations, however the sign of the correlation was not 378 

consistent across days (rho=0.2628, p=0.0065; rho=-0.2012, p=0.0135; rho=-0.55, p=0.0038). 379 

These results demonstrate that variability in the effector-to-effector delay did not altered reach 380 

accuracy on a trial-by-trial basis.  In other words, temporal coupling between the gaze and the 381 

reach was consistent during coordinated eye-arm movements (MRS). Hence, trial-by-trial 382 

variability in the temporal coupling was not the main factor influencing reach accuracy.  383 

 384 

Dissociating the contribution of spatial coordination 385 

 386 

Spatial coupling introduced by coordinating the saccade to the same location as the reach may 387 

underlie the improvement in reach accuracy. However, since single target tasks couple spatial 388 

and temporal factors, it remains unclear whether spatial coupling of a coordinated saccade 389 
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supports reach accuracy. To more directly assess the contribution of spatial coupling to 390 

coordinated reach accuracy we designed a task in which the subject spatially dissociates the 391 

saccade from the reach, while performing both movements at the same time. Specifically, we 392 

examined reach accuracy by presenting a spatial cue comprising two targets at different 393 

locations. The dissociated-delay-reach-and-saccade (DRSd) task and dissociated-memory-394 

reach-and-saccade (MRSd) task altered spatial coupling without altering temporal coupling (Fig. 395 

1F-G). Table 1 reports the reaction time for the reaches and saccades performed during each 396 

task. We confirmed that temporal coupling was present in both the coordinated and dissociated 397 

tasks, by calculating the correlation between the reaction time of the reach and the saccade 398 

(Dean et al. 2011). We observed significant correlations during the coordinated and the 399 

dissociated tasks for both monkeys (M1: DRS, rho=0.55, P≤0.001, 1245 trials; DRSd rho=0.30, 400 

P≤0.001, 726 trials; MRS rho=0.52, P≤0.001, 1116 trials; MRSd rho=0.42, P≤0.001, 1936 trials. 401 

M2: DRS rho=0.26, P≤0.001, 1121 trials; DRSd, rho=0.16, P≤0.001, 481 trials; MRS rho=0.22, 402 

P≤0.001, 1324 trials; MRSd rho=0.41, P≤0.001, 1318 trials).  403 

 404 

Figure 4 presents the magnitude of the reach error in the dissociated (DRSd and MRSd) and 405 

coordinated (DRS and MRS) tasks. The magnitude of the reach error for the coordinated tasks 406 

is significantly smaller than for the dissociation tasks, for all reach directions (asterisks, p<0.05). 407 

When reach and saccade movements were instructed to different spatial locations (DRSd task) 408 

the reach error was significantly larger than the error when the reach was accompanied by a 409 

coordinated saccade to a visible target (DRS task; light gray asterisks: M1: p ≤0.001; M2: 410 

p≤0.001). When we removed visual information about the target, and the monkey performed a 411 

remembered reach and saccade to the same target (MRS task), the mean reach error was 412 

significantly smaller than when the monkey performed a remembered reach and saccade to 413 

different targets (MRSd, dark gray asterisks, M1: p ≤0.001; M2: p≤0.001). Moreover, the mean 414 

magnitude of the reach error in the MRSd task was significantly larger in comparison to the 415 
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coordinated (DRS and MRS) and the reach-and-fixate (DRF and MRF) tasks (M1: p0.001, 416 

F=219.41, df=5; M2: p0.001, F=213.49, df=5). These results suggest that it is not only the 417 

presence of the saccade that improves reach accuracy. The spatial goal of the saccade 418 

compared to the reach contributes to improvements in reach accuracy. Saccade errors were 419 

significantly smaller for the coordination task than the dissociation task in both monkeys (M1, 420 

gray asterisk: p≤0.001; black asterisk: p≤0.001; M2 gray asterisk p≤0.001; black asterisk: 421 

p<0.002). These results demonstrate that the spatial coupling of a reach with a saccade 422 

contributes substantially to reach accuracy, regardless of target foveation.  423 

 424 

Interestingly, reach accuracy in the dissociation tasks depended on an interaction between the 425 

spatial location of the reach and saccade targets. Figure 5A presents the mean reach error for 426 

each saccade and reach target location in the dissociation task. We divided the circle into four 427 

quadrants, yielding 16 different gaze-reach target combinations.  For each combination, we 428 

calculated the mean reach error magnitude. In both monkeys, the mean reach errors varied 1.4-429 

3 cm across saccade and reach target locations. In both monkeys, there was a significant 430 

interaction between saccade and reach target location in the mean hand position error (M1: 431 

p<=0.001, F=4.83, d.f.=9, 73 trials per quadrant, M2: p=0.0001, F=3.92, d.f.=9, 91 trials per 432 

quadrant). Similar results were found for the magnitude of the gaze position error (M1: 433 

p=0.0014, F=3.03, df=9, n=73 per quadrant; M2: p=0.021, F=2.18, df=9, n=91 per quadrant). 434 

We obtained similar results for the amplitude of the reach (results not shown). 435 

 436 

The fact that the magnitude of the reach error depends significantly on the location of the reach 437 

and saccade target positions indicates that a spatial interaction between the reach and the 438 

saccade systems can influence reach accuracy. If so, we would expect to observe a relationship 439 

between saccade and reach errors during coordinated movements. Therefore, we examined 440 
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correlations between the saccade and reach errors after a coordinated reach-saccade 441 

movement (MRS) to a remembered target. Using the MRS trials allowed us to control for the 442 

influence of target foveation to reach accuracy, but preserve the contribution of a coordinated 443 

saccade. 444 

 445 

Figure 6A presents the correlations between the absolute magnitude of the saccade and the 446 

reach errors per quadrant. In M1, saccade and reach magnitude errors were significantly 447 

correlated for the majority of the quadrants (rho values: q1=0.44, q2=-0.08, q3=0.26, q4=0.11, 448 

p≤0.05). M2 displayed significant correlations only in half of the circle (rho values: q1=0.12, 449 

q2=0.10, q3=0.06, q4=-0.006, p≤0.05). Correlations in the amplitude of the saccade and reach 450 

errors showed a similar pattern (Fig. 6B). In M1 the amplitude of the saccade and reach error 451 

were correlated in half of the circle (M1, rho values: q1=0.08, q2=0.07, q3=0.27, q4=0.29, 452 

p≤0.05); whereas in M2 the amplitude of the saccade and reach error were correlated within 453 

most of the circle (M2, rho values:  q1=0.28, q2=0.19, q3=0.05, q4=0.15 p≤0.05).  454 

 455 

During the coordinated trials (MRS), most saccades overshot the target and less than 35% of 456 

the saccades were hypometric. The magnitude of the reach error may be related to the 457 

amplitude of the saccade. To test this, we compared the magnitude of the reach error when the 458 

saccade overshot the target with when it undershot the target.  In M1 there was a slight, but not 459 

significant, tendency for higher reach errors when the saccade overshot the target (mean ± 460 

s.t.d. M1: Overshoot: 1.4  0.71, n=831; Undershoot: 1.3  0.7, n=529, p=0.068). However, M2 461 

didn’t show a clear relation between the amplitude of the saccade and the magnitude of the 462 

reach error (mean ± s.t.d. M2: Overshoot: 1.1  0.6, n=950; Undershoot: 1.0  0.56, n=359, 463 

p=0.25). Therefore, the amplitude of the saccade was not a clear predictor of the magnitude of 464 

the reach error during coordinated movements (MRS task). 465 
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 466 

On the other hand, the correlation between the minimum angle formed between the target and 467 

the effector (reach/saccade) was more congruent for both monkeys with a higher degree of 468 

correlation between saccade and the reach (Fig. 6C).  Gaze angle and reach angle error were 469 

significantly correlated after movements to most parts of the circle (M1 rho values: q1=0.48, 470 

q2=0.028, q3=0.25, q4=0.18, p≤0.01; M2 rho values: q1=0.23, q2=0.13, q3=0.13, q4=0.009, 471 

p≤0.05).  472 

 473 

The above measures do not characterize variations in movement direction trial by trial. 474 

Therefore, we quantified the direction of each movement with respect to the target using the 475 

external angle. The external angle is the angle formed between the effector endpoint 476 

(gaze/hand position) and the target, as if the target were located at the center of a circle. Figure 477 

7 presents the histograms of the external angles for the reach and gaze (M1: left panels: M2: 478 

right panels); for each quadrant of the circle (A: 0-90°, B: 90-180°, C: 180-270°, D: 270-360°). 479 

Figure 8 presents the correlation between the external angle of gaze and the reach. Gaze and 480 

reach external angles were significantly correlated for all quadrants of the circle in both 481 

monkeys. The correlations between external angles were larger and more significant than the 482 

correlations between movement amplitudes (M1, rho: q1=0.15, q2=-0.40, q3=-0.23, q4=0.42, 483 

p≤0.01; M2, rho q1=0.39, q2=0.23 q3=-0.32 q4=-0.45, p≤0.01). This demonstrates the presence 484 

of a spatial relationship between gaze and the reach endpoints for coordinated movements. The 485 

correlations measured depend on the quadrant of the circle and so may reflect other factors 486 

such as the biomechanics of the upper limb extremity.   487 

 488 

We computed the correlation between the gaze and reach angles for movements to 489 

remembered targets during the MRSd task. We found that the strength of the correlation 490 

depends on the relative location of the saccade and reach targets. Figure 9A-B presents the 491 
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strength of correlation, rho, between the gaze and reach angles by combination of quadrants.  492 

In general, correlations for movements to remembered targets were lower for the dissociated 493 

movements than for the coordinated movements (MRSd vs MRS task). Moreover, the value and 494 

significance of the correlation in the MRSd task differed significantly depending on the saccade 495 

and reach target location within the circle. We found significant (Fig 9C-D black/white quadrants, 496 

t-test statistics), and non- significant (Fig 9C-D gray quadrants) correlations depending on the 497 

combination of gaze and reach target locations. This indicates that the correlations between the 498 

movement directions in a coordinated movement depend on a spatial form of coupling between 499 

the saccade and the reach systems.   500 

 501 

Control for efference copy of the saccade 502 

 503 

The accuracy of coordinated reach movements may reflect the influence of an efference copy of 504 

the saccade motor command. If so, reach movement endpoints should deviate according to the 505 

direction of the saccade executed on that trial. To test for the presence of a systematic bias in 506 

reach endpoint due to the saccade motor command, we separated the trials from the memory 507 

dissociated task (MRSd) in two categories, depending on whether the saccade was performed 508 

to the same or opposite visual hemifield as the reach. We first separated the trials in two groups 509 

according to whether the saccade was performed to the right or left visual hemifield. We then 510 

examined the mean endpoint for reaches performed to the ipsilateral or contralateral hemifield 511 

to the saccade. If saccade efference copy influences reach accuracy, and hence the reach 512 

endpoint, we expect that reach endpoints will be biased towards the direction of the saccade. 513 

When reaches are made to the opposite direction of the saccade, we would expect a less 514 

precise reach, with an endpoint biased towards the saccade direction. This hypothesis predicts 515 

that the reach endpoints lie towards the inner parts of the circle when the saccade is performed 516 
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toward the contralateral side of the circle, since the saccade efferent copy will shift the reach 517 

towards the saccade’s direction.  518 

 519 

Figure 10, depicts the raw (black and gray squares) and mean reach endpoints (gray line, 520 

bin=10°) when the saccades (black and gray dots) were performed to the left (Fig 10 A,B) or the 521 

right (Fig 10 C,D) visual hemifield. We did not observe a consistent bias of the mean reach 522 

endpoints towards the saccade direction when the saccade and reach occurred in opposite 523 

directions i.e. reach endpoints within the circle. Moreover, the reach endpoints were not 524 

necessarily more precise when the saccade and reach were performed to the same side of the 525 

visual field (p>0.05).  526 

 527 

The influence of the saccade efferent copy on the reach may be spatially restricted to reach and 528 

saccade movements with similar movement direction and amplitude. Under this scenario, when 529 

the saccade and reach plan overlap in space, we expect greater and more significant 530 

correlations between the amplitude of the hand and gaze endpoints (MRS task). A similar effect 531 

is expected when the locations of the targets are located nearby, but do not overlap. In the MRS 532 

task, when the eye target is located within a range of ± 30° from the hand target, the 533 

correlations are expected to be smaller in magnitude since the reach plan and saccade efferent 534 

copy differ in their spatial properties. In the case of the saccade and reach movements (MRSd) 535 

directed to locations far apart, for example, when the eye target is located within a range of 180 536 

± 30° from the hand target. The correlation between the amplitude endpoints should be low or 537 

negative since the spatial properties of the reach and saccade are very different.  538 

 539 

Figure 11 depicts the correlation values between the saccade and reach amplitude (Fig 11 A,C) 540 

or the saccade and reach direction (Fig 11 B,D) when the eye and arm movements landed in 541 

the same (MRS), nearby (MRSd E-H near, Fig 11) or far away (MRSd E-H far, Fig 11) locations 542 
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in the circle. When the saccade and reach were coupled to the same spatial location (MRS 543 

task), most amplitude correlations were positive (gray circles) and significant (black circles 544 

(p≤0.05)) in M1 and M2. When the saccade and reach landed within nearby locations most 545 

correlations were positive but not significant (gray diamonds) in M1.  M2 presented a mixture of 546 

positive and negative correlations. When the saccade and reach landed far from each other 547 

(black and gray squares) we observed a mixture of small positive and negative amplitude 548 

correlations. Very few of these correlations were significant. Examining the correlation between 549 

the saccade and reach direction revealed similar results. Movement directions were significantly 550 

correlated (positively and negatively) when the movements were spatially overlapping (MRS, 551 

black circles). When the saccade and reach landed nearby or faraway, correlations in 552 

movement directions were smaller in magnitude and less significant.  553 

 554 

  555 
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Discussion 556 

 557 

Here, we investigate the influence of saccades on the accuracy of coordinated reach 558 

movements. We find that a saccade made with a coordinated reach increases reach accuracy in 559 

the absence of target foveation and does so to levels similar as when the subject keeps fixation 560 

and reaches using peripheral visual information from the target. Critically, the influence of the 561 

saccade on reach accuracy is independent of visual feedback from the target. Using a novel 562 

task requiring the subjects to perform reach and saccade movements to different spatial 563 

locations, we find that the magnitude of the reach error is determined by the spatial interaction 564 

between the reach and saccade targets. Spatial coupling of the saccade to the reach elicits 565 

significant correlations not only between the saccade and reach errors, but also between the 566 

direction of the saccade and the reach with respect to the target. The degree of correlation 567 

between the direction of the saccade and the reach is related to the spatial similarity between 568 

the reach and the saccade targets. These novel findings suggest that a common spatial 569 

representation of the target coordinates a saccade movement with a reach. We propose this 570 

common representation could result from spatial interactions between the saccade and reach 571 

systems.   572 

 573 

Spatial coupling in eye-hand coordination  574 

The presence of significant correlations between the errors of the saccade and the reach 575 

endpoints during the eye-arm coupled task (MRS) suggests an interaction between the spatial 576 

representation of the reach and saccade metrics (Figs 6, 8). Interestingly, the magnitude of the 577 

reach error and the degree of correlation between the direction of the saccade and the reach 578 

was determined by the spatial coupling between the reach and saccade targets. Therefore, we 579 

hypothesize that a spatial interaction between the saccade and reach systems could give rise to 580 

a common spatial representation of the reach and saccade when coordinated movements occur 581 
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(van Donkelaar 1998; Tipper 2005; Kattoulas et al., 2008). This hypothesis predicts a significant 582 

correlation between the spatial metrics of the saccade and reach consistent with our 583 

observations. Naturally, a common spatial representation model does not exclude an influence 584 

of the saccade efferent-copy in reach accuracy when coordinated movements occur. The 585 

formation and maintenance of a common spatial representation may be supported by efference 586 

copy signals. 587 

 588 

In previous reports, evidence of spatial coupling of the target has been mixed (Bekkering and 589 

Sailer 2002). Using several tasks involving eye and hand movements to a single target, (Sailer 590 

et al. 2000) reported the presence of correlations in the mean latencies of saccades and hand 591 

movements but not the errors, supporting the existence of a temporal but not spatial coupling 592 

mechanism.  Another study by (van Donkelaar 1998) showed that saccade amplitude influences 593 

the control of the coupled hand movement when no visual feedback of the hand is present. 594 

Previous work by (Kattoulas et al. 2008) demonstrated that the endpoints following coordinated 595 

eye-arm movements were significantly correlated. This suggests that the metrics of arm 596 

movements can influence saccades. These findings support evidence from (Soechting et al. 597 

2001; Tipper 2005) that saccade-related signals can influence spatial processing in the reach 598 

system.   599 

 600 

Our results extend this work to demonstrate the presence of an interaction between the reach 601 

and the saccade system during coordinated movements. In addition, we show that the 602 

magnitude and significance of the correlation between the saccade and the reach direction 603 

depends strongly on spatial coupling between the gaze and reach targets. Since the correlation 604 

in movement metrics occurs during a movement to a remembered target, hence in the absence 605 

of visual target information correlations cannot be due to visual acuity and may instead depend 606 

on the interaction between gaze and reach target position due to another spatial coupling 607 
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mechanism. To test whether any discrepancy between (Sailer et al. 2000) and our results is due 608 

to the details of the data analysis and, specifically, how correlations were computed, we re-609 

analyzed our data normalizing the magnitude and amplitude of the error as was done in that 610 

study. The results hold for each quadrant of the circle when analyzing the results in this way. 611 

We therefore propose that the results may be related to differences in the behavioral tasks 612 

involved – specifically the memory dissociation task. By introducing two movement remembered 613 

targets to parametrically dissociate reach and saccade directions, the memory dissociation task 614 

contains a rich set of conditions to measure spatial interactions during coordinated movements.  615 

 616 

Our results support the presence of a spatial interaction between both systems influencing 617 

reach accuracy. The interaction could arise from a common spatial representation for the 618 

planned saccade and reach when coordinated movements occur. Each time a motor plan is 619 

executed an efferent copy of that motor plan is generated in order to keep track of the 620 

performed movement.  Therefore, reach accuracy could, in part, reflect the role of saccade 621 

efference copy on the common spatial representation. When rapid eye movements occur the 622 

saccade efferent copy is used to stabilize the visual field (Becker and Jurgens 1979; Umeno 623 

and Goldberg 1997; Sommer and Wurtz 2002, 2008). During double step tasks, in which a 624 

primary saccade is followed by a secondary saccade to another target, the accuracy of the 625 

second saccade depends on the update of the receptive field by the efferent copy of the first 626 

saccade (Sommer and Wurtz 2002). In single saccade tasks in which the saccade is performed 627 

to a visually present target, such as the DRS, the efferent copy does not play a crucial role in 628 

the accuracy of the contralateral saccade. This is most likely due to the presence of visual input 629 

which provides the dominant source of spatial information for visually-guided behaviors. The 630 

tasks used in the current study involve primary saccades. How the efference copy of a primary 631 

saccade interacts with a reach during a coordinated movement is unknown. We did not find 632 

evidence for the saccade efferent copy pulling the reach endpoints when the eye and arm 633 
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movements were performed to opposing or far away directions (Figs 10, 11).  However, when 634 

the eye-arm movements were coupled to the same location, most of the amplitude and some 635 

directions of the saccade and reach endpoints correlate positively and significantly in both 636 

monkeys (Fig 11, MRS task). These results suggest that the efferent copy could potentially play 637 

a role when saccade and reach goals overlap in space. For example, the more similar the 638 

spatial relationship of the movements, the more likely the saccade efferent copy increases 639 

reach accuracy. To confirm and better quantify the influence of the saccade efferent copy to a 640 

common saccade-reach plan, additional psychophysical and electrophysiological experiments 641 

are needed.   642 

 643 

Accurate reaching may also arise from proprioceptive eye signals (Enright 1995; Lazzari et al. 644 

1997; Henriques et al. 2002; Ren et al. 2006; Gonzalez and Burke 2013). In our experiment, 645 

reaches were made in a dark room but we did not explicitly remove visual feedback of hand 646 

position during the reach. Therefore, visual feedback from the hand may be present and lead to 647 

fast online reach corrections (Goodale et al. 1986; Gaveau et al. 2008; Gritsenko et al. 2009; 648 

Apker et al. 2014). An efference copy of the arm movement also supports accurate reaching but 649 

it is unlikely to specifically do so as part of coordinated movements. This is because saccades 650 

are faster movements than reaches and acquire the target before the coordinated reach.  651 

Nevertheless, further studies are needed to assess the contribution of the arm efferent copy 652 

during coordinated movements. Finally, idiosyncratic differences between the monkeys could 653 

also lead to differences in reach performance. 654 

 655 

 656 

Saccade influences on reach accuracy without target foveation 657 

 658 
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Previous work in humans has revealed the influence of saccades on pointing responses. The 659 

influence of a saccade on pointing accuracy when the targets are not foveated was 660 

demonstrated by Enright (1995). Our results are consistent with this work by showing more 661 

accurate responses when a saccade is made towards the target before pointing. We extend the 662 

results to reaching movements as opposed to pointing and we demonstrate that reach accuracy 663 

is modulated systematically by the spatial coupling between the reach and the saccade. 664 

Differences also exist between our and Enright’s results (1995). Enright (1995) reported that 665 

when the gaze is aimed towards the target, the direction of the pointing movement was less 666 

biased than when central fixation was enforced. Enright (1995) proposed that the presence of 667 

less eccentric reaches when the eyes were aimed towards the target was due to the influence of 668 

the saccade efferent copy on the spatial memory trace used to perform the pointing movement. 669 

Our results differ from Enright (1995) as we did not observe a consistent bias in the reach 670 

endpoints towards less eccentric locations during the coupled eye-arm task (MRS), in 671 

comparison to the reach and fixate task (MRF, Fig 3).  672 

 673 

An alternative explanation for accurate pointing to eccentric targets during central fixation 674 

involves magnification of perifoveal visual field (Bock 1986). Perifoveal magnification predicts a 675 

constant overshoot of the reach endpoints to more peripheral locations during the delay reach 676 

and fixation task (DRF) across all target directions. Our data did not match this prediction 677 

consistently across directions in the circle or for monkeys (Fig 3 A,D light green).  678 

 679 

The differences between our findings and those of Bock (1986) and Enright (1995) merit 680 

discussion. A species difference may be important as we studied non-human primates while 681 

Bock (1986) and Enright (1995) studied human subjects. However, the differences in results are 682 

not necessarily solely attributable to a species difference. Important differences in behavioral 683 

task design exist and may also play a significant role. Unlike earlier work, we sampled all 684 
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movement directions for a given eccentricity allowing for a more detailed analysis of movement 685 

performance. In our experiments, subjects were also required to perform different single and 686 

double effector movements randomly interleaved on a trial-by-trial basis (Fig. 1, Methods). This 687 

task design allowed us to better control a variety of behavioral factors that may lead to changes 688 

in accuracy over the course of the experimental session. Since the target angle is randomly 689 

assigned on each trial, we could prevent strategic preallocation. However, to do so, we required 690 

subjects to switch the effector rule and allocate attention to a new randomly-presented location 691 

in the circle on each trial. The ability to perform interleaved trials with different spatial effector 692 

rules may alter movement performance. Consistent with this, several weeks of daily practice 693 

was necessary before stable behavioral performance was obtained in the presence of different 694 

effector rules. 695 

 696 

Our experimental design may have diminished the bias seen by Enright (1995), when 697 

comparing the MRS versus the MRF task. Interleaving different effector tasks may have also 698 

altered the role of the perifoveal magnification effect seen in Bock (1986). Since we interleaved 699 

saccade and touch trials in which the gaze shifted towards the peripheral target, the saccade 700 

trials could have influenced the overall spatial map used during the block, modifying the over-701 

estimation of the eccentricity to peripheral targets during the reach trials. Additional training to 702 

interleave tasks means practice-related improvements in movement performance may have 703 

masked the influence of perifoveal magnification. Further work is needed to better understand 704 

the relative role of these factors. 705 

 706 

Relationship between spatial and temporal coupling.  707 

Coordinated eye-hand movements require coupling in the temporal and spatial domain, and the 708 

different forms of coupling may reflect inter-related mechanisms. Evidence of temporal coupling 709 

between the saccade and the reach systems during coordinated movements involves: 1) 710 
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occurrence of the primary saccade at the time the hand is at peak acceleration (Helsen et al. 711 

2000; Binsted et al. 2001); 2)  anchoring of the saccade to the landing of the reach in double-712 

step tasks (Neggers and Bekkering 2000); 3) influence of  the saccade into the reaction time, 713 

initial acceleration, and final position of the hand movement (van Donkelaar 1997, 1998; Sailer 714 

et al. 2000; van Donkelaar and Staub 2000; Binsted et al. 2001; Dean et al. 2011); and 4) 715 

correlations between the reaction times of the eye and arm movements (Fisk and Goodale 716 

1985; Gribble et al. 2002). These temporal correlations cannot be explained exclusively by a 717 

common input or modulation model, but are consistent with a model of interaction between two 718 

effector specific integrators (Dean et al. 2011).  719 

 720 

Neural evidence for mechanisms of coordinated behavior 721 

 722 

Electrophysiological and functional neuroimaging experiments have demonstrated that saccade 723 

and reach movement systems are controlled by effector-specific networks that construct 724 

multiple spatial representations (Johnson et al. 1993; Lewis and Van Essen 2000; Van Der Werf 725 

et al. 2010; Konen et al. 2013). Experiments in non-human primates show that inactivating the 726 

parietal reach region (PRR) during coordinated saccade and reach movements (Hwang et al. 727 

2014)  alters the temporal coupling of coordinated movements, while concurrently changing the 728 

reach and saccade endpoints. Inactivating PRR alone affects the saccade endpoints when the 729 

saccade was coupled with a reach. Consequently, spatial interactions between the reach and 730 

saccade systems may be present and enhance coordinated reach accuracy. For example, 731 

spatial coupling may arise from the activity of subpopulations of neurons within the saccade 732 

system whose response fields are modulated not only by the direction of the saccade but also 733 

by the direction of the reach. Similar changes may also be present in response fields of neurons 734 

within the reach system. When coordinated eye-arm movements are planned, the neural 735 
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responses of these neurons may predict reach accuracy better than neurons whose response 736 

fields are modulated by reach direction alone.  737 

 738 

While the neural architecture of eye-arm coordination remains unknown, our results have 739 

important implications for understanding the mechanisms of visually-guided behavior. 740 

Interactions between the saccade and the reach system may be supported by neural 741 

interactions within the posterior parietal cortices (PPC (Andersen et al. 1987; Snyder et al. 1997; 742 

Batista and Andersen 2001; Cui and Andersen 2007; Hawellek et al. 2016; Wong et al. 2016). 743 

Furthermore, the eye-hand coordination circuit could also include other brain areas extending 744 

across a larger frontal-parietal network (Battaglia-Mayer et al. 2001; Marconi et al. 2001; 745 

Pesaran et al. 2006, 2010), the supplementary eye fields (SEF, (Mushiake et al. 1996)), the pre 746 

and supplementary motor areas (pre-SMA & SMA; (Fujii et al. 2002)), and the superior colliculus 747 

(Lunenburger L. et al. 2001; Song and McPeek 2015). Recent work has shown that neural 748 

coherence in a beta frequency band (12-15 Hz) within the PPC reflects functional interactions 749 

during coordinated visual behavior. Temporal coupling during coordinated visual behavior 750 

recruits coherently-active area LIP neurons that predict reaction time correlations during 751 

coordinated movements (Dean et al. 2012). Coherently-active LIP neurons also exhibit changes 752 

in response field magnitude when a reach is made with a saccade, unlike other neurons that are 753 

not coherently active (Hagan et al. 2012).  Response field selectivity of LIP and PRR neurons is 754 

phase-dependent across theta, beta and gamma frequency bands (Hawellek et al. 2016). 755 

Multiple-area recordings from the PPC during coordinated look-and-reach decisions also reveal 756 

patterns of dual coherence, in which individual neurons in area LIP are coherent with beta-757 

frequency band neural activity in both areas (Wong et al. 2016). Dual coherent neurons predict 758 

movement choices earlier than other neurons, due to more rapid response field selectivity. 759 

Coherent neurons across different effector systems therefore hold distinct spatial information in 760 
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comparison to non-coherent neurons and may also support spatial coupling during coordinated 761 

movements. 762 

 763 

In conclusion, the present study significantly contributes to our understanding of the 764 

mechanisms underpinning eye-hand coordinated movements in primates. We provide 765 

psychophysical evidence for a spatial interaction among the saccade and the reach systems 766 

during coordinated eye-hand movements using a novel behavioral task to parametrically vary 767 

spatial interactions between the reach and the saccade systems.768 
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 933 

 934 

 935 

Figure Captions 936 

Figure 1: The visual-motor tasks. Each trial began with the appearance of a yellow cue in the 937 

center of the screen. The monkeys were required to touch and maintain fixation within the 938 

yellow square. After a baseline period of 0.5-0.8 s, a peripheral cue appeared for 0.3 s (memory 939 

trials), or permanently during the whole delay period (0.7-1.0 s, delay trials). At the end of the 940 

instructed delay period, the yellow square turned gray indicating a “go” cue, instructing the 941 

movement. A. Delay saccade and touch (DST) task in which a peripheral red cue instructed the 942 

monkey to perform a saccade to the target while maintaining touch on the central cue. B. 943 

Delayed-reach-and-fixate (DRF) task in which a peripheral green cue instructed the monkey to 944 

perform a reach to the target while maintaining fixation on the central cue. C. Delay-reach-and-945 

saccade (DRS) task in which a peripheral yellow cue instructed the monkey to perform a reach 946 

in coordination with a saccade to the target. D. Memory-reach-and-fixate (MRF) task in which a 947 

peripheral green cue is flashed to instruct a reach to the remembered location of the yellow cue 948 

while maintaining fixation on the central cue. E. Memory-reach-and-saccade (MRS) task in 949 

which a peripheral yellow cue is flashed to instruct a reach in coordination with a saccade to the 950 

remembered target’s location. F. Dissociated-delayed-reach-and-saccade (DRSd) task in which 951 

peripheral red and green cues appeared simultaneously and instructed the monkey to saccade 952 

to the red cue and reach to the green cue. G. Dissociated-memory-reach-and-saccade (MRSd) 953 

task in which a peripheral red and green cue are flashed to instruct the monkey to saccade to 954 

the remembered location of the red cue and reach to the remembered location of the green cue. 955 

 956 
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Figure 2. Movement accuracy metrics. A. Scheme depicting the imaginary circle where 957 

targets were presented. The gray square depicts the center of the circle with coordinates cx=0 958 

and cy=0. The green square represents the reach target (tx, ty). The black square represents 959 

the reach endpoint for that target (hx, hy). B. Scheme depicting the absolute magnitude and 960 

angle of the error for a given target and reach endpoint. C. Scheme depicting reaches of 961 

different amplitudes for a given target.  Positive amplitude errors indicate the reach landed 962 

beyond target eccentricity (overshooting). Negative amplitudes indicate the reach landed within 963 

target eccentricity (undershooting).  D. Scheme depicting the external angle of the effector, 964 

defined as the angle formed between the target and the movement endpoint with the target as a 965 

center. The effector could be located in a scope of 0-360 in the periphery from the target, 966 

regardless of the target’s position within in the circle. Vector difference between the target and 967 

the reach endpoint,  𝐷.  968 

 969 

Figure 3: A. Mean reach endpoints for monkey 1 (M1, left) and monkey 2 (M2, right) for the 970 

four tasks: delay-reach-and-saccade (DRS, yellow); memory-reach-and-saccade (MRS, 971 

orange); delay-reach-and-fixate (DRF, light green); and memory-reach-and-fixate (MRF). Black 972 

dots depict the hand targets. Endpoints binned every 10 degrees. In both monkeys DRS and 973 

MRS trials are closer to the targets than DRF and MRF trials. B. Reach Error Magnitude. M1 974 

mean ± s.e.m. (cm): DRS =0.94+-0.01; MRS=1.37+-0.01; DRF=1.79+-0.02; MRF=2.00+-0.03 975 

(one way ANOVA, p=0.001, F-value=377.11, n=1070, Tukey-Krammer corrected, all 976 

comparison p<0.001). M2 mean ± s.e.m (cm): DRS=0.83 ±0.01; MRS=1.07 ±0.01; DRF=1.09 977 

±0.02; MRF=1.44 ±0.02 (one way ANOVA, p=0.001, F-value=153.33, n=988, Tukey-Krammer 978 

corrected, all comparisons p<0.001, except for MRS vs DRS, p=0.9074). For all panels, 979 

asterisks depict significant differences between DRF and MRS tasks.  For the boxplots, 980 

diamonds, depict the mean. C. Reach Angle Error mean, 25th and 75th percentiles. M1: all 981 

means are significantly different from each other (p=0.0, F-value=257.09, df=3). MRS vs DRS 982 
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are significantly different (F-value=138.41, p=0.0). M2: means are significantly different from 983 

each other (p=0.0, F-value=96.5, df=3), except for MRS vs DRF (p=0.83, F-value=0.04). D. 984 

Reach Amplitude mean, 25th and 75th percentiles. M1: DRS = -0.18 ±0.01 cm, MRS = -0.04 ± 985 

0.02 cm, DRF = 0.33 ± 0.3 cm, MRF= 0.82 ± 0.03 cm, p=0.001, F-value=206.85; n=1070; 986 

Tukey-Krammer corrected, MRS vs DRF p<0.001. M2: DRS = -0.06 ± 0.01 cm, MRS = 0.23 ± 987 

0.02 cm, DRF = -0.08 ± 0.02 cm, MRF = -0.29 ± 0.03 cm, p<0.001, F-value=69.78, n=988. 988 

Tukey-Krammer corrected, MRS vs DRF p<0.001.  989 

 990 

Figure 4. Reach and saccade error magnitude across all tasks. Reach error magnitude for 991 

the delay-reach-saccade (DRS), memory-reach-saccade (MRS), delay-reach-fixate (DRF), 992 

memory reach-fixate (MRF), delay-reach-saccade dissociation (DRSd), and memory-reach-993 

saccade dissociation (MRSd) tasks. A. Reach error magnitude for M1 (mean ± sem (cm)): 994 

DRS=0.94±0.01, MRS=1.37±0.01, DRF=1.79±0.02, MRF=2.00±0.03, DRSd=1.93±0.03, 995 

MRSd=2.09±0.02. B. Reach error magnitude for M2: DRS = 0.83±0.01, MRS = 1.07±0.01, DRF 996 

= 1.09±0.02, MRF = 1.44 ±0.02, DRSd = 1.63±0.03, MRSd = 1.98±0.02. C. Saccade error 997 

magnitude for M1 (mean ± sem (°)): DRS=0.81±0.01, MRS=1.42 ± 0.02, DRSd=0.94 ± 0.01, 998 

MRSd=1.76 ± 0.01.  D.  Saccade error magnitude for M2: DRS=1.58 ± 0.02, MRS=1.97 ± 0.02, 999 

DRSd=1.70 ± 0.03, MRSd=2.05 ± 0.02. For both monkeys, the mean magnitude of the reach 1000 

error for the coordinated tasks – DRS and MRS - was significantly smaller than for the 1001 

dissociation tasks -  DRSd and MRSd - for all reach directions, respectively (gray asterisks: 1002 

DRS vs DRSd, M1 p≤0.001, M2 p≤0.001; black asterisks: MRS vs MRSd, M1 p≤0.001; M2 1003 

p≤0.001). The mean reach error in MRSd task was significantly greater than the coordinated 1004 

tasks (DRS & MRS) and the reach-and-fixate (DRF & MRF) tasks (M1: p0.001, F=219.41, 1005 

df=5;  M2: p0.001, F=213.49, df=5, red asterisks). For both monkeys, the mean magnitude of 1006 

the saccade error for the coordinated tasks – DRS and MRS - was significantly smaller than for 1007 
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the dissociation tasks -  DRSd and MRSd - for all saccade directions, respectively (gray 1008 

asterisks: DRS vs DRSd, M1, p≤0.001; M2, p≤0.001; black asterisks: MRS vs MRSd M1: 1009 

p≤0.001; M2:p=0.002). 1010 

 1011 

Figure 5.  Reach and saccade error for target locations in memory dissociation trials. A-1012 

B. Mean reach magnitude error. Left panel: M1, mean reach error displays a significant 1013 

interaction between the saccade and reach target locations (p<=0.001, F=7.04, df=9, n=73 per 1014 

quadrant). Right panel: M2, presents similar results (p=0.0001, F=3.54, df=9, n=91 per 1015 

quadrant). C-D. Mean saccade magnitude error. Left panel: M1 mean saccade error displays 1016 

a significant interaction between the saccade and reach target locations (p<0.001, F=3.19, df=9, 1017 

n=73). Right panel: M2, presents similar results: mean saccade error displays a significant 1018 

interaction between the saccade and reach target locations (p=0.001, F=3.1, df=9, n=91 per 1019 

quadrant). 1020 

 1021 

Figure 6. Correlations between saccade and reach errors for the Memory-reach-and-1022 

saccade (MRS) task. For all panels, asterisks depict significant correlations p<0.01. Left 1023 

panels: M1. Right panels: M2. A. Correlation coefficient per quadrant in the circle for the 1024 

saccade and reach error magnitude. M1 displayed significant correlations in most quadrants 1025 

(rho: q1=0.44, q2=-0.08, q3=0.26, q4=0.11, p≤0.05). M2 displayed significant interactions in half 1026 

of them (rho: q1=0.12, q2=0.10, q3=0.06, q4=-0.006). B. Correlation coefficient per quadrant 1027 

for the saccade and reach amplitude error. M1 displayed significant correlations in half of the 1028 

quadrants (rho: q1=0.08, q2=0.07, q3=0.27, q4=0.29, p≤0.05). M2 displayed significant 1029 

correlations within most of the circle (rho:  q1=0.28, q2=0.19, q3=0.05, q4=0.15 p≤0.05). C. 1030 

Correlation coefficient per quadrant for the saccade and reach angle error. M1 and M2 1031 

displayed significant correlations for most quadrants (rho: q1=0.48, q2=0.028, q3=0.25, 1032 

q4=0.18, p<=0.01; rho: q1=0.23, q2=0.13, q3=0.13, q4=0.009, p<=0.05). 1033 
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 1034 

Figure 7. Reach and gaze external angle histograms. Left columns (1-2) depict reach and 1035 

gaze external angles, respectively, for M1. Right columns (3-4) depict the reach and gaze 1036 

external angles, respectively, for M2. A. First quadrant of the circle (0-90°). B. Second quadrant 1037 

(90-180°). C. Third quadrant (180-270°). D. Fourth quadrant (270-360°).  1038 

 1039 

Figure 8. Correlation between the gaze and reach angles with respect to the target for the 1040 

Memory-reach-and-saccade task (MRS). A. Correlation coefficients for M1 per quadrant (rho: 1041 

q1=0.15, q2=-0.40, q3=-0.23, q4=0.42, p≤0.01). B. Same for M2 (rho q1=0.39, q2= 0.23 q3=-1042 

0.32 q4=-0.45, p≤0.01). For each panel, asterisks depict significant correlations, p<0.01. 1043 

 1044 

 1045 

Figure 9: Correlation between the gaze and reach angles in relation to the target for the 1046 

dissociated memory-reach-and-saccade task (MRSd). A-B. Correlation coefficient (rho) for 1047 

saccade and reach target locations in each quadrant of the circle. For both monkeys the 1048 

correlation coefficient value varied as a function of the saccade and reach target in the 1049 

dissociation task. C-D. Value for the t-statistics for the correlation coefficient for saccade and 1050 

reach target locations in the quadrants of the circle. For both monkeys, statistical significance 1051 

varied with saccade and reach target locations. 1052 

 1053 

Figure 10: Saccade and reach endpoints.  Memory dissociation (MRSd) trials when the 1054 

saccade was performed to either the left (A-B) or right (C-D) side of the visual field. Squares 1055 

indicate reach endpoints when the saccade and reach were performed to the same (black) or 1056 

opposing visual hemifield (gray). Dots depict gaze endpoints when the saccade and reach were 1057 

made to the same (black) or opposing visual hemifield (gray). A. M1 mean reach points show a 1058 
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slight shift towards the inner side of the circle when the reach-saccade are made to opposing 1059 

visual hemifield (gray line). Reach error magnitudes did not differ when the saccade and reach 1060 

were performed to the same (reach error mean ± std: hs=2.54 ± 1.26) or opposite visual 1061 

hemifield (ho=2.31 ± 1.26, p=0.99). B. M2 presented similar results, except that saccades and 1062 

reaches directed to the same visual hemifield were not very accurate (hs=2.35 ± 1.21, ho=2.27 1063 

± 0.99, p=0.59).  C. M1 mean reach endpoints did not show a clear bias when the saccade was 1064 

performed to the visual hemifield opposite to the reach. Mean reach accuracy was not 1065 

significantly different for the same vs opposite reach-saccade hemifield (hs=2.7 ±1.45, ho=2.82 1066 

± 1.49, p=0.055). D. M2 mean reach endpoints were not biased towards the saccade, when 1067 

reaches were made to opposite visual hemifield. Mean reach accuracy was not significantly 1068 

different (hs= 2.64 ± 1.28, ho=2.60 ± 1.30, p=0.78). 1069 

 1070 

Figure 11: Correlation between the saccade and reach amplitude (A, C) or direction (B, D) 1071 

when movements landed in the same, nearby or far away locations. Gaze shifted to the 1072 

same location as the reach during the memory-reach-and-saccade task (MRS, dots). Gaze 1073 

shifted to nearby (MRSd E-H near, diamonds) or far away (MRSd E-H far, squares) reach 1074 

locations during the dissociated memory-reach-and-saccade task. Black symbols depict 1075 

significant correlations (p≤0.05). Gray symbols depict non-significant correlations (p>0.05). Axes 1076 

depict the median locations within the circle, e.g. 0°, contains the correlations for all targets 1077 

locations within 0 ± 30° range for the MRS and MRSd tasks.  Same for each MRS opposing far 1078 

locations, e.g. gaze shifts into a 0 ± 30° range whereas the reach lands in the opposing range 1079 

180± 30°. The minimum number of trials per location was 50.  1080 

 1081 

  1082 
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 1083 

Table 1. 1084 

Behavioral Task 
 

Saccade Reaction     
Times (ms) 

mean  std 

Reach Reaction 
Times (ms) 

mean  std 

Monkey 

DRS 281 ± 44 340 ± 45 M1 

DRSd 306 ± 53 313 ± 47 M1 

MRS 304 ± 42 343 ± 46 M1 

MRSd 326 ± 50 328 ± 45 M1 

DRS 287 ± 45 370 ± 50 M2 

DRSd 280 ± 41 357 ± 53 M2 

MRS 317 ± 49 372  ± 49 M2 

MRSd 303 ± 36 353 ±  52 M2 

 1085 

Saccade and reach reaction times for each monkey during saccade and reach tasks. 1086 

 1087 

 1088 
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