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Abstract 18 

Movement vigor, defined as the reciprocal of the latency from availability of reward to its acquisition, 19 
changes with reward magnitude: movements exhibit shorter reaction-time and increased velocity when 20 
they are directed toward more rewarding stimuli. This invigoration may be due to release of dopamine 21 
before movement onset, which has been shown to be modulated by events that signal reward 22 
prediction error (RPE). Here, we generated an RPE event in the milliseconds before movement onset 23 
and tested whether there was a relationship between RPE and vigor. Human subjects (both sexes) made 24 
saccades toward an image. During execution of the primary saccade, we probabilistically changed the 25 
position and content of that image, encouraging a secondary saccade. On some trials, the content of the 26 
secondary image was more valuable than the first image, resulting in a positive RPE (+RPE) event that 27 
preceded the secondary saccade. On other trials, this content was less valuable (-RPE event). We found 28 
that reaction-time of the secondary saccade was affected in an orderly fashion by the magnitude and 29 
direction of the preceding RPE event: the most vigorous saccades followed the largest +RPE, whereas 30 
the least vigorous saccades followed the largest -RPE. Presence of the secondary saccade indicated that 31 
the primary saccade had experienced a movement error, inducing trial-to-trial adaptation. However, this 32 
learning from movement error was not modulated by the RPE event. The data suggest that RPE events, 33 
which are thought to transiently alter the release of dopamine, modulate the vigor of the ensuing 34 
movement. 35 

 36 
Author summary 37 
Does dopamine release in response to a stimulus serve to invigorate the ensuing movement? To test this 38 
hypothesis, we relied on the fact that RPE is a strong modulator of dopamine. Our innovation was a task 39 
in which an RPE event occurred precisely before onset of a stimulus-driven movement. We 40 
probabilistically produced a combination of large or small, negative or positive RPE events, and observed 41 
that saccade vigor carried a robust signature of the preceding RPE event: high vigor saccades followed 42 
+RPE events, while low vigor saccades followed -RPE events. This suggests that in humans, vigor is partly 43 
controlled through release of dopamine in the moments before onset of a movement.  44 
 45 
 46 
 47 
  48 
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Introduction 49 
We tend to move with shorter latency, and greater velocity, toward stimuli that we associate with 50 
greater value. For example, when the expected reward is large, saccades (Kawagoe et al., 1998;Milstein 51 
and Dorris, 2007;Xu-Wilson et al., 2009) and reaching movements (Summerside et al., 2018) toward the 52 
reward site have shorter reaction-times and higher peak velocities than when the expected reward is 53 
smaller. That is, the reciprocal of the time it takes to arrive at the reward site, which we can 54 
operationally define as vigor (Shadmehr et al., 2019), is modulated with reward magnitude. This link 55 
between expected reward and movement vigor may be partly due to the function of the basal ganglia 56 
(Kawagoe et al., 2004;Tachibana and Hikosaka, 2012) and release of dopamine (da Silva et al., 2018), 57 
raising the possibility that before every movement, the dopamine that is released in response to the 58 
stimulus partly controls the vigor of the ensuing movement. 59 

Dopamine release appears to follow a simple rule. When the acquired reward is unexpectedly 60 
large, the neurons fire a burst, but if the same reward is expected, the neurons no longer respond 61 
(Schultz et al., 1997;Bayer and Glimcher, 2005). That is, dopamine neurons encode the difference 62 
between the predicted stimulus value and the actually acquired value, termed reward prediction error 63 
(RPE). This transient encoding of RPE provides an interesting prediction: if dopamine release in the 64 
milliseconds before movement onset contributes to control of vigor, then movements that follow a 65 
positive RPE (+RPE) event should exhibit high vigor, and those that follow a negative RPE (-RPE) event 66 
should exhibit low vigor. That is, vigor modulation should dependent on reward prediction error, not 67 
reward itself.  68 

Unfortunately, the hypothesis that RPE (and not reward per se) drives vigor has been difficult to 69 
test because in a typical experiment, the RPE event occurs after a movement has been completed and 70 
the reward acquired, not before the onset of a movement. Here, we designed a task that overcame this 71 
limitation. 72 

In our experiment, we relied on the idea that viewing of images carries some of the hallmarks of 73 
reward: when given the option of choosing from various image categories, people prefer face images, 74 
and are willing to spend a greater amount of effort in exchange for gazing at those images (Aharon et 75 
al., 2001;Yoon et al., 2018). Furthermore, viewing of face images activates the brain’s reward system 76 
(O'Doherty et al., 2003). We used images as a proxy for reward, and then probabilistically controlled the 77 
image content to induce RPE events. We asked whether induction of an RPE event before a movement 78 
influenced vigor of that movement.  79 

Subjects made saccades to view an image. However, upon initiation of the saccade we 80 
probabilistically altered the position and content of the image. The position change encouraged the 81 
subjects to follow their initial saccade with a secondary saccade. Our concern was vigor of this 82 
secondary saccade, i.e., its latency and velocity, which affected the total time it took from completion of 83 
the primary saccade to conclusion of the secondary saccade, thereby arriving at the reward site.  84 

On some trials, value of image A (primary image) was higher than image B (secondary image), 85 
while in other trials value of B was higher than A. As a result, in some trials subjects expected to view a 86 
low valued image, but upon completion of their primary saccade, were presented with the opportunity 87 
to gaze at a high valued image. This resulted in conditions in which during the milliseconds before the 88 
onset of the secondary saccade (as A was replaced by B), there was a +RPE (B>A) or a -RPE (B<A) event. 89 
We asked whether the sign and magnitude of the RPE event altered vigor of the secondary saccade.  90 
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 91 
Methods 92 
A total of n=55 healthy subjects (18-41 years of age, 23±7 mean±SD), 34 females) participated in this 93 
study. The procedures were approved by the Johns Hopkins School of Medicine Institutional Review 94 
Board. All subjects signed a written consent form. 95 
 96 
Data collection procedure 97 
Subjects viewed an LED monitor (27-inch, 2560x1440 pixels, light gray background, refresh rate 144 Hz) 98 
placed at a distance of 35 cm while we measured their eye position at 1000 Hz (Eyelink 1000). Each trial 99 
began with presentation of a fixation spot (a green dot, 0.3x0.3 deg) that was randomly drawn near the 100 
center of the screen (the fixation spot was placed in a virtual box at -3 to +1 deg along the horizontal 101 
axis, and -1.5 to +1.5 deg along the vertical axis, where 0,0 refers to center of the screen). After a 102 
random fixation interval of 250-750ms (uniform distribution), the fixation spot was erased and a primary 103 
image was placed at 9 deg to the right along the horizontal axis. The size of this image was constant for 104 
each subject, but varied between subjects: 1.5x1.5 deg for some (n=20, 100 trials per block, 13 blocks of 105 
trials), 3.0x3.0 deg for others (n=35, 145 trials per block, 13 blocks of trials). A green fixation dot always 106 
appeared at the center of every image. As the effect of RPE relied on within-subject analysis, data were 107 
combined in these two groups. 108 

The removal of the central fixation dot and presentation of the primary image served as the go 109 
signal for the primary saccade. This saccade was detected in real-time via a speed threshold (20o/s), or 110 
an eye position change of 2o from fixation, whichever happened first. Each session contained 13 blocks 111 
of trials. In block 1 the primary image remained unchanged following saccade onset. In blocks 2-13, after 112 
detecting saccade onset, the primary image was erased with probability of 50% and a new image was 113 
displayed at a distance of 3 deg from the original image. A green fixation dot also appeared at the center 114 
of the secondary image. As a result, following the completion of the primary saccade, subjects produced 115 
a secondary saccade to the secondary image. The location of the secondary image was random on each 116 
trial. The reason for this was to preclude accumulation of adaptation on the primary saccades that 117 
results from movement errors that subjects experience on each trial (Ethier et al., 2008;Pekny et al., 118 
2011). For some subjects (n=33), the secondary image was randomly located at either +3o or -3o along 119 
the horizontal axis with respect to the primary image. For other subjects (n=22), the secondary image 120 
was randomly located at each trial at either +3o or -3o along the vertical axis with respect to the primary 121 
image. As a result, the location of the secondary image was random along the horizontal or vertical axis. 122 
The size of the secondary image was always the same as the primary image. 123 

Following completion of the secondary saccade, subjects were provided with 250ms to view that 124 
image. At the end of this period the image was erased and a center fixation dot appeared at a random 125 
location near the center of the screen, in the bounding box defined above. Each session contained 13 126 
blocks of trials, with 100-145 trials per block. Subjects were provided with a 30 second rest period 127 
between each block. 128 

Images were chosen from two categories: face and noise images. The facial images were 129 
gathered from the Internet (500 total images) and were modified in a way that the center of the two 130 
eyes was located at the center of the image. The noise images were constructed by shuffling the pixels 131 
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of each face image (500x500pixels). This ensured that the luminance and color content of the two 132 
categories were identical. 133 
 134 
Magnitude of the RPE event 135 
In our experiment we presented a primary image (e.g., face), and then at random trials replaced it with 136 
another image (noise). We hypothesized that viewing each image was a rewarding event, and as a result 137 
a difference between the primary and secondary images would produce a reward prediction error prior 138 
to the execution of the secondary saccade. We estimated the magnitude of the RPE from probability of 139 
each image and its relative value.  140 

An objective estimate of the value of a face image with respect to a noise image can be attained 141 
from the choices that people make when given the option of viewing these images. For the image types 142 
that we employed here, people on average choose the face image twice as often as the noise image 143 
(Yoon et al., 2018). This suggests that the relative value of face to noise is around 2. 144 

On a given trial, the primary image was changed with a probability of 50%. Assuming a prior 145 
probability that target of the saccade is unlikely to change, and the observed likelihood that on 50% of 146 
trials the primary image changes, we can write the predicted value of the primary image as follows: 147 

 
ˆ (1 ) 0.5 1
ˆ (1 )
F F N
N N F

 (1) 148 

In the above expression, F  and N  represent the subjective value of face and noise images, and F̂  and 149 
N̂  are the predicted value. Because the primary image can change, the first equation in the above 150 
expression implies that the predicted value for a primary face image is less than its subjective value (the 151 
face can become noise). The second equation implies that the predicted value for a primary noise image 152 
is greater than its subjective value (noise can become face).  153 

Once the primary saccade concludes, the subject is presented with a secondary image. This is 154 
the image that they will actually have the opportunity to gaze at. We define RPE as the value of the 155 
second image (reward we will receive) minus its predicted value (reward we had predicted). For 156 
example, if A  is the primary image, and B  is the secondary image, then Â  is the reward predicted, but 157 
B  is the reward that will be received. That is, ˆ,RPE A B B A .  158 

There are four possible pairs of primary and secondary images. For each pair, we can compute 159 
the magnitude of the RPE event: 160 

 

ˆ, (1 )( )
ˆ, ( )
ˆ, (1 )( )
ˆ, ( )

RPE F F F F F N

RPE F N N F N F

RPE N N N N N F

RPE N F F N F N

 (2) 161 

If we assume that the subjective value of a face image is roughly twice that of noise, 2F N , we have: 162 
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RPE N F F

RPE F F F

RPE N N F

RPE F N F

 (3) 163 

The above expressions imply that a noise-face (NF) trial is a very positive RPE event (first equation in the 164 
above expression), a face-face (FF) trial is a mildly positive RPE event (second equation), a noise-noise 165 
(NN) trial is a mildly negative RPE event (third equation), and a face-noise (FN) trial is a highly negative 166 
RPE event (fourth equation).  167 

If vigor is modulated by RPE, then the secondary saccades should exhibit their highest vigor in 168 
NF trials, and lowest vigor in FN trials. In comparison, FF trials should show smaller vigor as compared to 169 
NF trials, despite the fact that in both trials the secondary saccade is toward a face. Finally, NN trials 170 
should show a greater vigor than FN trials, despite the fact that in both trials the secondary saccade is 171 
toward noise. 172 
 173 
Data analysis 174 
Eye position data were filtered with a second-order Butterworth low-pass filter with cutoff frequency of 175 
100 Hz. Eye velocity data in offline analysis were calculated as the first derivative of the filtered position 176 
data. Saccades were identified with a speed magnitude threshold of 20o/sec, and minimum hold time of 177 
10 ms at saccade end (i.e. velocity magnitude could not exceed the cutoff for a minimum 10 ms after 178 
endpoint). We measured reaction-time of the secondary saccade via the time period between offset of 179 
the primary saccade and onset of the secondary saccade. Secondary saccades onset and offset were 180 
detected identically to the primary saccades, using 20o/sec threshold on velocity magnitude. The 181 
saccade duration was considered as the time between saccade onset and offset. 182 
 Statistical analyses were performed using SPSS and general linear models, with stimulus value 183 
(e.g., face or noise) serving as the within-subject factor. We reported results of tests of within-subject 184 
effects under the assumption of sphericity. We tested this assumption via Mauchly’s test, which was 185 
confirmed in every case reported. We also performed two-sided t-tests on the between-subject effect of 186 
learning from movement errors. 187 
 188 
Results 189 
To produce a +RPE event, the trial began with a noise image (Fig. 1A, left column). As subjects initiated 190 
their primary saccade, we probabilistically erased that image and replaced it with a face image at a new 191 
location (NF trials, first column Fig. 1A). The control condition for the +RPE event was a trial in which 192 
both the primary and secondary images were faces (FF control, Fig. 1A). Similarly, in order to produce a -193 
RPE event, the trial began with presentation of a face image, which following saccade onset, was 194 
probabilistically replaced with a noise image (FN trials, third column Fig. 1A). The control condition for 195 
the -RPE event was a trial in which both the primary and secondary images were noise (NN control, Fig. 196 



 

7 
 

1A). Therefore, the secondary saccade in both the control and RPE trials was made toward the same 197 
image. Based on probability of the events, the trials produced four magnitudes of RPE (see Methods): 198 
highly positive (NF trials), slightly positive (FF trials), slightly negative (NN trials), and highly negative (FN 199 
trials) (Eq. (3)). 200 
 201 
Effects of reward prediction error on vigor 202 
Data from a representative subject are shown in Fig. 1B. Position traces for single saccades are shown in 203 
the top panel of Fig. 1B, and averaged velocity profiles are shown in the bottom panel. As expected, the 204 
primary saccade had a shorter reaction-time and higher peak velocity when made toward a face image. 205 
During the primary saccade, on some trials the face image was changed to noise (-RPE event, FN trial). 206 
Similarly, on some trials the noise image was changed to face (+RPE event, NF trial). Because of the 207 
change in image location, at 100-150ms following completion of the primary saccade the subject 208 
generated a secondary saccade. We measured the reaction-time of the secondary saccade with respect 209 
to end of the primary saccade. The reaction-time and peak velocity of the secondary saccade were 210 
affected by not just the image at the destination (i.e., the secondary image), but more importantly, by 211 
the sign of the RPE event. Reaction-time of the secondary saccade appeared shortest following the +RPE 212 
event, and longest following the -RPE event.  Indeed, the properties of the secondary saccade appeared 213 
to follow a consistent pattern: shortest reaction-time and highest velocity for the most positive RPE 214 
event (NF), longest reaction-time and lowest velocity for the most negative RPE event (NF), and in 215 
between for the mildly positive (FF) and mildly negative (NN) RPE events. 216 

These results were repeated in our population of subjects. The opportunity to view a face image 217 
strongly affected the vigor of the primary saccade (Fig. 2). The distribution of reaction-times shifted 218 
earlier (Fig. 2A), from a mean of 150.2 to 140.95 ms, resulting in a within-subject reduction of 9.30±0.63 219 
ms (mean±SEM) (within-subject change, F(1,54)=217, p<10-4). The face image also induced an increase 220 
in the velocity of the primary saccade (Fig. 2B), particularly in the second half of that movement. As a 221 
result, saccade peak velocity increased by 2.63±0.76 o/s (within-subject change, F(1,54)=12.1, p=0.001). 222 
Maximum change occurred 10 ms after peak velocity with 6.01±0.84 o/s difference between two 223 
categories (within-subject change, F(1,54)=51.511, p<10-4).  224 

We tried to minimize the changes in saccade amplitude that may arise from changes in image 225 
content by presenting a green dot at the center of every image. We observed a very small effect of 226 
image type on saccade amplitude: the primary saccades were 8.19±0.01o toward face images, and 227 
8.10±0.01o toward noise images, a within-subject change of 0.09±0.015o (F(1,54)=32, p<10-4). However, 228 
this change was less than the resolution of our measurement instrument. Overall, the opportunity to 229 
view a face image produced a significant reduction in the total time it took for the eyes to arrive at the 230 
location of the primary target (Fig. 2C, within-subject change, F(1,54)=199, p<10-4).  231 

As the primary saccade started, we displaced the primary image to a new location, encouraging 232 
the subjects to produce a secondary saccade. We found that the reaction-times for the secondary 233 
saccade (Fig. 3B) were shortest in the NF trials (+RPE event), and longest in the FN trials (-RPE event). 234 
Indeed, there was an orderly increase in the reaction-times in the precise pattern predicted by the RPE 235 
events (Fig. 3C, RM ANOVA F(3,52)=34.7, p<10-4). On average, the secondary saccade that followed the 236 
+RPE event had a reaction-time that was 19.15±1.95 ms less than the -RPE event (148.6±3.1 ms in +RPE 237 
trial as compared to 167.75±3.3 ms in -RPE trial). Post-hoc pairwise comparisons indicated that reaction 238 
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time of +RPE trials were 6±1.09 ms smaller than FF-control trials (p<10-4), and reaction time of -RPE trials 239 
were 6.03±0.95 ms greater than NN-control trials (p<10-4). Peak velocity of the secondary saccade 240 
appeared affected by the various events (Fig. 3A and Fig. 3D, RM ANOVA F(3,52)=14.65, p<10-4). 241 
However, post-hoc pairwise comparisons did not dissociate the +/-RPE events from their respective 242 
control trials. Overall, the RPE events significantly affected the total time it took for the eyes to respond 243 
and acquire the secondary target (Fig. 3E): the time to target, measured from completion of the primary 244 
saccade to arrival at the target, was smallest following the +RPE event (NF trials), and largest following 245 
the -RPE event (FN trials, RM ANOVA F(3,52)=34.88, p<10-4). Post-hoc pairwise comparisons indicated 246 
that time to target of +RPE trials were 6.06±1.14 ms smaller than FF-control trials (p<10-4), and time to 247 
target of -RPE trials were 6.15±0.93 ms larger than NN-control trials (p<10-4). That is, the magnitude of 248 
the RPE event that preceded a saccade affected the vigor of that saccade. 249 

Amplitude of the secondary saccade on average varied by less than 0.09o across the range of the 250 
various conditions: +RPE 3.02±0.04o, FF 3.08±0.04o, NN 3.04±0.05o, and FN 3.0±0.05o. Similarly, metrics 251 
of the primary saccade were not affected by whether the image was changed midflight. To check for 252 
this, we grouped NF and FN trials (image changed) and compared them to FF and NN trials (image 253 
unchanged). We found no difference between primary saccades in these trials (repeated measure 254 
ANOVA for the effect of stimulus on peak velocity, within-subject change, F(1,54)=0.022, p=0.884; 255 
reaction time within-subject change, F(1,54)=0.302, p=0.585; time to target within-subject change, 256 
F(1,54)=0.919, p=0.342; and amplitude within-subject change, F(1,54)=0.499, p=0.483).  257 
 258 
Effect of reward prediction error on learning 259 
Presence of a secondary (or corrective) saccade indicates presence of a motor error: at the end of the 260 
primary saccade, the target was not on the fovea. The resulting movement error should induce plasticity 261 
in the cerebellum (Herzfeld et al., 2018), affecting the subsequent primary saccade. We wondered 262 
whether presence of the RPE event modulated learning from the motor error. In particular, would a 263 
+RPE event enhance learning? 264 
 In our experiment we displaced the primary image along four directions: positive and negative 265 
along the horizontal axis (H+ and H-), and positive and negative along the vertical axis (V+ and V-).  In all 266 
cases the magnitude of the displacement was 3o. Each displacement resulted in a motor error, which in 267 
principle may have induced trial-to-trial learning. To measure this learning, we considered two 268 
consecutive trials in which the primary saccades were made to the same visual stimulus type, and then 269 
further divided the trials based on the direction of motor error. For example, suppose that on trial n the 270 
primary saccade was toward face, the subject experienced an H+ error on that trial, and that on trial n+1 271 
the primary saccade as again toward face. In all such consecutive pairs of trials, we measured the 272 
change in the primary saccade made in trial n+1 with respect to trial n. This trial-to-trial change in the 273 
primary saccade is plotted in Fig. 4A for each type of motor error. We found that across all error types, 274 
the largest change in the velocity profile was around 15ms after the saccade peak velocity (Fig. 4A). 275 
Following an H+ error, the tail of velocity trace (15 ms after peak velocity) increased by 6.62±1.02o/s 276 
(two-sided t-test, t(32)=6.485, p<10-4) along the horizontal direction. The trial-to-trial change in saccade 277 
amplitude showed 0.17±0.018o (two-sided t-test, t(32)= 9.098, p<10-4) increase following an H+ error. 278 
Similarly, following an H- error, the subsequent primary saccade exhibited a 4.96±1.09o/s (two-sided t-279 
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test, t(32)=4.550, p<10-4) decrease in the tail of velocity trace along the horizontal direction and 280 
0.17±0.016 o (two-sided t-test, t(32)= 10.747, p<10-4) reduction in amplitude.  281 

Learning was also present following V+ and V- errors. Following a V+ error, there was 282 
1.28±0.42o/s (two-sided t-test, t(21)=3.038, p=0.006) change in velocity tail and 0.027±0.012o (two-sided 283 
t-test, t(21)= 2.348, p=0.029) change in amplitude of vertical component of primary saccade in the 284 
subsequent trial. Following a V- error, there was 1.41±0.42o/s (two-sided t-test, t(21)= 3.368, p=0.003) 285 
change in velocity tail and 0.033±0.0086o (two-sided t-test, t(21)= 3.809, p=0.001) change in vertical 286 
amplitude. These results demonstrated that experience of a motor error on a given trial induced 287 
learning, resulting in an error-dependent change in the subsequent primary saccade. 288 
 In some trials, a given movement error occurred in the context of a +RPE event, whereas in 289 
other trials the same movement error occurred in the context of a -RPE event. To measure the effect of 290 
the RPE events on learning, we focused on the horizontal error trials, as the vertical error trials produced 291 
substantially less learning. The trial-to-trial change in the primary saccade in the +RPE and -RPE trials are 292 
plotted in Fig. 4B. To make this figure, we considered the H+ and H- pairs of trials together (with the 293 
positive axis now reflecting trial-to-trial change in velocity along direction of the movement error). We 294 
found that learning following a +RPE event (6.46±1.59o/s change in velocity tail, t(32)= 4.067, p<10-3) 295 
was marginally stronger than following a -RPE event (4.64±1.73o/s, t(32)= 2.677, p=0.012), but the effect 296 
did not reach statistical significance (1.83±2.32 o/s within-subject change, F(1,32)=0.620, p=0.23).  297 
 298 
Discussion 299 
It is possible that dopamine release in the milliseconds before onset of a movement serves to invigorate 300 
the ensuing movement. For example, in mice, self-initiated movements in an empty field that have 301 
higher than average acceleration tend to be preceded by higher than average activity in nigral dopamine 302 
cells (da Silva et al., 2018). Here, we attempted to indirectly test the link between dopamine release and 303 
vigor of self-generated movements in humans. Our approach was to probabilistically change the 304 
potential reward for completing a movement, thereby producing a combination of large or small, 305 
negative or positive RPE events. Because dopamine release is affected by the magnitude and direction 306 
of the RPE event (Schultz et al., 1997;Bayer and Glimcher, 2005), we posited that vigor of the movement 307 
that followed the RPE event should exhibit a distinct pattern: highest vigor following a large +RPE 308 
events, lowest vigor following a large -RPE event. 309 
 Our innovation was a behavioral paradigm in which the RPE events occurred just before the 310 
onset of a movement. Subjects were presented with the opportunity to view face or noise images. Once 311 
they initiated their primary saccade, we probabilistically changed the location and content of the image. 312 
As a result, following completion of the primary saccade, the image value was higher or lower than 313 
expected. This resulted in a range of RPEs: highly negative (face change to noise, FN), slightly negative 314 
(noise not changed, NN), slightly positive (face not changed, FF), and highly positive (noise changed to 315 
face, NF). Notably, this RPE event took place just before onset of the secondary saccade, which had a 316 
latency of around 150ms with respect to termination of the primary saccade. We found that reaction-317 
times were shortest following the large +RPE event, and longest following the large -RPE event. The time 318 
to target, defined as sum of reaction-time and movement-duration, was shortest for the largest +RPE 319 
event, and longest for the largest -RPE event. That is, the magnitude and direction of the RPE event 320 
modulated vigor of the ensuing saccade. 321 
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 Although there are currently no commonly accepted definitions of movement vigor, in the 322 
context of elementary, stimulus-driven movements such as saccades and reaching, one useful definition 323 
is the inverse of the time from stimulus onset to movement completion, conditioned on distance 324 
(Shadmehr et al., 2019). This definition is based on the empirical observation that both reaction-time 325 
and movement duration are influenced by the subjective value of the reward at the destination 326 
(Kawagoe et al., 1998;Milstein and Dorris, 2007;Xu-Wilson et al., 2009;Haith et al., 2012;Manohar et al., 327 
2015;Reppert et al., 2015;Summerside et al., 2018). 328 
 Because saccade reaction-time and velocity depends on activity of neurons in the superior 329 
colliculus (Smalianchuk et al., 2018), and these neurons are influenced by luminance and other low-level 330 
properties of the visual stimulus (Marino et al., 2015), the differences in vigor may have arisen not from 331 
presence of an RPE event, but rather because of other variables associated with differences in 332 
properties of the secondary image. Therefore, we included control trials in which the saccade of interest 333 
was made to the same image as in RPE trials, but without the benefit of an RPE event. We found that in 334 
+RPE trials, saccades had shorter reaction-times as compared to image-matched control trials. Similarly, 335 
in -RPE trials, saccades had longer reaction-times as compared to image-matched control trials. 336 
Furthermore, because the primary and secondary images were always presented at different locations 337 
with respect to the fovea, and often in opposite directions, we would expect little or no overlap 338 
between regions of collicular activity associated with the primary and secondary saccades. This 339 
dissociation between magnitude of primary and secondary saccades reduces the possibility of an 340 
interaction between the saccades at the level of colliculus. As a result, it seems likely to us that the vigor 341 
differences in the secondary saccades were not solely due to differences in the intrinsic response of the 342 
collicular neurons to information that they received from the retina. Rather, the link between RPE 343 
events in our experiments and modulation of vigor may have been because of reward-dependent 344 
regions that project to the colliculus, such as the basal ganglia and the frontal eye field.  345 

Saccades toward a rewarding stimulus exhibit greater vigor partly because the opportunity for 346 
reward reduces the inhibition that the colliculus receives from the substantia nigra reticulata (SNr) 347 
(Yasuda et al., 2012). In addition, the opportunity for reward also increases the excitation that the 348 
colliculus receives from the frontal eye field (FEF) (Heitz and Schall, 2012;Glaser et al., 2016). It seems 349 
likely that dopamine plays an important role in controlling this drive. Just before onset of a spontaneous 350 
movement, there is diversity of responses among dopamine neurons: some show a transient increase, 351 
while others show a transient decrease (da Silva et al., 2018). Notably, for the dopamine cells that 352 
increase their activity, the amount of increase is positively corrected with the acceleration of the 353 
upcoming movement (da Silva et al., 2018).  354 

In monkeys, dopamine neurons respond to presentation of a saccade target within 100ms, and 355 
dissociate between reward and non-rewarding stimuli within 150ms (Matsumoto and Hikosaka, 2007). 356 
For unconditioned, aversive stimuli, dopamine response can dissociate between various magnitudes in 357 
less than 100ms (Matsumoto and Hikosaka, 2009). In our data, saccades that were affected by the RPE 358 
event were generated at extremely short reaction-times: around 150ms. Therefore, in principle, the 359 
time-range of dopamine response to reward is near the window of vigor modulation we observed in 360 
saccades. Because RPE events have a robust effect on dopamine release, it is possible that the RPE event 361 
driven change in saccade vigor is linked through dopamine dependent drive to the basal ganglia and FEF, 362 
affecting saccade-related discharge in the superior colliculus. 363 
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 364 
Reward dependent modulation of learning from movement error 365 
If the primary saccade ends but the target is not on the fovea, the result is a sensory prediction error 366 
that produces unexpected activity on the superior colliculus (Kojima and Soetedjo, 2017a;Kojima and 367 
Soetedjo, 2018). This activity engages the inferior olive, resulting in modulation of complex spikes in the 368 
Purkinje cells of the cerebellum (Soetedjo et al., 2008;Kojima et al., 2010;Herzfeld et al., 2015). The 369 
result is plasticity in the Purkinje cells (Herzfeld et al., 2018), altering the primary saccade on the 370 
subsequent trial. In our experiment we found robust evidence for this trial-to-trial learning: following a 371 
secondary saccade, the velocity of the next primary saccade was adjusted in the direction of the motor 372 
error. 373 
 Previous work has suggested that reward magnitude can modulate the rate of saccade 374 
adaptation. Kojima and Soetedjo (Kojima and Soetedjo, 2017b) observed that when monkeys were 375 
rewarded for making saccades for one direction but not for another, they adapted their primary 376 
saccades more strongly in the direction of the rewarded trials. This reward-dependent effect developed 377 
slowly, accumulating over the course of about 400 trials.  378 

Here, we did not see a significant effect of RPE on learning from movement errors. This may 379 
have been because we focused on adaptation in response to random errors, rather than consistent 380 
errors. Randomness of errors down-regulates learning from error (Herzfeld et al., 2014), which makes it 381 
more difficult to measure any modulatory influence that reward may have had on learning from error. 382 
   383 
Limitations 384 
Although we observed robust effects of RPE on saccade latencies, we did not observe an effect on 385 
saccade velocities. One reason for this may have been that in our experiment, the saccades of interest 386 
(the secondary saccades) were only 3o in amplitude. While larger saccades produce higher velocities, 387 
they require presentation of stimuli farther from the fovea, which may make identification of that image 388 
more difficult. Regardless, the question of whether RPE events alter velocity of the ensuing movement 389 
can benefit from further exploration.  390 

Our interpretations regarding RPE events relied on the assumption that the opportunity to gaze 391 
at an image served as proxy for reward acquisition. This assumption is based on the observation that for 392 
humans, gazing at images follows many of the behavioral characteristics associated with acquisition of 393 
primary rewards (i.e., food). For example, people make saccades that are faster toward images that they 394 
prefer (Xu-Wilson et al., 2009), they gaze for a longer period of time at those images (Yoon et al., 2018), 395 
and are willing to pay a greater effort cost in order to have the opportunity to view their preferred 396 
images (Yoon et al., 2018). Furthermore, viewing of images activates the reward system of the brain 397 
(O'Doherty et al., 2003). However, despite these observations, the question of whether gazing at an 398 
image engages the dopamine system remains to be explored.  399 
 In summary, whereas earlier work had demonstrated that movements are more vigorous 400 
toward more rewarding stimuli, here we found that the RPE event that takes place in the moments 401 
before onset of a movement, and not reward in itself, is necessary for modulation of movement vigor. 402 
 403 

  404 
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 405 
 406 
Figure 1. Experiment design and data from a representative subject. A. Each trial began with a fixation 407 
dot near the center. Following a random fixation interval, we presented a primary image at 9o to the 408 
right along the horizontal axis. As the primary saccade took place, we erased the primary image and 409 
replaced it with a secondary image. In +RPE trials, a noise primary image was replaced with a face 410 
secondary image. A face-face trial served as control for the +RPE trial. In -RPE trials, a face primary 411 
image was replaced with a noise secondary image. A noise-noise trial served as control for the -RPE trial. 412 
B. Saccade position and velocity traces for a representative subject. Position traces are for individual 413 
saccades. Velocity traces are within subject average of all saccades. Primary saccade exhibited a shorter 414 
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reaction-time and a higher velocity in response to a face image. Data for the secondary saccade are 415 
plotted with respect to termination of the primary saccade in the same trial. The secondary saccades 416 
exhibited shortest reaction-times in +RPE trials, and longest reaction-times in -RPE trials. Error bars are 417 
SEM. 418 
 419 
  420 
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 421 
 422 
Figure 2. Primary saccades exhibited shorter reaction-time and higher velocity in response to face 423 
images. A. Distribution of mean reaction-times and within-subject change in the mean reaction-time 424 
(face minus noise). Each dot is a single subject. B. Saccade velocity traces, and within-subject change in 425 
velocity (face minus noise). The trace for noise is largely hidden behind the trace for face. C. Total time 426 
to target (reaction-time plus movement duration) and within-subject change. Error bars and shaded 427 
traces are SEM. 428 
 429 
  430 
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 431 
 432 
Figure 3. Secondary saccades were influenced by the preceding RPE event. A. Saccade velocity and 433 
within-subject change in velocity. B. Distribution of mean reaction-times across subjects. Reaction-times 434 
are measured as the latency with respect to offset of the preceding primary saccade. C. Mean reaction-435 
times across subjects and the within-subject change in reaction-times. The bars are +RPE condition with 436 
respect to control(FF), and -RPE condition with respect to control(NN). Dots are individual subjects. D. 437 
Peak velocity and within-subject change in peak velocity. E. Total time to target, measured from 438 
completion of the primary saccade to conclusion of the secondary saccade, i.e., the reaction-time plus 439 
movement duration of the secondary saccade. The error bars and shaded traces are SEM. The dots show 440 
within-subject change with respect to control. 441 
 442 
  443 
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 444 
 445 
Figure 4. Learning from movement errors and the effect of RPE on learning. A. Change in the velocity of 446 
the primary saccade from the trial in which the movement error was experienced to the next trial (the 447 
primary image type in both saccades were the same). Saccades are grouped based on the movement 448 
error experienced at the conclusion of the first primary saccade. Movement error is defined as the 449 
position of the secondary image with respect to the primary image. That is, H+ errors imply that the 450 
secondary image was further to the right along the horizontal axis than the primary image. The motor 451 
error along each axis produced learning along that axis. B. Trial-to-trial changes for horizontal motor 452 
errors only, grouped based on the RPE event that followed the first primary saccade. Data for H- was 453 
flipped and averaged with H+ trials. Within-subject change in learning was marginally larger following a 454 
+RPE event (as compared to a -RPE event), but this effect was not significant. 455 

456 
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