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Modulation of Saccade Vigor during Value-Based Decision
Making
X Thomas R. Reppert,1* Karolina M. Lempert,2* Paul W. Glimcher,2 and Reza Shadmehr1
1Department of Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, and 2Center for Neural Science, New
York University, New York, New York 10003

During value-based decision-making, individuals consider the various options and select the one that provides the maximum
subjective value. Although the brain integrates abstract information to compute and compare these values, the only behavioral
outcome is often the decision itself. However, if the options are visual stimuli, during deliberation the brain moves the eyes from
one stimulus to the other. Previous work suggests that saccade vigor, i.e., peak velocity as a function of amplitude, is greater if
reward is associated with the visual stimulus. This raises the possibility that vigor during the free viewing of options may be
influenced by the valuation of each option. Here, humans chose between a small, immediate monetary reward and a larger but
delayed reward. As the deliberation began, vigor was similar for the saccades made to the two options but diverged 0.5 s before
decision time, becoming greater for the preferred option. This difference in vigor increased as a function of the difference in the
subjective values that the participant assigned to the delayed and immediate options. After the decision was made, participants
continued to gaze at the options, but with reduced vigor, making it possible to infer timing of the decision from the sudden drop in
vigor. Therefore, the subjective value that the brain assigned to a stimulus during decision-making affected the motor system via
the vigor with which the eyes moved toward that stimulus.
Key words: impulsivity; motor control; reward; saccade; temporal discounting; vigor

Significance Statement
We find that, as individuals deliberate between two rewarding options and arrive at a decision, the vigor with which they
make saccades to each option reflects a real-time evaluation of that option. With deliberation, saccade vigor diverges
between the two options, becoming greater for the option that the individual will eventually choose. The results suggest a
shared element between the network that assigns value to a stimulus during the process of decision-making and the network
that controls vigor of movements toward that stimulus.

Introduction
There is some evidence that the vigor with which a movement
is performed (i.e., its peak speed as a function of amplitude) is
affected by the subjective value that the brain assigns to the
goal of the movement. For example, Sackaloo et al. (2015)
asked participants to rank order in terms of preference a number of different kinds of candy bars. When asked to reach for a
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single candy bar, participants reached faster and with a shorter
duration for the more preferred bar. Similarly, monkeys
reached with a greater speed toward stimuli that promised
higher probability of reward (Opris et al., 2011). These observations raise the possibility that movement vigor may be modulated by the subjective value that the brain assigns to the goal
of the movement. Humans and other primates use saccadic
eye movements to examine their available options. During
deliberation, as one makes saccades to accumulate information about the available options, does saccadic vigor reflect the
subjective value that the brain currently assigns to each
option?
Previous work has shown that stimulus value can grossly
affect the peak velocity of saccades. Monkeys exhibit a greater
saccade peak velocity when the visual target is paired with food
reward (Takikawa et al., 2002). Humans perform their saccades with greater peak velocity if the target is a valued stimulus, such as a face (Xu-Wilson et al., 2009). Here, we
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considered a decision-making task in which participants were
offered monetary rewards. We asked whether the vigor with
which a saccade was performed was affected by the subjective
value that the brain assigned to the potential reward. A critical
component of our design was that the movement that we considered (saccade) had no bearing on the reward itself: that is,
people were not rewarded for making saccades. Rather, the
saccades were a mechanism with which participants acquired
information for the purpose of decision-making.
Our participants completed a temporal discounting task in
which they chose between a small, immediate reward (in dollars) and a large reward delayed reward (to be received in
30 d). People prefer rewards sooner rather than later but vary
widely in how much they are willing to wait for the larger
delayed reward. We measured participants’ eye movements as
they considered their two choices, tracking the real-time velocity and amplitude of each saccade as they directed their gaze
at each option. When the deliberation process started, the eyes
moved with the same vigor toward the two options, but as the
deliberation process continued, vigor became greater for the
option that the subject would eventually choose. Immediately
after the subject indicated a choice, vigor dropped for both
options. These observations suggest that, during decisionmaking, the vigor with which the brain moves the eyes toward
a stimulus may be a reflection of the current value that it
assigns to that stimulus.

3

Figure 1. Experimental design. Participants completed a decision-making task in which
they made a choice between a small immediate monetary reward and a larger delayed monetary reward to be attained at 30 d. A, Each trial began with a fixation dot displayed for 1 s,
followed by display of the two reward options at either side of the fixation dot. Subjects were
instructed to press a key designating their choice within 6 s. Regardless of when the participants
indicated their choice, the options remained on the screen for the full 6 s. B, The reward pairings.
Each dot represents one of the 60 reward pairings that was presented to each participant. The
delayed reward was always greater that the immediate reward. Each reward pairing was presented twice. The order of presentation was random for each participant, as well as across
participants. The position of presentation of each option was randomly selected to be centered
at 10 o to the left or right side of fixation. C, Exemplar trace of gaze position during a single trial.
During the decision period, the arrow indicates when the participant pressed the key

Participants. We recruited n ⫽ 60 healthy participants from the New
York University community with no known neurologic deficits (aged
21.75 ⫾ 3.01 years, mean ⫾ SD; 35 females). All were naive to the
paradigm and purpose of the experiment. Each participant signed a
written consent form approved by the New York University Committee on Activities Involving Human Subjects. Each was paid $10/h in
cash for participating in the study, as well as additional compensation
based on their decisions in the task, as described below.
Behavioral task. Subjects sat in a darkened room in front of a CRT
monitor (36.5 ⫻ 27.5 cm, 1024 ⫻ 768 pixels, light gray background,
frame rate of 120 Hz), head stabilized with the use of a chinrest. The
screen was placed at a distance of 55 cm from the subject’s eyes. An
EyeLink 1000 (SR Research) infrared camera recording system recorded movements and pupil diameter of the right eye. Gaze position
and pupil diameter were recorded at 250 Hz for all subjects, with the
exception of two subjects recorded at 1000 Hz and one recorded at
500 Hz. A superset of the data from this study was also examined with
regard to changes in pupil diameter. A report of those findings appeared previously (Lempert et al., 2015).
We measured eye movements during a temporal discounting task.
The time course of a typical trial is displayed in Figure 1A. The trial
began with a 1 s fixation period (dot displayed at center of screen).
Right after the fixation period, written description of the two possible
rewards appeared simultaneously on the screen: (1) a text that described a small immediate monetary reward (for example, “$10 today”); and (2) a text that described a larger delayed monetary reward
(for example, “$11 30 d”). Each text was centered at 10 o to the left or
right of the center fixation dot and was 4.7–7.9 o wide and 5.4 o tall (as
shown in Fig. 1C). The placement of the text on the left or right was
chosen at random. One option was always for an immediate reward,

4
designating his/her decision. Note that the participant continued to make saccades after decision time, while both options remained on the screen. In this particular trial, the participant
chose the immediate reward ($10) over the delayed option ($11), and thus the $10 option was
redisplayed after the fixation period. D, Probability of saccade with respect to decision time,
computed for bins of 0.5 s in duration. Shaded region is SEM.
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whereas the other option was always for a reward to be attained in
30 d.
During this decision period, participants made saccades to the
stimuli. The stimuli remained on the screen for exactly 6 s, during
which time the subjects indicated their decision by pressing a key
(typically at ⬃2–3 s into the trial). Subjects were instructed to place
the left hand over the 1 key and right hand over the 0 key, to select
leftward and rightward rewards, respectively. Regardless of when the
subjects pressed the key to designate their decision, the two options
remained on the screen for the full 6 s. This was critical because this
allowed the subjects to make saccades to the stimuli both before and
after they made their decision.
After the completion of the 6 s decision period, the fixation dot
remained on the screen for another 2.5 s. Finally, the fixation dot was
removed, and the participants were presented with the option that
they had chosen for 3 s. A new trial commenced after an intertrial
interval of 4 s. There were 120 trials in the experiment. Our analysis
focused solely on the saccades made during the 6 s decision period.
The participants were presented with 60 distinct monetary reward
pairings, as shown in Figure 1B, with each pairing presented twice. The
reward pairings were selected in random order such that no two subjects
saw the same ordering of stimuli. On every trial, the delayed monetary
reward was of greater magnitude than the immediate reward.
To increase the relevance of their choices, participants were instructed that one trial would be selected at random and they would
receive the amount that they chose on that trial. That is, if they chose
the immediate reward on the randomly selected trial, they would
receive the money in cash after completion of the session. If they
chose the larger, delayed reward, they would receive a debit card that
would be activated after the delay (30 d) had elapsed.
One participant did not complete all 120 trials and was excluded from
analysis. In addition, we were unable to achieve good eye calibration in six
participants, which prevented measurement of saccades for those subjects.
As a result, we analyzed the data from a total of n ⫽ 53 participants.
During each trial, we continuously recorded gaze position. Raw
gaze position signals were smoothed and differentiated with the use of
a Savitzky–Golay filter (second-order). The filter width was chosen as
a function of the sampling rate such that each filter window encompassed 20 ms of data. We used the gaze velocity trace to determine
onset and offset of saccades, with a 30 o/s threshold. We used the
following five criteria to identify task-relevant saccades: (1) horizontal amplitude ⬎2 o and ⬍25 o; (2) vertical amplitude ⬍6 o, with the
ratio of vertical amplitude to horizontal amplitude ⬍0.7; (3) peak
horizontal acceleration ⬍35,000 o/s 2; (4) skew (defined as the ratio of
time from saccade start to peak velocity to saccade duration) ⬍0.7;
and (5) duration ⬎20 and ⬍120 ms. The first criterion removed 45 ⫾
10% (mean ⫾ SD) of saccades (many of the saccades were associated
with the act of reading the text on the screen, a series of microsaccades). The remaining criteria together excluded 29 ⫾ 9% of the
remaining saccades. To identify an outlier saccade, we used the median absolute deviation technique (on the parameter saccade vigor)
that excluded 2.7 ⫾ 1.5% of the remaining saccades (Rousseeuw and
Croux, 1993).
Data analysis: saccade vigor. During the decision period, subjects
made saccades that terminated at either one of the stimuli or at the
center fixation point (as illustrated in Fig. 1C). These saccades had a
participant-specific velocity–amplitude relationship: some participants exhibited fast saccades, whereas others exhibited slow saccades
(Choi et al., 2014). Our hypothesis was that, in a given individual, for
a given saccade amplitude, the brain modulated saccade velocity as a
function of reward or context (Xu-Wilson et al., 2009). To dissociate
amplitude-dependent changes in velocity from reward-dependent
changes in each individual, we first modeled the amplitudedependent effects of saccade velocity for that individual and then
compared changes in velocity that were present when amplitude was
kept constant but reward or context changed. The result was a withinsubject measure of saccade vigor, as described below.
For each participant n, we measured the amplitude of the saccade
(represented by x) and its peak velocity (represented by v) in all trials.
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Previous work had shown that a hyperbolic function is generally a
good fit to human saccade data (Choi et al., 2014). Therefore, we
fitted the data to the following function:

冉

vn ⫽ ␣n 1 ⫺

冊

1
.
1 ⫹ ␤n x

(1)

We quantified the goodness of fit of the function for each participant using
correlation coefficients. This fit produced parameter values ␣ˆ n and ␤ˆ n.
Given saccade amplitude x, the expected saccade velocity in subject n
was represented by v̂n(x). For each saccade, we computed the ratio between the measured velocity and the expected velocity: vn/v̂n. This ratio
defined a within-subject measure of saccade vigor. When this ratio was
⬎1, the saccade had a velocity that was larger than expected, reflecting a
greater than average vigor for that subject. We used this within-subject
measure of vigor to quantify changes in saccade peak velocity as a function of time during the decision-making period and as a function of the
preference that the subjects exhibited toward the available options in
each trial.
Data analysis: decision-making. We analyzed the decisions that each participant made by finding the value of the delayed reward that made that
option equivalent to the immediate reward. For each participant, we represented the probability of choosing the delayed reward rd as a function of the
difference in the value of the delayed and immediate rewards rd ⫺ ri:

Pr(choice ⫽ rd ) ⫽

1
.
1 ⫹ exp 共 ⫺b共rd ⫺ ri ⫺ ␣兲兲

(2)

In the above expression, ␣ represents the point of subjective equivalence
between the delayed and immediate options. We fitted the above equation to
the choices that the participant had made across all trials. To do so, we
analyzed the trials based on the difference between the delayed and immediate rewards and then measured the probability of choosing the delayed reward in each trial. Therefore, in a trial in which rd ⫺ ri ⫽ ␣ˆ , the participant
was equally likely to pick the delayed or the immediate option. Participants
who preferred the immediate reward more often, and thus were more impulsive in their decision-making, had larger values of ␣ˆ .
To estimate the subjective value of an option for participant n, we
considered a hyperbolic model of temporal discounting (Mazur, 1987;
Green and Myerson, 2004; Kable and Glimcher, 2007). In this model, one
assumes that people evaluate a future reward (promised to arrive after
time delay t) by discounting it hyperbolically to produce a subjective
value at present:

ri ⫽

rd
.
1 ⫹ k nt

(3)

In our experiment, the time delay t was always 1 month. For each participant n, we estimated discount factor kn as a function of the mean ratio
rd/ri for all trials in which the absolute difference 兩rd ⫺ ri兩 was within $5 of
equivalence point ␣ˆ . To confirm this estimate, we also divided up the
trials into four subsets (Fig. 1B, each vertical and horizontal line) and
then re-estimated kn independently for each subset of trials in each participant. This way of estimating kn kept either the immediate or the
delayed reward constant for each subset of trials. We compared the two
methods and found that the two estimates correlated very well (r 2 ⫽ 0.96,
slope of 1.174, bias of ⫺0.14). In our results, we report the estimate
arrived at using the entire dataset.
All statistical analyses were performed using SPSS (version 22; IBM) or
MATLAb R2014b (MathWorks). All t tests presented are two tailed,
unless specified otherwise.

Results
Saccade vigor was higher during the deliberation period
On each trial, the participants were presented with two options:
(1) a monetary reward to be acquired on the day of the study; and
(2) a larger reward to be acquired in 30 d. As the participants
evaluated the two options and made their decision, they made
saccades from one stimulus to another. On average, participants

Reppert, Lempert et al. • Modulation of Saccade Vigor during Decision Making

15372 • J. Neurosci., November 18, 2015 • 35(46):15369 –15378

B
before
decision

400

450

0.2

300
200

C

after
decision

0.1

100

all subjects

12
350
***

*

300
250

-5 5
20
Amplitude (deg)

H

n.s.

10

*

I

1.02
1.01
1

+1

+2
+3

0.99
0.98
-2

-1

0

1

2

Time relative to decision (sec)

Within subject saccade vigor

key press

Within subject saccade vigor

-1

1.03 -4

250
after
decision

200
S6

650
600
550
500

-5 5
20
Amplitude (deg)

G

15

10

450
5

400
350
before decision

300

6

-20

30

400

500

600

Avg. peak velocity (deg/sec)

0
-0.2
-0.1
0 0.05
Within subject change in vigor
(after decision minus before)

J
1

1.04

-3 -2

1.03
1.02
1.01

0.8
slow
decisions

1

0.6
0.4

0.99
0.98
0.97

0.2
quick
decisions

0
1
2
3
4
5
Time relative to stimulus onset (sec)

0

Cumulative prob. of button press

1.04

8

300

after decision

14
400

target to
center

250
-20

16

350

0.04
0.02
0

slow decisions

300

***
450

before
decision

150
-20 -10 0
10 20
Amplitude (deg)

F

18

Rate of change in vigor (1/sec)

after
decision

***

500

target to before
target after

350

0
-30

20

Amplitude (deg)

400

10

target to
center

before
decision

450

0

center to
target

E

500

Peak velocity (deg/sec)

20 -20
-10
Amplitude (deg)

target to before
target after

10

center to
target

D

S6
0

-10

Avg. peak velocity (deg/sec)

S6
-20

Peak velocity (deg/sec)

0

400

Number of subjects

temporal

Peak velocity (deg/sec)

nasal

Probability density

Peak velocity (deg/sec)

A 500

-0.02
-0.04

quick decisions

-0.04 -0.02 0 0.02
Rate of change in vigor (1/sec)

Figure 2. Saccade vigor was higher during deliberation than after decision time. A, Velocity–amplitude relationship for a representative participant for saccades made during the 6 s decision
period. Data were fit to a hyperbolic function, separately for nasal and temporal saccades. Saccades made before decision time (gray dots) appeared to have a greater velocity than those made after
decision time (black dots). B, Distribution of saccade amplitudes suggested that there were four groups of saccades made during the decision period: from one stimulus to another (⫾18 o saccades)
and from center to one stimulus or back (⫾9 o saccades). Gray lines represent probability density for each participant. Black line represents the across-subject values. Data were binned with step size
of 1 o. C, Velocity–amplitude data from an exemplar subject split by timing of saccade relative to the key press. The saccade amplitudes were binned with bin centers located at ⫾9 o and ⫾18 o, with
bin width of 9 o. Error bars represent SD. D, Across-subject data. The error bars represent SEM and are plotted for both amplitude and velocity. E, Across-subject values of amplitude and velocity for
saccades made before and after decision time. Statistics refer to within-subject changes (*p ⬍ 0.05; ***p ⬍ 0.001). Error bars are SEM. F, Average saccade peak velocities for each subject before and
after decision time. Error bars are SD. G, Distribution of within-subject change in vigor with respect to decision time. H, Within-subject measure of saccade vigor as a function of timing of saccade with
respect to the key press. The number on each data point represents saccade index with respect to the key press. Error bars along the x- and y-axes are SEM. I, Within-subject measure of saccade vigor
(solid lines) as a function of saccade timing with respect to start of the decision period (stimulus onset). The plot also shows cumulative probability of key press (dashed lines) for slow-decision and
quick-decision trials. Error bars are SEM. J, Rate of change in vigor for each participant in the quick-decision and slow-decision trials. Error bars are SD.

made 6.2 saccades per trial (25th percentile, 4.6; 75th percentile,
7.7), and they announced their decision at 1.93 ⫾ 0.46 s into the
decision period by pressing a key. However, regardless of when
the decision was made (indicated by the key press), the stimuli
remained on the screen for 6 s. As a result, the participants made
saccades to the stimuli both before and after their decision, as
illustrated in Figure 1C. To compute probability of saccades during a trial, we aligned the data to decision time and then counted
number of saccades performed by a given subject in bins of 0.5 s
in duration across all trials. For each bin of 0.5 s duration, we
computed probability of saccade for that subject and then com-

puted the across-subject mean and SEM of that probability, as
shown in Figure 1D. We found that probability of saccade
reached its peak ⬃1 s before decision time but was always significantly ⬎0 during the entire decision period (all p values ⬍10 ⫺9).
For each subject, we considered each saccade that they made
during the decision period and measured its amplitude and velocity
(data for a typical subject are shown in Fig. 2A). Inspection of the
data suggested that saccades made before decision time (i.e., during
the period of deliberation before key press) may have had a higher
velocity than saccades made after (Fig. 2A, right). To explore this
question, we examined probability of saccade as a function of ampli-
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tude and found it to have four modes (Fig. 2B), with peaks at ⫾9 o
and ⫾18 o (the options were displayed at ⫾10 o with respect to the
central dot). We focused our analysis on those saccades in which one
of the stimuli was the goal of the saccade (i.e., center-out or stimulusto-stimulus saccades) or the fixation dot (stimulus to center saccades). For each saccade, we computed peak velocity as a function of
amplitude. The result for a typical participant is shown in Figure 2C,
and the population average is shown in Figure 2D. A within-subject
comparison demonstrated that peak velocity and amplitude were
significantly higher before decision time than after (Fig. 2E; withinsubject comparison, peak velocity, t(52) ⫽ 9.49, p ⬍ 10 ⫺12; amplitude, t(52) ⫽ 9.06, p ⬍ 10 ⫺11). Indeed, for 96% of the participants,
the average peak velocity of saccades was smaller in the postdecision
period (Fig. 2F).
Because saccade velocity is a function of amplitude, the critical
question was whether the higher velocities observed during the
deliberation period were attributable to greater vigor or simply
attributable to increased amplitude. To answer this question, we
accounted for the effect of amplitude on velocity by fitting a
hyperbolic function (Eq. 1) to the velocity-amplitude data of all
saccades made by each participant (Fig. 2A, left) and then used
the resulting fit to predict the expected saccade velocity at a given
amplitude. The mean ⫾ SD r values of fits to nasal and temporal
saccades were 0.94 ⫾ 0.03 and 0.95 ⫾ 0.03.
For each saccade during the decision period, we measured its
amplitude and computed the ratio of the measured velocity versus the expected velocity. This ratio, our proxy for a withinsubject measure of saccade vigor, indicated whether the peak
velocity of a given saccade was higher or lower than the expected
velocity for that amplitude. For each saccade, we computed
its vigor and then computed the average within-subject change in
vigor from before decision time to after. We found that a significant number of subjects showed a drop in vigor after decision
time (Fig. 2G; t(52) ⫽ 8.23, p ⬍ 10 ⫺10). Saccade vigor as a function
of time relative to decision is plotted in Figure 2H, where we have
numbered each saccade and plotted its timing with respect to key
press. There was an ⬃4% reduction in saccade vigor after decision time (within-subject comparison, t(52) ⫽ 5.97, p ⬍ 10 ⫺6).
In some trials, the participants took a relatively long time to
make a decision, whereas in other trials, the decision was made
quickly. For each participant, we computed the median decision
time and then labeled each trial for that participant as quick
decision or slow decision (decision times for quick and slow trials
were 1.40 ⫾ 0.35 and 2.31 ⫾ 0.62 s, mean ⫾ SD). When we
plotted saccade vigor with respect to the onset of the decision
period, we found that, in quick-decision trials, saccade vigor declined rapidly, whereas in slow-decision trials, saccade vigor declined gradually (Fig. 2I ). We tested this difference in vigor as a
function of saccade index with a repeated-measures ANOVA and
found a significant group by saccade index interaction (Wilks’
lambda ⫽ 0.604, F(5,46) ⫽ 6.041, p ⬍ 10 ⫺3). Indeed, a withinsubject analysis revealed that the rate of decline in vigor was
significantly steeper in quick-decision trials than slow-decision
trials (Fig. 2J; within-subject t test, t(52) ⫽ 6.41, p ⬍ 10 ⫺7).
In summary, we found that saccade vigor (as measured via
velocity of saccades normalized by amplitude for each subject)
was greater during the deliberation period (before the decision
was made) than immediately after. Vigor dropped quickly in
trials in which participants made a quick decision but dropped
slowly in trials in which they took longer to make their
decision.
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Saccade vigor encoded preference
On each trial, the participants pressed a key to indicate which of
the two options they preferred. We asked whether saccade vigor
predicted this preference. We separated the saccades based on
whether they were directed toward the preferred or the nonpreferred stimulus, in which the preferred stimulus was the option
that was eventually chosen by the participant on that trial. Figure
3A plots vigor as a function of time of saccade, indexed with
respect to key press. It appeared that saccades made before decision time did not differentiate between the preferred and nonpreferred options, except for the last saccade just before key press
(Fig. 3A). This final saccade took place at 0.520 ⫾ 0.16 s before the
key press (mean ⫾ SD) and had a higher vigor if it was directed to
the preferred stimulus (within-subject difference in vigor between the preferred and nonpreferred options, t(52) ⫽ 3.31, p ⫽
0.0017). After the decision, the subsequent saccade also exhibited
a greater vigor when it was directed to the preferred stimulus
(within-subject difference in vigor, t(52) ⫽ 2.40, p ⫽ 0.020). There
was no difference in the vigor of saccades to preferred and nonpreferred options outside of this window, suggesting that the
encoding of choice preference was a phenomenon that affected
vigor only near the time of decision.
One may estimate the degree of preference for one option over
the other via the difference in their subjective value. Is the difference
in subjective value reflected in the difference in saccade vigor?
To compute subjective value of a given option, we analyzed
the choices that the participants made. Figure 3B illustrates the
choices made by two participants. Participant S21 (Fig. 3B, left
subplot) often picked the delayed reward when the dollar amount
of that option exceeded that of the immediate option by more
than $5. In contrast, participant S41 picked the delayed reward
only when the dollar amount of that option exceeded that of the
immediate option by more than $20. We fitted these data to
Equation 2, resulting in an estimate of the point of subjective
equivalence for each participant (Fig. 3B, dashed line). For participant S21, a difference of $4 made the delayed reward equivalent to the immediate reward. For participant S41, a difference of
$23 was required to make the delayed reward equivalent to the
immediate reward.
How robust was this estimate of subjective equivalence? To
answer this question, we imagined that, for each participant, the
decision should be most difficult when the two options differed in
value by the amount specified by the point of subjective equivalence. For example, for participant S21, the most difficult choice
should be in trials in which the delayed reward was $4 greater
than the immediate reward. A proxy for this difficulty is the time
that the participants needed to make their choice. We measured
the time from stimulus display to key press and have plotted the
results in Figure 3C. For each participant, we fitted their time to
key press with a Gaussian and estimated its center, resulting in the
difference between delayed and immediate reward that produced
the longest deliberation time. As a result, the explicit choices that
participants made provided one measure of subjective equivalence (Fig. 3B), and the time they took to make that choice provided a second measure (Fig. 3C). The two measures were well
correlated (Fig. 3D; r 2 ⫽ 0.68, p ⬍ 10 ⫺12). This result indicated
that the point of subjective equivalence derived from the explicit
choices was reasonable and robust.
We next used the decision-based estimate of subjective
equivalence to compute the rate of temporal discounting (parameter k in Eq. 3), which then allowed us to compute the
(relative) subjective value of the delayed reward for each participant (assuming a linear utility function). Focusing on the
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Figure 3. Saccade vigor encoded choice preference just before time of decision. A, For each participant, we labeled each saccade based on whether gaze was directed toward the
preferred or nonpreferred option. We then indexed saccades relative to the timing of the key press. Around the time of decision, vigor of saccade made to the preferred target was higher
than vigor of saccade made to the nonpreferred target. Gray boxes denote saccades immediately before and after the key press. B, Quantifying point of subjective equivalence via explicit
decisions. The left and right columns show the probability of choosing the delayed reward option as a function of the difference in magnitude of the rewards offered for participants S21
and S41. S41 required a larger amount of delayed reward to switch preference from the immediate to delayed reward and thus tended to favor the immediate reward more than S21. We
fitted a two-parameter sigmoid function to the subjects’ choice data and estimated the point at which subjects switched preference from the immediate to delayed reward, which we
labeled the point of subjective equivalence ($3.97 for S21 and $22.71 for S41). C, Delay to decision reflected difficulty of decision-making. The plots show the distributions of time to key
press for the same two subjects. We computed the average time to key press at each difference in reward (solid black vertical lines represent 25th and 75th percentiles) and then fitted
a Gaussian function to the data (gray curve). The location of the mean of the Gaussian represents the difference in reward offerings for which the subjects took the longest time to make
a decision ($4.01 and $22.02 for the two subjects). D, Quantifying robustness of estimate of equivalence point. For each participant, we compared the equivalence point estimated from
their explicit decisions (as in B) with the equivalence point estimated from their time to key press (as in C). Each data point is one participant. The dashed line represents equality between
the two measures. Gray line is the best linear fit. E, For saccades made immediately before and after decision, within-subject difference in saccade vigor was related to within-subject
difference in subjective value of the delayed and immediate rewards. Error bars are SEM.

two saccades made immediately before and after decision
time, we measured vigor when the participants looked at the
immediate reward and compared it with vigor when they
looked at the delayed reward. The difference in vigor is plotted
on the y-axis in Figure 3E. Vigor increased from the immediate
to the delayed reward as a function of the difference in the
subjective value of the delayed reward versus the immediate
reward (r ⫽ 0.89, p ⫽ 0.0002). That is, around the time of
decision, vigor of the saccade that directed gaze toward a stimulus was correlated with the subjective value that the brain
assigned to that stimulus.
We found that the saccade made just before decision time tended
to be to the preferred option. In Figure 4A, we have plotted probability that the saccade was to the preferred option, given that the
participant made a saccade, computed over time bins of 0.5 s in
duration. This conditional probability became significantly greater
than chance ⬃1 s before decision time and reached its peak at the
final time bin before decision time (within-subject comparison, p ⬍
10 ⫺11). Furthermore, it appeared that, as time passed after the decision, the participants were more likely to saccade to the chosen option than the nonchosen option (Fig. 4A, postdecision region).
These observations suggested that saccade patterns may be
used as an implicit measure of preference. How well does this
implicit measure predict the eventual choice? To check for this,
we compared the choices that subjects made to the choices that

would be expected if the saccade just before decision time was
used as a marker of preference. We computed an implicit equivalence point based on the option that was the target of the last
saccade before decision time and found that this implicit equivalence point matched well with the explicit equivalence point as
estimated from the actual choices that the subjects made (Fig. 4B;
r ⫽ 0.73, p ⬍ 10 ⫺9; Arieli et al., 2011; Rangel and Clithero, 2013).
Thus, the target of the final saccade before decision was an excellent predictor of the explicit choices that participants made.
In summary, during the deliberation period, vigor of the saccades that placed each of the two stimuli on the fovea was similar
but diverged at ⬃0.5 s before decision time, becoming larger for
the preferred stimulus. As the difference between the subjective
values of the delayed and immediate rewards increased, so did the
difference in vigor in the movements made toward the two options. This set of findings is surprising given that saccades had no
bearing on the actual outcome of the decision.
Between-subject differences in saccade vigor
In addition to within-subject changes in saccade vigor during the
decision period, there were also between-subject differences in
the saccadic eye movements: for a given saccade amplitude, some
participants consistently moved their eyes with high velocity,
whereas others consistently moved their eyes with low velocity.
That is, there were between-subject differences in saccade vigor.
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has a larger equivalence point than participant S21 (Fig. 3B). This translates into a
larger temporal discount rate, implying a
greater impulsivity. However, we did not
find a significant relationship between vigor
and impulsivity (Fig. 5C;  ⫽ ⫺0.24, p ⫽
0.078), nor did we find any relationship between vigor and discount factor k ( ⫽
⫺0.25, p ⫽ 0.074). Therefore, in this task,
the between-subject differences in saccade
vigor were not a predictor of differences in
decision-making.

Discussion

We examined saccades that participants
made as they considered two monetary
Figure 4. The stimulus that was the target of gaze just before the key press was often the option that was eventually chosen. A, options: a small reward to be obtained imProbability of the saccade target being the chosen option, given that a saccade was made to one of the two stimuli at that time bin. mediately versus a larger reward to be
Time bins are 0.5 s in length. B, Quantifying robustness of estimate of equivalence point. For each participant, we used the last
obtained at 30 d. We found that saccade
saccade before decision time as the predictor of the preferred option and used that result to compute an equivalence point (labeled
vigor, a within-subject measure of peak
as saccade-based estimate). Error bars are SEM.
velocity normalized by amplitude, was
greater during the deliberation period
than immediately after. Vigor dropped
We quantified this difference and asked whether it was related to
rapidly in trials in which participants made a quick decision
differences in decision making.
but dropped slowly in trials in which they took longer. Among
We began by fitting Equation 1 to the velocity–amplitude data
the saccades made just before and just after the decision, sacof each participant. For participant n, this produced parameter
cades to the preferred option exhibited a greater vigor than
values ␣ˆ n and ␤ˆ n. We found the median of the ␣ˆ and ␤ˆ distribusaccades to the nonpreferred option. The participants signaled
tions across all participants, producing ␣ and ␤ . The values of ␣
their decision with a key press ⬃0.5 s after saccade vigor diand ␤ were 690.4 and 0.089, and 764.3 and 0.082, for nasal and
verged between the two options. The disparity between vigor
temporal saccades, respectively. We used this estimate to produce
of saccades to the two options became larger as the difference
a canonical relationship between amplitude and velocity across
in the subjective values of the two options increased. Therethe entire population:
fore, during decision-making, the subjective value that the
1
brain assigned to a stimulus influenced the vigor with which
v ⫽ ␣ 1 ⫺
.
(4)
the eyes moved toward that stimulus.
1 ⫹ ␤ x

冉

冊

We used the above relationship to quantify the relative vigor of
saccades in one participant compared with another. We followed
the procedure described previously (Choi et al., 2014): we refitted
each participant’s saccade velocity–amplitude data to a oneparameter scaling function of the canonical function:

v̂n(x) ⫽ nv (x).

(5)

Parameter n is the between-subject measure of vigor for subject
n. When we have n ⬎ 1, it indicates that the saccades of participant n are generally faster than the population median.
Figure 5A (left) illustrates saccade peak velocity as a function
of saccade amplitude for two participants. Participant S14 had
consistently faster saccades than participant S6. The right of Figure 5A shows the canonical function (dashed line, representing
the population median) and the function representing the data
for each participant (derived from Eq. 5). To quantify goodness
of fit, we computed correlation coefficients, reflecting the ability
of the one parameter model of Equation 5 to account for the
saccade velocity/amplitude data of each subject. The results are
illustrated in Figure 5B. For every subject, the fit between the
model used to estimate between-subject saccade vigor and actual
velocities was significant at a level of p ⬍ 0.00001.
Using this measure of between-subject saccade vigor, we asked
whether individuals who moved with greater vigor were distinguishable in their patterns of decision making. We focused on betweensubject differences in impulsivity (i.e., the equivalence point between
the immediate and delayed reward). For example, participant S41

Neural basis of vigor
The vigor with which a saccade is performed is associated with
activity of “buildup” cells in the intermediate layers of the superior colliculus (SC; Ikeda and Hikosaka, 2007). When a saccade is
planned toward a location that falls within the receptive field of
an SC cell, the upcoming movement displays greater vigor if that
cell fires more strongly during the period before the saccade. This
buildup activity is partly under the control of cells in an output
nucleus of basal ganglia, substantia nigra pars reticulata (SNr).
SNr cells constantly inhibit SC but generally pause before a movement (Hikosaka and Wurtz, 1985; Handel and Glimcher, 1999).
More vigorous saccades are associated with a deeper pause in the
firing rates of SNr cells (Sato and Hikosaka, 2002), and reward
modulates the depth of this pause (Handel and Glimcher, 1999).
Indeed, saccadic vigor is increased by blocking the SNr–SC inhibition (Hikosaka and Wurtz, 1985). Therefore, control of vigor is
partly a function of the basal ganglia.
Within the basal ganglia, some cells in the caudate nucleus
influence the discharge of SNr neurons directly, whereas other
cells do so indirectly via their projections to the external segment
of globus pallidus (GPe). Caudate cells receive dopamine projections and generally fire more before a rewarding saccade (Kawagoe et al., 1998). Onset of a stimulus that promises reward results
in a burst of dopamine (Matsumoto and Hikosaka, 2007), which
is followed by a more vigorous saccade (Tachibana and Hikosaka,
2012). Indeed, chronic reduction in the concentration of dopamine in the caudate reduces saccade vigor by ⬃30% (Kori et al.,
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Figure 5. Between-subject differences in vigor. A, Peak velocity as a function of amplitude for two representative participants. Participants S14 made consistently faster saccades than participant
S6. For each subject, we fitted the velocity–amplitude data for nasal and temporal saccades separately to a two-parameter hyperbolic function. Using these parameters, we computed the average
relationship between velocity and amplitude across the population (dashed lines, right). Finally, we computed the between-subject measure of vigor as the scaling of the population average
velocity–amplitude relationship. B, Goodness of fit of the hyperbolic model to the velocity–amplitude relationship in each subject. Dark and light gray bars represent fits to nasal and temporal
saccades, respectively. C. Between-subject measure of saccade vigor was not a predictor of subjective equivalence between immediate and delayed rewards.

1995). GPe cells inhibit SNr and fire more strongly preceding a
more vigorous saccade, and bilateral lesion of this region eliminates the ability of the animal to modulate saccade vigor in response to changes in reward (Tachibana and Hikosaka, 2012).
Therefore, control of vigor is partly associated with the amount of
dopamine in the basal ganglia, modulating activity of caudate,
affecting the depth of pause in the SNr.
During decision-making, temporal discounting is also associated with release of dopamine. When an animal makes a decision
between a small magnitude, short-delay reward and a large magnitude, long-delay reward, dopamine cells fire in response to each
stimulus by an amount that correlates with the subjective value of
that stimulus (Kobayashi and Schultz, 2008). Together, it appears

that some of the circuits that are critical for control of vigor are
also influenced by a neurotransmitter that has been linked to
subjective valuation of reward. This link, we speculate, may be the
reason for the modulation of saccade vigor during the deliberation process.
Subjective value versus motivational salience
We found that vigor reflected the subjective value of the stimulus
that acted as the goal of the movement. However, an alternate
hypothesis is that vigor is a reflection of the motivational salience
of the stimulus, predicting that because motivational salience
associated with loss of $10 is greater than loss of $5, vigor will be
greater toward ⫺$10 than ⫺$5, despite the fact that the subjec-
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tive value of ⫺$5 is greater than ⫺$10. The subjective value hypothesis predicts the opposite: vigor should be higher for ⫺$5
than ⫺$10.
Kobayashi et al. (2006) asked monkeys to view a cue that
determined whether the upcoming saccadic eye movement was a
reward trial (apple juice), punishment trial (air puff), or neutral
(sound). Motivational requirements of the trials were highest for
air puff and juice and lowest for the neutral condition, as evidenced by the fact that correct performance rates were highest in
the reward and air-puff trials and lowest in the neutral trials.
However, the subjective values of the trials were highest for juice,
lowest for air puff, and in between for neutral. The authors observed that saccade peak velocity was highest for the reward trials,
lowest for air puff, and in between for neutral trials. This implies
that saccade vigor is a reflection of subjective value, not motivational salience.
In a temporal discounting task conducted in monkeys and
with lateral intraparietal sulcus (LIP) recordings, we reported
that the activity of LIP neurons varied with the subjective value of
the delayed reward (Louie and Glimcher, 2010). By varying the
delay to the time of reward acquisition, we found that the subjective value of the delayed reward could be reduced by up to 60% in
one monkey and up to 40% in the other monkey. During the
delay period in both the forced-choice and free-choice trials, activity of LIP neurons was modulated as a function of the subjective value of the stimulus, with a gain of nearly 1. In contrast, here
we found that change in saccade vigor was a maximum of 7%
(Fig. 3E) compared with a change in subjective value of ⬃35%, a
gain of 0.2. Therefore, we speculate that activity of LIP is more
closely related to the utility of the action compared with the vigor
of that action.
Modulation of vigor during decision-making
In our task, saccades were not associated with reward but were a
means by which the brain acquired information for the purpose
of making the decision. This is in contrast to many previous
experiments in which the act of making a saccade was itself associated with reward (Kawagoe et al., 1998; Takikawa et al., 2002;
Kobayashi and Schultz, 2008; but see Thura and Cisek, 2014;
Thura et al., 2014). Despite this, in our task, saccade vigor was
modulated by subjective value of the stimulus. Our results suggest that, during decision-making, actions that acquire information relevant to the eventual decision have a subjective value
associated with them, as evidenced by the vigor of that action.
This view provides a potential explanation as to why vigor
dropped after the choice. We speculate that saccades that were
made during the deliberation period had a greater vigor because
each movement acquired information relevant to the eventual
reward. Once the choice had been indicated, the same actions no
longer acquired relevant information. In this sense, the subjective
values of the movements performed during deliberation were
higher than those performed after.
A recent experiment by (Thura et al., 2014) noted that urgent
decisions were followed by more vigorous movements. The authors suggested that a rising urgency signal combined with the
process of evidence accumulation, forcing a hastier decision in
some circumstances and a more deliberate decision in other circumstances. Vigor was affected by the rate of rise of this urgency
signal. These results complement our findings by demonstrating
that, in addition to stimulus value, other contextual factors, such
as rate of reward, can affect decision-making and movement
vigor (Haith et al., 2012).
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Between-subject differences in vigor
As in our previous work (Choi et al., 2014), here we found that
there were between-subject differences in saccade vigor: some
individuals consistently moved their eyes with greater velocity
than other individuals. Previously, we found that individuals who
had greater saccade vigor were less willing to wait to increase their
probability of success. However, here in a value-based decisionmaking task, we found no relationship between temporal discounts rates and saccade vigor.
There are a number of reasons that could underlie this disparity. To measure temporal discounting, in the previous study
(Choi et al., 2014), we designed a task in which each choice had an
immediate consequence, acting as an operant reinforcement on
the next choice. In contrast, here we measured temporal discounting in a task in which choices had consequences that were
not experienced until after experiment completion. Although
both types of approaches produce measures of temporal discounting, they produce inconsistent results in the same person
(Hyten et al., 1994) and produce greatly differing discount rates
(Navarick, 2010). Therefore, fundamental differences in how one
measures temporal discounting during decision-making may underlie differences in the two studies.
Another possibility is that, in a value-based decision-making
task without immediate consequences, participants may have
more control over their explicit decisions, a phenomenon commonly referred to as impulse control (Ainslie, 1975; Bechara,
2005). For example, it has been shown that Parkinson’s disease
patients who have been treated with a dopamine agonist have
both increased saccade vigor (Nakamura et al., 1991) and a higher
propensity for impulse control disorders (Weintraub et al.,
2010). Thus, it seems possible that modulation of movement
vigor is a measure that can be used to ascertain choice preference,
even when subjects may be concealing their true preferences.
Conclusions
During the deliberation period of a decision-making task, vigor
was similar as saccades were made between the two options but
diverged ⬃0.5 s before decision time, becoming greater for the
option that was eventually chosen. Therefore, vigor of the movement that brought the gaze toward an option was affected by the
value (or salience) that the brain assigned to that option. Overall,
our results suggest a link between the neural mechanism that
assigns value (or salience) to a stimulus and the mechanism that
controls vigor of movements toward that stimulus.
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