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Movement vigor as a traitlike attribute of individuality

Thomas R. Reppert, Ioannis Rigas, [...], and Reza Shadmehr

Abstract
A common aspect of individuality is our subjective preferences in evaluation of reward and effort. The neural circuits that evaluate these commodities

influence circuits that control our movements, raising the possibility that vigor differences between individuals may also be a trait of individuality,

reflecting a willingness to expend effort. In contrast, classic theories in motor control suggest that vigor differences reflect a speed-accuracy trade-off,

predicting that those who move fast are sacrificing accuracy for speed. Here we tested these contrasting hypotheses. We measured motion of the eyes,

head, and arm in healthy humans during various elementary movements (saccades, head-free gaze shifts, and reaching). For each person we

characterized their vigor, i.e., the speed with which they moved a body part (peak velocity) with respect to the population mean. Some moved with

low vigor, while others moved with high vigor. Those with high vigor tended to react sooner to a visual stimulus, moving both their eyes and arm with

a shorter reaction time. Arm and head vigor were tightly linked: individuals who moved their head with high vigor also moved their arm with high

vigor. However, eye vigor did not correspond strongly with arm or head vigor. In all modalities, vigor had no impact on end-point accuracy,

demonstrating that differences in vigor were not due to a speed-accuracy trade-off. Our results suggest that movement vigor may be a trait of

individuality, not reflecting a willingness to accept inaccuracy but demonstrating a propensity to expend effort.

NEW & NOTEWORTHY A common aspect of individuality is how we evaluate economic variables like reward and effort. This valuation affects not

only decision making but also motor control, raising the possibility that vigor may be distinct between individuals but conserved across movements

within an individual. Here we report conservation of vigor across elementary skeletal movements, but not eye movements, raising the possibility that

the individuality of our movements may be driven by a common neural mechanism of effort evaluation across modalities of skeletal motor control.

Keywords: basal ganglia, effort, movement vigor, reward, speed-accuracy trade-off

INTRODUCTION
Individuality is reflected in many aspects of behavior, including forms of decision making that depend on subjective evaluation of reward and effort.

For example, in a task where people were asked to press a key a number of times for a given amount of money, some preferred the low-reward/low-

effort option, while others chose the high-reward/high-effort option (Treadway et al. 2009). This suggested that the degree to which people were

willing to exert effort varied among healthy individuals. Importantly, these differences were correlated with between-subject differences in the neural

circuits that evaluate reward and effort, particularly circuits that regulate dopamine transmission (Treadway et al. 2012). Some of these same circuits

are also involved in control of movement, modulating the vigor, i.e., peak velocity as a function of amplitude, with which a movement is performed

(da Silva et al. 2018; Kravitz et al. 2010; Pasquereau and Turner 2013). Changes in these circuits due to disease or drugs not only alter patterns of

decision making (depression, less willing to exert effort; amphetamine, more willing to exert effort) but also affect patterns of elementary movements:

saccades are slower in the case of depression and faster in the case of amphetamine (Shadmehr et al. 2010).

These observations raise the possibility that the neural circuits that evaluate reward/effort and influence the decision of what to do partly overlap with

the neural circuits that influence the decision of how fast to move. As a result, similar to the individuality that is present in patterns of decision

making, there may be individuality present in patterns of movement vigor.

Indeed, across healthy people there is diversity in the vigor with which elementary movements are produced. For example, during saccadic eye

movements, some people move their eyes with velocities that are nearly twice as fast as others (Choi et al. 2014). If we assume that the purpose of a

voluntary movement is to acquire a rewarding state, then the motor commands that are produced during a movement are analogous to effort expended

to acquire reward and duration of the movement is analogous to a temporal discount of that reward (Berret and Jean 2016; Rigoux and Guigon 2012;

Shadmehr et al. 2010; Wang et al. 2016). In this framework, the objective of motor control may be to move in a way that maximizes the rate of reward

(reward attained minus effort expended, divided by time) (Niv et al. 2007).

Such a theory predicts that the vigor with which a movement is performed will depend on the subjective evaluation of reward, effort, and time. Indeed,

movements that are directed toward more rewarding stimuli are performed with greater vigor (Manohar et al. 2015; Reppert et al. 2015; Summerside

et al. 2018; Takikawa et al. 2002; Xu-Wilson et al. 2009b). Given a constant amount of reward, movements that are expected to require greater effort

are performed with less vigor (Shadmehr et al. 2016). In this framework, the between-subject differences in vigor of movements are potentially a

reflection of differences in how the brain evaluates reward, effort, and time. Consistent with this idea is the observation that individuals who exhibit

greater impatience in their decision making, potentially reflecting a greater cost of time, also tend to have greater vigor in their saccades (Choi et al.

2014).
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Alternatively, between-subject differences in vigor may reflect differences in speed-accuracy trade-off. That is, the willingness to move faster may not

reflect a willingness to exert greater effort but instead a willingness to accept greater inaccuracy. Therefore, the potential link between vigor and

inaccuracy, as predicted by earlier models of motor control (Harris and Wolpert 1998), complicates the problem of interpreting vigor differences

between individuals.

The between-subject differences in vigor have previously been described for eye movements (Bargary et al. 2017; Choi et al. 2014; Rigas et al. 2016),

raising the question of whether vigor differences in one type of movement generalize to other types. Here we measured saccadic eye movements of

>300 healthy people, discovering that the diversity in saccade vigor translated into differences in reaction time (low-vigor individuals had longer

reaction time) as well as variability of the motor commands (high-vigor individuals had more variable peak velocities). However, saccade vigor had no

bearing on end-point accuracy. That is, individuals who moved their eyes with high velocities were not sacrificing accuracy for speed.

We next measured eye, head, and arm movements in a reaching task. Similar to the diversity of vigor that we had noted in motion of the eyes, we

found that there were between-subject differences in vigor of head and arm movements. Saccade vigor did not correspond to vigor of arm or head

movements. However, individuals who moved their head with high vigor also moved their arm with high vigor. Like saccades, individuals who

exhibited high arm vigor also reacted sooner to the visual stimulus, and, like saccades, high arm vigor did not translate into reach inaccuracy.

Therefore, in multiple modalities of motor control we found that the individuality expressed in vigor could not be ascribed to a willingness to accept

inaccuracy but may be a reflection of a willingness to exert effort.

MATERIALS AND METHODS
Experiment 1. The purpose of our first experiment was to characterize saccadic eye movements of a large number of healthy individuals in a head-fixed

condition and ask whether vigor translated into inaccuracy. We asked n = 335 healthy subjects (157 women) between the ages of 18 and 46 yr to

participate (age 22 ± 4 yr, mean ± SD). All were naive to the paradigm and to the purpose of the experiments. This large data set afforded us robust

analysis of a multitude of saccade characteristics, including effects of sex on saccade velocity, effect of displacement on reaction time, effect of

saccade direction on reaction time, and, critically, the relationship between saccade vigor and end-point variability. Subjects slept 7.0 ± 1.5 h the

evening before the study. They signed a written consent form to participate in protocols reviewed and approved by the Texas State University

Institutional Review Board.

Subjects sat with head movement restrained by a forehead rest (Fig. 1A). They were seated in front of a ViewSonic 22-in. screen (474 ×297 mm, 1,680

× 1,050 pixels, 60 Hz) that displayed the visual targets and were instructed to “look at the visual stimulus as it appears.” The distance from the subject

to the display was 550 mm. We used a head-fixed setup in which the eyes were located ~420 mm from the level of the desk upon which the screen sat.

Targets were displayed at 234–532 mm above the level of the desk. We used an EyeLink 1000 system (SR Research; sampling rate = 1,000 Hz) to

track the left eye of all subjects. The spatial accuracy of the eye tracker was 0.48 ± 0.17°.

Fig. 1.
Experimental paradigms. A: experimental protocol for recording head-fixed saccades. Gray and black circles denote gaze and target
position, respectively. Dashed box denotes space of possible target placements. B: experimental protocol for recording head-
unrestrained ...

We measured saccade properties across a range of vertical and horizontal movements. The computer presented a series of 200 targets (diameter = 1°)

chosen from a uniform distribution bounded ±15° horizontally and ±9° vertically. The minimum target displacement was 4°. Each trial lasted 1 s.

Experiment 2. The purpose of our second experiment was to characterize head-unrestrained gaze shifts and arm movements in healthy individuals and

ask whether vigor was conserved across modalities of elementary movements. That is, did people who have high vigor in one type of movement also

have high vigor in other types of movement? We asked n = 47 healthy subjects (26 women) between the ages of 18 and 63 yr (26 ± 8 yr, mean ± SD)

and with no known neurological deficits to participate in this study. All were naive to the paradigm and the purpose of the experiment. The

participants signed a written consent form to participate in protocols reviewed and approved by the Johns Hopkins University Institutional Review

Board. We required all subjects for experiment 2 to have a minimum of 50 task-relevant gaze shifts and 50 task-relevant arm movements. Of the 47

subjects who started experiment 2, 10 were excluded because of poor eye tracker calibration. For instance, if a subject blinked during the primary gaze

shift we could not analyze the saccade and therefore could not record a movement for that trial. Additionally, data from one subject were excluded

because this subject’s arm vigor parameter was an outlier (Rousseeuw and Croux 1993). We report data from n = 36 subjects for experiment 2.

Subjects sat in a chair that restrained motion of their shoulder and torso via a harness (Fig. 1B). They were seated in front of a screen (LG model

32LN5300; 700 × 395 mm, 1,920 × 1,080 pixels, light gray background, 60 Hz). The video buffer was refreshed at 120 Hz. An EyeLink 1000

recording system was used to acquire gaze position. To measure head position, we made a mold for the upper and lower teeth of each subject and

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0001/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0001/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0001/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0001/?report=objectonly
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placed a Trakstar 3D tracking system (Northern Digital) on the dental bite bar. We used the same tracking system to record the position and orientation

of the right index finger. The head and arm data were sampled at 200 Hz, whereas eye position was sampled at 500 Hz.

We recorded position of the eye, head, and finger simultaneously as subjects completed a pointing task. Subjects were presented with visual targets

(diameter = 1°) and then reached and touched each target with their right index finger. Subjects were instructed to reach and touch the target as quickly

and accurately as possible. Target displacement ranged from 10° to 50° in 15 subjects and from 5° to 55° in the remaining 21 subjects. Targets always

appeared at roughly the same vertical location but various horizontal locations. In this manner, all gaze shifts and reaching movements were almost

entirely horizontal. The intertrial interval was randomly drawn from a uniform distribution between 750 and 1,250 ms for 15 subjects and drawn from

a normal distribution for 21 subjects (1,500 ± 200 ms, mean ± SD). Gaze data were collected from the right eye.

The task was a standard point-to-point target overlap task in which the target location for trial n served as the starting location for trial n + 1. At the

beginning of each trial, there was a period of overlap during which both the fixation stimulus and the target stimulus were visible. The fixation point

was extinguished as soon as the subject began the gaze shift to the target (velocity > 15°/s).

Control studies. In experiment 2 we measured eye, head, and arm movements simultaneously during reaching and found that vigor was conserved

across certain modalities. This might have arisen because the various movements (eye, head, and arm) were performed together, making those who

had high arm vigor also produce high head vigor. We wanted to know whether people who had high eye vigor during reaching also had high eye vigor

when they made saccades without reaching. We also wanted to know whether people who had high head vigor during reaching also had high head

vigor when they changed gaze without reaching. Therefore, we performed three control experiments.

In our first control experiment we asked a subset of the subjects who completed experiment 2 (n = 16) to make head-free gaze shifts to the same reach

targets as in experiment 2, but without reaching. These subjects completed eight blocks of 70 trials. Eight of the 16 subjects chose not to move their

head during this control experiment. Therefore, we could only assess consistency of head movement vigor with and without arm movements in n = 8

subjects.

In our second control group, we asked a separate subset of the subjects who completed experiment 2 (n = 18) to perform a series of head-fixed gaze

shifts. As in experiment 2, subjects sat with their eyes located at a distance of 40 cm from the viewing screen. Gaze position of the right eye was

recorded at 1,000 Hz. With these two control experiments (head-free gaze shifts, head-fixed saccades) we attempted to test whether vigor measures we

had acquired from a subject for a particular modality (eye, head, arm) were reproducible across other contexts of movement.

In our third control study, we considered the question of reaction time and movement velocity. We had used a velocity threshold to detect onset of a

saccade, which then served as our temporal marker to estimate reaction time. We had found that individuals who expressed their movements with

greater vigor also tended to have faster reaction times. However, we were concerned that differences in reaction time may have been solely due to the

greater time that it took for a low-velocity signal to reach this threshold. Therefore, we wished to quantify how much this method of detecting

movement onset biased our estimate of reaction time.

To answer this question, we used a simulation in which precise estimates of movement onset were known. We used a third-order model of the

oculomotor system with position, velocity, and torque as states (Shadmehr and Mussa-Ivaldi 2012). The parameters of the eye plant were set so that

the resulting system had time constants of 224, 13, and 4 ms. We used an optimal feedback control of the eye that penalized the distance of the target

to the fovea, penalized eccentricity of the eye, and minimized the motor commands to eye. We simulated 15° saccades with a wide range of peak

velocities and measured how the time to velocity threshold (15°/s) changed as a function of peak velocity. The simulation results provided an estimate

of the bias that was introduced in the reaction time measurements as a function of vigor.

Data analysis. All gaze data were filtered with a third-order Butterworth low-pass filter with cutoff frequency of 90 Hz. All hand and head data were

filtered with a cutoff frequency of 20 Hz. Saccades were identified with a velocity threshold of 15°/s and minimum hold time of 20 ms at saccade end

(i.e., velocity could not exceed the cutoff for a minimum 20 ms after end point). Hand and head movements were identified with velocity cutoffs of 2

cm/s and 4°/s, respectively. The velocity cutoff values were chosen to avoid false positive identification of movements while maintaining a precise

measure of reaction time. We identified saccades as horizontal or vertical depending on the angle of the target displacement: rightward horizontal

saccades were defined to have a target displacement angle within 0 ± 45°, and upward vertical saccades were defined to have a target displacement

angle within 90 ± 45°.

Head-fixed and head-unrestrained saccades were identified as task relevant on the basis of the following criteria: 1) velocity profile skew < 0.75

(possible values ranged from 0.0 to 1.0); 2) duration < 180 ms; 3) ratio of movement displacement to target jump displacement between 0.6 and 1.4; 4)

reaction time between 80 and 350 ms (head fixed) or between 80 and 550 ms (head unrestrained); and 5) peak velocity < 850°/s.

Arm movements were identified as task relevant on the basis of the following criteria: 1) velocity profile skew < 0.75; 2) duration < 1,200 ms; 3) ratio

of displacements between 0.6 and 1.4; and 4) reaction time between 80 and 800 ms.
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Constraints on movement parameters were generous because our goal was to capture natural variability in vigor across subjects and our intention was

to reject as few of the movements as possible. Head-fixed saccades had skew 0.379 ± 0.004 (mean ± SE across subjects), duration 58.7 ± 0.3 ms, and

displacement ratio 0.968 ± 0.003. Head-free saccades had skew 0.354 ± 0.011, duration 94.0 ± 3.2 ms, and displacement ratio 0.942 ± 0.009. Arm

movements had skew 0.416 ± 0.005, duration 542 ± 22 ms, and displacement ratio 0.98 ± 0.01. Overall, 17 ± 2% of head-fixed saccades, 26 ± 2% of

head-unrestrained saccades, and 5 ± 1% of arm movements were removed from analysis.

Head movements were identified with the same criteria as those for arm movements, with the exception that head movements with ratio of movement

displacement to target displacement between 0.1 and 1.4 were accepted. The reason for the relaxed head movement displacement criterion was that the

task did not enforce head movement displacement; different subjects had vastly different distributions of head movement displacement.

We required subjects for experiment 1 to have a minimum of 50 task-relevant horizontal saccades and 25 task-relevant vertical saccades. Of the 335

subjects who started experiment 1, 14 did not complete the task and 32 had less than the required number of task-relevant saccades. The lack of a

sufficient number of task-relevant saccades for these subjects was due to a combination of frequent blinks and low signal-to-noise ratio in the gaze

data. The latter occurred when a subject’s eyelid or eyelashes partially occluded viewing of the pupil. We report data from n = 289 subjects for

experiment 1.

While displacement contingencies were placed on saccade and arm movements, the subjects were not given instructions regarding movements of the

head. Of the 36 subjects that completed experiment 2, n = 9 subjects chose not to move their head. This lack of head movements in such a large

number of subjects is likely due to the fact that our experiment design included a critical feature: every movement to one side was followed by another

movement to the opposite side. Earlier work has shown that this reduces the propensity to move the head compared with a design in which subjects

expect to move twice in the same direction (Monteon et al. 2012; Oommen et al. 2004). Because we could not estimate vigor of head movements in

these subjects, we had to exclude them from comparisons that required head vigor data. We report head movement data from n = 27 (of 36) subjects

from experiment 2. However, we included all subjects (n = 36) in analyses that required eye and/or arm movement vigor data.

Vigor. Saccades have a subject-specific velocity-displacement relationship: some people produce fast saccades, whereas others produce slow saccades

(Choi et al. 2014; Reppert et al. 2015). Previous work has suggested that velocity-displacement patterns for saccades share the same underlying shape

among subjects and that subject-specific velocities are a scaled version of this underlying function (Choi et al. 2014). To characterize vigor of a given

movement, we used a maximum likelihood approach.

For horizontal saccades, we began by finding the canonical function that related peak velocity to displacement. We fitted the data across all subjects in

experiment 1 to a hyperbolic function that related the displacement x of the saccade and its peak velocity:

(1)(1)

Once g(x) was found, we estimated saccade vigor for subject n by assuming that his/her peak velocity v for saccade of displacement x on trial i was

described by

(2)(2)

In the above expression, ε  is zero mean noise and k  is the vigor of horizontal saccades of subject n, where k  > 1 implies that the vigor of saccades

for subject n was on average greater than the mean of the population. The parameters that need to be estimated are 

. The likelihood of any data point is defined as

(3)(3)

The log of the likelihood is

(4)(4)

The log-likelihood of all the data is

(5)(5)

To find parameter k , we take the derivative of the above equation and find the following:

n n n

n
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(6)(6)

We repeated this procedure separately for horizontal and vertical saccades, as well as arm movements, finding for each subject his/her vigor parameter

k  for each modality of movement.

The head velocity-displacement relationship was approximately linear. Therefore, for head movement we set g(x) = αx. As a result, in every modality

we had a measure of vigor that described the velocity-displacement relationship in one subject with respect to the mean relationship across the

population.

End-point variability. To measure end-point variability of saccades in experiment 1 and arm movements in experiment 2, we assessed the relationship

between movement end point and target location (relative to movement start point) via vectors Δx and Δx , respectively. We used the following

equation to model this relationship:

Δx = β  + β Δx  + ε (7)(7)

In the above equation, the terms β  and β  represent systematic error (offset and gain) in movement end point. The vector ε is a two-dimensional noise,

assumed to have variance-covariance matrix Q. We report the square root of the trace of the variance-covariance matrix as our proxy of variability in

end-point error.

Hypothesis testing. Our hypothesis was that various variables that we measured in a given subject were generated by a single latent variable: trait vigor

of that subject. Therefore, given this single variable we should be able to predict the various variables that we measured in that subject. Using a

Bayesian approach, we determined the probability that in each individual the measured data were generated by a single trait. Our approach is an

example of causal inference, where we use posterior probabilities to compare one generative model (trait vigor) with another (chance).

Let us define the variable y  as the measured quantities in subject n. For example, in experiment 1, y  is a 4 × 1 vector that includes the average peak

velocity of horizontal saccades, the average peak velocity of vertical saccades, as well as average reaction times of these saccades for subject n. For

experiment 2, y  is a 6 × 1 vector that includes the average peak velocity of saccades, head movements, and reaching movements as well as the

average reaction times of these movements in subject n. The random variable z indicates whether the measured variables were generated from a

common source (trait vigor) or by chance.

If z = 1 (data were generated from a common source), we define scalar variable x  as the trait vigor of this individual. The generative model of the data

is defined by the following equation:

y  = ax  + b + ε (8)(8)

In the above expression, a and b are parameters that are constant across subjects (each a 4 × 1 vector for experiment 1, a 6 × 1 vector for experiment 2)

and ε is zero mean Gaussian noise with variance-covariance matrix R. Let us use θ  to describe the parameters of the likelihood function for the

hypothesis z = 1: θ  = {a,b,R}. The likelihood of the measured variable y in subject n is defined as

p[y |z = 1, θ ] = N[ax  + b, var(x )aa  + R] (9)(9)

For the alternate hypothesis, we have z = 0 (data within each subject were not generated from a common source of vigor). The likelihood of the

measured variable is

p[y |z = 0, θ ] = N(μ, Q) (10)(10)

In the above expression, θ  refers to the parameters of the likelihood function for the null hypothesis: θ  = {μ,Q}. These parameters are found with a

maximum-likelihood approach. Once they are found, we can compute the probability of the hypothesis that a common source of vigor in each subject

generated their data:

(11)(11)

We assumed equality in the prior probabilities Pr(z = 1) = Pr(z = 0), setting them equal to 0.5. Using the above expression, we computed the

probability of a trait vigor in each subject in each experiment.

n

t

0 1 t

0 1

n n

n

n

n n

(1)

(1)

n
(1)

n n
T

n
(0)

(0) (0)
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To compute the posterior probability, one needs to estimate the latent variable x  (i.e., trait vigor) in each subject. One approach is to search for this

variable such that it maximizes the joint probability of all the observed data . A more conservative approach is to set x  equal to

the mean of a prior belief. We took the more conservative approach. For experiment 1, we set x  for each subject to be equal to the average of the vigor

term k  measured for horizontal and vertical saccades. For experiment 2, we set x  for each subject to be equal to the average of the vigor term k

measured for eye and arm movements. We confirmed that the posterior probability for our hypothesis was indeed lower when we did not search the

latent vigor space. Therefore, the results we report here are a conservative estimate of the posterior probability that a single latent variable produced

the various measurements in each subject.

We tested whether our posterior probability had a distribution that was significantly different from chance. Because the distribution of the posterior

was by definition nonnormal, we used Wilcoxon’s signed-rank test and compared the resulting distribution to chance (i.e., posterior probability of 0.5).

In addition, because the two hypotheses relied on an unequal number of model parameters, we compared the two hypotheses with an information

theoretic approach, the Akaike information criterion (AIC). For each subject we computed the AIC for the main and the null hypotheses, using the

likelihood of the observed data in that subject under each hypothesis (Eq. 9 and Eq. 10). This allowed us to compare the two hypotheses using a

within-subject difference in AIC measure via Wilcoxon’s signed-rank test.

RESULTS
In experiment 1, we analyzed saccades of healthy people (n = 289) in a head-fixed condition. We measured eye movements as subjects directed their

gaze toward visual stimuli (Fig. 1A). The computer presented a series of 200 targets (diameter = 1°) placed randomly between ±15° horizontally and

±9° vertically. Because the brain stem neural circuitry differs for horizontal and vertical saccades (Leigh and Zee 2015), we began our analysis by

asking whether individuals who exhibited high vigor in their horizontal saccades also exhibited high vigor in their vertical saccades.

Experiment 1: vigor of saccades. Saccade velocity profiles for two exemplar subjects are displayed in Fig. 2A, and their peak velocity values are plotted

as a function of displacement in Fig. 2B. Regardless of displacement, saccades of subject S141 exhibited much greater peak velocity than saccades of

subject S270, in both horizontal and vertical directions.

Fig. 2.
Vigor and reaction time of saccades. A: average velocity profile for horizontal and vertical saccades for 2 representative subjects. The
displacements are between 10° and 20° in the plotted trials. Error bars are within-subject SD across ...

To estimate saccade vigor, we used a maximum likelihood approach. The canonical function g(x) had the following parameters: for vertical saccades

α = 831, β = 0.090 and for horizontal saccades α = 714, β = 0.125. For a given subject n, we found vigor parameter k , resulting in the subject-specific

curves shown in Fig. 2B. We quantified goodness of fit via an R  value for each subject and observed the following distribution: horizontal saccades

R  = 0.80 ± 0.10; vertical saccades R  = 0.73 ± 0.13 (mean ± SD). Together, these results indicated that the single-parameter model used for describing

peak saccade velocity as a function of amplitude (Eq. 2) was a reasonable proxy for the data of each subject.

The parameter k  represented the saccade vigor for individual n. We estimated k  for horizontal and vertical saccades separately. Despite large

between-subject differences in saccade vigor (Fig. 2C), we observed a high degree of consistency: across individuals, the vigor of horizontal and

vertical saccades were linearly related [Fig. 2E; F(1,287) = 512, P = 8 × 10 , R = 0.80]. That is, people who exhibited more vigorous horizontal

saccades also exhibited more vigorous vertical saccades.

A relationship between reaction time and vigor of saccades. During the period between presentation of a stimulus and start of a movement, the brain is

thought to integrate utility of the current option and then start the movement when the integration reaches threshold. If we represent utility of the

movement as a rate (reward minus effort, divided by time), then the time it takes for the integration to reach threshold will depend on the same

variables that affect movement vigor: reward and effort. This framework is consistent with the observation that increased reward not only makes the

movement more vigorous but also makes the reaction time of that movement shorter (Milstein and Dorris 2007; Opris et al. 2011; Takikawa et al.

2002; Xu-Wilson et al. 2009b). In this framework, individuals who move faster may have a greater utility for their movements, and this translates into

a rate that reaches threshold faster, resulting in shorter reaction times. Therefore, we asked whether there was a relationship between reaction time and

vigor: did individuals who exhibit greater vigor also react sooner to a visual stimulus?

Figure 2D illustrates velocities for 12–14° saccades for a group of individuals who had low saccade vigor k  < 0.85 and for a group of individuals who

had high saccade vigor k  > 1.15. It appeared that those who moved faster also responded earlier to the visual stimulus. To test for this possibility, we

n

n

n

n n n

n
2

2 2

n n

−66

n

n

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0001/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
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computed the average reaction times for each individual for horizontal and vertical saccades and found that across individuals increased vigor

corresponded with decreased reaction times [vertical saccades: F  = 28.3, P = 2.01 × 10 ; horizontal saccades: F  = 9.6, P = 0.002; Fig. 2G].

If utility of a movement is a rate that fluctuates between trials as a normally distributed random variable, and if during the reaction time period this

random variable is integrated to threshold, then the distribution of reaction times will have a variance that increases with the mean rate, implying that

people who have a longer reaction time will also have a larger trial-to-trial variability in their reaction times. Our data were consistent with this

prediction, demonstrating that people who had a longer mean reaction time also tended to have a larger variability in how long they took to respond to

the stimulus [Fig. 2F; F(1,287) = 155, P = 9 × 10 , R = 0.59].

While there was a strong within-individual correspondence between vigor of horizontal and vertical saccades, there were also consistent differences

among these saccades. Figure 3A displays saccade velocity profiles averaged across the entire population for two ranges of amplitude. We found that

reaction times of horizontal saccades were consistently shorter than vertical saccades. To quantify this, we considered reaction time as a function of

amplitude (Fig. 3B) and found that for horizontal saccades reaction times exhibited a U-shaped pattern, exhibiting a minimum around 10° and then

increasing with amplitude. For vertical saccades, reaction time decreased with increasing amplitude [repeated-measures ANOVA, F  = 18.0, P <

0.001]. A within-subject comparison of reaction times between horizontal and vertical saccades (collapsed across all amplitudes) revealed that vertical

saccades started ~10 ms later than horizontal saccades (Fig. 3C; Wilcoxon signed-rank test, P = 2.56 × 10 ).

Fig. 3.
Reaction time of vertical and horizontal saccades and evaluation of the hypothesis that the movement characteristics of each subject are
related to a traitlike vigor. A: average velocity profiles for horizontal and vertical saccades across all subjects. ...

Our large population sample also allowed us to examine the effects of sex on vigor. For horizontal saccades, vigor was not different between male and

female populations [Fig. 3D, left; P = 0.60, t  = 0.52, unpaired t-test]. However, there was a significant difference in reaction times: saccades in

men were ~10 ms earlier than in women [Fig. 3E, left; P < 0.001, t  = 4.40, unpaired t-test]. For vertical saccades, women had significantly greater

vigor than men (Fig. 3D, right; P < 0.05, t  = 2.25, unpaired t-test]. Despite this greater peak velocity of vertical saccades in women, men had

shorter reaction times [Fig. 3E, right; P < 0.001, t  = 3.69, unpaired t-test]. Importantly, in each population the individuals who had greater vigor

tended to also have shorter reaction times (Fig. 3E; men: R = −0.20, P = 0.01, women: R = −0.34, P < 10 ).

Testing the trait vigor hypothesis. Our main hypothesis was that the various variables that we had measured in a given subject were generated by a single

latent variable, the trait vigor of that subject (Fig. 3F). That is, given this latent variable, we should be able to predict the various measurements in that

subject. Using a Bayesian approach, we determined the probability that the measured data (horizontal and vertical peak velocities and horizontal and

vertical reaction times) were generated by a single latent variable.

We set the vector variable y  to represent the data in subject n and then, using maximum likelihood, computed the parameters of our main hypothesis

(Eq. 9) as well as the parameters of the null hypothesis (Eq. 10). We then used Eq. 11 to estimate the posterior probability of the main hypothesis. The

resulting distribution is shown in Fig. 3F. We found that the posterior of the main hypothesis was 0.776 ± 0.0045 (mean ± SE), significantly larger than

chance (Wilcoxon signed-rank test, P = 6.3 × 10 ).

Next, we compared our hypothesis with the null hypothesis. using an information theoretic measure that corrected for the disparity in the number of

parameters in the two models (AIC). From the measured data, we computed the likelihood of each hypothesis in each subject and then compared the

two hypotheses, using the distribution of the two AICs. After correcting for the disparity in the number of parameters in each hypothesis, we

confirmed that the main hypothesis was significantly more likely than the null hypothesis (Wilcoxon’s signed-rank test, P = 4.19 × 10 ).

These results could have been driven by a subset of measurements in each subject, for example, peak velocity relationship to vigor but not reaction

time. To determine whether all the measured variables in vector y  were significantly related to the vigor trait variable x , we analyzed elements of the

parameter a, a 4 × 1 vector that represented the gain of the relationship between trait vigor and the measured variables y . We computed the variance-

covariance matrix of a and found that for all elements of a the mean was more than two standard deviations (SDs) from zero.

In summary, we found that people who exhibited more vigorous saccades also tended to react sooner in response to a visual stimulus. Vigor was

conserved across horizontal and vertical saccades, but vertical saccades tended to have a longer reaction time. Women tended to have greater vigor in

their vertical saccades than men. Regardless of sex, the time needed to react to a visual stimulus was shorter in people who moved more vigorously.

We conclude that with 77.6% probability (±0.5%) the velocity and reaction times of saccades in each subject were related to a single variable in that

subject, his/her trait vigor.
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Vigor and end-point accuracy. We next examined within-subject variability of saccades, asking whether high-vigor individuals suffered from greater

end-point variability. To allow for comparison between vertical and horizontal saccades, we included saccades with displacement < 18° (this

approximately corresponds to the range for vertical saccades; Fig. 3B). We began our analysis by focusing on the early part of the saccade and

measured variability in peak velocity. We binned saccades by displacement and computed the average SD of peak velocity across bins. This gave us,

for each subject, a measure of variability in peak velocity for horizontal and vertical saccades. We found that as vigor increased, SD of the peak

velocity also increased [Fig. 4A; horizontal: F  = 14.7, P = 0.00015; vertical: F(1,287) = 24.7, P = 1.1 × 10 ]. (The reported statistics represent

each subject as a single data point. In contrast, Fig. 4 plots the results in a binned form for ease of visual inspection.) Therefore, peak velocity was

more variable in individuals who had greater vigor.

Fig. 4.
Vigor of saccades and end-point variance. A: SD of peak velocity of saccades vs. vigor of saccades. For each subject, we calculated the
SD of peak velocity separately for horizontal and vertical saccades. Across subjects, the SD of peak velocity tended ...

Did this variability in peak velocity translate into end-point variability? We fit Eq. 7 to the measured data and then computed the variance-covariance

matrix of the vector ε. The trace of this matrix was our proxy for end-point variability, and the square root of this measure was the SD of the proxy. We

found no relationship between saccade vigor and SD of end points for vertical [F  = 0.08, P = 0.78] or horizontal [F  = 3.5, P = 0.06]

saccades (horizontal saccade end-point variability tended to decrease with increased vigor). Therefore, whereas greater peak velocity (i.e., greater

vigor) coincided with greater variability in the motor commands that initiated the saccade, this variability did not accumulate during the saccade,

producing comparable end-point accuracy between low- and high-vigor subjects.

In summary, we quantified saccade vigor via a function that related amplitude to peak velocity and found a wide distribution across healthy

individuals: some people moved their eyes with more than twice the velocity of others. Individuals who had high vigor in their horizontal saccades

also had high vigor in their vertical saccades. Individuals with high vigor tended to react sooner to visual stimuli. Reaction times for vertical saccades

were on average 10 ms longer than horizontal saccades. Reaction times for horizontal saccades exhibited a U-shaped pattern with respect to amplitude,

exhibiting a minimum for 10° saccades and then increasing for larger saccades. Peak velocity was more variable in individuals who exhibited greater

vigor, but this variability in the motor commands that initiated the saccade did not translate into greater variability in the movement end point. As a

result, individuals who had high vigor were as accurate in placing their eyes as those who had low vigor.

Experiment 2: vigor of eye, head, and arm movements. If vigor is a traitlike feature of individuality, then one might expect that it may be conserved across

modalities of motor control. That is, people who exhibit high vigor in one modality of movement may also exhibit high vigor in another modality. To

explore this question, we measured eye, head, and arm movements simultaneously as subjects made reaching movements.

Figure 5A displays data gathered from a typical subject during the reaching task. After presentation of a visual stimulus, the subject moved their eyes

to the target via a saccade, followed by gradual movement of the head and the arm, followed by a counterrotation of the eyes. The differences in

reaction times of the various body parts across the group are summarized in Fig. 5B. In general, the eyes moved first, then the arm, and finally the

head. As target displacement increased, there was an increase in reaction time of the eye [repeated-measures ANOVA, F  = 39.5, P < 0.001] and

the arm [repeated-measures ANOVA, F  = 27.2, P < 0.001] but a reduction in the reaction time of the head [repeated-measures ANOVA, F  = 

2.77, P < 0.05]. Therefore, in both head-fixed (experiment 1) and head-free (experiment 2) conditions we found that as amplitude of the horizontal

movement increased (beyond 10°) there was a general increase in saccade reaction times. In addition, we found an increase in reaction times of arm

movements with increasing amplitude. Finally, it should be noted that as gaze amplitude increased, head reaction time decreased whereas eye reaction

times increased. This suggests that head latency with respect to gaze onset declined as gaze amplitude increased, a finding that reiterates observations

in the nonhuman primate (Freedman and Sparks 1997).

Fig. 5.
Kinematics of head-unrestrained gaze shifts and arm movements during reaching. A: average displacement profiles of gaze shifts (i.e.,
eye, head, and gaze) and arm movements for a single subject (32CT), split by target displacement (30° and 40°). ...

As expected, the increase in target displacement coincided with increases in peak velocity of the eyes [repeated-measures ANOVA, F  = 145.9, P

< 0.001; Fig. 5C], the head [repeated-measures ANOVA, F  = 43.5, P < 0.001], and the arm [repeated-measures ANOVA, F  = 305.3, P <

0.001]. Similarly, the increase in target displacement coincided with an increase in saccade duration [repeated-measures ANOVA, F  = 670.8, P <
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0.001; Fig. 5D] and the duration of the head [repeated-measures ANOVA, F  = 29.2, P < 0.001] and arm [repeated-measures ANOVA, F  =

556.5, P < 0.001] movements.

Our main question was whether there was a relationship between vigor across various modalities of motor control: did people who expressed high

vigor in one kind of movement also have high vigor in other kinds of movement? We found that some subjects exhibited a high vigor in their head

movements, and some subjects exhibited a high vigor in their arm movements (Fig. 6A): subject 35PV generated head and arm movements at

velocities that were consistently higher than subject 32GT. Was this pattern consistent across individuals?

Fig. 6.
Consistency of vigor across head and arm movements. A: average velocity profile for head and arm movements for two representative
subjects. The displacements are between 13–15 deg (head) and 15–18 cm (arm) in the plotted trials. Error ...

To address the question of conservation of vigor across movement modalities, we computed vigor of each individual’s eye, head, and arm movements

separately. For saccades, the reference population data were those we had acquired in experiment 1. For arm movements, we fitted Eq. 1 to the

velocity-displacement relationship for each subject (n = 37), resulting in the canonical function g(x) with the following parameter values: α = 2.45, β = 

2.36. This canonical function is shown by the dashed lines in Fig. 6B. Finally, we scaled this population-level definition to fit each individual subject’s

data, providing a one-parameter estimate of vigor of arm movements. We used a similar procedure to estimate vigor of head movements (a constrained

linear fit, population-level slope γ = 3.2). This resulted in a one-parameter estimate of vigor for each modality of movement in each individual. The

distribution of vigor is illustrated in Fig. 6C.

We compared vigor across modalities of movement within each individual. Figure 6D shows the relationship between vigor of head and arm

movements, where each point represents a single individual. We observed a strong positive relationship between vigor of arm and head [F  = 

38.72, P = 1.64 × 10 , R = +0.83]. That is, individuals who moved their arm faster than average tended to also move their head faster than average.

Although in all cases we found a positive relationship between vigor of eye, head, and arm (eye vs. arm R = +0.27, P = 0.11; eye vs. head R = +0.31, P

= 0.11), these relationships were not significant. That is, saccade vigor was not a strong predictor of head or arm vigor, but arm vigor was a predictor

of head vigor.

We asked whether individuals who exhibited high vigor of arm movements also tended to react sooner to the visual stimulus. Figure 7A shows the arm

velocity profile aligned to stimulus onset for individuals with high (k  > 1.15) and low (k  < 0.85) vigor. People who moved their arm with greater

vigor also tended to begin their arm movements earlier [Fig. 7B; F(1,34) = 10.6, P = 0.0026, R = −0.488]. The trend between vigor of head movements

and head reaction time was also negative, but these parameters were not significantly correlated (R = −0.26, P = 0.19).

Fig. 7.
Reaction times and vigor of reaching and evaluation of the hypothesis that the movement characteristics of each subject are related to a
traitlike vigor. A: hand velocity profiles for subjects that moved their arm with high or low vigor. Low-vigor individuals ...

Testing the trait vigor hypothesis. Our hypothesis was that the various variables that we had measured in a given subject (eye, head, and arm velocity and

reaction times) were generated by a single latent variable, a trait vigor of that subject (Fig. 7C). We set the vector variable y  to represent the data in

subject n and then, using maximum likelihood, computed the parameters of our main hypothesis (Eq. 9) as well as the parameters of the null

hypothesis (Eq. 10). We then used Eq. 11 to estimate the posterior probability of the main hypothesis in each subject. The resulting distribution is

shown in Fig. 7C. We found that the posterior of the main hypothesis was 0.652 ± 0.012 (mean ± SE), significantly larger than chance (Wilcoxon

signed-rank test, P = 1.04 × 10 ). We conclude that with 65% probability (±1.2%), the velocity and reaction times of eye, head, and arm movements

in each subject were related to a single variable in that subject, his/her trait vigor.

We next compared our hypothesis with the null hypothesis, using the AIC. From the measured data, we computed the likelihood of each hypothesis in

each subject and then compared the two hypotheses, using the distribution of the two AICs. After correcting for the disparity in the number of

parameters in each hypothesis, we confirmed that the main hypothesis was significantly more likely than the null hypothesis (Wilcoxon’s signed-rank

test, P = 5.93 × 10 ).
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These results could have been driven by a subset of measurements in each subject. To determine whether all the measured variables in vector y  were

significantly related to the vigor trait variable x , we analyzed elements of the parameter a, a 6 × 1 vector that represented the gain of the relationship

between trait vigor and the measured variables y . We computed the variance-covariance matrix of a and found that for all but one element of a the

mean was more than two SDs from zero. The only nonsignificant element of the model was reaction times of head movements. Finally, we

recomputed the posterior probabilities but only for the arm and head data in each subject, excluding their saccade vigor and reaction times. Posterior

of the trait vigor hypothesis for this reduced data set was 0.660 ± 0.015 (mean ± SE), essentially identical to when all the data were included (65 ± 

1.2% probability that velocity and reaction times of eyes, head, and arm were related to a single trait vigor variable).

Reach vigor and end-point accuracy. In experiment 1 we had observed that individuals who had more vigorous saccades also had greater variability in

their saccade peak velocity (Fig. 4A), but this variability did not translate into end-point variability (Fig. 4B). We asked the same question regarding

control of arm movements. For each individual, we binned arm movements according to target displacement and took the average SD of peak velocity

across bins to arrive at a single estimate for the individual. Like saccades, we found that individuals who moved their arm with greater vigor also had

greater variability in their arm peak velocity [Fig. 8A; F  = 15.2, P = 0.00044, R = +0.56]. And similar to what we had found with saccades,

individuals with greater arm vigor did not suffer from greater end-point variability [Fig. 8B; F  = 0.75, P = 0.39, R = +0.15]. Therefore, for both

saccades and reaching, greater vigor was not associated with greater inaccuracy.

Fig. 8.
Vigor of reaching and its relationship to variability of peak velocity and end-point accuracy. A: for each subject, we binned reaching
movements by target displacement and took the average SD of peak velocity at each bin. We then averaged across bins ...

We also considered the possibility that individuals who expressed greater variability in their saccades may also express greater variability in their

reaching movements. We compared variability of saccade end points with reach end points across subjects and found no evidence for this conjecture

(P = 0.72).

Control studies. In experiment 2 we measured motion of the head and arm during a reaching movement and found that head and arm vigor were highly

correlated across individuals. However, this could have arisen because subjects performed the two movements together. To check for this, we

performed a head-free version of the same task but without arm movements to test whether individuals who expressed high head vigor did so

regardless of whether the head movements were accompanied by arm movements. We found that, in general, head movements had lower velocity

when the subjects changed gaze while reaching (Fig. 9A). However, head vigor during arm movements was highly correlated with head vigor without

arm movements (R = 0.97, P < 0.001). That is, individuals who had high head vigor in a task that included arm movements also had high head vigor in

another task that did not include arm movements.

Fig. 9.
Control studies. A: reproducibility of head vigor: head vigor as measured during a task that included arm movements and a task that did
not include arm movements. Each point is a single subject. Individuals who moved their head with high vigor in the ...

The saccades that we had measured in experiment 2 were in a head-unrestrained condition. Did the individuals who moved their eyes with high vigor

in a head-free condition also move their eyes with high vigor in a head-fixed condition? We tested n = 18 subjects in both head-free and head-fixed

conditions and found that saccade vigor within an individual remained highly consistent (Fig. 9B; R = 0.81, P < 0.001).

In our experiments we observed that individuals who moved with high vigor also tended to have a shorter reaction time. However, because we used a

velocity threshold to detect onset of a movement, differences in reaction time may have been solely due to the greater time that it took for a low-

velocity signal to reach threshold. How much did this method of detecting reaction time bias our estimates?

To answer this question, we employed a simulation in which precise estimates of movement onset were known. We simulated 15° saccades (Fig. 9C)

with a wide range of peak velocities (Fig. 9D). Our simulations suggested that as peak velocity increased the apparent reaction time decreased (Fig. 9E

). Therefore, the simulations demonstrated that given a constant amplitude saccade, reductions in peak velocity introduced a bias in the reaction time.

However, over a 2.5-fold range of peak saccade velocities, the maximum size of the bias was ∼2.0 ms. In comparison, we found that vigor-dependent

between-subject differences in reaction time were ∼10 ms (Fig. 2, D and F). Therefore, the simulation results suggested that although between-subject

differences in vigor introduced a bias in our ability to measure reaction time, the actually measured differences in reaction times were generally five

times larger than the expected measurement bias.
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DISCUSSION
During elementary movements such as saccades and reaching, motion tends to exhibit a characteristic relationship between peak velocity and

displacement. However, among healthy individuals this velocity-displacement relationship is variable, with some consistently moving their eyes with

velocities that are twice as fast as others (Choi et al. 2014; Rigas et al. 2016). Importantly, this between-subject variability is structured: the function

that relates displacement to peak velocity of saccades in an individual is well represented as a scaling of the velocity-displacement function of the

population (Choi et al. 2014). We use the term “vigor” to refer to this scaling factor. Here we measured vigor of various elementary movements and

investigated the question of whether vigor is a traitlike feature of individuality.

We analyzed saccadic eye movements of ~300 individuals and found that vigor was conserved across horizontal and vertical saccades: individuals

who had high vigor in their horizontal saccades also had high vigor in their vertical saccades. While there was considerable diversity in the time it

took for individuals to respond to a visual stimulus, saccade vigor correlated with reaction time: individuals who had higher saccade vigor also tended

to respond earlier to a visual cue. This pattern was also present for reaching movements: individuals who moved their arm faster during a reach also

responded sooner to a visual stimulus. Furthermore, individuals who had greater vigor in their arm movements also had greater vigor in their head

movements, but, notably, saccade vigor was not a strong predictor of arm or head vigor.

Did individuals who have greater vigor sacrifice accuracy for speed? We found that greater vigor coincided with greater variability in peak velocity of

saccades, as well as peak velocity of reaching, but this variability at movement midpoint did not result in end-point inaccuracy. As a result, individuals

who moved their eyes with high vigor, or moved their arms with high vigor, were not sacrificing accuracy for speed.

Using a Bayesian model of inference, we asked whether the various speed and reaction time variables that we had measured in a given subject were

related to each other, possibly arising from a common source. The results suggested that with ~65% probability, a single latent variable, termed trait

vigor, influenced speed and reaction time of all movements.

Why are there between-subject di�erences in vigor? Differing biomechanics will influence how neural commands are transformed into action. For

example, rhesus monkeys have saccade velocities that are about twice as fast as humans (Chen-Harris et al. 2008; Straube et al. 1997). Monkeys have

eye biomechanics that are somewhat different from humans (Fuchs et al. 1988), but once these differences are accounted for, there remain persistent

differences in movement vigor (Shadmehr et al. 2010).

In a number of models of motor control (Berret and Jean 2016; Rigoux and Guigon 2012; Shadmehr et al. 2010, 2016), it is thought that vigor is

related to how the brain evaluates utility of the movement. Utility depends on three types of variables: subjective value of reward, effort, and time.

Intriguingly, monkeys exhibit a greater temporal discount rate: when making a choice between stimuli that promise juice over a range of tens of

seconds, thirsty monkeys (Hwang et al. 2009; Kobayashi and Schultz 2008) exhibit temporal discount rates that are higher than those of thirsty

humans (Jimura et al. 2009). In a recent report, we measured saccade vigor in humans and then estimated the subjective value of time in each

individual via a decision making task in which they decided how long to wait to improve their odds of success (Choi et al. 2014). We found that

individuals who had high saccade vigor tended to have a higher cost of time, as evidenced by the shorter period of time they were willing to tolerate to

improve their probability of reward. Therefore, it is possible that between-subject differences in vigor are partly due to individual differences in how

the brain evaluates reward, effort, and time.

An alternate view is that vigor differences reflect a speed-accuracy trade-off: people who move rapidly are sacrificing accuracy for the purpose of

arriving sooner. Our results appear to reject this hypothesis. We found that in both saccades and reaching greater vigor resulted in movements that near

the midpoint exhibited greater variability (as indicated via peak velocity). This is in agreement with the idea that neural commands carry signal-

dependent noise (Jones et al. 2002). If left uncompensated, this noise should also produce greater end-point variability. However, we found that the

variability in peak velocity did not translate into variability in movement end point. That is, the variability that began the movement was partially

corrected as the movement unfolded.

Earlier work had demonstrated that for saccades as peak velocity varied the brain adjusted the duration of the movement, partially compensating for

the variability (Barton et al. 2003; Jürgens et al. 1981; Quaia et al. 2000). That is, even for saccades that have duration of 60 ms, the inaccuracies in

the neural commands that start the movement are monitored and partially corrected as the movement unfolds (Keller et al. 1996; Soetedjo et al. 2002;

Xu-Wilson et al. 2011). For saccades, this online correction appears to be partly dependent on the cerebellum (Xu-Wilson et al. 2009a). For reaching,

variability that is present in the onset of the movement is also corrected as the movement unfolds (Smith et al. 2000), although control of reaching

benefits from delayed sensory feedback to allow for further noise compensation (Izawa and Shadmehr 2008). These forms of within-movement

control may account for our observations here, where we found that although some individuals moved twice as fast as others and produced greater

variability near the midpoint of their movements, their elevated vigor did not translate into increased end-point inaccuracy. That is, speed-accuracy

trade-off was not the main factor that accounted for the between-subject differences in vigor.

A relationship between vigor and reaction time. We found that individuals who responded earlier to a visual stimulus also tended to produce the ensuing

movement with greater vigor. That is, across individuals, saccade vigor and reaction time, as well as reach vigor and reaction time, were correlated.
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We were concerned that the differences in reaction time were an artifact of our measurement method (we used a velocity threshold to estimate the time

at which the movement initiated). To check for this, we estimated the bias caused by our technique and found that the effect size that we had measured

was about five times the bias induced by the measurement technique. Close inspection of the movement traces provided further confidence that the

individuals who moved slower actually waited a longer period of time to start their movements (Fig. 2D, Fig. 7A).

Reaction time, i.e., the time it takes to respond to a stimulus and start a movement, is thought to reflect a process in which evidence for that action is

accumulated until it reaches threshold (Carpenter 1999; Hanes and Schall 1996; McGill 1961; Ratcliff 1978; Vickers 1970). However, reaction time is

affected by many of the same variables that affect vigor: greater reward increases movement vigor (Kobayashi et al. 2006; Reppert et al. 2015;

Takikawa et al. 2002; Xu-Wilson et al. 2009b) and also reduces its reaction time (Kawagoe et al. 1998; Summerside et al. 2018). Increased effort

reduces movement vigor (Shadmehr et al. 2016) and also reduces its reaction time (Fuller 1996; Ivry 1986; Rosenbaum 1980; Stelmach and

Worringham 1988). Increasing the intertrial interval between movements reduces vigor and increases reaction time (Haith et al. 2012). These results

suggest that if reaction time involves a process of integration of evidence to threshold, utility of the ensuing action likely influences the “evidence”

that is being integrated.

One way to link vigor and reaction time is to consider that the utility of an action can be thought of as the difference between expected reward and

effort, divided by time (Niv et al. 2007; Shadmehr et al. 2016). In this formulation, utility is a rate that expresses an average measure of goodness for

the planned movement. Reward and effort affect this rate, influencing vigor of the movement. If we view reaction time as a period during which utility

is integrated, then all the variables that influence vigor also influence reaction time. In this framework, a correlation between individual differences in

vigor and individual differences in reaction time is expected because both measures are a reflection of the individual’s tendencies in evaluation of

reward and effort.

An increasing target distance implies increasing effort, which should reduce utility of the action and increase reaction time. Indeed, for reaching we

found that reaction time increased with target distance. This result is consistent with the view that during the reaction time period the brain integrates

the utility of the upcoming action, and because increased distance implies increased effort and reduced utility, the reaction time increases.

However, for both horizontal and vertical saccades, when the amplitude of the saccade was small, reaction time decreased as saccade magnitude

increased. This highlights an inconsistency in the theoretical view expressed above, suggesting that increased effort due to amplitude is not the only

important variable that affects reaction time. To consider this, note that to produce a saccade one has to release fixation. Importantly, if the stimulus is

visual, in the moments before a saccade two simultaneous neural events take place: neurons in the rostral pole of the superior colliculus (encoding the

stimulus that encourages fixation) reduce their firing to baseline (Munoz and Wurtz 1993), whereas neurons in the caudal regions of the colliculus

(encoding the stimulus that starts the movement) increase their firing until they produce a burst of spikes (Mays and Sparks 1980). This implies that

the act of moving coincides with release from holding (Dorris and Munoz 1995; Shadmehr 2017). That is, reaction time is an interaction between two

processes: decline of activity that supports the act of holding and buildup of activity that encourages moving (Dorris et al. 1997). This is consistent

with the fact that saccades have a shorter reaction time when the fixation target disappears (gap task) compared with the scenario where the fixation

target remains visible (overlap task) (Everling et al. 1999). In contrast, if the stimulus at fixation is not visual, during fixation there is little or no

activity in the rostral pole of the superior colliculus (Munoz and Wurtz 1993), and as a result reaction times are shorter. Therefore, the convex function

that we found relating saccade reaction time and amplitude may reflect two processes: utility of the stimulus that is at the fovea, encouraging fixation,

and utility of the stimulus that is at the periphery, encouraging a movement. Further experiments are needed to test the predictions of this view.

While variables like reward and effort may jointly influence vigor and reaction time, our data also demonstrated fundamental differences between

these traits of individuals. We found significant sex-based differences in control of saccades. Women made vertical (but not horizontal) saccades with

greater vigor than men. However, for both horizontal and vertical saccades, men reacted sooner to the visual stimulus. Some of these observations are

consistent with those reported by Bargary et al. (2017), who measured horizontal saccades in ~1,000 healthy people and also noted that men had

shorter reaction times.

Neural basis of vigor. Vigor appears to be partially under the control of the basal ganglia. For example, in the case of saccades, substantia nigra pars

reticulate (SNr), an output nucleus of the basal ganglia, inhibits the superior colliculus, and removal of this inhibition reduces saccade reaction time

and increases saccade peak velocity (Hikosaka and Wurtz 1985). 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). Within the basal ganglia, some cells in the

caudate nucleus influence the discharge of SNr neurons directly, while 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. 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). Taken together, it appears that control of

saccade 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.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0002/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6139450/figure/F0007/?report=objectonly
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The neural basis of between-subject differences in vigor is not known. However, between-subject differences in dopamine transmission in the basal

ganglia are correlated with between-subject differences in the willingness to exert effort (Treadway et al. 2012). If vigor is viewed as an implicit

measure of willingness to exert effort in order to acquire a rewarding state (Mazzoni et al. 2007), our results would predict that between-subject

differences in vigor may be a reflection of between-subject differences in dopamine transmission in the basal ganglia.

However, we did not find a strong positive correlation between vigor of all movements within an individual. That is, although head and arm vigor

were highly correlated, saccade vigor was not strongly correlated with arm vigor. While vigor of saccades appears to be controlled through the

projections of SNr onto the superior colliculus, vigor of skeletal movements is likely controlled through the projections of the internal segment of

globus pallidus onto the thalamus. Therefore, different circuits within the basal ganglia likely control vigor of oculomotor and skeletomotor behaviors.

Our results indicate that the neural basis of vigor is more closely shared for control of skeletal movements than between eye movements and skeletal

movements.

Limitations. If vigor is a trait of individuality, it should remain stable across repeated measurements. Although here we did not measure movements

over repeated sessions, our earlier study (Choi et al. 2014) measured saccades over the course of 4 days and found that the within-subject measure of

vigor varied within a range of ~3.5% (this compares to between-subject range of 50%; Fig. 2E). Bargary et al. (2017) measured saccades twice over an

interval of 26 days and also found vigor to be invariant within an individual. Here we measured saccades in the head-fixed and head-free conditions

and found that the within-subject measures remained stable. For movements of the head, we also measured vigor with and without arm movements

and found that the within-subject measures remained stable. While it is known that certain variables like predictability of the spatial location of the

reach target modulate reach vigor (Isaias et al. 2011), we currently do not know whether reach vigor is stable over repeated measures. However, it

appears that the vigor with which an individual moves a body part varies over a range that is typically much smaller than the between-subject range. If

vigor is a trait, then its quantification may be useful in the problem of human recognition (Rigas et al. 2016). Recent work shows that aggregation of

information from a number of eye movement-derived features allows machines to identify humans nearly as well as is possible from fingerprints

(Friedman et al. 2017).

We focused on vigor traits of individuals but did not measure decision making traits. Therefore, we cannot draw any conclusions regarding a potential

link between decision making and movement making. However, our earlier study did measure both features of behavior and found that individuals

who exhibited high temporal discounting in their patterns of decision making also tended to move more vigorously (Choi et al. 2014). Future studies

will need to measure subjective evaluation of reward and effort during decision making and ask whether these patterns are consistent with individual

differences in movement vigor.

Conclusions. We found that the speed with which people moved their eyes, head, and arm, as well as the amount of time that they needed to react to a

visual stimulus to initiate those movements, all were influenced by a single latent variable that we labeled as trait vigor. Individuals who moved their

eyes or arm more vigorously (than the population mean) also exhibited shorter reaction times. Those who moved their arm with greater vigor during

reaching also moved their head with greater vigor during gaze shifts. These differences in vigor did not translate into differences in end-point

accuracy, demonstrating that individual differences in vigor were not a reflection of a speed-accuracy trade-off. Rather, our results are more consistent

with the view that differences in vigor may be features of individuality, reflecting potential differences in the willingness to exert effort.
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