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1 |  INTRODUCTION

The pupil is a hole in the iris of the eye that can change in 
size. Just like the diaphragm of a camera lens, its main oc-
ular function is to regulate the visual input admitted to the 
eye's retina. In so doing, the pupil controls two ocular effects: 

exposure (i.e., the amount of light hitting the retina) and the 
depth of field (i.e., whether objects within a small vs. large 
depth plane are sharply focused on the retina). Pupil size is 
determined by two sets of muscles in the iris: the parasym-
pathetic, cholinergically innervated sphincter muscle con-
stricts the pupil, while the sympathetic, noradrenergically 
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Abstract
Convergent lines of evidence suggest that fluctuations in the size of the pupil may 
be associated with the trade-off between the speed (adrenergic, sympathetic) and ac-
curacy (cholinergic, parasympathetic) of behavior across a variety of task contexts. 
Here, we explored whether pupil size was related to this trade-off during a visuospa-
tial motor aiming task. Participants were shown visual targets at random locations on 
a screen and were instructed and incentivized to move a computer mouse-controlled 
cursor to the center of the targets, either as fast as possible, as accurately as possible, 
or to strike a balance between the two. Behavioral results showed that these instruc-
tions led to typical speed-accuracy trade-off effects on movement reaction times and 
hit distances to target centers. Pupillometric analyses revealed that movements were 
faster and less accurate when participants had relatively large baseline pupil sizes, 
as measured before target onset. Furthermore, trial-evoked pupil dilation was related 
specifically to a bias toward speed in the trade-off and the speed of the ballistic 
and error-correction phases of the motor responses such that larger pupils predicted 
shorter latencies and higher movement speeds. Pupil responses were also associated 
with performance in a manner that may reflect the combined influence of a number 
of factors, including the generation of dynamic urgency and an arousal response to 
negative feedback. Our results generally support a role for pupil-linked arousal in 
regulating the trade-off between speed and accuracy, while also highlighting how the 
trial-related pupil response can exhibit multifaceted, temporally discrete associations 
with behavior.
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innervated dilator muscle dilates the pupil. Thus, the size 
of the pupil at any one time is affected by the push-pull dy-
namics of opposing arms of the autonomic nervous system 
(Beatty & Lucero-Wagoner, 2000; Koss, 1986).

It is well known that the size of the pupil adapts to the level 
of ambient light in the environment. Yet, pupil size also fluc-
tuates significantly when luminance remains constant, and de-
cades of research have related such nonluminance-mediated 
pupil changes to aspects of cognition. Initial reports estab-
lished links between dilation of the pupil and the “cognitive 
effort” expended during performance of a given task (Beatty, 
1982), for example, when solving mathematical problems of 
varying difficulty (Hess & Polt, 1964). Since then, changes 
in pupil size have been related to many more cognitive op-
erations, including perception (Einhäuser, Stout, Koch, & 
Carter, 2008; Naber & Nakayama, 2013; Wierda, van Rijn, 
Taatgen, & Martens, 2012), attention (Binda, Pereverzeva, & 
Murray, 2013; Mathôt, Van der Linden, Grainger, & Vitu, 
2013; Naber, Alvarez, & Nakayama, 2013), decision making 
(de Gee, Knapen, & Donner, 2014; Gilzenrat, Nieuwenhuis, 
Jepma, & Cohen, 2010; Jepma & Nieuwenhuis, 2011; 
Murphy, Vandekerckhove, & Nieuwenhuis, 2014), learning 
(Krishnamurthy, Nassar, Sarode, & Gold, 2017; Nassar et 
al., 2012), memory encoding (Naber, Frässle, Rutishauser, 
& Einhäuser, 2013; Sterpenich et al., 2006), conflict/error 
monitoring (Ebitz & Platt, 2015; Murphy, Boonstra, & 
Nieuwenhuis, 2016; Murphy, van Moort, & Nieuwenhuis, 
2016; Van Steenbergen & Band, 2013), and conscious-
ness (Fahle, Stemmler, & Spang, 2011; Naber, Frässle, & 
Einhäuser, 2011). These studies have variously established 
relationships between cognition and fluctuations in pupil size 
that take place over two timescales: slow “tonic” fluctuations 
that are typically assessed by measuring pupil diameter in 
the pretrial period and comparatively fast “phasic” pupil di-
lations and constrictions that are evoked by presentation of 
task-related stimuli.

Here, we characterize the sensitivity of pupil fluctuations 
measured over both timescales to the speed and accuracy of re-
sponses during simple visuo-motor aiming behavior. A visuo- 
motor aiming task requires movements toward a target and 
can therefore probe response speed and accuracy, which de-
pend on the spatial properties of the target within a single 
trial.

Two lines of argument suggest that pupil size might ex-
hibit a general relationship to the speed-accuracy trade-off 
that is not limited to any one task context. First, it is an es-
tablished finding that the latencies of both neural responses 
and motor reactions to bright objects are shorter than those to 
dark objects (e.g., Vaughan, Costa, & Gilden, 1966). Given 
the essential role of the pupil in controlling retinal illumi-
nation and thus the perceived brightness of visual stimuli, it 
follows that larger pupil sizes may be associated with faster 
responses. Conversely, pupil constriction leads to a broader 

depth of field, which increases the likelihood that objects are 
perceived in sharp focus. Although this effect is small and 
nonlinear (Woodhouse & Campbell, 1975), it implies that 
smaller pupils may in some cases be associated with more 
accurate visual representations (but see Warren et al., 2016). 
These considerations suggest that fluctuations in pupil size 
potentially exert a causal influence on the speed and accuracy 
of visual processing.

Second, pupil size might be indirectly associated with the 
speed and accuracy of behavior via its covariation with the 
activity of certain structures in the brain. Recent studies in 
humans (de Gee et al., 2017; Murphy, O'Connell, O'Sullivan, 
Robertson, & Balsters, 2014), monkeys (Joshi, Li, Kalwani, 
& Gold, 2016; Varazzani, San-Galli, Gilardeau, & Bouret, 
2015), and rodents (Breton-Provencher & Sur, 2019; Liu, 
Rodenkirch, Moskowitz, Schriver, & Wang, 2017; McGinley, 
David, & McCormick, 2015; Reimer et al., 2016; Vinck, 
Batista-Brito, Knoblich, & Cardin, 2015) have revealed cor-
relations between pupil diameter and the activity of subcor-
tical neuromodulatory nuclei, including the noradrenergic 
locus coeruleus. These neuromodulatory systems project ex-
tensively to the rest of the brain and exert powerful effects on 
the responsivity (or gain) of neural processing (Aston-Jones 
& Cohen, 2005b; Mather, Clewett, Sakaki, & Harley, 2016; 
Servan-Schreiber, Printz, & Cohen, 1990). Moreover, theo-
retical studies have shown that gain modulation is a candi-
date neural mechanism for regulating the trade-off between 
the speed and accuracy of behavior: a state of high neural 
gain, which is produced by strong neuromodulatory activity 
and associated by proxy with relative dilation of the pupil, 
can produce fast but inaccurate behavior; low gain states, on 
the other hand, are associated with slower but more accu-
rate behavior (Eckhoff, Wong-Lin, & Holmes, 2009; Niyogi 
& Wong-Lin, 2013; Standage, You, Wang, & Dorris, 2011). 
Indeed, results from previous neuroimaging and single-unit 
experimental studies are broadly consistent with gain modu-
lation as a plausible neural mechanism for implementing ad-
justments in the speed-accuracy trade-off (Forstmann et al., 
2008; Heitz & Schall, 2012; Thura & Cisek, 2016).

These causal and indirect accounts of a potential correla-
tion between pupil size and the speed and accuracy of be-
havior are not mutually exclusive and may work in tandem. 
In any case, we have recently provided converging evidence 
for the existence of such a correlation. In one study (Murphy, 
Boonstra, et al., 2016), participants made difficult perceptual 
decisions that required protracted deliberation about the di-
rection of motion of a noisy cloud of moving dots and were 
incentivized to be either fast or accurate in doing so. Both 
tonic (prestimulus, baseline) pupil size and phasic (poststim-
ulus, decision-related) pupil dilation were highly sensitive to 
the incentivization scheme, with heightened speed emphasis 
associated with larger pupils in both cases. In another study 
(Naber, Hommel, & Colzato, 2015), participants performed 
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a visuo-motor aiming task requiring rapid movement of a 
mouse cursor to a clearly marked target location on a screen. 
Unlike the motion discrimination task, this task does not re-
quire a gradual decision process in the face of sensory un-
certainty but does necessitate more complex and protracted 
motor behavior. Critically, participants in this study were also 
administered choline supplements to boost cholinergic acti-
vation. Relative to placebo, this manipulation was associated 
with both decreased tonic pupil size (likely at least in part 
through activation of the cholinergic pupillary sphincter mus-
cle) and slower but more accurate responses. Moreover, the 
choline effect on pupil size correlated with the choline effect 
on behavior across subjects. Thus, pupil size in both studies 
was associated with adjustments in the trade-off between the 
speed and accuracy of behavior, despite the task contexts dif-
fering considerably.

In the present work, we sought to build on these initial 
findings by incorporating key elements from both studies de-
scribed above. Specifically, a new cohort of participants per-
formed the same visuo-motor aiming task used in Naber et al. 
(2015) but now under different levels of speed emphasis that 
were encouraged via a combination of task instruction and 
varying incentive schemes. In this respect, the present study 
is similar to Murphy, Moort, et al. (2016), but it also extends 
that work in two ways. First, we implemented an extensive 
single-trial analysis to link both baseline pupil size and tri-
al-evoked pupil dilation responses to both external (i.e., in-
centives) and internal (i.e., trial-by-trial fluctuations within 
each task condition) changes in the speed-accuracy trade-off. 
Second, the visuo-motor task, which requires more complex 
than standard button presses in reaction time tasks, allows a 
novel analysis in which the participants’ responses are de-
composed in multiple motoric phases and separately linked 
to the timing of distinct pupil response profiles. We predicted 
that both tonic and phasic pupil size would increase with the 
degree of speed pressure and, moreover, that fluctuations in 
pupil size within each level of speed emphasis would cor-
relate with the speed and accuracy of visuo-motor responses. 
Such observations would provide additional evidence for a 
general role of pupillary systems in regulating the speed- 
accuracy trade-off across varied behavioral contexts.

2 |  METHOD

2.1 | Participants

Twenty human individuals were invited to participate in the 
experiment. Three participants were excluded from analysis 
because they misunderstood the instructions during the exper-
iment. The remaining 17 participants were all right-handed, 
young students (age M = 19.94, SD = 1.64; 10 female) and 
had normal or corrected-to-normal vision. Participants were 

naïve to the purpose of the experiment, gave informed writ-
ten consent before participation, and received either study 
credit or money ($10) after participation. The experiments 
conformed to the ethical principles of the Declaration of 
Helsinki and were approved by the local ethical committee 
of Harvard University.

2.2 | Apparatus and material

Stimuli were generated on a 21-inch Samsung Syncmaster 
CRT screen (Samsung, Seoul, South Korea) with a Dell 
computer (Dell, Round Rock, TX) operating Windows 7 
(Microsoft, Redmond, WA) and MATLAB (MathWorks, 
Natick, MA). The presentation monitor displayed 1,600 × 
1,200 pixels at a 60 Hz refresh rate. Screen size was 44 cm in 
width and 33 cm in height (35 × 26.5 visual degrees), and the 
participant's viewing distance to the screen was fixed with 
a chin and forehead rest at 70 cm. The screen cursor move-
ments were controlled with a standard Dell computer mouse 
with an optical sensor and USB cable at approximately 5500 
Hz. Pupil size and gaze position of one eye was monitored 
with an EyeLink 1000 desktop mounted eye tracker (SR 
Research, Osgoode, ON, Canada) at a rate of 1000 Hz.

2.3 | Stimuli and procedure

We tested participants on a motoric coordination task that 
took approximately 45 min to complete. The task consisted of 
a visuo-motor aiming task, very similar to CANTAB’s motor 
screening task (i.e., an assessment part of the Cambridge neu-
ropsychological test automated battery; Cambridge Cognition 
Ltd., Cambridge, UK). Participants used their right hand to 
move a digital, computer mouse-controlled screen cursor 
(pointer) to a target as fast and close to its center as possible. 
Once arrived at the target, participants had to click the mouse 
to finalize the trial and gain points (Figure 1a). A trial started 
with the presentation of a blank gray screen, a fixation dot 
(10 pixels wide, ~0.2 visual degrees), and the mouse cursor 
for a random duration of 1–2 s. Participants were instructed 
to maintain fixation until the target was shown. The mouse 
cursor could not be moved away from fixation until the target 
was shown. The fixation dot disappeared when the target was 
shown. The target was equiluminant to its background and 
consisted of a 100-pixel wide bull’s-eye (~2.2 visual degrees) 
with rings that alternated in black and white as a function of 
eccentricity. The target was shown at a random screen posi-
tion (i.e., at any location between the fixation dot and screen 
border), and its appearance released the mouse cursor such 
that participants could move the cursor to the target. The 
goal was to click the left mouse button after the cursor was 
brought to the target, as fast and as close to the target's center 
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as possible with an emphasis that varied depending on task 
instruction (see below).

Participants had to increase a total score with points that 
could be collected by producing a fast and accurate movement 
per trial. They received points from a range of 0 to 50 per trial 
depending on their response time (linear relationship; e.g., 
250 ms = 50 points, 500 ms = 25 points, 750 ms = 0 points; 1 
point per 10 ms). A trial was automatically aborted and a pen-
alty of −100 points was given when a participant did not hit 
the target within 750 ms. Participants additionally received 
points from a range of 0 to 50 per trial depending on their 
accuracy (also a linear relationship; e.g., trials with target hits 
at a distance of 50 pixels from its center got 0 points, trials 
with 0 pixels distance got 50 points; 1 point per pixel). A 
penalty of −100 points was given when participants clicked 
the cursor outside the target (>50 pixels). To keep partici-
pants motivated, they received visual feedback for 1.25 s after 
their response about the points received in the current trial 
and their total score accumulated in previous trials. The task 
consisted of a total of 600 trials, and each trial automatically 
started after the feedback. The experiment was divided in 
six blocks that each consisted of 100 trials. Depending on 
the block, participants received three different instructions: 
be fast, be accurate, or trade off both speed and accuracy. 
To stimulate the participants to adhere to these instructions, 
the given points per trial were separately weighted for speed 
and accuracy depending on the instruction. The speed score 
was multiplied with a factor 1 and the accuracy score with 
a factor 0.5 in the fast instruction condition. A factor of 0.5 
for speed and 1 for accuracy scores was used in the accu-
rate instruction condition, and a factor 0.75 was used for both 
speed and accuracy scores in the trade-off instruction condi-
tion. The factors 0.5, 0.75, and 1 and not 0, 0.5, and 1 were 
chosen to ensure that participants always traded off speed and 

accuracy, though at different criterion thresholds, in all trials. 
The instruction conditions were assigned randomly to each 
block, with a total of two blocks per condition per subject. 
Preceding the experiment, participants received time to prac-
tice some trade-off trials until they were confident that they 
understood the task.

2.4 | Analysis

Several dependent variables were extracted from the data. 
Response time (RT), accuracy, move distance, move speed, 
and peak velocity of the movement were analyzed. RT was 
based on the median time between target onset and target hit 
across all correct trials per participant. We chose to initially 
focus on RT (as opposed to RTs and movement times sepa-
rately) because this measure matches best with those reported 
in previous studies investigating the relationship between 
pupil-linked arousal and behavior (e.g., Murphy, Boonstra, 
et al., 2016). A trial was correct when the click was both 
within 50 pixels of the target's center and faster than 750 ms. 
Accuracy was based on the Euclidian distance in percent-
age (0% = 50 pixels, 100% = 0 pixels) between the cursor's 
position and target's center at the time of the mouse click. 
Move distance was operationalized as the Euclidian distance 
between the cursor's position at movement onset and the cur-
sor's end position. The moment of movement onset was cho-
sen as the time at which the velocity of the cursor crossed 
a trial-dependent velocity threshold (>30th percentile of all 
velocity values within a trial). Trials in which movement on-
sets were faster than 100 ms were labeled as false starts (i.e., 
faster than the visual system can process the target's location) 
and were excluded from the analysis (average trials removed: 
M = 0.16%, SD = 0.27%). Peak velocity was the maximum 

F I G U R E  1  Stimuli, procedure, and movement characteristics. (a) Participants viewed a computer screen and used an optical mouse to 
quickly and accurately move a cursor from fixation to a target's center on the screen. Participants received points for fast response times and 
accurate (near-)target hits. Movements were characterized by two phases: a fast ballistic movement followed by a slower error-correction 
movement. (b) Speed profiles of a movement as a function of the percentage completion of movement. A movement started when the mouse 
velocity crossed a threshold (0%) and ended when participants clicked on the target (100%). Gray lines display the average speed across trials (i.e., 
across all possible target locations) per participant, and the red line displays the group average

(a) (b)
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velocity value during the movement per trial. Velocity values 
were based on the difference in Euclidian distance between 
consecutive cursor positions divided by the difference in 
time (~1/5,500 s). Velocity values were smoothed within a 
moving average convolution window of 200 time points. The 
reaction time (onset time of movement) and duration of the 
movements (which sum to yield the total RT for a trial) were 
also inspected separately.

As shown in Figure 1b, movement trajectories through 
space typically show two phases: a ballistic and an error- 
correction movement (Woodworth, 1899). The onset of the 
error-correction phase on each trial was detected by comput-
ing the timing of the minimum of the trough in the bimodal 
velocity profile. Note that the velocity trough is less apparent 
in Figure 1b because there it is smoothed out via across-trial 
averaging, but it was clear and easy to identify for most trials 
(error-correction movement detected on average across par-
ticipants: M = 86%, SD = 7%).

Pupil diameter was measured in arbitrary units by the eye 
tracker. Missing data during periods of blinks were inter-
polated using a cubic spline fit. The effect of gaze angle on 
pupil size (i.e., pupils with rotated eye away from the cam-
era appear smaller than pupils staring directly at the camera) 
was removed from the pupil data by regressing out the effects 
using X- and Y-gaze coordinates measured during calibration. 
Tonic, baseline pupil size per trial was calculated as the aver-
age pupil size in the time window 500 ms before target onset. 
Phasic pupil size was analyzed from −0.5 to 3 s relative to 
target onset. To enable comparisons of phasic pupil responses 
within and between participants, pupil size was baseline cor-
rected by subtracting pupil size at target onset from the full 
pupil trace per trial (i.e., from −0.5 s to +3.0 s around target 
onset).

Differences between dependent variables across instruc-
tion conditions were assessed with a one-way repeated mea-
sures analysis of variance (ANOVA) and post hoc t tests. 
Correlations were computed with the Pearson correlation co-
efficient and transformed to Fisher’s z values when multiple 
correlations were compared to zero. Regression coefficients 
representing the relationships between task behavior and 
either average tonic pupil size or phasic pupil size per trial 
were estimated per subject in general linear models (GLM). 
The coefficients (i.e., betas) for relationships of phasic pupil 
size were calculated as a function of time around stimulus 
onset. Depending on the purpose of the GLM analysis, the 
predictors could consist of response time, accuracy, a speed- 
accuracy trade-off (SAT) measure, a movement performance 
measure, and/or target eccentricity (i.e., the Euclidian dis-
tance between the centers of fixation and target in visual 
degrees) per trial. The SAT measure was calculated as nor-
malized speed (a score of 0 for the slowest trial, 1 for the 
fastest trial) minus the normalized accuracy per subject (a 
score of −1 for the most accurate trial, 0 for the least accurate 

trial). A SAT score of 1 indicated that the SAT was biased 
toward speed and −1 indicated a bias toward accuracy. The 
movement performance measure was calculated as normal-
ized speed plus normalized accuracy, with a score of 2 for 
trials with the fastest and most accurate movement and 0 for 
slowest and least accurate performance. Target eccentricity 
was included in each GLM to absorb shared variance in pupil 
size and behavior that was driven by this experimental factor. 
To compare the latencies at which the pupil exhibited sensi-
tivity to ballistic and error correction movements, the timing 
of betas exceeding a fixed threshold of 50% of the maximum 
average betas was calculated per participant.

3 |  RESULTS

3.1 | Movement trajectories

Participants rapidly and accurately moved a digital mouse 
cursor to a total of 600 targets that appeared one by one at 
a random location on a visual display screen. Such coordi-
nated movements to visual stimuli typically contain several 
characteristics, including an initial ballistic and a subsequent 
error-correction phase (Woodworth, 1899). Here, we first 
explored whether such and several other patterns were evi-
dent in the mouse movements across all participants. Figure 
2a shows the trajectories of the mouse movements divided 
in ballistic (gray) and error-correction (blue) submovements 
from the fixation cross to the targets (red). Each submove-
ment showed a distinct pattern of movement characteris-
tics. The ballistic movement occurred predominantly in the 
first 197 ms (averaged across trials per participant and then 
averaged across participants; SD  = 13 ms), which is 60% 
(SD  =  7%) of the total movement time. In this phase, 9.7 
degrees (SD = 0.6°) is covered in distance (though this varies 
with distance of the target from fixation), which corresponds 
to 92% (SD = 2%) of the total distance moved. To demon-
strate the spatial dynamics of these movements, Figure 2b 
shows the movement trajectories of all trials of Participant 
1 (all other participants showed very similar behavioral pat-
terns). As demonstrated in this figure, the majority of ballis-
tic movements were in the direction of the target. Some of the 
ballistic movements initialized in a more deviant direction 
and had highly curved trajectories that not always reached 
the target in time. Figure 2b also highlights second error-cor-
rection movements (blue) that occur after the initial ballistic 
movements. These movements lasted 132 ms (SD = 32 ms) 
and covered 0.8 degrees (SD = 0.3°) of distance on average. 
The error-correction movements are marked by relatively 
more curved trajectories than the ballistic movements. In 
sum, ballistic movements are fast, distant, and relatively in-
accurate, while error-correction movements are slow, short, 
and accurate.
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3.2 | Effects of speed-accuracy 
instructions on response times, accuracy, and 
movement properties

We next assessed the effects of task instructions on each 
submovement. Depending on the block, participants were in-
structed to be either fast, accurate, or to balance and trade off 
the speed and accuracy of their movements, and participants 
may have also fluctuated in this balance across trials within 
a block. In the following, we investigate whether the par-
ticipants’ behavior altered according to the speed-accuracy 
trade-off.

3.2.1 | Behavioral performance

On average, 86% of the targets were hit in time (<750 ms) 
and within the target border (<2.2°). Accuracy and re-
sponse times weakly but significantly correlated across tri-
als per participant (average correlation across participants: 
0.07 ± 0.10; t(16) = 2.82, p = .012) meaning that slow trials 
tended to be accurate and vice versa. Instruction also signifi-
cantly affected response times (repeated measures ANOVA: 
F(2, 32) = 4.48, p = .019; and accuracy, F(2, 32) = 15.09, 
p < .001). When participants were instructed to be fast, re-
sponse times decreased as compared to when they were in-
structed to be more accurate (Figure 3a; two-sided paired 
t test: t(16)  =  3.19, p  =  .006; for means and standard de-
viations, see Table S1 in online supporting information). 
Participants were also less accurate when instructed to be fast 
as compared to accurate (Figure 3b), t(16) = 3.34, p = .004, 

and trade-off conditions, t(16) = 5.00, p < .001. The response 
times and accuracy scores did not differ between the trade-
off and accuracy instruction condition (p  >  .05), probably 
due to the fact that there is large variance across participants 
in how they set their criterion with respect to the accuracy 
instruction condition (some participants expressed a bias for 
accuracy). Nonetheless, the fast and accurate instruction had 
the expected effects on response times and accuracy.

3.2.2 | Decomposition of response time

Response time as analyzed above is a composite measure 
that reflects the combination of discrete components of the 
visuo-motor process governing responses on our task, in-
cluding movement initiation, the duration of which is cap-
tured by movement onset time (the reaction time), the initial 
ballistic movement, and the final error correction move-
ment. We next examined which of these components varies 
across instruction conditions. We found no effects of instruc-
tion on reaction time (i.e., duration until movement onset; 
F(2, 32) = 0.84, p = .438) and peak velocity collapsed across 
ballistic and error correction movements, F(2,  32)  =  1.09, 
p = .349, but a significant effect on movement duration that 
went in the same direction as the effect on total response 
times, F(2, 32) = 5.39, p = .010; Mfast = 0.351, MTO = 0.360, 
Macc  =  0.364; fast versus accuracy (acc):  t(16)  =  3.75, 
p = .002; fast versus trade-off (TO): t(16) = 1.88, p = .08; 
TO versus acc:  t(16)  =  1.03, p  =  .320. When decompos-
ing movements even further, we observed a significant dif-
ference across instruction conditions only for average peak 

F I G U R E  2  Mouse trajectories and movement characteristics of an exemplar participant. A cursor was moved from screen center (fixation) 
toward targets (red circles) that could appear at any location across the screen. Here are shown all movements of a typical participant. (b) Resulting 
trajectories of the movements can be divided in a ballistic (gray) and error-correction (blue) submovement. Differences in movement characteristics 
between these phases become evident after transforming space (rotation and normalization) such that all orientations and distances toward the target 
locations are aligned and the same

(a) (b)
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movement velocity of the ballistic, F(2, 32) = 3.38, p = .037, 
and error-correction movements, F(2, 32) = 4.61, p = .018. 
The fact that we found an effect of peak velocity for the indi-
vidual components but not when components were collapsed 
may seem surprising. However, the individual peak veloci-
ties of the ballistic and error-correction components do not 
correlate across trials (average correlation across participant: 
M  =  0.05, SD  =  0.22; t(16)  =  0.85, p  =  .409). Inspection 
and post hoc condition comparisons of the peak velocity of 
ballistic submovements indicated a trend toward higher peak 
velocities in the fast condition as compared to the accurate, 
t(16) = 1.71, p = .053, and trade-off conditions, t(16) = 2.38, 
p = .015 (Figure 3c). Peak velocity of error-correction move-
ments was decreased in the accurate instruction condition as 
compared to the fast, t(16) = 3.26, p =  .002, and trade-off 
conditions, t(16) = 2.47, p = .013. These results suggest that 
instructions mostly affected the duration of movements, and 
that, with respect to the trade-off condition, peak velocity of 
a ballistic submovement increased when participants were 
instructed to be fast and that the peak velocity of an error-
correction submovement decreased when instructed to be ac-
curate. The relative velocity across instruction conditions as 
a function of time from movement onset, as plotted in Figure 
3d, further confirms the pattern that speed instructions affect 
early/intermediate phases of a movement while accuracy in-
structions affect later phases of a movement.

3.3 | Pupil dynamics and the speed-accuracy 
trade-off

3.3.1 | Tonic, baseline pupil size

Our next analysis scrutinized the relationship between the 
speed-accuracy trade-off and pupillary dynamics. First, 
we looked at whether baseline, tonic pupil size predicted 

the speed and accuracy of movements. We computed cor-
relations between tonic pupil size and accuracy and re-
sponse times across all trials per participant (Figure 4a). 
The average correlation coefficients across participants 
were in the expected directions (RT: −0.07 ± 0.07; accu-
racy: −0.05 ± 0.08; SAT scores: 0.08 ± 0.08) and differed 
significantly from zero (RT: t(16) = 4.30, p < .001; accu-
racy: t(16) = 2.44, p = .027; SAT: t(16) = 4.01, p = .001). 
Collectively, this indicates that participants made faster but 
less accurate movements when having relatively large base-
line pupil size (for average accuracies, RTs and SAT scores 
across participants per level of pupil size, see supporting 
information Figure  S1). To further investigate whether 
baseline pupil size predicted the speed-accuracy trade-off 
of movements, independent of target eccentricity and move-
ment performance, we calculated the betas from a general 
linear regression model, investigating the relationship of 
tonic pupil size with SAT, performance, and target eccen-
tricity across trials per participant (Figure 4b). Baseline 
pupil size was significantly predicted by SAT but not by 
performance and target eccentricity (average beta for SAT: 
444 ± 670, t(16) = 2.73, p = .015; performance: 170 ± 400, 
t(16)  =  1.76,  p  =  .098; target eccentricity: 68  ±  281, 
t(16) = 1.00, p = .334). SAT scores also correlated signifi-
cantly with baseline pupil size across participants (Figure 
4c, r(15) = 0.52, p = .034), indicating that participants with 
relatively large pupils have a bias toward fast and less ac-
curate movements than participants with smaller pupils. 
Baseline pupil size was also larger when participants were 
given the instruction to be fast as compared to other in-
structions (Figure 4d; F(2, 32) = 5.84, p = .007; fast ver-
sus accurate: t(16) = 2.40, p = .029; fast versus trade-off: 
t(16) = 2.64, p = .018). To summarize the results above, a 
relatively large pupil before target onset, in relation to other 
trials or other individuals, leads to faster response times but 
less accurate movements.

F I G U R E  3  Behavioral performance measures per speed/accuracy instruction. Means and standard errors across participants are shown for 
(a) response times, (b) accuracy, and (c) movement peak velocity per instruction to be either fast (F; gray) or accurate (A; blue), or to trade off both 
speed and accuracy (TO; white). (d) Average relative velocity (subtracted average) of movements per instruction condition is plotted over time. 
Patches at the bottom of the panel indicate at which time points the velocity traces differed significantly between conditions (pair-wise comparison, 
p < .05)

(a) (b) (c) (d)
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3.3.2 | Phasic pupil responses

We next examined whether trial-evoked changes in pupil size 
could also be linked to the speed and accuracy of movements. 
Pupil size changed in two phases (Figure 5a): first, an early 
small pupil constriction in response to stimulus onset (e.g., 
see Naber & Nakayama, 2013) that peaked at approximately 
600 ms following target onset, followed by a late strong pupil 
dilation (e.g., Murphy, Boonstra, et al., 2016). To investigate 
when the trial-evoked change in pupil size was related to the 
speed and accuracy of motor aiming, we calculated corre-
lations as a function of time from target onset (Figure 5b). 
Note that the impulse response of pupil dilation to an eliciting 
event is relatively slow, peaking after approximately 1 s and 
gradually decaying thereafter (de Gee, Knapen, & Donner, 
2014; Hoeks & Levelt, 1993; Murphy, Boonstra, et al., 
2016; Wierda et al., 2012). Thus, while all analyzed motor 
responses on our task were completed within 0.75 s of target 
onset, it is expected that variance in the phasic pupil response 
that is driven by cognitive processes culminating in a motor 
aiming response will be present for a prolonged period after 
response execution.

Within the period of 0.5 to 1.0  s after target onset, the 
correlation patterns with phasic pupil responses were com-
parable to those seen earlier for tonic pupil size, that is, a 
negative relationship with accuracy and response times. 
However, after 1 s, the relationship with response times flips 
positive while the relationship with accuracy remains nega-
tive. To confirm that the pattern of relationships before 1 s 
reflects a speed-accuracy trade-off while taking into account 
other covariables, we created a GLM predicting pupil size 
per time point with the normalized predictors of SAT score, 
movement performance, and target eccentricity. Figure 5c 
shows the average betas across participants as a function of 
time around target onset per condition. First, we found that 

SAT was positively related to pupil size, showing a biphasic 
distribution of coefficients as a function of time. This means 
that pupil size increases with a peak around 1 s and increases 
even more with a peak around 2 s when the trade-off is bi-
ased toward speed. Note that the dilatory impulse response of 
the pupil typically peaks approximately 1 s after the eliciting 
event (Hoeks & Levelt, 1993). It is thus likely that the early 
reflection of a speed bias in the pupil, which manifests from 
~0.75 to ~1.25 s, relates mostly to the initial ballistic move-
ment (typically occurring within the first 200 ms after target 
onset), while the late correlation with SAT around ~1.50 to 
~2.50 s relates to the later error-correction movement. This 
dissociation is supported by results from an additional GLM 
plotted in Figure 5d, showing that the speed of initial ballistic 
movements correlates with pupil size at earlier time points 
(50% beta threshold of ballistic speed was exceeded on av-
erage at M = 0.77 s, SD = 0.33) than the speed (M = 1.13 s, 
SD  =  0.40; t(16)  =  2.27,  p  =  .049) and of subsequent er-
ror-correction movements. A similar discrepancy was ob-
served for the beta patterns of ballistic versus error-correction 
move offsets, but the immediate effect on ballistic move off-
set (i.e., likely an effect of pupil baseline; see blue signifi-
cance bars at the bottom of Figure 5d) hampers the accurate 
detection of when betas exceeded thresholds.

We also found that movement performance was positively 
though marginally correlated with the phasic pupil response 
before 1 s after stimulus onset, and this correlation flips in 
direction after approximately 1 s, with a peak pupil size in-
crease after 2 s when performance was low. The late phasic 
pupil response was also positively associated with error-cor-
rection offset latency. This latter association may indicate 
postmovement monitoring processes, which we further ex-
pand on in the Discussion section.

As a last analysis, we examined the effect of speed- 
accuracy instruction on phasic pupil responses. The late 

F I G U R E  4  Effects of speed and accuracy on tonic, baseline pupil size. (a) Baseline pupil size correlated with response times (RT), accuracy 
(Acc), and speed-accuracy trade-off (SA) across trials per participant (circles). (b) GLM betas, averaged across participants, indicated significant 
explained variance in the single-trial pupil response by speed-accuracy trade-off (SA) but not by performance (P) and target eccentricity (E). (c) 
Average SAT scores correlated with average baseline pupil size across participants (circles). (d) Baseline pupil size was largest when participants 
were instructed to be fast

(a) (b) (c) (d)
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F I G U R E  5  Effects of speed and accuracy on phasic pupil responses. (a) Average of baseline-corrected pupil size across participants (pupil 
size was first averaged across trials per participant) changed in response to the target by constricting, followed by a strong pupil dilation response 
after the target was hit. (b) Time-resolved correlations (Pearson's r) between pupil response and both RT (gray) and accuracy (blue), averaged 
across participants, indicated significant explained variance in the single-trial pupil response by these features of behavior. (c) GLM betas also 
indicated explained variance by several performance components. (d) The same applied to several movement properties, including the timing 
of offsets and speed of ballistic (BAL) and error-correction (EC) components. (e) Average relative pupil size (i.e., average pupil size across 
all conditions in the 500-ms time window before stimulus onset was subtracted) changed as a function of the speed-accuracy instructions to be 
fast (gray), accurate (blue), or to trade off between speed and accuracy (black). (a‒e) Relative pupil size (i.e., baseline-corrected pupil size per 
instruction condition minus average of baseline-corrected pupil across all conditions) is here depicted to better visualize the differences between 
instruction conditions. Half-transparent patches around the average traces indicate standard errors from the mean. Bars below and above the traces 
indicate at which time points the traces differed significantly from zero (b‒d) or between conditions (d‒e) (p < .05), respectively

(a) (b)

(c)

(e)

(d)
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pupil dilation response was significantly modulated by in-
structions (Figure 5e). Pupils dilated more when participants 
were instructed to be fast as compared to accurate; while this 
effect manifests numerically from approximately 600 ms fol-
lowing target onset and is nicely in line with the SAT account 
of pupil dynamics, we note that it reaches statistical signif-
icance only very late in the analyzed epoch, from around 
2.5–3.0 s after target onset. Moreover, we observed that the 
trade-off instruction resulted in the weakest relative pupil di-
lation across the three experimental conditions, which is not 
immediately consistent with the SAT account. This complex 
pattern of task instruction effects may be at least partly due 
to the ways in which condition-related differences in average 
response latencies and/or expected rewards manifest in the 
stimulus-aligned pupil signal. Rather than speculate about 
this result further, we leave the investigation of this effect to 
future work.

To summarize the results above, phasic pupil responses 
were related to the trade-off between the speed and accuracy 
of motor aiming over a sustained period following target 
onset, which likely reflects combined effects on both initial 
ballistic and subsequent error-correction movements. We 
also observed a strong negative relationship between the later 
parts of the pupil response and task performance, which may 
reflect a mixture of effects related to urgency and perfor-
mance monitoring, that we elaborate on below.

4 |  DISCUSSION

We have found that tonic pupil size and phasic pupil responses 
track fluctuations in the speed and accuracy trade-off across 
trials in a visuo-motor aiming task. Explicit manipulations 
of this trade-off via changes in the payoff structure of the 
task also affect tonic pupil size and phasic pupil responses. 
Specifically, increases (or decreases) in baseline pupil size 
before target onset or subsequent transient increases (or de-
creases) in pupil size after visual targets are linked to faster 
(or slower) and less (or more) accurate responses. This sup-
ports our hypothesis that a change in the speed-accuracy 
trade-off will be reflected in both tonic and phasic changes 
in pupil size.

Our visuo-motor task has three appealing aspects: (a) 
both speed and accuracy can be probed per trial, (b) both the 
speed-accuracy trade-off (through instruction and natural 
fluctuations) and stimulus processing (through stimulus loca-
tion) can be manipulated, and (c) the biphasic motor response 
provides insights into the time course of the effects of speed 
and accuracy on pupil size. These benefits enabled us to re-
veal several novel relationships.

First, we show that tonic, baseline pupil size depends on 
the speed-accuracy trade-off set by the participant per trial. 
These effects are in line with previous findings by studies with 

humans (Murphy, Boonstra, et al., 2016; Naber et al., 2015) 
and rodents (Schriver, Bagdasarov, & Wang, 2018) and sug-
gest that the pupil's sensitivity adjustments in the speed-accu-
racy trade-off is not limited to a specific task context. Aside 
from this finding, several other aspects of our results warrant 
further consideration. We have found that response times are 
faster when baseline pupil size is large. However, previous 
reports have shown both the opposite pattern (Gilzenrat et al., 
2010) and nonlinear relationships between RT and baseline 
pupil size (Murphy, Robertson, Balsters, & O'Connell, 2011; 
van den Brink, Murphy, & Nieuwenhuis, 2016). This incon-
sistency can perhaps be explained by differences in stimuli 
and task design and to what degree these evoked variations in 
arousal. One low-level difference compared to previous work 
is that we presented visual targets for which it is known that 
higher intensity (i.e., increased luminance, both externally 
through experimenter control but also potentially internally 
due to increased pupil size) scales with faster response times 
(Vaughan et al., 1966). By contrast, some previous studies 
used auditory stimuli, the perceived intensity of which may 
not be directly affected by pupil size. Hence, the size of the 
pupil could in our case have directly altered perception, 
which subsequently affected response times. Another pos-
sible explanation for the discrepancy with previous work is 
that previous studies have tended to use sustained attention 
tasks that were designed to elicit strong fluctuations in alert-
ness and arousal. It is possible that the current task sampled 
only a limited portion of the arousal continuum (Yerkes & 
Dodson, 1908) wherein subtle fluctuations in arousal state 
have a monotonic effect on behavior.

Turning to the evoked pupil responses on the motor 
aiming task, these showed a biphasic pattern with an early 
constriction likely due to luminance contrast transients intro-
duced by the stimulus and a later, sustained dilation likely 
driven by stimulus processing and motor execution. We were 
able to show through single-trial analyses that, over and 
above this trial-averaged response, variation in poststimulus 
pupil change was strongly related to the trade-off between 
the speed and accuracy of motor aiming, again supporting 
our initial hypothesis. The variation in strength of the link be-
tween pupil size at different latencies relative to target onset 
and different components of the motor aiming action suggest 
that the pupil displays a delayed response (Hoeks & Levelt, 
1993) to two time-separated processes: early dilation (or lack 
of constriction) is likely associated with faster and lower- 
latency ballistic movements, while later dilation is likely 
associated with faster but late error-correction movements. 
Thus, the observed trial-related pupil/arousal response may 
in fact consist of discrete temporal components, each of 
which is modulated by sensory-motor operations that unfold 
in rapid succession. Although out of the scope of the current 
study, the creation of a deconvolution model that simulates 
pupil dilation patterns as convoluted responses to discrete 
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trial events could shed further light on the temporal dynamics 
of these associations (e.g., Wierda et al., 2012).

We also observed that the later phase of the dilation 
response was strongly negatively related to motor aiming 
performance on our task. This association, together with 
the positive relationship between this pupil response and 
error-correction latency, is likely related to a combination 
of different factors. First, again consistent with a possible 
role for phasic pupil-linked arousal in rapidly modulating 
the speed-accuracy trade-off, we have recently shown during 
two-alternative decision making under a deadline that pupil 
dilation is especially large when the decision process is tak-
ing a long time, and this is linked to the generation of ur-
gency that ensures timely response execution at the expense 
of diminished choice accuracy (Murphy, Moort et al., 2016). 
Such a building urgency signal may also have been invoked 
by our participants to meet the stringent deadline imposed 
by the motor aiming task (750  ms), would be particularly 
strong during error correction movements, and may contrib-
ute to the association that we observed between late pupil di-
lation and both slower move offsets (where greater urgency 
is generated to successfully meet the deadline) and poorer 
aiming accuracy (which is a consequence of that urgency).

Second, it is likely that the late pupil dilation is strongly 
driven by processing of feedback about the speed and accu-
racy of the motor response, which we presented immediately 
upon response execution. It is well known that the pupil is 
highly sensitive to negative events and feedback, prediction 
errors, and surprise (Derksen, van Alphen, Schaap, Mathot, 
& Naber, 2018; Kloosterman et al., 2015; Koenig, Uengoer, 
& Lachnit, 2018; Lavín, San Martín, & Rosales Jubal, 
2014; Murphy, van Moort, et al., 2016; Nassar et al., 2012; 
Preuschoff, t Hart, & Einhäuser, 2011; Wessel, Danielmeier, 
& Ullsperger, 2011), and accordingly we observed that late 
pupil dilations tended to be largest when the performance on 
a given trial was lowest. This error-related pupil response has 
elsewhere been linked to next-trial behavioral adjustments on 
a choice RT task (Murphy, van Moort, et al., 2016). We spec-
ulate it may play a similar role during motor aiming and plan 
to address this question in future work.

A third factor that we acknowledge may be responsible for 
the sensitivity of late pupil dilation to RT relates to the rela-
tively slow nature of the dilation impulse response (Hoeks & 
Levelt, 1993). In the special case that the input to the pupil 
system has a constant amplitude but a duration that scales 
with RT (which is consistent with the form of the input iden-
tified in some decision-making tasks; de Gee et al., 2014; 
Murphy, Boonstra, et al., 2016), a spurious positive correla-
tion between pupil dilation and RT would be observed.

In sum, there are several candidate explanations for the 
observed pattern of late pupil response—relating to urgency, 
feedback processing, and the pupil impulse response func-
tion—that are not mutually exclusive. Irrespective of the 

specific combination of factors driving the late pupil re-
sponse, however, an important implication of our results is 
that the trial-related phasic arousal response likely modulates 
multiple stages of motor aiming that play out in rapid tempo-
ral succession, resulting in multifaceted effects on observed 
behavior.

Cognitive effects on dilatory pupil responses are 
often interpreted in terms of noradrenergic, locus coeru-
leus activity (e.g., Einhäuser et al., 2008; Laeng, Sirous, 
& Gredebäck, 2012; Murphy, Robertson, Balsters, & 
O'Connell, 2011). A common perspective is that activity 
of the locus coeruleus, the primary source of cortical nor-
adrenaline, not only exerts a powerful modulatory influence 
on brain state (Aston-Jones & Cohen, 2005b; McGinley et 
al., 2015) but also triggers the sympathetic nervous system 
to dilate the pupil through activation of the dilator muscle 
in the iris (Gilzenrat et al., 2010; Jepma & Nieuwenhuis, 
2011). Indeed, the nature of the associations between both 
baseline and trial-related pupil responses and aspects of the 
speed-accuracy trade-off that we report here and elsewhere 
(Murphy, Moort, et al., 2016) are consistent with the mod-
ulatory effect that noradrenaline has been proposed to have 
on the gain of neural processing (Aston-Jones & Cohen, 
2005a; Eckhoff et al., 2009; Servan-Schreiber et al., 1990; 
Standage et al., 2011). While considerable experimental 
evidence linking locus coeruleus activity and pupil size 
has been reported (de Gee et al., 2017; Joshi et al., 2016; 
Murphy, O'Connell, O'Sullivan, Robertson, & Balsters, 
2014; Rajkowski, Kubiak, & Aston-Jones, 1993; Reimer et 
al., 2016; Varazzani et al., 2015), however, it is also possible 
that the cholinergic system exerts control over pupil size in 
visuo-motor tasks (McGinley et al., 2015; Naber, Frässle, 
et al., 2013; Naber et al., 2015; Nelson & Mooney, 2016; 
Nieuwenhuis, de Geus, & Aston-Jones, 2011; Reimer et al., 
2016; Vinck et al., 2015). Changes in pupil size in response 
to task difficulty or explorative behavior in visual and audi-
tory paradigms have previously been attributed to processes 
in the cholinergic, parasympathetic pathway including the 
Edinger-Westphal nucleus rather than the adrenergic, sym-
pathetic pathway (Steinhauer, Siegle, Condray, & Pless, 
2004; Wang et al., 2016). Importantly, we also recently 
demonstrated that administration of choline supplementa-
tion, which likely boosts systemic cholinergic availability, 
both decreases resting pupil size and changes behavior to-
ward a greater emphasis on accuracy rather than speed on 
precisely the same motor aiming task used presently (Naber 
et al., 2015). As such, we deem it most appropriate to leave 
open the question of which neuromodulatory systems might 
drive the pupillometric effects reported here.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

Figure S1 Behavioral performance per binned percentile 
pupil size. Means and standard errors are shown.

Table S1 Behavioral performance per speed/accuracy in-
struction. Means and standard deviations are shown per be-
havioral performance measures and per instruction.
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