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Abstract
Background Caffeine is a widely used dietary stimulant that
can reverse the effects of fatigue on cognitive, motor and ocu-
lomotor function. However, few studies have examined the ef-
fect of caffeine on the oculomotor systemwhen homeostasis has
not been disrupted by physical fatigue. This study examined the
influence of a moderate dose of caffeine on oculomotor control
and visual perception in participants who were not fatigued.
Methods Within a placebo-controlled crossover design, 13
healthy adults ingested caffeine (5 mg·kg−1 body mass) and
were tested over 3 h. Eye movements, including saccades,
smooth pursuit and optokinetic nystagmus, were measured
using infrared oculography.
Results Caffeine was associated with higher peak saccade ve-
locities (472 ± 60° s−1) compared to placebo (455 ± 62° s−1).
Quick phases of optokinetic nystagmus were also significantly
faster with caffeine, whereas pursuit eye movements were un-
changed. Non-oculomotor perceptual tasks (global motion and
global orientation processing) were unaffected by caffeine.
Conclusions These results show that oculomotor control is
modulated by a moderate dose of caffeine in unfatigued

humans. These effects are detectable in the kinematics of rapid
eye movements, whereas pursuit eye movements and visual
perception are unaffected. Oculomotor functions may be sen-
sitive to changes in central catecholamines mediated via caf-
feine’s action as an adenosine antagonist, even when partici-
pants are not fatigued.

Keywords Oculomotor control . Eyemovements . Caffeine .

Saccades . Smooth pursuit . Optokinetic nystagmus . Visual
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Introduction

Caffeine is a widely used stimulant with fatigue-reversing
properties. While caffeine is associated with both peripheral
and central sites of action (Davis et al. 2003), the positive
effects of caffeine (3–6 mg kg−1 body mass) on physical and
cognitive performance is attributed to its stimulant effect on
the central nervous system (CNS) (Davis et al. 2003; Ferre
2008). In the CNS, caffeine acts as a competitive adenosine
antagonist, indirectly upregulating dopamine, and increasing
the synthesis and turnover of norepinephrine (Fisone et al.
2004). These caffeine-induced changes in central neurotrans-
mission are associated with improvements in psychomotor
performance (Connell et al. 2016b), cognition and mood
(Einöther 2013), and lead to overall enhancements in endur-
ance exercise performance (Kovacs et al. 1998) and capacity
(Hogervorst et al. 2008).

We have recently shown that prolonged exercise that
causes brain-based fatigue in the corticospinal motor system
also impairs the oculomotor system. Three hours of strenuous
cycling decreased the velocity of rapid eye movements inde-
pendently of other visual processes (such as dorsal cortical
processing stream function) (Connell et al. 2016a, 2017). This
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finding is curious because the oculomotor system is function-
ally independent of the corticospinal system and not directly
challenged by physical exercise.

These outcomes implicate a ubiquitous brain-based fatigue
mechanism, which may be influenced by widespread disrup-
tions in one or more neurotransmitter systems. The most likely
neurochemicals involved are the central catecholamines, do-
pamine and norepinephrine (Taylor et al. 2016). Animal
models suggest that these neurotransmitter systems experi-
ence significant perturbation during prolonged exercise
(Hasegawa et al. 2008; Meeusen et al. 2003) and administra-
tion of pharmacological interventions that increase the avail-
ability of these catecholamines results in exercise performance
improvements in humans (Cordery et al. 2016; Roelands et al.
2012).

In previous work, we have indirectly examined the in-
volvement of catecholamines in fatigue development by ad-
ministering caffeine during exercise and reporting fatigue-
reversing properties in the oculomotor system. A moderate
dose of caffeine during 3 h of prolonged exercise prevented
fatigue-induced reductions in the velocity of saccades
(Connell et al. 2016a, 2017) and the quick phase of optokinet-
ic nystagmus (OKN) (Connell et al. 2017). Saccades are vol-
untary, high-velocity eye movements that enable rapid chang-
es in fixation, whereas OKN is an oculomotor reflex
characterised by alternating periods of slow tracking move-
ments (slow phase) and rapid, resetting eye movements (quick
phase) (Garbutt et al. 2001; Leigh and Zee 2006).

We subsequently addressed the role of catecholamines in
this phenomenon more directly by comparing caffeine’s ac-
tion with a dual dopamine-norepinephrine reuptake inhibitor
(bupropion) that increases the availability of both mono-
amines. In these studies, caffeine and bupropion both pre-
served the velocity of saccades following 3 h of strenuous
cycling. Thus, upregulation of catecholaminergic neurotrans-
mission may underpin the fatigue-reversing effects of caffeine
on oculomotor control. We also noted that the effects of fa-
tigue and caffeine on oculomotor control appear to be inde-
pendent from the processes supporting visual attention
(Connell et al. 2016a, 2017) and visual perception (Connell
et al. 2016a).

All of our work in this area to date has been conducted in
the context of exercise-induced fatigue. The influence of caf-
feine on oculomotor control is yet to be explored comprehen-
sively in unexercised, unfatigued participants. Under these
conditions, the function of catecholaminergic neurotransmis-
sion is assumed to be optimal for controlling eye movements.
It is unclear whether indirectly upregulating catecholamines at
rest, via caffeine administration, can alter oculomotor control.
The only study that has explored the impact of a small dose of
caffeine in unexercised participants reported no change in sac-
cadic latency, peak velocity or acceleration (Smith et al.
2003).

The aim of this exploratory study was to perform a thor-
ough assessment of the influence of caffeine on visual func-
tion in well-rested, unfatigued participants. We examined the
influence of caffeine on oculomotor control, visual attention
and visual perception to determine if caffeine could exert an
effect that is detectable in the absence of any significant ho-
meostatic challenge.

In this experiment, saccadic eye movements, smooth pur-
suit, OKN and global motion and form perception were
assessed before and after a 3 h interval. Prosaccade and
antisaccade tasks were employed to explore the effect of caf-
feine on peripherally guided, reflexive saccades versus voli-
tional saccades, respectively (Hallett 1978). Measures of visu-
al attention were incorporated into the saccade tasks using a
gap-overlap paradigm (Fischer et al. 1997; Jin and Reeves
2009). By manipulating the temporal relationship between
the disappearance of the fixation point and the introduction
of the peripheral target, the disengagement of attention is ei-
ther facilitated or impeded, thereby influencing saccade laten-
cy and task performance (Hutton 2008; Jin and Reeves 2009).
Thus, a gap-overlap paradigmwas included to indicate wheth-
er caffeine is capable of modulating the cognitive processes
involved in the disengagement or maintenance of visual atten-
tion. Smooth pursuit, a tracking eye movement that stabilises
moving objects of interest on the retina (Lencer and
Trillenberg 2008), was assessed with a simple triangular
waveform target. Lastly, OKN was evoked using drifting
square wave gratings. To investigate the influence of caffeine
on extrastriate visual processing in both the dorsal and ventral
streams, psychophysical measures of global motion and glob-
al form perception were obtained using a method of constant
stimuli procedure (Clavagnier et al. 2016; Goodale 2011;
Goodale and Milner 1992; Ungerleider and Haxby 1994).

Experimental procedures

Participants

Thirteen participants (seven females) with healthy cardiovas-
cular function (maximal aerobic capacity 56 ± 7 ml kg min−1),
a mean age of 23 (20–26) years and body mass of 72 ± 15 kg
volunteered to participate. Average daily caffeine consump-
tion was 54 mg (range, 0–231 mg day−1). One participant was
a moderate caffeine user (170–400 mg day−1), nine were low
caffeine users (<100 mg day−1), while the remainder had tried
caffeine before, but did not consume habitually.
Classifications of caffeine use are those outlined by Addicott
et al. (2009). Participants gave written informed consent and
visited the laboratory on three occasions to participate in a
protocol conducted in accordance with the Declaration of
Helsinki and approved by the University of Auckland
Human Ethics Committee.
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Experimental design

A moderate dose of caffeine (2 × 2.5 mg kg−1 body mass
doses) or placebo (maltodextrin) was administered by capsule
within a double-blind, placebo-controlled, repeated measures,
randomised crossover design. Based on the average body
mass dose (180 mg), this amount of caffeine is comparable
to a 354 ml serving of brewed (~190 mg) or espresso-based
coffee (e.g. Caffè Americano, ~150 mg) from popular US
coffeehouse chains. Participants completed two experimental
trials with a minimum of 5 days between crossover phases. In
experimental trials, participants performed a battery of visual
tasks (see below, ‘Visual performance measures’ section) im-
mediately prior (pre) and upon completion (post) of a 180 min
test interval. Treatment doses were received immediately be-
fore collection of pre-measures and 90 min into the test inter-
val. Peak plasma concentrations of caffeine occur approxi-
mately 1 h after ingestion and the typical time of action is 4
to 6 h (Fredholm et al. 1999; Magkos and Kavouras 2005;
Nehlig et al. 1992). The administration strategy was chosen to
promote the effects of caffeine on subjective sensations con-
sistently throughout the 180 min test interval and to ensure
that the peak action of caffeine coincided with post-measures.

Preliminary tests

At least 1 week before the first experimental trial, participants
were familiarized with study protocols. This involved becom-
ing accustomed to the tasks within the visual test battery (see
below, ‘Visual test battery’ section). Participants also per-
formed a maximal cardiopulmonary exercise test on an elec-
tromagnetically braked cycle ergometer (Velotron Dynafit
Pro, Seattle, WA, USA) with respiratory gas analysis equip-
ment (pneumotachometer, MLT1000L, ADInstruments; para-
magnetic oxygen analyser, S-3A/I, AEI Technologies; infra-
red carbon dioxide analyser, CD-3A, AEI Technologies) to
measure peak oxygen uptake (VO2 peak) and estimate cardio-
respiratory fitness (VO2 max).

Experimental protocol

Participants arrived at the laboratory at 8 AM following a 12 h
overnight fast. Participants were instructed to abstain from
caffeine for 24 h before each experimental trial. Upon arrival,
the first treatment dose was consumed with a breakfast cereal.
The quantity of breakfast was self-selected on the first visit
and repeated for the second trial. Immediately after breakfast,
the visual test battery was administered (see ‘Visual test bat-
tery’ section). Participants then waited for 180 min (test inter-
val). At 90 min, the second treatment dose was administered.
Participants drank water ad libitum throughout. During the
test interval, participants engaged in self-selected sedentary
activities such as reading, computer browsing or watching

television. Heart rate was recorded at 15-min intervals along
with self-rated arousal and mood assessed using visual ana-
logue scales. At 180 min, participants completed the visual
test battery. Figure 1 provides a schematic overview of the
experimental protocol.

Visual test battery

The visual test battery consisted of six discrete tasks and took
approximately 50 min to complete. The results from one of
these tasks are reported elsewhere (Connell et al. 2016b).
Stimuli were presented on a cathode ray tube monitor
(Philips 109S2; 1280 × 1024 pixel resolution, 85 Hz refresh
rate) at a viewing distance of 660 mm. Participants were

Fig. 1 Experimental workflow. Thirteen participants were recruited. A
familiarization session accustomed participants with the visual test
battery. The two experimental sessions involved completion of the
visual test battery at two time points, separated by a test interval lasting
180 min. Treatment doses were administered immediately prior to initial
performance of the visual test battery (pre-measures) and at 90 min into
the test interval
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comfortably seated in a quiet, darkened room. Head move-
ments were minimised using a chin and forehead rest. Eye
movements were tracked with a 400-Hz infrared eye tracker
(ViewPoint Eye Tracker; Arrington Research Systems,
Scottsdale, USA). A 16-point calibration procedure was car-
ried out before the beginning of each eye movement task.

Antisaccade The start of each trial was marked with the pre-
sentation of a black, central, circular fixation point subtending
a visual angle of 0.5°. A black, circular peripheral target stim-
ulus (0.5° diameter) then appeared ±10° to the left or right of
the central fixation point, where it remained visible for
1000 ms. Participant instructions were to look away from
the peripheral target stimulus to a mirror opposite position
on the screen and to move their eyes to that position as quickly
and accurately as possible.

The peripheral target was presented in a gap or overlap
condition (Fischer et al. 1997). In the gap condition, the cen-
tral fixation point was presented for 800 ms and extinguished
200 ms before peripheral target presentation. In the overlap
condition, the central fixation point remained visible through-
out the trial. Each condition was presented 50 times, resulting
in a total of 100 trials. The order of gap, overlap, right target
location, and left target location was randomised.

Prosaccade The prosaccade task was identical to the
antisaccade task. However, participants were instructed to
move their eyes to look at the target stimulus as quickly and
accurately as possible.

Smooth pursuit A circular black dot (0.8° diameter) was
presented in the centre of the screen (0°) for a duration of
1000 ms at the beginning of each trial. Following fixation,
the target moved horizontally from the centre of the screen
to one side until it reached ±15°, where it reversed direction
abruptly and moved to the opposite side. On each trial, target
speed was ramped to one of three velocities (5, 10 and 30°
s−1). A trial consisted of 5.5 passes of the target across the
display screen. Each target velocity was presented 7 times,
resulting in 21 total trials. The sequence of target velocity
and initial ramp direction were randomised. Participants were
instructed to follow the target with their eyes as accurately as
possible.

Optokinetic nystagmus (OKN) Participants viewed a 100%
contrast drifting square wave grating with a fundamental spa-
tial frequency of 0.833 cycles per degree. Gratings were pre-
sented for a duration of 20 s per trial at two velocities (5 and
10° s−1) and two stimulus directions (right to left, or left to
right) for two trials each, resulting in eight total trials. The
stimulus speeds were slower than those often used in OKN
studies, but were selected based on previous work that includ-
ed assessment of both OKN and smooth pursuit eye

movements (Kapoula et al. 2010; Konen et al. 2005).
Participants were instructed to watch the screen, keeping the
stimulus in focus. The objective of these instructions was to
encourage a ‘stare’OKN. Participants completed task practice
sessions in the preliminary testing session for OKN, smooth
pursuit and saccade tasks to ensure they were familiar with
stimulus presentation, experimental setup and task
requirements.

Global form and global motion perception Perceptual
thresholds for global orientation and global motion were mea-
sured using the method of constant stimuli. The stimulus was
constructed from 100 Gabor elements distributed within an 8°
aperture (Fig. 2). The elements within the aperture possessed
both an orientation and a movement direction. Coherent
(signal) elements had a consistent orientation (horizontal or
vertical) and movement direction (left or right) whereas noise
elements were random in their orientation and movement. On
each trial, participants judged both the global orientation and
motion direction of the stimulus, following a two-alternative-
forced-choice procedure for each stimulus attribute. Task dif-
ficulty was modulated by varying the proportion of signal
elements presented. Based on pilot observations, five stimulus
intensities (percent signal elements) were presented for orien-
tation (3, 12, 22, 31, 40%) and motion (5, 15, 25, 35, 45%).
These were pre-allocated into 25 ordered pairs to ensure that
all possible combinations of orientation and motion coherence
stimulus intensities were presented. Participants completed a
total of 250 trials (10 trials per ordered pair) presented in
randomised order. Auditory feedback was provided.
Elements did not travel within the central 1° of the stimulus

Fig. 2 Global orientation and motion stimulus properties. The stimulus
for the global orientation and motion task consisted of 100 Gabor
elements distributed within an 8° aperture. The elements within the
aperture possessed both an orientation and a movement direction. The
figure displays a stimulus presented with an orientation coherence
of 31%
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aperture. Element diameter was 0.24°, speed was 2° s−1 and
central fixation point diameter was 0.3°. Stimulus duration
was 1000 ms. Elements had a limited lifetime where there
was a 5% chance of the element being deleted and redrawn
in a random location on each frame; this was to prevent par-
ticipants tracking an individual element and, therefore, en-
couraged global integration of the stimuli. To acquaint partic-
ipants with this task before experimental trials, a task demo
was completed in the familiarization session. Participants
were required to achieve a baseline level of competency. In
the task demo, signal intensities were presented at 40, 60, 80,
100% (orientation) and 45, 65, 85, 100% (motion). A propor-
tion correct >80% when presented with signal elements of 40
and 45% for global orientation and motion was required. If
necessary, participants repeated the task until the required lev-
el of competency was attained.

Data treatment and analysis

Stimulus presentation, data collection and data analysis were
performed using custom software written in Matlab
(MathWorks R2010b, Massachusetts, USA). All eye move-
ment traces were visually inspected. Due to technical difficul-
ties, the oculomotor data from one participant was not
analysed. Similarly, the global form and motion perception
data from a second participant were unavailable. Thus,
n = 12 for all oculomotor tasks and the global motion and
form task, while n = 13 for subjective measures (arousal, va-
lence, heart rate). Final sample sizes for saccade, OKN,
smooth pursuit and subjective measures satisfied a priori pow-
er analyses. This was estimated using an expected effect size
of 0.4, derived from a previous study investigating eye move-
ment kinematics within a similar experimental design
(Connell et al. 2016a). Previous research suggests a high cor-
relation (0.62–0.97) across repeated measures for saccades
and smooth pursuit (Roy-Byrne et al. 1995). With power set
to 0.95, p <0.05 and a correlation among repeated measures of
0.62, a sample size of 12 participants was estimated to provide
appropriate statistical power for eye movement kinematic
measures.

Prosaccades and antisaccades Initiation of a saccade was
automatically identified using a combined spatial (deviation
of >1° from fixation) and a velocity criterion (≥30° s−1). The
end of the saccade was detected by a drop in the saccade
velocity below 30° s−1 (Ettinger et al. 2003; Hutton et al.
1998). Anticipatory saccades (latencies less than 70 ms) were
excluded from analysis (Allman et al. 2012). Dependent var-
iables derived from the saccade tasks were latency (ms), am-
plitude (°), peak velocity (° s−1) and task performance (per-
centage of saccades in the correct direction). For kinematic
measures, only saccades performed in the correct direction
were included in statistical analysis.

Smooth pursuit Pursuit gain (eye velocity/target velocity)
was the dependent measure of the smooth pursuit task.
Saccades and blinks during pursuit were identified by com-
puting a velocity signal from the horizontal eye position dur-
ing each trial and applying a velocity criterion (≥64° s−1).
Sections of pursuit containing saccades and blinks were re-
moved before applying a linear interpolation to the remaining
data to calculate eye velocity. Eye velocity was used to derive
pursuit gain. The initial ramp in which the target only com-
pleted a pass across half of the screen was not included in
analysis.

Optokinetic nystagmus Quick phases were identified using
the same velocity criterion employed for smooth pursuit anal-
ysis. Amplitude (°) and peak velocity (° s−1) were derived
from the quick phases. Quick phase identification served as
a basis for slow phase determination, as slow phases were
assumed to occur between quick phases. Eye velocity during
slow phases was calculated by applying a linear interpolation
to the slow phase, thus permitting the calculation of slow
phase gain.

Global form and global motion perception Proportion cor-
rect for each stimulus intensity was calculated for the motion
and form tasks separately. Global orientation coherence
thresholds and global motion coherence thresholds (stimulus
intensity at which the participant achieved 75% correct) were
estimated by fittingWeibull functions to the proportion correct
data with the tails fixed at 50 and 100% using a maximum-
likelihood criterion procedure implemented in Palamedes
toolbox (Prins and Kingdom 2009). Goodness-of-fit was
assessed with a bootstrap analysis consisting of 500 simula-
tions. This provided a p value representing the proportion of
simulated deviance values greater that the deviance value of
the fit for the collected data (Prins and Kingdom 2009). In the
case where goodness-of-fit analysis resulted in p <0.05, the
thresholds calculated for the corresponding participant were
excluded from statistical analysis.

Statistical analyses

Repeated measures analyses of variance (ANOVA) with fac-
tors TREATMENT (caffeine/placebo) and TIMEPOINT (pre/post)
were used to determine the effect of treatment on global mo-
tion and global orientation thresholds. CONDITION (gap/over-
lap) was added as a factor to statistical analyses for dependent
measures from the prosaccade and antisaccade tasks.
Similarly, STIMULUS SPEED was added as a factor to statistical
analyses for smooth pursuit gain (5, 10 and 30° s−1) and OKN
slow and quick phases (5 and 10° s−1). There was no influence
of stimulus direction, so this was not included as a factor in the
statistical analysis.
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To explore the influence of treatment on subjective experi-
ences and heart rate, the number of levels within TIMEPOINT

was extended to 13.
Due to the repeated measures design of the experiment,

there was a possibility of task learning influencing our depen-
dent variables. This was explored using the same repeated
measures ANOVAs described above, with the factor TRIAL

(first vs. second) used in place of TREATMENT. The presence
of a task learning effect is identified where relevant.

Where necessary, interaction effects were explored using
within-subject paired comparisons. The multiple comparison
type I error rate was controlled using a false discovery rate
criterion procedure (Benjamini et al. 2001). In cases where
sphericity was violated, the Greenhouse-Geisser correction
was used. Statistical significance was set at α = 0.05.
Results are reported as mean ± standard deviation (SD) unless
otherwise stated.

Results

Visual performance measures

Caffeine significantly influenced peak saccade velocity in the
prosaccade task (main effect of TREATMENT, F1, 11 = 5.01,
p < 0.05), with higher velocities in the caffeine treatment
(472 ± 60° s−1) compared to placebo (455 ± 62° s−1). This
increase occurred across both gap and overlap conditions
(CONDITION, F1, 11 = 0.145, p = 0.71). Although velocity ap-
peared to vary across time point depending on treatment
(Table 1), an interaction between TREATMENT × TIMEPOINT

failed to reach statistical significance (F1, 11 = 4.61, p = 0.055).
The influence of caffeine on peak prosaccade velocity

was inspected further by collapsing the data across the
factors CONDITION and TIMEPOINT and calculating effect
sizes for each participant. This allowed for a judgement
of the magnitude of the difference between caffeine and
placebo while accounting for within-subject variability.
Eight of twelve participants exhibited higher saccade ve-
locities with caffeine compared to placebo, with an aver-
age effect size of 0.3 ± 0.2 (range, 0.2–0.6). Two of the
remaining four participants did not exhibit any difference
in peak prosaccade velocity between placebo and caffeine,
while the last two were faster in placebo compared to
caffeine (effect sizes, 0.1 and 0.2). Figure 3a displays
average peak prosaccade velocities in gap and overlap
conditions collected for each participant.

Given the small magnitude difference between peak veloc-
ities in caffeine compared to placebo treatments, an additional
exploratory analysis was performed to investigate whether the
effect of caffeine on prosaccade velocity was still evident
when accounting for the variation of prosaccade amplitudes.
The peak velocities of prosaccades in the caffeine and placebo

treatments were compared using a linear mixed-effects model.
This analysis method was selected because, for most partici-
pants, the amplitude range (1–15°) of prosaccades collected
was too small to fit functions characterising themain sequence
between amplitude and peak velocity. Prosaccades were col-
lapsed across TIMEPOINT and CONDITION and grouped in ampli-
tude ranges of <7, 8 ± 1, 10 ± 1 and >11°. TREATMENT and
AMPLITUDE RANGE were added to the model as fixed effects,
while PARTICIPANTwas considered a random effect. At the four
amplitude ranges, faster peak velocities were observed in the
caffeine treatment compared to placebo (main effect,
TREATMENT, F3, 4569 = 15.16, p < 0.05). Furthermore, this
effect was modulated by amplitude range (interaction effect,
TREATMENT × AMPLITUDE RANGE, F3, 4569 = 4.64, p < 0.05).
Post hoc comparisons revealed significantly higher peak ve-
locities in caffeine compared to placebo at the 8 ± 1° ampli-
tude range, while there was no significant difference in peak
velocity at the remaining amplitude ranges. This is unsurpris-
ing given that the largest number of saccades collected fell
within the 8 ± 1° amplitude range (caffeine, 1249; placebo,
1350). The second largest number of saccades fell within the
10 ± 1° amplitude range (caffeine, 784; placebo, 855), follow-
ed by the <7° amplitude range (caffeine, 157; placebo, 122).
Only 29 and 39 saccades resided in the >11° amplitude range
for caffeine and placebo, respectively.

A robust main effect of condition was observed for
prosaccade latency (F1, 11 = 21.73, p < 0.01) and task perfor-
mance (F1, 11 = 6.66, p < 0.05), whereby prosaccades in the
overlap condition were performed with longer latency and
with better task performance compared to the gap condition.
No changes were observed across time point or between treat-
ments for prosaccade latency, amplitude or task performance.

Caffeine did not appear to influence the peak velocity of
antisaccades (TREATMENT, F1, 11 = 1.788, p = 0.21). However,
peak antisaccade velocity was significantly faster in the gap
compared to the overlap condition (main effect of CONDITION,
F1, 11 = 8.82, p < 0.05). This effect was present even when
accounting for variations in saccade amplitude by assessing
the data using a linear mixed-effects model. Condition also
influenced antisaccade latency (F1, 11 = 16.17, p < 0.01) and
task performance (F1, 11 = 28.68, p < 0.001), with longer
latencies and higher performance in the overlap compared to
the gap condition. These main effects were not accompanied
by any interaction with time point or treatment. Furthermore,
no alterations in antisaccade amplitude occurred. A task learn-
ing effect was uncovered in antisaccade latencies, whereby
participants responded with shorter saccade latencies in the
second experimental trial compared to the first (main effect
of TRIAL, F1, 11 = 18.63, p < 0.01).

Smooth pursuit gain was unaffected by treatment and did
not differ across time point. As expected, pursuit gain did
differ depending on stimulus speeds (main effect of
STIMULUS SPEED, F2, 18 = 97.96, p < 0.001), with gains close
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Table 1 Measures of oculomotor
control Placebo Caffeine

Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD

Prosaccade

Peak velocity (° s−1) 461 58 449 66 462 69 478 50

Gap condition 460 53 450 64 462 68 482 52

Overlap condition 462 65 449 72 462 72 474 50

Latency (ms) 169 29 172 38 177 40 170 32

Gap condition 158 25 163 33 166 38 159 29

Overlap condition 179 34 182 45 187 44 180 35

Amplitude (°) 9 0.5 9 0.6 8 0.9 9 0.6

Gap condition 9 0.5 9 0.6 8 0.9 9 0.6

Overlap condition 9 0.6 9 0.6 9 1.0 9 0.6

Task performance (% correct) 97 4 96 5 97 3 98 4

Gap condition 95 7 93 8 95 7 95 9

Overlap condition 99 1 99 2 100 1 100 1

Antisaccade

Peak velocity (° s−1) 441 67 425 89 446 66 447 76

Gap condition 443 66 431 93 452 69 453 75

Overlap condition 438 71 419 85 441 66 442 78

Latency (ms) 237 34 235 35 238 41 231 31

Gap condition 227 34 225 36 230 48 224 35

Overlap condition 247 36 246 35 246 36 237 29

Amplitude (°) 10 1.9 10 2.4 10 1.8 10 2.7

Gap condition 10 1.9 10 2.4 10 1.8 10 2.3

Overlap condition 9 2.0 10 2.4 9 1.8 10 3.2

Task performance (% correct) 82 17 87 10 85 15 85 16

Gap condition 79 18 82 14 79 20 80 19

Overlap condition 86 17 92 7 91 12 89 13

Smooth pursuit

Gain 0.88 0.10 0.90 0.12 0.89 0.10 0.91 0.11

5° s−1 stimulus 0.99 0.09 1.02 0.12 0.98 0.12 1.01 0.11

10° s−1 stimulus 0.92 0.11 0.94 0.13 0.94 0.09 0.96 0.09

30° s−1 stimulus 0.65 0.16 0.72 0.13 0.73 0.10 0.75 0.10

Optokinetic nystagmus

Slow phase gain 0.69 0.09 0.69 0.07 0.70 0.12 0.73 0.12

5° s−1 stimulus 0.69 0.07 0.70 0.08 0.71 0.07 0.72 0.09

10° s−1 stimulus 0.69 0.14 0.66 0.16 0.68 0.19 0.73 0.19

Quick phase amplitude (°) 4 1.5 4 1.3 5 1.9 5 2.3

5° s−1 stimulus 4 1.2 4 1.2 4 1.7 4 2.0

10° s−1 stimulus 5 1.6 5 1.6 5 2.1 5 2.6

Quick phase peak velocity (°
s−1)

205 43 198 39 235 63 244 88

5° s−1 stimulus 184 37 178 27 223 60 223 84

10° s−1 stimulus 217 50 207 52 240 68 258 93

Kinematic and task performance parameters derived from prosaccade, antisaccade, smooth pursuit and OKN
visual tasks for placebo and caffeine
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to unity for the slowest stimulus speed (5° s−1), and progres-
sively declining for faster stimulus speeds (10 and 30° s−1).

Caffeine was associated with alterations in amplitude and
peak velocity of the quick phases of OKN. Quick phase am-
plitude was significantly influenced by caffeine (main effect
of TREATMENT, F1, 11 = 7.12, p < 0.05) with slightly larger
amplitudes with the caffeine treatment compared to placebo.
Treatment also modulated the peak velocity of quick phases,
which were significantly faster with caffeine (main effect of
TREATMENT, F1, 11 = 9.85, p < 0.01). Larger amplitude quick
phases occurred in response to the 10° s−1 stimulus compared
to the 5° s−1 stimulus (main effect of STIMULUS SPEED, F1,

11 = 21.10, p < 0.01). Similarly, quick peak velocities were
higher in response to the 10° s−1 stimulus speed compared to
the 5° s−1 stimulus speed (main effect of STIMULUS SPEED, F1,

11 = 12.61, p < 0.01). Like smooth pursuit, OKN slow phase
gain was unaffected by treatment and did not differ across
time point. Additionally, there was no influence of stimulus
speed on slow phase gain. These data, along with an example
OKN trace from one participant, are illustrated in Fig. 4a–c.

Given the slightly larger quick phase amplitudes with caf-
feine (5°) compared to placebo (4°, refer to Table 1), an addi-
tional exploratory analysis was performed to investigate
whether the higher peak velocities with caffeine result simply
from an increase in amplitude. A linear mixed-effects model
was used to compare the peak velocities of OKN quick phases
in the caffeine treatment with those of the same amplitude in
the placebo treatment. This analysis method was selected as
the amplitude range of the quick phases collected for the ma-
jority of participants was too small to fit curves characterising
the main sequence between amplitude and peak velocity. A
linear relationship between quick phase amplitude and veloc-
ity was assumed as quick phases were less than 15° in

amplitude (Bahill et al. 1975). Quick phases were collapsed
across STIMULUS SPEED and TIMEPOINT and grouped in ampli-
tude ranges of 2.5 ± 0.25°, 5.0 ± 0.5°, 7.5 ± 0.75° and
10.0 ± 1.0° (Wang et al. 2005). TREATMENT and AMPLITUDE

RANGE were added to the model as fixed effects, while
PARTICIPANT was considered a random effect. At the four am-
plitude ranges, significantly faster peak velocities were ob-
served in the caffeine treatment compared to placebo.
However, this effect was magnified at larger quick phase am-
plitudes (interaction effect, TREATMENT × AMPLITUDE RANGE,
F3, 72 = 2.79, p < 0.05). Post hoc comparisons revealed sig-
nificantly higher peak velocities in the caffeine treatment com-
pared to placebo at 5, 7.5 and 10° amplitude ranges, while
there was no difference in peak velocity at the 2.5° amplitude
range. These data are shown in Fig. 4d while kinematic and
task performance data from all eye movement tasks are report-
ed in Table 1.

One participant’s data was excluded from analysis of glob-
al orientation coherence, and data from three participants were
excluded from global motion coherence analysis due to unac-
ceptable fits. There were no effects of treatment on global
orientation or global motion thresholds. A main effect of time
point was detected for global motion threshold (F1, 8 = 12.34,
p < 0.01), with thresholds improving across time point, irre-
spective of treatment. These data are illustrated in Fig. 5a.
Additional analyses suggested that this improvement reflected
a within-trial task learning effect, as decreases in motion per-
ception threshold were restricted to time points and not influ-
enced by trial order (TRIAL, F1, 8 = 4.36, p = 0.07). For exam-
ple, in trial one, motion coherence threshold improved from
24 ± 7 to 19 ± 5 and in trial two coherence thresholds de-
creased from 21 ± 6 to 19 ± 5, pre- and post-test interval,
respectively. Global orientation thresholds also exhibited a

Fig. 3 Prosaccade peak velocity
and latency for placebo (left) and
caffeine (right) treatments. a
Average peak prosaccade velocity
(collapsed across gap and overlap
trials) pre- and post-rest in
placebo and caffeine treatments.
Each point represents mean peak
prosaccade velocity ± 95% CI for
each participant. Dashed lines
represent participants that
exhibited faster prosaccade
velocities with caffeine. b
Prosaccade latency for gap and
overlap conditions pre- and post-
rest in placebo and caffeine.
Significance labelling between
gap and overlap conditions
indicate a main effect of condition
(*p < 0.05). Data represent
mean ± SE
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learning effect. However, this occurred across trials as op-
posed to within trials (main effect of TRIAL, F1, 10 = 18.50,
p < 0.01). Orientation thresholds decreased significantly from
19 ± 7 in trial one to 15 ± 6 in trial two.

Subjective experiences

Heart rate differed significantly over the 180-min test interval
depending on treatment and time point (F12, 144 = 3.26,

Fig. 4 Kinematic characteristics of OKN quick phases. a Sample eye
movement traces of optokinetic nystagmus after caffeine (top traces) or
placebo (bottom traces) in response to 10° s−1 (left traces) and 5° s−1

(right traces) stimulus speeds. b Mean amplitude of OKN quick phases
in placebo and caffeine treatments. Each symbol represents one
participant, while the shape of the symbol corresponds to one stimulus
velocity: 5° s−1 (circle) and 10° s−1 (square). The diagonal unity line

represents no difference between placebo and caffeine. c Mean peak
velocity of OKN quick phases in placebo and caffeine. d Mean peak
velocity of OKN quick phases for a given amplitude range in placebo
and caffeine. Significance labelling indicates a significant difference in
peak velocity in caffeine and placebo at the indicated amplitude, as
revealed by post hoc comparisons (*p < 0.05). Data represent mean ± SE

Fig. 5 Motion perception,
orientation perception, arousal
and valence for placebo (white
fill) and caffeine (black fill). a
Motion and orientation coherence
threshold (minimum motion or
orientation signal required to
discriminate coherent motion or
orientation from random noise).
Significance labelling with
comparator represents a main
effect of time point from pre-test
to post-test coherence (*p < 0.05).
b Felt arousal and valence across
the 180-min rest duration in
placebo and caffeine. Data
represent mean ± SE
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p < 0.001). This interaction stemmed from higher heart rates at
the onset of the test interval with placebo compared to caf-
feine. As time progressed, heart rate slowed to a rate similar to
the caffeine trial. As illustrated in Fig. 5b, self-reported mood
and arousal was not influenced by treatment (mood, F1,

12 = 1.25, p = 0.29; arousal, F1, 12 = 2.78, p = 0.12), but both
measures did increase over the course of the test interval,
irrespective of treatment (main effect of TIMEPOINT, mood,
F2.70, 32.26 = 10.00, p < 0.001; arousal, F1.98, 23.81 = 4.41,
p < 0.05).

Discussion

This study demonstrates, for the first time, that caffeine can
alter oculomotor function in unexercised, unfatigued partici-
pants. These changes manifest as detectable increases in the
velocity of rapid eye movements (saccades and OKN quick
phases), while visual attention and extrastriate visual function
are unaffected by caffeine. This outcome is novel as existing
evidence (Smith et al. 2003) suggested that caffeine (at a lower
dose) has no influence on saccade kinematics in rested
humans (Smith et al. 2003).

Eye movements in the prosaccade task were faster with a
moderate dose of caffeine compared to placebo. Concurrent
changes in amplitude were not observed. Thus, increases in
peak velocity were not simply attributable to alterations in the
distance travelled during the saccade. Eight of twelve partici-
pants exhibited higher prosaccade peak velocities in the caf-
feine treatment compared to placebo with an average effect
size of 0.3. An effect size of this magnitude suggests that
caffeine confers a small but detectable effect on peak velocity.
Whether an increase in saccade velocity of this magnitude
confers a beneficial effect on overall visual performance is
unknown and is only likely to confer a positive benefit if
saccadic duration (not reported here) is also shortened thereby
allowing longer periods of fixation during search of the visual
field. A previous study of saccades after a 1.5 mg kg−1body
mass dose of caffeine found no changes in eye movement
kinematics (Smith et al. 2003), suggesting there may be a
minimum effective caffeine dose required to influence oculo-
motor control.

Similarly, the quick phases of OKN had significantly
higher peak velocities in the caffeine treatment. However, this
was accompanied by a concurrent increase in amplitude with
caffeine. Additional analysis suggested that quick phases larg-
er than 2.5° in amplitude exhibited a more pronounced in-
crease in velocity with caffeine compared to quick phases of
similar amplitudes in placebo. This is consistent with the in-
crease in prosaccade peak velocity observed with caffeine.
Saccadic eye movements are governed by a network of struc-
tures located within the cerebellum, frontal cortex and
brainstem such as the frontal eye fields, superior colliculus

and paramedian pontine reticular formation. Peak saccadic
velocity is thought to indicate the function of a well-defined
group of neurons located within the brain stem reticular for-
mation. These neurons are also thought to be involved in the
generation of OKN quick phases (Cohen 1972; Keller 1974).
Thus, the alterations in peak velocity observed for
prosaccades and OKN quick phases could possibly reflect a
central influence of caffeine on the brainstem structures re-
sponsible for the generation of reflexive, rapid eye move-
ments. However, we acknowledge that this interpretation is
speculative as we have not used neurophysiological measures
to directly examine the neural basis of the observed effects.

Nevertheless, this finding is congruent with the notion that
the velocity component of rapid eye movements is especially
sensitive to alterations in central nervous system activation
(Galley 1989). For example, reductions in the peak velocity
of saccades have been observed following the ingestion of
sedative drugs (Busettini and Frölich 2014) and after periods
of sleep deprivation ranging from one night to 64 h (Rowland
et al. 2005; Zils et al. 2005). Additionally, the sedative drug
diazepam reduces the amplitude and velocity of OKN quick
phases (Wang et al. 2005). Conversely, administration of the
stimulant drug methylphenidate has the opposite effect on
rapid eye movements, increasing saccadic peak velocity
(Allman et al. 2012).

Unlike prosaccades and quick phases, antisaccade kinemat-
ics were unaffected by caffeine. This may have been influ-
enced by the difference in saccade dynamics between
antisaccades and prosaccades (Bell et al. 2000; Smit et al.
1987). Antisaccades are commonly dysmetric and slower than
prosaccades (Amador et al. 1998; Bell et al. 2000; Smit et al.
1987)—an effect also seen in this study. These differences
have been attributed to the involvement of different neuronal
subsystems to generate the appropriate saccade command giv-
en the task conditions (McDowell et al. 2008), as well as the
absence of a target to direct the eyes towards in the antisaccade
task (Olk and Kingstone 2003). The lower peak speeds and
larger variations in amplitude observed with antisaccades may
have influenced the sensitivity of this measure to the caffeine
treatment, as even in prosaccades, which have higher peak
velocities than antisaccades, only a small magnitude change
in peak velocity with caffeine was detected.

We have previously reported a decrease in the velocity of
10° saccades following 3 h of exercise in a group of partici-
pants with a similar age range (20–31 years) and level of
cardiorespiratory fitness (57 ± 1 ml kg min−1) to the present
group (Connell et al. 2016a). No significant decline in
prosaccade peak velocity over time occurred in the placebo
treatment of the present study, suggesting that, in unfatigued
participants, saccade velocity is stable over a 3 h period.
Furthermore, no alterations across time were observed in the
placebo treatment for other measures of oculomotor control in
the prosaccade, antisaccade, smooth pursuit or OKN tasks.
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This is in line with previous research reporting that eye move-
ment kinematics, including prosaccades, antisaccades and
smooth pursuit, generally have high within-session temporal
stability in rested, alert participants (Ettinger et al. 2003).

Visual attention was unaffected by the administration
of caffeine, as a clear effect of gap and overlap condi-
tions, similar in magnitude across treatments, was ob-
served for saccade latency and task performance.
Saccade latencies in the gap condition, for both
prosaccade and antisaccade trials, were significantly
shorter than those in the overlap condition, while task
performance was higher in the overlap condition of both
tasks. The gap condition facilitated a release of visual
fixation due to the presence of a temporal gap between
the offset of the fixation point and the onset of the periph-
eral target, thereby promoting faster saccade latencies and
a higher proportion of direction errors (lower task perfor-
mance). Conversely, in the overlap trials, the persistence
of the fixation point during the onset of the peripheral
target resulted in persistent fixation-related neural activity
after target appearance, causing slower saccade latencies
and fewer direction errors (Hutton 2008). Given that this
gap-overlap effect on latencies and task performance was
not modulated by caffeine, it appears that caffeine does
not selectively influence the release or maintenance of
visual fixation, nor does it exert a general effect on the
mechanisms under ly ing disengagement and re-
engagement of visual attention. However, in the
antisaccade task, there is the possibility that an influence
of caffeine was masked by a task learning effect. Self-
rated arousal and mood was not influenced by caffeine,
with levels of arousal and mood similar over the duration
of the time interval in both treatments. Given this, it is
unlikely that the visual performance measures were con-
founded by disturbances in mood and arousal.

Visual processing within the dorsal and ventral streams, the
extrastriate areas supporting global motion and global orien-
tation processing, were also unaffected by a moderate dose of
caffeine. This is consistent with our previous finding that
global motion detection and dorsal stream function are robust
to exercise-induced fatigue with or without caffeine (Connell
et al. 2016a). Furthermore, the task employed in the present
study was more demanding than the global motion task used
previously, as participants were required to process both ori-
entation and motion components of the stimulus. It has been
shown that healthy individuals are capable of judging the ori-
entation and motional components of the stimulus without
interaction, suggesting that the processes informing these
judgements are largely independent (Clavagnier et al. 2016).
Caffeine does not exert an effect on performance in this task
either via heightened attention or by influencing processes
within the dorsal and ventral streams to improve global mo-
tion and global orientation perception, respectively. The

within- and between-trial improvements observed in global
motion and global orientation threshold are likely to be a con-
sequence of task learning despite the provision of a familiar-
ization session before the first experimental measurement.
However, it should be noted that the global orientation and
motion perception data were underpowered based on the a
priori power calculation. This was because participants with
poor psychometric function fits were excluded.

A limitation of the current study is the homogeneity of
the sample. The characteristics of the participants fell
within a relatively narrow range of ages, levels of cardio-
respiratory fitness and caffeine intakes. While these traits
may have increased our ability to detect an effect of caf-
feine due to the possible reduction of population-related
variance, the extent to which these results can be applied
to a wider population is yet to be determined. The dietary
caffeine intake of our cohort was low, and it is possible
that higher caffeine intakes could differentially influence
oculomotor control. This is a potential direction for future
studies given that long-term exposure is known to modify
the efficacy of caffeine on cognition and physical perfor-
mance (Sokmen et al. 2008). Additionally, while the in-
terpretation of caffeine effects has largely focused on cen-
tral mechanisms, caffeine is also associated with a range
of peripheral actions, including increases in intracellular
calcium mobilisation and inhibition of phosphodiesterases
(Nehlig et al. 1992), which may alter the contractile prop-
erties of skeletal muscle (Lopes et al. 1983). This periph-
eral action of caffeine could influence saccade velocity if
the extra-ocular muscles were similarly affected and war-
rants further investigation.

In conclusion, this study provides evidence that it is possi-
ble to increase the velocity of rapid eye movements in
unfatigued humans with caffeine. A moderate dose of caffeine
caused detectable changes in oculomotor control, demonstrat-
ing that caffeine can alter normal oculomotor function. These
stimulant effects may occur via upregulation of central cate-
cholaminergic activity (Connell et al. 2017). The findings fur-
ther our understanding of visual function and oculomotor con-
trol in the context of dietary caffeine intake.
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