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Abstract

The sudden appearance of a novel stimulus initiates a series of responses to orient the body for appropriate actions, including
not only shifts of gaze and attention, but also transient pupil dilation. Modulation of pupil dynamics by stimulus properties is less
understood, although its effects on other components of orienting have been extensively explored. Microstimulation of the supe-
rior colliculus evoked transient pupil dilation, and the initial component of pupil dilation evoked by microstimulation was similar to
that elicited by the presentation of salient sensory stimuli, suggesting a coordinated role of the superior colliculus on this behavior,
although evidence in humans is yet to be established. To examine pupil orienting responses in humans, we presented visual stim-
uli while participants fixated on a central visual spot. Transient pupil dilation in humans was elicited after presentation of a visual
stimulus in the periphery. The evoked pupil responses were modulated systematically by stimulus contrast, with faster and larger
pupil responses triggered by higher contrast stimuli. The pupil response onset latencies for high contrast stimuli were similar to
those produced by the light reflex and significantly faster than the darkness reflex, suggesting that the initial component of pupil
dilation is probably mediated by inhibition of the parasympathetic pathway. The contrast modulation was pronounced under differ-
ent levels of baseline pupil size. Together, our results demonstrate visual contrast modulation on the orienting pupil response in

humans.

Introduction

Pupil size is controlled by balanced activity between the parasympa-
thetic and sympathetic pathways. A sudden increase in illumination
results in an activation of the parasympathetic system to initiate
pupil constriction, whereas a luminance decrease mostly activates
the sympathetic system to increase pupil size (Loewenfeld, 1999;
Gamlin, 2006). These illumination-dependent modulations are
referred to as the light and darkness reflex, respectively. Pupil size
is also widely used to index cognitive processing (Beatty, 1982;
Nassar et al., 2012; Wierda et al., 2012; Eldar et al., 2013), proba-
bly mediated by arousal systems via the locus coeruleus—norepi-
nephrine network (Aston-Jones & Cohen, 2005), and a growing
number of studies have incorporated pupil size in clinical investiga-
tion (Bremner, 2009; Karatekin ef al., 2010; Daluwatte et al., 2013;
Frost et al., 2013).

Changes in pupil size have also been associated with the orienting
response (Sokolov, 1963; Lynn, 1966), and presentation of a salient
stimulus initiates not only saccades and attentional shifts (Carrasco,
2011; Kowler, 2011), but also transient pupil dilation (Qiyuan et al.,
1985; Loewenfeld, 1999; Netser et al., 2010; Wang ez al., 2014). The
superior colliculus (SC), a critical structure in the control of saccadic
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eye movements and attention (Gandhi & Katnani, 2011; Krauzlis
et al., 2013), has been hypothesized to encode stimulus saliency to
initiate various components of the orienting response (Fecteau &
Munoz, 2006; Boehnke & Munoz, 2008; Knudsen, 2011). Recently,
the role of the SC was extended to pupil dynamics because SC micr-
ostimulation evoked transient pupil dilation (Netser et al., 2010;
Wang et al., 2012). Furthermore, similar modulations of stimulus con-
trast, as one of the most primitive components of saliency (Itti &
Koch, 2001; Borji et al., 2013), on SC activities and pupil size were
demonstrated in monkeys, suggesting that the SC could be involved in
coordinating stimulus-evoked pupil dilation (Wang et al., 2014).
Although stimulus contrast modulated evoked pupil responses,
the effect has yet to be established in humans. Moreover, the indi-
vidual contribution of sympathetic and parasympathetic pathways
to this behavior is less clear. Here, we manipulate local stimulus
contrast to examine the contrast effect on human pupil responses.
Consistent with previous results in monkeys (Wang ez al., 2014),
transient pupil dilation can be evoked by visual stimuli and, impor-
tantly, the onset and size of evoked pupil responses scale with the
level of stimulus contrast, with faster and larger pupil responses
observed for higher contrast stimuli. The pupil response onset
latency (PROL) evoked by high contrast stimuli is similar to that
induced through the light reflex, and is significantly faster than the
darkness reflex, suggesting that the initial component of transient
pupil dilation is probably mediated by inhibition of the parasympa-
thetic pathway. Furthermore, the effects of stimulus contrast are
consistent under different levels of baseline pupil size, manifesting
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the contrast modulation regardless of the level of arousal. Overall,
our results demonstrate the modulation of stimulus contrast on tran-
sient pupil responses in humans, and argue that the SC may coor-
dinate this behavior.

Materials and methods
Participants

All experimental procedures were reviewed and approved by the
Queen’s University Human Research Ethics Board in accordance
with the Declaration of Helsinki. Twelve participants (ranging
between 18 and 35 years of age) were recruited for this study. All
participants had normal or corrected-to-normal vision and were
naive regarding the purpose of the experiment. They provided
informed consent and were compensated for their participation.

Recording and apparatus

Eye position and pupil size were measured by a video-based eye
tracker (Eyelink 1000 binocular arm; SR Research, Osgoode, ON,
Canada) at a rate of 500 Hz with binocular recording (the left pupil
was mainly used, except for consensual analyses). Stimulus presen-
tation and data acquisition were controlled by Eyelink Experiment
Builder and Eyelink software. Stimuli were presented on a 17-inch
LCD monitor at a screen resolution of 1280 x 1024 pixels (60 Hz
refresh rate), subtending a viewing angle of 32° x 26°, and the dis-
tance from the eyes to the monitor was set at 58 cm. We used the
following method to transfer output pupil area values recorded from
the eye tracker to actual pupil size (Steiner & Barry, 2011; Wang
et al., 2012). We made a number of different-sized false pupils and
placed them at approximately the same position as the participants’
pupil position during data recording. Eyelink pupil values from false
pupils were used to transform Eyelink pupil values recorded from
real participants to actual pupil diameter simply using a linear inter-
polation after using a square root of all pupil area data. Pupil size
data can be distorted by eye movements because the size of the
pupil depends on the angle of the eyeball in a video-based eye
tracker. Saccade generation could also confound our test of the role
of stimulus contrast on the evoked pupil responses, because any
observed differences in pupil response between different conditions
could be triggered by saccadic eye movement itself, rather than
stimulus contrast per se. To maintain an accurate measure of pupil
size before, during, and after visual stimulation and to avoid an
influence of the saccadic eye movements, participants were required
to maintain visual fixation on a point at the center of the screen
throughout the trial except for the trials that required saccadic eye
movements.

Visual stimulus task

Participants were seated in a dark room and the experiment con-
sisted of 210 trials lasting approximately 40 min (Fig. 1A). Each
trial began with the appearance of a central fixation point (FP) (0.6°
diameter; 6 cd/m?) on a gray background (11 cd/m?). After 1-1.4 s
of central fixation, a peripheral visual stimulus (0.6° diameter) was
presented for 100 ms to the left or right of the FP (8° eccentricity
on the horizontal axis) on a subset of trials (90 trials) and partici-
pants were required to maintain steady fixation for an additional
2-2.5 s (Fix condition, Fig. 1A). Because stimulus-evoked pupil
responses were attenuated by the repetition of the same stimulus
repeatedly via habituation (Netser et al., 2010; Steiner & Barry,
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FIG. 1. (A) Each trial started with a central FP (6 cd/m?) on a gray back-
ground (11 cd/m?). After a random delay there was a brief presentation
(100 ms) of a visual stimulus (Fix) or no stimulus presented (Ctrl) and partici-
pants were required to maintain central fixation for another 2-2.5 s. In some tri-
als, the presentation of visual stimuli coincided with the disappearance of
central fixation, and participants were required to move their eyes to the stimu-
lus (Sac). Note that the displayed squarewave grating circle here is only for
illustration of the paradigm. (B) Each trial started with a central FP (6 cd/m?)
on a gray background (11 cd/m?). After a random delay the background lumi-
nance became brighter (Light: 21 cd/m?) or dimmer (Dark: 1 cd/m?), and par-
ticipants were required to maintain central fixation for another 2-2.5 s. (C)
Measurements of the evoked pupil response. Ctrl, control condition; Fix, fixa-
tion condition; PROL, pupil response onset latency; Sac, saccade condition.

2011), we included a no-stimulus control (Ctrl condition, Fig. 1A)
condition on a subset of trials (30 trials) to reduce the habituation
effects. In addition, to compare different orienting behaviors (sac-
cade and pupil response) and to prevent the subject from strategi-
cally ignoring the peripheral visual stimulus, on another proportion
of trials (90 trials), the FP was removed simultaneously with visual
stimulus appearance, and the participant was required to generate a
saccade toward the stimulus (Sac condition, Fig. 1A). The intertrial
interval was about 3.5 s, during which time a slightly dimmer blank
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screen (8 cd/m?) was presented to inform participants of this
interval.

Pupil size is sensitive to the level of illumination, with a con-
striction following increases in illumination and dilation following
decreases in illumination (Loewenfeld, 1999). Therefore, changes
in pupil size can be driven by a sudden change of overall illumi-
nation due to the brief presentation of luminant stimuli. To elimi-
nate these effects, the peripheral stimulus was a circular
squarewave grating with a clear contour (16 cycles/deg, two
luminance levels), which resulted in a stimulus with the same
average luminance as background (11 cd/m?®). Contrast is defined
as (Lump;igh—Lummyoy ) (LumyigntLum,,,), and three levels of stimu-
lus contrast were used (0.98, 0.74, and 0.49), which were referred
to as the high, mid, low contrast, respectively. Although peripheral
contrast sensitivity is low for such high spatial frequency (Peli ez al.,
1991), the stimulus was visible to participants because they made cor-
rect saccades toward the stimulus on most of the saccade trials (aver-
age error rate for the low contrast condition was 3.1%, ranging
between 0 and 13%). Stimulus location (left and right), stimulus con-
trast (high, mid, and low), and task condition (Fix, Ctrl, and Sac) were
randomly interleaved.

Light/dark reflex task

Seven participants (age range from 18 to 35 years; four of them
from the previous experiment) were recruited for the light/dark
reflex task (Fig. 1B). Each trial began with the appearance of a cen-
tral FP (0.5° diameter; 6 cd/m?) on a gray background (11 cd/m?).
After 1-1.2 s, background luminance either increased (21 cd/m?),
decreased (1 cd/m?), or stayed the same (11 cd/m?), and the partici-
pants were required to maintain steady fixation for an additional 2 s.
Background luminance conditions were randomly interleaved, and
each condition had 25 trials.

Data analysis

The initial transient component of the evoked pupil response was of
primary interest (Fig. 1C) because it was related to the pupil
response evoked by SC microstimulation (Wang et al., 2012, 2014).
Trials with blinks or an eye position deviation of more than 2° from
the central FP during the required period of fixation were excluded
from analysis. There were at least 20 remaining trials for each condi-
tion. For each trial, original pupil diameter values were subtracted
from the baseline pupil diameter value determined by averaging pupil
size from 100 ms before to 100 ms after (PROL was always
> 100 ms) stimulus/background presentation (Bala & Takahashi,
2000; Moresi et al., 2008; Wang et al., 2012). Because pupil size
was constantly changing even when there was no stimulus presented,
to simplify data presentation and quantification, we normalized pupil
diameter values by contrasting the visual stimulation vs. no-stimula-
tion conditions directly. Specifically, pupil values from each Fix trial
were contrasted to the average pupil value from all Ctrl trials.

If pupil size associates with orienting, the presentation of a salient
stimulus should evoke pupil dilation, and pupil dilation should scale
with the level of stimulus contrast because it is one of the most
primitive saliency components (Itti & Koch, 2001; Borji et al.,
2013), with faster and larger evoked responses observed for more
salient stimuli. Figure 1C shows a schematic of the measurements
extracted to capture dynamics of transient pupil dilation (Wang
et al., 2014). The PROL was defined as the time at which velocity
exceeded half of its greatest absolute velocity value with the same
direction in acceleration (dilation or constriction), and these

remained so for at least 100 ms. To determine the onset of the pupil
response, following a similar procedure (Bergamin & Kardon,
2003), we first increased the signal-to-noise ratio of pupil size trac-
ing by filtering high-frequency pupil change (change in pupil size
exceeded 0.1 mm/ms) and smoothing each data point with averaging
+ 25 sampling points. The velocity and acceleration tracings were
derived by the pupil size tracing after application of a 20-point sec-
ond-order polynomial moving Savitzky—Golay filter (Savitzky &
Golay, 1964), which gradually reduced high-frequency component
noise. The mean dilation was defined as the average of the pupil
size from PROL to the time when the pupil reached the largest dila-
tion within 1000 ms after the stimulus onset. The mean dilation
velocity was computed using the same time window for the mean
pupil dilation (positive and negative values indicate the dilating and
constricting process, respectively).

To examine the modulation of stimulus contrast by the level of
arousal, we separated trials with larger and smaller pupil size
according to the baseline pupil size (averaged from the epoch of the
final 500 ms prior to stimulus appearance) on Sac and Fix trials sep-
arately (2 x 3 anova: large/small baseline x high/mid/low con-
trast), because the baseline pupil size (prior to an event) is often
used to indicate different levels of arousal (Gilzenrat et al., 2010;
Nassar et al., 2012). It is argued that there is an inverted U relation-
ship between arousal level and behavioral performance (Aston-Jones
& Cohen, 2005), i.e. performance worsens when the level of arousal
is too high or too low. Gilzenrat et al. (2010) separated two arousal
conditions using 25" percentile or lower baseline diameter and 75™
percentile or higher baseline diameter because human participants,
dissimilar to monkeys, showed little variation or periodicity in per-
formance during the task (the level of arousal should be relatively
within the modest range). We followed a similar procedure because
our participants did not show periodicity in performance, and used a
median split to increase the number of trials on each baseline condi-
tion to strengthen statistical power.

On Sac trials, the saccade reaction time was defined as the time
from the target appearance to the first saccade away from fixation
that exceeded 30°/s. Failure to initiate a saccade within 1000 ms
after the appearance of the saccadic target and failure to make a sac-
cade to the correct location (within 1.5° radius around the target)
were marked as errors on the saccade condition (Sac); these
occurred rarely (0, 0, and 3% for high, mid, low conditions, respec-
tively) and were removed from analysis. On Fix trials, the saccadic
error was labeled if a saccade was made toward the stimulus within
500 ms after the appearance of visual stimulus, and these trials were
removed from pupil analysis. A repeated-measures ANOVA was per-
formed for statistical analysis, and a Bonferroni-corrected #-test was
used for the planned comparisons, except where indicated.

Results
Saccadic responses were modulated by visual contrast

Consistent with the literature (Ludwig ef al., 2004; Marino &
Munoz, 2009; Kowler, 2011), stimulus contrast modulated saccade
behaviors, with faster saccade reaction times observed for higher
contrast stimuli on Sac trials (Fig. 2A; F,5, = 29.47, P < 0.001;
Bonferroni-adjusted comparisons between high and low contrast,
and mid and low contrast were significant, all P < 0.01). On Fix
trials, where participants were required to maintain fixation, more
erroneous saccades occurred when the visual stimulus was higher
contrast (Fig. 2B; F,,, =6.07, P =0.012; high and low:
P = 0.045; mid and low: P = 0.08). The differences between high
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FI1G. 2. Effect of stimulus contrast modulation on saccadic behaviors. (A) Saccade reaction times (SRTs) at different stimulus contrast conditions on saccade tri-
als. (B) Erroneous saccade rates at different stimulus contrast conditions on fixation trials. The error bars represent &= SE across participants. *Differences are
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F1G. 3. Transient pupil dilation evoked by visual stimuli. Normalized pupil response following the presentation of visual stimuli with three levels of visual con-
trast on (A) a single participant and (B) all participants. The black bar on the X-axis indicates the time line of stimulus presentation. The black, dark gray, and
light gray lines indicate the high, mid, and low visual contrast stimulus conditions, respectively. n, number of participants.

and mid contrast conditions were not significant, however, which
could be the result of insufficient contrast differences between high
and mid contrast stimuli to reveal a difference due to the use of high
spatial frequency stimuli.

Visual stimuli evoked transient pupil dilation that scaled with
visual contrast

Figure 3A shows the normalized pupil diameter measured from one
participant, demonstrating that the presentation of visual stimuli
evoked transient pupil dilation, and the evoked pupil dilation was
modulated by stimulus contrast. The population results in Fig. 3B
revealed the same pattern, i.e. transient pupil dilation was evoked
after the presentation of a visual stimulus, followed by constriction
before pupil size returned to the control condition (no stimulus).
More importantly, evoked pupil responses scaled with the level of
stimulus contrast, with faster and larger evoked pupil responses
observed for higher contrast stimuli.

The latency of pupil modulation scaled negatively with visual
contrast (Fig. 4A), the PROL being 577, 400, and 329 ms for low,
mid, and high contrast condition, respectively (F,2, = 7.45,

P = 0.014; high and low: P = 0.017). The mean pupil dilation was
0.009, 0.026, and 0.032 mm (Fig. 4B, F>5, = 4.76, P = 0.042; high
and low: P = 0.038) and mean dilation velocity was 0.058, 0.099
and 0.105 mm/s (Fig. 4C, F,,, = 7.72, P = 0.008; high and low:
P =0.033; mid and low: P = 0.045) for low, mid, and high contrast
condition, respectively. Although some measurements of pupil
responses appeared to saturate in the high contrast condition, as did
saccade reaction times and erroneous saccade rates (Fig. 2A and B),
a clear pattern was observed, i.e. stimulus contrast systematically
modulated the evoked pupil response (Fig. 4A—C). Larger pupil
dilation was observed in the high compared with the low contrast
condition for the majority (10/12) of participants (Fig. 4D, one-sam-
ple t-test: t;; = 2.97, P = 0.013).

Pupil response was coordinated in laterality and ocularity

Given that the pupil response was more pronounced for higher lev-
els of visual contrast, responses from the high contrast condition
were selected for subsequent analyses. Consistent with previous
monkey results (Wang ez al., 2014), the pupil response evoked by
the presentation of visual stimuli was confirmed to be consensual
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F1G. 5. Coordinated pupil response evoked by visual stimuli. Summary of pupil effects for high contrast stimuli on (A) the contralateral or ipsilateral pupil of the
stimulus visual field and (B) the left or right pupil. The black bar on the X-axis indicates the time line of stimulus presentation. In A, the dark gray and light gray
lines indicate the contralateral and ipsilateral pupil of the stimulus visual field, respectively. In B, the dark gray and light gray lines indicate left and right pupils,
respectively. Contra-Pupil, contralateral pupil of the stimulus visual field; Ipsi-Pupil, ipsilateral pupil of the stimulus visual field; n, number of participants.

(Fig. 5A and B). There were approximately the same responses Comparison of the pupil response evoked by visual stimuli
between the contralateral and ipsilateral pupil with respect to the and background luminance change

visual field stimulated (Fig. SA, P > 0.8 across all times). The
evoked pupil responses between the left and right pupil were indif-
ferent (Fig. 5B, P > 0.5 across all times).

Although pupil size is determined by an interaction between the
parasympathetic and sympathetic pathways, it has been suggested
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that the light reflex is primarily driven by activation of the parasym-
pathetic system, whereas the darkness reflex is mostly modulated by
activation from the sympathetic pathway (Nisida ez al., 1960; Bitsi-
os et al., 1996; Loewenfeld, 1999; Clarke et al., 2003). The pupil
response to the light and darkness reflex was thus used to estimate
the response characteristic of the two systems under the current
experimental situation. A sudden increase of background luminance
(from 11 to 21 cd/m?) resulted in pupil constriction (Fig. 6B, gray
line) that began 268 ms after the background luminance change
(Fig. 6C) [a 0.61 mm constriction in pupil diameter (Fig. 6D), and
a 1.06 mm/s mean constriction velocity (Fig. 6E)]. In contrast, a
decrease in background luminance (from 11 to 1 cd/m?) caused
pupil dilation (Fig. 6B, black line) that began only 467 ms after the
luminance change (Fig. 6C) [a 0.27 mm dilation of pupil diameter
within 1 s after its onset (Fig. 6D), and a 0.46 mm/s mean dilation
velocity (Fig. 6E)].

Pupil dilation evoked by presentation of visual stimuli must pre-
sumably be mediated by activity from the parasympathetic and/or
sympathetic pathways. The PROL produced by the high contrast
visual stimuli was similar to that related to the light reflex (indepen-
dent samples r-test: 7,7 = 1.3, P = 0.19), and it was much faster
(< 135 ms; independent samples t-test: 7,7 = 2.81, P = 0.012) than
the PROL produced by the darkness reflex (Fig. 6C). Although
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Orienting
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PROL values may change with different stimulus parameters (i.e.
changes in background luminance or stimulus size), the PROL for
the darkness reflex should still be slower than that for high contrast
visual stimuli, because the background was changed to almost com-
plete black in this experiment. This suggests that the initial compo-
nent of stimulus-evoked transient pupil dilation was probably
mediated by inhibition of the parasympathetic pathway, rather than
excitation of the sympathetic pathway. Moreover, although the size
of pupil dilation evoked by salient visual stimuli in humans was
much smaller than that induced by the background Iuminance
change, this change in size was similar to that in monkeys evoked
by salient stimuli (Wang et al., 2014) or by SC microstimulation
(Wang et al., 2012).

Contrast modulation under different levels of baseline pupil
size

Pupil size is also linked to the level of arousal, presumably mediated
by the locus coeruleus—norepinephrine system (Aston-Jones &
Cohen, 2005), and the modulation of stimulus contrast could be
influenced by different levels of arousal. We separated trials with
larger and smaller pupil size (median split) according to the baseline
pupil size, which represents different levels of arousal (see Materials
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and methods). We further hypothesized that the contrast modulation
should be pronounced regardless of baseline pupil size because it is
mediated by a different neural substrate, namely through the SC
(Wang et al., 2012, 2014).

On Sac trails, for the larger baseline pupil condition, the diame-
ters were 3.14, 3.11, and 3.14 mm for low, mid, and high contrast
condition, respectively (Fig. 7A), and pupil sizes for the smaller
baseline condition were 2.75, 2.73, and 2.75 mm for low, mid, and
high condition, respectively (Fig. 7B). These differences in baseline
pupil diameter were highly significant (F;; = 155.54, P < 0.001).
However, the effects of baseline pupil size on stimulus contrast
modulation were not pronounced on Sac trials. Saccade reaction
times were 453, 331, and 320 ms for low, mid, and high condition,
respectively in the larger baseline pupil condition (Fig. 7C), and
were 462, 339, and 334 ms for low, mid, and high condition,
respectively, in the smaller baseline pupil condition (Fig. 7D). The
main effect of stimulus contrast was significant (F,,, = 28.56,
P < 0.001), indicating that the modulation of stimulus contrast was
pronounced regardless of the baseline pupil size. Neither interaction
nor the main effect of baseline pupil size were significant (interac-
tion: F 4, = 0.57, P = 0.95; pupil size: F; ; = 3.32, P = 0.1).

On Fix trails, pupil size was larger in the larger baseline pupil
condition (Fy; = 149.75, P < 0.001). Specifically, pupil diameters
were 3.17, 3.17, and 3.15 mm in the larger condition for low, mid,
and high condition, respectively (Fig. 8A), and were 2.77, 2.79, and
2.8 mm in the smaller baseline pupil condition for low, mid, and

high condition, respectively (Fig. 8B). Moreover, transient pupil
dilation was evoked under different levels of baseline pupil size (lar-
ger baseline pupil, Fig. 8C; smaller baseline pupil, Fig. 8D).
Because the observed values in the low contrast condition failed to
fit the PROL criterion, in order to compare the pupil size across all
conditions we selected the average pupil size in the epoch (500—
550 ms after stimulus onset) when pupil size regularly reached half
of the value of the largest magnitude response, except in the low
contrast condition with the larger pupil baseline. Consistent with
results from the Sac trails, the effects of baseline pupil size on stim-
ulus contrast modulation were not pronounced. Pupil diameters were
0.003, 0.025, and 0.027 mm for low, mid, and high condition,
respectively in the larger baseline pupil condition (Fig. 8E), and
were 0.007, 0.014, and 0.027 mm for low, mid, and high condition,
respectively in the smaller baseline pupil condition (Fig. 8F).
Although the main effect of stimulus contrast was significant (F,,
= 6.25, P = 0.01), neither interaction nor the main effect of baseline
pupil size were significant (interaction: F 5, = 0.28, P = 0.76; pupil
size: Fy 1, = 0.16, P = 0.7), indicating that the modulation of stimu-
lus contrast was pronounced regardless of the baseline pupil size.

Discussion

Presentation of a salient stimulus initiates a series of coordinated
responses that orient the body, including not only shifts of gaze and
attention, but also transient pupil dilation. Although pupil size has
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long been linked to orienting (Sokolov, 1963; Lynn, 1966), the
effects of stimulus contrast on the pupil response are less known.
Our results showed that transient pupil dilation in humans was
evoked following the presentation of visual stimuli. Importantly, the
modulation of stimulus contrast was manifested not only in saccade
behaviors, but also in evoked pupil dilation, with faster and larger
evoked pupil responses elicited by higher contrast stimuli. The
results also showed that the PROL associated with orienting and
the light reflex were relatively close, and statistically earlier than the
darkness reflex PROL, implying that the sympathetic system was
less likely to coordinate the immediate response of transient pupil
dilation because dilation via the sympathetic activation was
~135 ms later than the stimulus-evoked dilation. We propose that
inhibition of parasympathetic pathways initiates the immediate dila-
tion of the evoked response, and activation of sympathetic pathways
slowly facilitates the increase in pupil size. Moreover, the effects of
stimulus contrast were consistent under different levels of baseline
pupil size, suggesting that the contrast modulation is possibly disso-
ciable from arousal effects.

Pupil orienting response and its relationship with arousal

Saccadic eye movements and attention shifts, as components of the
orienting response, are evoked by the appearance of a novel stimu-
lus and are modulated by stimulus contrast (Carrasco, 2011; Kowler,
2011), as one of the most primitive saliency components, widely
implemented in a number of computational models (Itti & Koch,
2001; Borji et al., 2013). This effect on pupil dynamics has yet to
be established systematically, although a number of studies have
observed that human pupil size increased transiently after presenta-
tion of visual or auditory stimuli in various paradigms (Stelmack &
Siddle, 1982; Qiyuan ef al., 1985; Loewenfeld, 1999; Reinhard
et al., 2007; Gilzenrat et al., 2010; Steiner & Barry, 2011). In mon-
keys, transient pupil dilation was evoked by presentation of salient

visual or auditory stimuli, and the evoked response scaled with stim-
ulus contrast, with faster and larger responses observed for higher
contrast stimuli (Wang ez al., 2014). Moreover, the initial pupil dila-
tion induced by SC microstimulation in monkeys was similar to that
produced by the presentation of salient stimuli (Wang et al., 2012).
Here, transient pupil dilation was evoked by presenting visual stim-
uli, and similar effects of contrast modulation were shown in
humans. Although the full dynamics of the evoked pupil responses
were different, the initial component of transient pupil dilation was
consistent, whether evoked by different types of stimulation (SC
microstimulation or sensory stimulus) or across different species
(monkeys and humans), suggesting a particular role of initial pupil
dilation for orienting. Although the pupil response in monkeys was
faster than that in humans (PROL: monkeys, approximately 222 ms;
humans, approximately 329 ms; time to peak: monkeys, approxi-
mately 350 ms; humans, approximately 650 ms), these species dif-
ferences were consistent with the literature on the express saccade
(Fischer & Weber, 1993), showing faster express saccade latencies
in monkeys than in humans (monkeys, ~70 ms; humans, approxi-
mately 100 ms). Some possibilities have been proposed to account
for this numerical difference (Fischer & Ramsperger, 1984), includ-
ing effects of excessive over-training (Munoz et al., 2005).

Pupil size is also related to the level of arousal, and the locus coe-
ruleus—norepinephrine system is regularly implicated as a key part of
the neural substrate mediating this effect (Aston-Jones & Cohen,
2005). This raises an interesting question about whether the contrast
modulation that we report here is influenced by the level of arousal.
The arousal-biased competition hypothesis has suggested that arousal
increases the modulation (or bias), i.e. the contrast modulation should
be more pronounced in a higher level of arousal (Mather & Suther-
land, 2011). In contrast, according to Aston-Jones & Cohen (2005),
a higher level of arousal, revealed by larger pupil baseline diameter,
should be associated with decreases in task utility and thus generally
diminish the task-required behavioral performance (Gilzenrat ef al.,
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2010). In support of none of these hypotheses, our results showed
similar modulation of stimulus contrast on pupil dilation under differ-
ent levels of baseline pupil size, implying that contrast modulation
could be dissociated from the general arousal effect. Note that
Gilzenrat et al. (2010) divided baseline pupil size conditions with
25™ percentile below and 75" percentile above baseline pupil dia-
meter to demonstrate the arousal effect. Although the differences in
pupil size between two baseline conditions were highly significant in
our study, it is still possible that there were insufficient size differences
between the two baseline conditions to reveal a significant interaction.

Possible anatomical pathways underlying the evoked pupil
response

Pupil size is controlled by combined activity between parasympa-
thetic and sympathetic pathways, and the individual contribution of
parasympathetic and sympathetic pathways to this response is still
unknown. The PROLs associated with orienting and the light reflex
were similar to one another, and shorter (approximately 135 ms)
than those related to the darkness reflex, implying that the sympa-
thetic pathway was less likely to coordinate the initial transient pupil
dilation. The parasympathetic system could possibly mediate this
transient response via inhibition of the parasympathetic constriction
pathway. It is possible that the inhibition of the parasympathetic
pathway initiates immediate dilation, and then the activation of the
sympathetic pathway facilitates the rise in pupil size, an idea that is
consistent with previous suggestions (Loewenfeld, 1999). Pupil dila-
tion, referred to as the pupillary reflex dilation, was impaired by
blocking either the parasympathetic-inhibitory or sympathetic-active
component. Early pupil experiments used a motion picture technique
to measure pupil size with a film at 10 Hz (Loewenfeld, 1999), and
it was thus difficult to examine how individual pathways uniquely
contribute to evoked pupil responses. Note that it is still possible
that the initial component of transient pupil dilation is mediated by
activating the sympathetic pathway because distinctive neural path-
ways may be involved following the appearance of salient stimuli,
and this mechanism may be faster than the illumination-dependent
system, making the activation on the sympathetic pathway still a
plausible hypothesis. Future physiological research is required to
answer the question.

As the evoked pupil response reflects the combined activity of
both pathways, the response should theoretically depend on
background luminance (Steinhauer & Hakerem, 1992). The gray
background used here probably induced constant parasympathetic
activation, and therefore the parasympathetic inhibition elicited by
presentation of salient stimuli was pronounced and probably medi-
ated the initial component of transient dilation. In contrast, if using
a dark background, because the parasympathetic activation is greatly
reduced, the evoked pupil response should be driven mostly by acti-
vation on the sympathetic system, not by inhibition on the parasym-
pathetic system; thus the PROL should be larger in this situation
and numerically similar to that induced by the darkness reflex. Such
predictions should be tested in future experiments.

The role of the superior colliculus in mediating the pupil
orienting response

The SC, a midbrain structure, is known for its central role in the con-
trol of saccadic eye movements and attention (Gandhi & Katnani,
2011; Krauzlis et al., 2013). The superficial layers receive visual
inputs, including the retina and primary visual cortex, whereas the
intermediate layers of the SC (SCi) receive inputs from the

superficial SC, multisensory, basal ganglia, and frontal-parietal
areas, and project directly to the brainstem and spinal cord to exe-
cute the orienting response (White & Munoz, 2011). The SCi
encodes stimulus salience and relevance to coordinate all compo-
nents of orienting (Sparks, 1986; Fecteau & Munoz, 2006; Knudsen,
2007; Boehnke & Munoz, 2008; Mysore & Knudsen, 2013). In line
with this, SCi microstimulation not only biases spatial attention
(Kustov & Robinson, 1996; Cavanaugh & Wurtz, 2004; Muller
et al., 2005) and induces saccades (Robinson, 1972), but also
evokes transient pupil dilation (Netser er al., 2010; Wang et al.,
2012).

Recently, we suggested that the SCi might coordinate the orient-
ing of pupil dilation because the modulation of stimulus contrast
was similar between SCi neural responses and transient pupil
responses, with faster and larger SCi and pupil responses observed
for higher contrast stimuli (Wise & Irvine, 1983; Marino et al.,
2012; Wang et al., 2014). Moreover, stimulus modality modulated
SCi activity and transient pupil responses in a similar fashion, with
shorter response latencies produced with auditory compared with
visual stimuli (Bell e al., 2004; Wang et al., 2014). Importantly,
the PROL evoked by SCi microstimulation was about 50 ms shorter
than when using visual stimulation (same time as required for visual
signals traveling from the retina to the SCi) (Marino et al., 2012).
Transient pupil dilation in humans was consistently evoked follow-
ing the presentation of visual stimuli and modulated by stimulus
contrast, thus suggesting that the SCi may also coordinate the orient-
ing pupil response in humans. We propose that SCi sensory
responses produced by presentation of salient stimuli are systemati-
cally carried through to not only initiate a saccade but also evoke
pupil dilation. Therefore, experimental manipulations that would
modulate SCi responses should also influence the pupil response.
The link between the SC and pupil size can potentially provide a
neural substrate for coordinating pupil size and cognitive processing
because the SC not only plays an important role in attentional pro-
cessing (Zenon & Krauzlis, 2012; Krauzlis et al., 2013), but also
encodes stimulus priority and saliency (Fecteau & Munoz, 2006;
Boehnke & Munoz, 2008).

The SCi has anatomical connections to pupil pathways to dilate
the pupil. It can inhibit parasympathetic pathways via indirect inhib-
itory projections to the Edinger—Westphal (EW) nucleus (Edwards
& Henkel, 1978; Harting et al., 1980; Grantyn & Grantyn, 1982) or
activate sympathetic pathways via projections to the mesencephalic
cuneiform nucleus (Harting, 1977; Huerta & Harting, 1984; May,
2006), which in turn influence the sympathetic projections (Ver-
berne, 1995). Because initial dilation probably relies on inhibition of
the parasympathetic pathway, it is possible that indirect projections
from the SCi to the EW nucleus represent the neural substrate
underlying an initial rise of the evoked pupil response.

Summary

Pupil size changes rapidly in response to local sensory events in the
environment in addition to the well-documented global illumination-
dependent modulation. The ability to recognize a salient stimulus
(i.e. higher contrast) in the environment is impaired among patients
with neurological disorders (Winton-Brown et al., 2014). The ori-
enting-related pupil response demonstrated here thus has the poten-
tial to be developed as a biomarker for clinical investigation.
Because stimulus contrast is considered to be one of the primitive
saliency components (Itti & Koch, 2001), it is possible that the iden-
tified modulation of pupil size is associated with the stimulus sal-
iency effect. However, the saliency computation is defined by the
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conspicuous nature of the stimulus relative to other available stimuli
in the environment (spatial relationship), or the conspicuous nature
of the stimulus relative to a series of presented stimuli at different
points in time (temporal relationship), thus involving the competition
of all available stimuli spatially and temporally (Itti & Koch, 2000;
Dutta & Gutfreund, 2014). Our results only show contrast modula-
tion, and future research is required to examine modulation by other
aspects of saliency in order to fully understand the effects of stimu-
lus saliency on pupil size.
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