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ARTICLE INFO ABSTRACT

Keywords:

Pupil size undergoes constant changes primarily influenced by ambient luminance. These changes are referred to

CTBS as the pupillary light reflex (PLR), where the pupil transiently constricts in response to light. PLR kinematics

Pupillary light reflex
Pupillometric
Superior colliculus
Attention

provides valuable insights into autonomic nervous system function and have significant clinical applications.
Recent research indicates that attention plays a role in modulating the PLR, and the circuit involving the frontal
eye field (FEF) and superior colliculus is causally involved in controlling this pupillary modulation. However,

there is limited research exploring the role of the human FEF in these pupillary responses, and its impact on PLR
metrics remains unexplored. Additionally, although the protocol of continuous theta-burst stimulation (cTBS) is
well-established, the period of disruption after cTBS is yet to be examined in pupillary responses. Our study
aimed to investigate the effects of FEF cTBS on pupillary and saccadic metrics in relation to time spent per-
forming a task (referred to as time-on-task). We presented a bright stimulus to induce the PLR in visual- and
memory-delay saccade tasks following cTBS over the right FEF or vertex. FEF c¢TBS, compared to vertex cTBS,
resulted in decreased baseline pupil size, peak constriction velocities, and amplitude. Furthermore, the time-on-
task effects on baseline pupil size, peak amplitude, and peak time differed between the two stimulation condi-
tions. In contrast, the time-on-task effects on saccadic metrics were less pronounced between the two conditions.
In summary, our study provides the first evidence that FEF c¢TBS affects human PLR metrics and that these effects

are modulated by time-on-task.

Introduction

The pupil transiently constricts in response to a global increase in
luminance, known as the pupillary light reflex (PLR) (Loewenfeld,
1999). This reflex serves to regulate the amount of light reaching the
retina, optimizing the balance between visual sensitivity and acuity
(Woodhouse, 1975; Laughlin, 1992). The PLR involves measuring
response dynamics, including response onset latency, amplitude, peak
velocity, the pupil main sequence slope (peak velocity/amplitude), and
time to reach peak amplitude (together referred to as pupillary metrics).
Extensive research has shown that pupillary metrics provide valuable
insights into the control of pupil size and are crucial for clinical

investigations (Steinhauer and Hakerem, 1992; Kardon, 1995; Loe-
wenfeld, 1999; Barbur, 2004; Yu et al., 2007; Hall and Chilcott, 2018).
Despite the PLR being a reflex, evidence suggests that it is modulated by
various high-level cognitive processes such as attention (Binda and
Gamlin, 2017). Studies have demonstrated that a bright stimulus elicits
a larger PLR when it is spatially aligned with attention compared to
when it is not (e.g., Binda and Murray, 2015; Mathot and Van der
Stigchel, 2015).

A network of brain areas is involved in the control of gaze and
attention shifts (Thompson and Bichot, 2005; Krauzlis et al., 2013),
including the superior colliculus (SC) in the midbrain and the frontal eye
fields (FEF) in the prefrontal cortex. The SC anatomically and
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functionally connects with the FEF (Komatsu and Suzuki, 1985; Seg-
raves and Goldberg, 1987; Stanton et al., 1988; Schlag-Rey et al., 1992;
Everling and Munoz, 2000; Sommer and Wurtz, 2000), and projects
directly to the premotor circuit in the brainstem to initiate saccade
generation (Moschovakis et al., 1988; Rodgers et al., 2006). The SC and
FEF are not only causally involved in gaze and attention shifts
(Thompson and Bichot, 2005; Gandhi and Katnani, 2011; Johnston and
Everling, 2011; White et al., 2011; Krauzlis et al., 2013), but also play a
central role in the control of pupil size (Wang and Munoz, 2015,2023).
Microsimulation of the SC or FEF evokes transient pupillary dilation in
behaving monkeys (Wang et al., 2012; Joshi et al., 2016; Lehmann and
Corneil, 2016). Trial-by-trial correlations between pupillary and
saccadic responses evoked by SC microstimulation have also been noted
(Wang and Munoz, 2021,2023). Importantly, PLR responses induced by
a bright stimulus were larger when the stimulus was presented at a
location spatially aligned with the stimulated FEF region (Ebitz and
Moore, 2017). These results together provide clear evidence for the
involvement of the FEF in mediating pupillary luminance responses
modulated by high-level cognition in monkeys. However, investigations
into the causal role of the FEF in human pupillary responses are very
limited.

Transcranial magnetic stimulation (TMS) is a powerful tool for
noninvasively investigating the causal role of different brain areas in
specific functions of interest (Sack, 2006). Continuous theta-burst
transcranial magnetic stimulation (cTBS) has been developed to
disrupt a target region for up to 1 h following this rapid stimulation
protocol (Huang et al., 2005). More specifically, this seminal study
found that cTBS over the human motor cortex produces disruption that
outlasts the period of stimulation by more than 60 min. However,
research examining the time-on-task effects of ¢cTBS on other response
measurements is limited. Previous studies using ¢cTBS over the right FEF
have demonstrated some disruptions in human pupillary responses (Hsu
etal., 2021, 2022). Nevertheless, the time-on-task effects of FEF ¢TBS on
pupillary responses have yet to be examined. Furthermore, the effects of
FEF cTBS on pupillary metrics remain unexplored.

To investigate the time-on-task effects of FEF cTBS on human pu-
pillary and saccadic metrics, we administered cTBS over the right FEF
and the vertex, utilizing magnetic resonance imaging-guided TMS.
Moreover, a bright stimulus was presented to induce PLR responses
during the delay period in the visual- and memory-delay saccade tasks.
We hypothesized that if there were time-on-task effects of FEF cTBS on
pupillary and saccadic metrics, then an interaction between the trial
sequence and the stimulation condition should be observed, resulting in
differences in the time-on-task modulation between the two stimulation
conditions.

Methods and materials
Experimental setup

All experimental procedures were reviewed and approved by the
Institutional Review Board of the Taipei Medical University, Taiwan,
and were in accordance with the Declaration of Helsinki (World Medical
Association, 2001). Twenty-eight healthy participants (8 males, mean
age: 28.1, SD: 3.8 years) from Taipei Medical University were recruited.
Participants had normal or corrected-to-normal vision and were naive
regarding the purpose of the experiment. Participants provided
informed consent and were compensated financially for their partici-
pation. Sample sizes were chosen based on our previous studies with
comparable pupil size and saccades measurements and trial numbers per
participant (Wang et al., 2018; Hsu et al., 2020, 2021; Cherng et al.,
2021). We reanalyzed a dataset from a previous publication (Hsu et al.,
2022), with a specific focus on examining the time-on-task effects of FEF
cTBS on pupillary and saccadic metrics. Some aspects of analyses related
to pupillary and saccadic responses have been published previously
(Chen et al., 2022; Hsu et al., 2022).
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Recording and apparatus

Participants were seated in a dark room. As described previously
(Hsu et al., 2022), eye position and pupil size were measured with a
video-based eye tracker (Eyelink-1000 plus binocular-arm, SR Research,
Osgoode, ON, Canada) at a rate of 500 Hz with binocular recording (data
from the left pupil was used for analysis), and stimulus presentation and
data acquisition were controlled by the Eyelink Experiment Builder.
Stimuli were presented on an LCD monitor at a screen resolution of
1920 x 1080 pixels with a 60 Hz refresh rate, subtending a viewing
angle of 58° x 32°, with the distance from the eyes to the monitor set at
60 cm.

Theta-burst stimulation

As described in detail previously (Hsu et al., 2022), we carefully
followed the cTBS protocol of Huang et al., (2005) to disrupt right FEF
activity. We stimulated the right FEF because brain networks within the
right hemisphere are more involved in supporting attention systems
(Heilman and Van Den Abell, 1980; Bartolomeo and Seidel Malkinson,
2019). We used MRI-guided TMS neuronavigation with Talairach co-
ordinates to optimize the accuracy of the location of stimulation in in-
dividual subjects (Sack et al., 2009). Briefly, T1-weighted images of MRI
were acquired for each subject using 3 T General Electric Discovery
MR750 scanner with an 8-channel head coil and the Talairach co-
ordinates [33 5.1 65] were used for the location of the right FEF
(Muggleton et al., 2003). Brainsight 2 (Rogue Research Inc., Canada)
was used to localize the FEF for each participant, and the vertex was
manually measured and used as a control stimulation site. The ¢TBS
pulses were administered with a Magpro X100 (MagVenture, Denmark)
and a 70 mm figure-of-eight-shaped coil (MC-B70, MagVenture). Each
cTBS session involved delivery of a 40 s train of uninterrupted biphasic
theta-burst pulses. This consisted of trains of 3 pulses, with pulses
delivered at 50 Hz and trains initiated every 200 ms, giving a total of 600
pulses over 40 s and using stimulation intensity of 80 % of active motor
threshold (AMT), which was applied over each brain region. These pa-
rameters followed the recommendations of the TMS safety guidelines
(Rossi et al., 2009). To determine the AMT to allow selection of the 80 %
stimulation intensity, motor evoked potentials were elicited by placing
the coil oriented 45 degrees to the coronal plane and measured the
response from the right first dorsal interosseous hand muscle using
electromyography (MP160, Biopac). The AMT was defined as the lowest
stimulator output in percentage that elicited 5 out of 10 twitches of more
than 200 pV peak-to-peak amplitude in the contralateral hand, while the
participant maintained 20 % of a finger-thumb contraction (Huang
et al., 2005). The mean AMT was 41.03 % + 6.15 (mean =+ standard
deviation) of maximum stimulator output. The participants came in
twice for the same experiment with FEF or vertex stimulation, with a one
week interval between the two experiments. The sequence of stimula-
tion sites was counterbalanced across participants.

Visual- and memory-delay saccade task (Fig. 1)

We used the visual-delay and memory-delay saccade tasks to
compare both visually-guided and memory-guided saccades (Sommer
and Wurtz, 2000, 2001), with a bright stimulus presented during the
delay period to induce PLR responses, to investigate pupillary as well as
saccadic metrics between the FEF and vertex stimulation conditions. The
visual-delay and memory-delay patch paradigm (Wang et al., 2018) was
modified to appropriately implement c¢TBS in the tasks. Participants
were seated in a dark room for the two tasks of the experiment (visual-
and memory-delay) which were intermixed within a block of 335 trials
lasting approximately 45 min. In the visual-delay task, each trial began
with the appearance of a central fixation point (FP) (0.5° diameter; ~10
cd/m?) on a black background (~0.01 cd/m?). After a variable delay
(800-900 ms), a peripheral colored target (0.5° diameter; ~45 cd/mz;
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referred to as the target stimulus) appeared to the right or left (radial
angle: 0 or 180°) at an eccentricity of 7, 8, or 9° of visual angle from the
central FP. After a variable delay (400 — 700 ms), a bright circular patch
was displayed briefly for 50 ms (6° in diameter, ~50 cd/m?, referred to
as the patch stimulus). After another variable delay (1200 — 1350 ms),
the FP was removed, and participants were required to generate a
saccade toward the target. Two types of patch stimulus conditions were
used (each condition had ~40% of trials): in the consistent condition,
the patch stimulus location was spatially aligned with the target loca-
tion. In the inconsistent condition, the patch was presented in the mirror
location of the target stimulus. In catch trials (~10% of trials), no patch
stimulus was presented, such that after a variable delay (400 — 700 ms)
following the target onset, the FP was removed and participants were
required to generate a saccade toward the target (these catch trials were
excluded from analysis). In the memory-delay task, the configuration
was identical to visual-delay configuration except that the target was
only presented for 100 ms. Task condition (visual-delay or

A
Visual-Delay Task

Patch
Eye
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memory-delay), target location (left and right) and patch location (left
and right) were randomly interleaved.

Data analysis

Saccade reaction time (SRT) was defined as the time from fixation
disappearance to the first saccade away from fixation (eye velocity
exceeded 30 /s) with an amplitude greater than 3°. Trials were scored as
correct if the first saccade after target stimulus appearance was in the
correct direction (toward the target). Failure to initiate a saccade within
1200 ms after the disappearance of FP or with SRTs < 70 ms were
considered as outliers and were excluded from analysis (< 1% of trials).
To maintain accurate measurement of pupil size around the patch pre-
sentation period, trials with an eye position deviation of more than 2°
from the central FP or with detected saccades (> 2° amplitude) during
the period from 500 ms before to 1200 ms after patch onset were
excluded from analysis. When blinks were detected, following the
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Fig. 1. (A) Experimental paradigm. Each trial started with a central fixation point on a black background. After a delay, there was presentation of a target stimulus,
and after a random delay the central fixation point disappeared and participants were required to move their eyes to the target. During the delay period, a bright
circular patch stimulus was presented briefly (50 ms), with the patch being spatially aligned with the target location or the opposite location of the target in the
consistent and inconsistent condition, respectively. The memory-delay task was similar to the visual-delay task except the target stimulus was only presented briefly
(100 ms). Note that the figure only shows left-target conditions for illustration of the paradigm. (B) Measurements of pupillary metrics. PROL: pupil response onset
latency. Peak Velocity: peak pupil constriction velocity. Amplitude: peak pupil constriction size. Slope: pupil main sequence slope, peak velocity / amplitude.

PeakTime: time to peak constriction.
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literature, pre- and post-blink pupil values were used to perform a linear
interpolation to replace pupil values during the blink period (Karatekin
et al., 2010; Nassar et al., 2012; Mathot et al., 2018; Cherng et al., 2020).
Trials with different target and patch location conditions were collapsed
to focus on the time-on-task effects between the FEF and vertex stimu-
lation conditions. Note that outlier values in saccade reaction times, and
saccadic and pupillary peak velocities beyond 1.5 times the interquartile
range (the difference between upper and lower quartiles) below the
lower quartile or above the upper quartile were excluded from analysis.
To ensure there were enough valid trials across different points in time
during the task, we first sorted trials into 8 time bins according to
time-on-task (i.e. trial sequence) in each condition (e.g., Fig. 2). One
participant with less than 5 trials in the first time bin was thus excluded.
The remaining participants had 13.7 + 2.4 (mean + standard error) in
each time bin for each condition.

Pupillary metrics were analyzed (Steinhauer and Hakerem, 1992;
Kardon, 1995; Loewenfeld, 1999; Barbur, 2004; Yu et al., 2007; Hall and
Chilcott, 2018), and five pupillary indices were reported (Fig. 1B). We
first analyzed tonic pupil size at the baseline epoch (absolute baseline
pupil diameter) for each trial, a baseline value was determined by
averaging pupil size from 100 ms before to the appearance of the patch
bright stimulus. Following the procedures of baseline-correction used
previously (Mathot et al., 2018), we then subtracted this baseline value
from original pupil values to analyze four other indices related to phasic
pupillary responses (Loewenfeld, 1999; Oster et al., 2022). We calcu-
lated pupillary response onset latencies (PROL) that were defined as the
time point at which pupillary acceleration reached its maximal and
pupillary velocity was negative (i.e. constricting) according to the
established criteria (Bergamin and Kardon, 2003). Moreover, we
calculated the maximum constriction amplitude, the maximum
constriction velocity, and the main sequence slope (pupil peak veloc-
ity/amplitude) of the pupillary response. Additionally, we calculated the
time of maximum constriction for the time that pupil size reached its
maximal constriction (referred to as PeakTime). Regarding saccadic
metrics, in addition to SRT, we calculated saccade amplitude (saccade
size in degrees), saccade peak velocity (deg/s), the main sequence slope
(peak velocity/amplitude), and endpoint accuracy (angular deviation of
the end position of the first saccade from the correct saccadic location)
to fully understand FEF cTBS time-on-task effects on saccadic metrics as
well.

We used a linear mixed model (LMM) to examine the impact of time-
on-task (i.e. trial sequence) and the stimulation condition on pupillary
and saccadic metrics that allowed us to include these variables as fixed
effects, and participants were included as a random intercept, such that
fixed biases linked to individuals’ traits are included in the model
(Pinheiro and Bates, 2000). Moreover, the possible presence of curva-
ture in the relationship between time-on-task and stimulation was
assessed by fitting statistical models with one predictor being the square
value of the variables of interest following standard techniques (James
et al., 2013). Thus, similar to previous pupillometry studies (Hong et al.,
2014; Cherng et al., 2021), we included a square function of a fixed
factor in linear mixed models to investigate linear and quadratic re-
lationships between time-on-task (trial sequence) and pupillary and
saccadic metrics. We reasoned that if cTBS effects became larger after a
latency following stimulation, we should observe an optimal value for
which the indices exhibit either a maximum or a minimum. Further-
more, to compare the models, we employed the Bayesian information
criterion (BIC), which evaluates the goodness of fit by considering the
number of parameters involved (Murphy, 2012; Crevecoeur et al.,
2017). Our model included the dependent variable y (pupillary and
saccadic metrics), and trial sequence (mean-centered: subtracting the
mean from every value of a variable) and the square value of trial
sequence as fixed predictors, allowing us to interpret trial-to-trial
change directly in relation to each individual’s own average (Enders
and Tofighi, 2007). Three models were used, with Model 1, Model 2, and
Model 3, representing linear, quadratic, and both linear and quadratic
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relationships, respectively. These models examined whether there were
linear and quadratic relationships between time-on-task and pupillary or
saccadic metrics. LMMs were as follows:

Modell :y = fs+p, +p,T

Model2 : y = fs + B, + 5, T2

Model3:y = g+ po + /T + p,T"2Where T is trial sequence
(mean-centered), fs is a random intercept for each participant as an
individual offset, and f, is a fixed intercept, g; are the standard co-
efficients of the statistical model (slopes). The sign of the quadratic term
indicates the direction of concavity/convexity (positive sign: U-shaped
relationship — convex; negative sign: inverted U-shaped relationship —
concave). The model with the lowest BIC value will be chosen as it
achieves an optimal balance between explaining the variance in the data
and avoiding an excessive number of parameters, and significance is
attributed to differences in BIC values greater than 2 (Raftery, 1995).
The model produced the highest performance indicated whether there
were linear (Model 1), quadratic (Model 2), or linear and quadratic
(Model 3) relationships between time-on-task and pupillary or saccadic
metrics. Model 4 (linear), Model 5 (quadratic), or Model 6 (linear and
quadratic) was then used to examine whether there were linear,
quadratic, or both linear and quadratic relationships respectively be-
tween time-on-task and pupillary or saccadic metrics in different stim-
ulation conditions according to our theoretical framework:

Modeld :y = fis + fo + 1T + S + p3Tx S

Model5 :y = fig + fy + BT "2 + BoS + p3T°2x S

Model6 :y = fis + fo + PiT + PoT 2 + f3S + T x S+ psT 2%
SWhere T is trial sequence (mean-centered), S is stimulation condition
(FEF or vertex). MATLAB (The MathWorks Inc., Natrick, MA, USA) was
used for data analysis. All statistical models were performed using R
Project (Rstudio Team, 2019; R Core Team, 2020) with the lmer
function.

Results
FEF cTBS time-on-task effects on pupillary metrics in the visual-delay task

To investigate time-on-task effects between the FEF and vertex
stimulation conditions on PLR metrics, we used LMM to examine
whether there were linear and quadratic relationships between time-on-
task and pupillary metrics (see Methods). We hypothesized that if there
are FEF cTBS time-on-task effects on PLR metrics, then an interaction
between trial sequence and the stimulation condition should be
observed, exhibiting differences in the time-on-task modulation be-
tween the two stimulation conditions. To illustrate time-on-task on PLR
metrics (Fig. 2), we sorted trials into 8 time bins according to time-on-
task (i.e. trial sequence) in each condition (see Methods). As illus-
trated in Fig. 2A, baseline pupil size was changed by a time-on-task
factor in the visual-delay task. Model 3 exhibited the best performance
(Table 1), and thus Model 6 was used to examine whether there were
linear and quadratic relationships between time-on-task and baseline
pupil size (see Methods). As displayed in Table 2, baseline pupil size
decreased linearly over time (Trial: p = —1.11 x 103, p = 6.26 x 10°),
and an U-shaped relationship was also significant (Trial"2:
B =1.52 x 10°, p = 3.08 x 10°'1). Moreover, significantly lower base-
line pupil size was observed in the FEF, compared to the vertex stimu-
lation condition (Stim: p =1.65 x 104, A significant interaction
between trial sequence and stimulation condition was seen (Trial x Stim:
p = 0.0342), with reduced decreases in pupil size as a function of trial
sequence in the FEF condition (Fig. 3A for model predicted values). As
illustrated in Fig. 2B, PROLs increased as trial sequence increased (Trial:
p = 0.00221). All other effects were not significant. Although peak
constriction velocities decreased over time (Fig. 2C, Trial:
p = 6.80 x 10®), and lower peak constriction velocities were obtained
with FEF stimulation (Stim: p = 6.64 ><10'9), no significant interaction
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Fig. 2. Time-on-task effects between FEF and vertex cTBS condition on pupillary metrics in the visual-delay and memory-delay saccade task. The squares and error-
bars represent the mean values =+ standard error across participants. Visual-Delay: visually-guided saccade task. Memory-Delay: memory-guided saccade task.
Baseline: baseline pupil size. PROL: pupil response onset latency. Peak Velocity: peak pupil constriction velocity. Amplitude: peak pupil constriction size. Slope: pupil
main sequence slope, peak velocity / amplitude. PeakTime: time to peak constriction.

Table 1

Multilevel model for Bayesian information criterion.
Pupil
Visual-Delay BIC
Model Baseline PROL Peak Velocity Amplitude Slope PeakTime
(1) Y = Trial 8289.077 53,583.91 45,907.39 -3653.301 51,510.22 62,574.34
(2) Y = Trial"2 8634.417 53,623.77 46,127.88 -3564.272 51,505.1 62,755.95
(3) Y = Trial + Trial"2 8080.608 53,609.16 45,915.11 -3702.309 51,522.54 62,543.58
Memory-Delay BIC
Model Baseline PROL Peak Velocity Amplitude Slope PeakTime
(1) Y = Trial 8170.811 47,369.23 43,345.26 -3502.46 49,529.53 59,100.59
(2) Y = Trial"2 8559.523 47,411.31 43,507.22 -3398.494 49,528.56 59,179.04
(3) Y = Trial + Trial2 7996.514 47,381.95 43,336.44 -3550.317 49,543.01 59,062.61

Trial: trial number. Trial*2: trial number squared. Baseline: baseline pupil size. PROL: pupil response onset latency. Peak Velocity: peak pupil constriction velocity.
Amplitude: peak pupil constriction size. Slope: peak velocity / amplitude. PeakTime: time to peak constriction. BIC: Bayesian information criterion.

was seen. Constriction amplitude decreased over time (Fig. 2D, Trial:
p = 0.00046), and an inverted U shaped relationship was also obtained
(Trial™2: p =2.49 x 10). Smaller constriction was noted with FEF
stimulation (Stim: p = 2.49 x 10'%), and more importantly, a significant
interaction between time-on-task and squared trial sequence was seen
(Trial"2 xStim: p = 0.01752), showing a more pronounced U shaped
pattern in the FEF stimulation condition (model predicted values:
Fig. 3B). No effects were observed in slope analysis (Fig. 2E). As illus-
trated in Fig. 2F, an U shaped relationship between time-on-task and
peak time was seen (Trial"2: p = 0.000161), and there was a significant
interaction between time-on-task and trial sequence (TrialxStim:
p = 0.000422), showing reduced decreases in peak time over time with
FEF stimulation (model predicted values: Fig. 3C). In summary, FEF
cTBS decreased baseline pupil size, peak constriction velocities and
amplitude. Moreover, time-on-task effects in baseline pupil size,
constriction amplitude and peak time were also different between the
FEF and vertex stimulation conditions.

FEF cTBS time-on-task effects on pupillary metrics in the memory-delay
task

In the memory-delay task, we obtained a similar pattern of results. As
described in Methods, BIC results (Table 1) were used to evaluate which
Model to be used for further analyses (see LMM results in detail in
Table 3). As illustrated in Fig. 2G, baseline pupil size linearly decreased
as a function of time-on-task (Trial: p = —1.14 x 105, p = 8.94 x 10,
and an U-shaped relationship was also significant (Trial"2:
B=1.60 x10°, p = 1.45 x10')). Furthermore, smaller baseline pupil
size was observed with FEF stimulation (Stim: p = 5.36 x 1015). A
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significant interaction between trial sequence and stimulation condition
was noted (TrialxStim: p = 0.0253), with reduced decreases in pupil
size as a function of trial sequence in the FEF condition (model predicted
values: Fig. 4A). In addition, the interaction between time-on-task and
squared trial sequence was also significant (Trial"2 xStim: p = 0.0264),
showing a more pronounced U shaped pattern in the FEF stimulation
condition (model predicted values: Fig. 4B). PROLs increased as trial
sequence increased (Fig. 2H: Trial: p = 1.7 x107), and more interest-
ingly, a significant interaction between trial sequence and stimulation
condition was seen (Trial xStim: p = 0.0266), with larger time-on-task
effects as a function of trial sequence in the FEF condition (model pre-
dicted values: Fig. 4C). Peak constriction velocities were modulated by
both trial sequence (Fig. 2I: Trial: p = 6.96 x 101% and squared trial
sequence (Trial’2: p = 2.80 x 10!, and lower peak constriction ve-
locities were observed with FEF stimulation (Stim: p = 9.34 x 10'14).
Moreover, there was a significant interaction between squared trial
sequence and stimulation (Trial*2 xStim: p = 4.88 x 10°), showing a
pronounced inverted U-shaped pattern with FEF stimulation (model
predicted values: Fig. 4D). Constriction amplitude decreased linearly
over time (Fig. 2J, Trial: p = 0.0120), and an inverted U shaped rela-
tionship also obtained (Trial"2: p = 1.92 x 107). Smaller constriction
amplitude was noted with FEF stimulation (Stim: p = 9.00 %x107), and
more importantly, the interaction between time-on-task and squared
trial sequence was obtained (Trial"2 xStim: p = 0.0161), showing a
more pronounced U shaped pattern in the FEF stimulation condition
(model predicted values: Fig. 4E). No effects were observed in slope
analysis (Fig. 2K). As illustrated in Fig. 2L, an U shaped relationship
between time-on-task and peak time was noted (Trial"2: p = 0.00852),
and the interaction between time-on-task and trial sequence was
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Table 2
Multilevel model for pupillary metrics in the visual-delay task.

Pupil metrics Visual-delay

Baseline = Trial + Trial*2 + Stim + Trial*Stim + Trial"2 *Stim (6)

Beta estimates Std. Error t value df P
(Intercept) 3.69E+ 00 1.43E-01 25.825 2.90E+ 01 < 2e-16 *
Trial -1.11E-03 1.90E-04 -5.818 6.23E+ 03 6.26€-09 * **
Trial"2 1.52E-05 2.28E-06 6.655 6.23E+ 03 3.08e-11 * **
Stim 1.32E-01 1.71E-02 7.694 6.23E+ 03 1.65e-14 *
Trial:Stim -2.54E-04 1.20E-04 -2.118 6.23E+ 03 0.0342 *
Trial"2:Stim -2.50E-06 1.43E-06 -1.746 6.23E+ 03 0.0809
PROL = Trial + Stim + Trial*Stim (4)

Beta estimates Std. Error t value df P
(Intercept) 2.73E+ 02 2.93E+ 00 93.068 2.99E+ 01 < 2e-16 * **
Trial 2.24E-02 7.30E-03 3.061 6.23E+ 03 0.00221 * *
Stim -4.12E-03 4.36E-01 -0.009 6.23E+ 03 0.99246
Trial:Stim -5.96E-03 4.60E-03 -1.295 6.23E+ 03 0.19547
Peak Velocity = Trial + Stim + Trial*Stim (4)

Beta estimates Std. Error t value df P
(Intercept) -4.74E+ 01 2.93E+ 00 -16.205 2.78E+ 01 1.07e-15 * **
Trial 1.77E-02 3.93E-03 4.504 6.23E+ 03 6.80e-06 * **
Stim -1.36E+ 00 2.35E-01 -5.808 6.23E+ 03 6.64e-09 * **
Trial:Stim 9.38E-04 2.48E-03 0.379 6.23E+ 03 0.705
Amplitude = Trial + Trial"2 + Stim + Trial*Stim + Trial*2 *Stim (6)

Beta estimates Std. Error t value df P
(Intercept) -7.82E-01 4.77E-02 -16.404 2.98E+ 01 < 2e-16 * **
Trial 2.62E-04 7.47E-05 3.505 6.23E+ 03 0.00046 * **
Trial"2 -4.64E-06 8.95E-07 -5.188 6.23E+ 03 2.20e-07 * **
Stim -2.84E-02 6.73E-03 -4.219 6.23E+ 03 2.49e-05 * **
Trial:Stim 2.93E-05 4.71E-05 0.624 6.23E+ 03 0.53291
Trial"2:Stim 1.34E-06 5.63E-07 2.376 6.23E+ 03 0.01752 *
Slope = Trial"2 + Stim + Trial"2 *Stim (5)

Beta estimates Std. Error t value df P
(Intercept) 6.02E+ 01 1.87E+ 00 32.189 4.38E+ 01 < 2e-16 * **
Trial"2 5.33E-07 7.42E-05 0.007 6.23E+ 03 0.994
Stim 8.90E-01 5.57E-01 1.596 6.23E+ 03 0.111
Trial*2:Stim -6.19E-05 4.66E-05 -1.327 6.23E+ 03 0.185
PeakTime = Trial + Trial"2 + Stim -+ Trial*Stim + Trial 2 *Stim (6)

Beta estimates Std. Error t value df P
(Intercept) 6.45E+ 02 8.25E+ 00 78.199 3.08E+ 01 < 2e-16 * **
Trial -2.21E-02 1.49E-02 -1.483 6.23E+ 03 0.138052
Trial"2 6.73E-04 1.78E-04 3.776 6.23E+ 03 0.000161 * **
Stim 5.10E-01 1.34E+ 00 0.381 6.23E+ 03 0.703302
Trial:Stim -3.31E-02 9.37E-03 -3.528 6.23E+ 03 0.000422 * **
Trial"2:Stim -1.65E-04 1.12E-04 -1.47 6.23E+ 03 0.141514

Trial: trial number. Trial"2: trial number squared. Stim: stimulation condition. Baseline: baseline pupil size. PROL: pupil response onset latency. Peak Velocity: peak
pupil constriction velocity. Amplitude: peak pupil constriction size. Slope: peak velocity/amplitude. PeakTime: time to peak constriction. Std. Error: standard error. df:
degree of freedom. p: p value. *p < .05; * *p <. 01; * **p <. 001.
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Fig. 3. Model predicted best fit lines for the interaction effect between trial and stimulation in the visual-delay task. (A) Interaction effects between trial sequence
and stimulation on baseline pupil size. (B) Interaction effects between trial sequence squared and stimulation on amplitude. (C) Interaction effects between trial
sequence and stimulation on peak time. The shaded colored regions surrounding the predicted lines represent the &+ 95% confidence interval for different conditions.
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Table 3

Multilevel model for pupillary metrics in the memory-delay task.

Pupil
metrics

Memory-delay

Baseline = Trial + Trial"2 + Stim + Trial*Stim + Trial"2 *Stim (6)

Beta Std. Error t value df P
estimates
(Intercept) 3.70E+ 00 1.41E-01 26.173 2.93E+ 01 < 2e-
16 * **
Trial -1.14E-03 1.98E-04 -5.758 5.95E+ 03  8.94e-
09 %* dk
Trial"2 1.60E-05 2.36E-06 6.766 5.95E+ 03
Stim 1.41E-01 1.80E-02 7.839 5.95E+ 03  5.36e-
15 * dk
Trial:Stim -2.79E-04 1.25E-04 -2.237 5.95E+ 03  0.0253 *
Trial™2: -3.31E-06 1.49E-06 -2.221 5.95E+ 03  0.0264 *
Stim
PROL = Trial + Stim + Trial*Stim (4)
Beta Std. Error t value df p
estimates
(Intercept) 2.71E+ 02 2.94E+ 00 92.191 2.86E+ 01
Trial 2.32E-02 5.39E-03 4.305 5.95E+ 03
Stim -2.72E-01 3.24E-01 -0.838 5.95E+ 03
Trial:Stim -7.53E-03 3.40E-03 -2.217 5.95E+ 03
Peak Velocity = Trial 4 Trial"2 + Stim + Trial*Stim + Trial"2 *Stim (6)
Beta Std. Error t value df P
estimates
(Intercept) -5.13E+ 01 2.85E+ 00  -17.988  2.91E+ 01
Trial 2.35E-02 3.81E-03 6.177 5.95E+ 03  6.96e-
10 %* ek
Trial"2 -2.88E-04 4.56E-05 -6.32 5.95E+ 03  2.80e-
10 * **
Stim -2.60E+ 00 3.48E-01 -7.468 5.95E+ 03  9.34e-
14 %* dk
Trial:Stim -4.49E-03 2.40E-03 -1.867 5.95E+ 03  0.062
Trial"2: 1.32E-04 2.87E-05 4.574 5.95E+ 03  4.88e-
Stim 06 * **
Amplitude = Trial + Trial"2 + Stim + Trial*Stim + Trial"2 *Stim (6)
Beta Std. Error t value df p
estimates
(Intercept) -7.83E-01 4.76E-02 -16.433 3.00E+ 01 < 2e-
16 * **
Trial 1.90E-04 7.56E-05 2.513 5.95E+ 03  0.0120 *
Trial"2 -4.71E-06 9.04E-07 -5.213 5.95E+ 03 1.92e-
07 * **
Stim -3.39E-02 6.89E-03 -4.917 5.95E+ 03  9.00e-
07 * dk
Trial:Stim 8.78E-05 4.77E-05 1.842 5.95E+ 03 0.0655
Trial"2: 1.37E-06 5.70E-07 2.406 5.95E+ 03  0.0161 *
Stim
Slope = Trial"2 + Stim + Trial"2 *Stim (5)
Beta Std. Error t value df P
estimates
(Intercept) 6.95E+ 01 1.73E+ 00 40.123 5.22E+ 01 < 2e-
16 * **
Trial"2 -2.70E-05 7.74E-05 -0.349 5.95E+ 03 0.727
Stim -1.45E-01 5.90E-01 -0.246 5.95E+ 03  0.806
Trial"2: -4.41E-05 4.88E-05 -0.904 5.95E+ 03  0.366
Stim
PeakTime = Trial + Trial"2 + Stim + Trial*Stim + Trial"2 *Stim (6)
Beta Std. Error t value df P
estimates
(Intercept) 6.53E+ 02 8.27E+ 00  78.894 3.06E+ 01 < 2e-
16 %* dk
Trial -8.99E-03 1.43E-02 -0.629 5.95E+ 03  0.52916
Trial"2 4.50E-04 1.71E-04 2.632 5.95E+ 03  0.00852 * *
Stim 7.09E-01 1.30E+ 00 0.544 5.95E+ 03 0.58643
Trial:Stim -2.89E-02 9.01E-03 -3.207 5.95E+ 03  0.00135 * *
Trial"2: -1.14E-05 1.08E-04 -0.105 5.95E+ 03  0.91609
Stim

Trial: trial number. Trial*2: trial number squared. Stim: stimulation condition.
Baseline: baseline pupil size. PROL: pupil response onset latency. Peak Velocity:
peak pupil constriction velocity. Amplitude: peak pupil constriction size. Slope:
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peak velocity / amplitude. PeakTime: time to peak constriction. Std. Error:
standard error. df: degree of freedom. p: p value. *p < .05; * *p <. 01; * **p <.
001.

observed (Trial xStim: p = 0.00135), showing reduced decreases in peak
time over time with FEF stimulation (model predicted values: Fig. 4F). In
general, FEF c¢TBS decreased baseline pupil size, peak constriction ve-
locities and amplitude. Moreover, time-on-task effects in baseline pupil
size, PROL, peak velocity, amplitude and peak time were also different
between the FEF and vertex stimulation conditions.

FEF cTBS time-on-task effects on saccadic metrics in the visual-delay and
memory-delay task

We also systematically examined time-on-task effects between the
FEF and vertex stimulation conditions on saccadic metrics. Similarly, we
sorted trials into 8 time bins according to time-on-task in each condition
to illustrate time-on-task on saccadic metrics (Fig. 5), and BIC was used
to select which model for subsequent analysis (Table 4). In visually-
guided saccades analysis, detailed values of LMM are displayed in
Table 5. As illustrated in Fig. 5A, SRTs decreased linearly over time
(Trial: p=1.11 x10'!), and longer SRTs were obtained with FEF
stimulation (Stim: p = 7.39 x 101%). Furthermore, a more pronounced
time-on-task effect was observed with FEF stimulation (TrialxStim:
p = 0.000106; model predicted values: Fig. 6A). Saccadic peak veloc-
ities decreased with time (Fig. 5B: Trial: p = 0.01441), and an U-shaped
pattern was also noted (Trial"2: p = 0.00581). Moreover, significantly
lower peak velocities were obtained with FEF stimulation (Stim:
p = 0.02351). All other effects were not significant. No effects were
obtained in amplitude and slope analyses (amplitude: Fig. 5C; slope:
Fig. 5D). As illustrated in Fig. 5E, larger endpoint deviation was ob-
tained with FEF stimulation (Stim: p = 9.53 x 10).

In memory-guided saccades, as expected, there were lower saccade
peak velocities and larger endpoint deviation, compared to visually-
guided saccades (Fig. 5). Detail values of LMM are displayed in
Table 6. There were no effects in SRTs (Fig. 5F). As illustrated in Fig. 5G,
an U-shaped pattern in saccadic peak velocities was also seen (Trial"2:
p = 0.00927). Moreover, time-on-task effects in the linear fashion in
peak velocity were reduced with FEF stimulation (TrialxStim:
p = 0.03766; model predicted values: Fig. 6B). For saccade amplitude
(Fig. 5H), the interaction between time-on-task and trial sequence was
also significant (TrialxStim: p = 0.0218), with different directions of
time-on-task effects (model predicted values: Fig. 6C). No effects were
observed in the main sequence slope analysis (Fig. 5I). Larger endpoint
deviation was obtained with FEF stimulation (Fig. 5J: Stim:
p = 0.000338). Overall, FEF cTBS effects and its time-on-task effects
were weaker in saccadic metrics.

Discussion

To investigate the time-on-task effects on pupillary and saccadic
metrics following FEF c¢TBS, we analyzed the dynamics of pupillary light
reflex elicited by a bright stimulus in both the visual-delay and memory-
delay saccade tasks following application of cTBS over the right FEF and
the vertex. FEF ¢TBS had an impact on PLR metrics, resulting in
decreased baseline pupil size, peak constriction velocities, and
constriction amplitude. Importantly, we observed differences in time-
on-task effects between the FEF and vertex stimulation conditions for
baseline pupil size, constriction amplitude, and peak time in both tasks.
Additionally, while some saccadic metrics showed differences in time-
on-task effects between the FEF and vertex conditions, these differ-
ences were less pronounced. Overall, our findings demonstrate distinct
time-on-task effects on pupillary metrics for the FEF and vertex cTBS
conditions. These results suggest that the duration of the effects after
FEF cTBS varies among pupillary metrics and emphasize the value of
analyzing pupillary metrics to gain insights into the impact of ¢cTBS on
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human behavior. Control of pupillary light reflex responses

The measurement of pupillary kinematics is important for under-
standing the control of pupil size and the underlying mechanisms of this
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Table 4
Multilevel model for Bayesian information criterion.
Saccade
Visual-Delay BIC
Model SRT PeakVel Amp Slope Endpoint
(1) Y = Trial 69,333.87 68,026.13 19,711.66 43,639.29 13,776.72
@2y 69,438.24 68,002.61 19,715.21 43,639.19 13,783.7
= Trial"2
(3) Y = Trial 69,358.38 67,990.55 19,739.2 43,643.53 13,808.58
+ Trial"2
Memory- BIC
Delay
Model SRT PeakVel Amp Slope Endpoint
(1) Y = Trial 68,657.49 67,796.32 23,858.75 97,599.7 19,840.52
@2y 68,673.07 67,767.13 23,866.44 97,609.5 19,853.16
= Trial"2
(3) Y = Trial 68,682.21 67,743.49 23,889.98 97,619.66 19,871.1
+ Trial"2

Trial: trial number. Trial*2: trial number squared. SRT: saccade reaction time.
PeakVel: saccade peak velocity. Amp: saccade amplitude. Slope: peak velocity /
amplitude. Endpoint: endpoint deviation. BIC: Bayesian information criterion.

Table 5
Multilevel model for saccadic metrics in the visual-delay task.

Saccade
metrics
SRT= Trial + Stim + Trial*Stim (4)

Visual-delay

Beta Std. Error tvalue df p

estimates
(Intercept)  2.37E+ 02 8.23E+ 00 28.849  3.18E+01 < 2e-16 * **
Trial -1.74E-01 2.56E-02 -6.804 6.23E+ 03 1.11e-11 * **
Stim -9.43E+ 00 1.53E+ 00 -6.167 6.23E4+ 03 7.39e-10 * **
Trial:Stim 6.26E-02 1.61E-02 3.878 6.23E+ 03 0.000106 * **
PeakVel = Trial + Trial"2 + Stim + Trial*Stim + Trial"2 *Stim (6)

Beta Std. Error tvalue df p

estimates
(Intercept)  3.51E+ 02 1.22E+ 01  28.785 3.12E+ 01 < 2e-16 * **
Trial -5.63E-02 2.30E-02 -2.448 6.23E4+ 03  0.01441 *
Trial"2 7.60E-04 2.76E-04 2.759 6.23E+ 03 0.00581 * *
Stim 4.69E+ 00 2.07E+ 00  2.266 6.23E+ 03 0.02351 *
Trial:Stim 1.15E-02 1.45E-02 0.795 6.23E+ 03 0.42664
Trial™2: -5.30E-05 1.73E-04 -0.306 6.23E4+ 03  0.75972

Stim

Amp = Trial + Stim + Trial*Stim (4)

Beta Std. Error tvalue df p

estimates
(Intercept)  8.16E+ 00 1.02E-01 79.755  4.05E+ 01 < 2e-16 * **
Trial -2.70E-04 4.89E-04 -0.551 6.23E4+ 03  5.81E-01
Stim 5.45E-02 2.92E-02 1.866 6.23E+ 03 6.21E-02
Trial:Stim 1.09E-04 3.08E-04 0.354 6.23E+ 03 7.24E-01
Slope = Trial"2 + Stim + Trial"2 *Stim (5)

Beta Std. Error tvalue df p

estimates
(Intercept)  4.41E+ 01 1.45E+ 00  30.357 3.34E+ 01 < 2e-16 * **
Trial"2 4.75E-05 3.95E-05 1.202 6.23E4+ 03  0.229
Stim 6.72E-02 2.97E-01 0.226 6.23E+ 03 0.821
Trial"2: 9.98E-06 2.48E-05 0.402 6.23E+ 03 0.688

Stim

Endpoint = Trial + Stim + Trial*Stim (4)

Beta Std. Error tvalue df p

estimates
(Intercept)  1.27E+ 00 5.77E-02 21.975  4.46E+01 < 2e-16* **
Trial 1.69E-04 3.04E-04 0.555 6.23E+ 03 0.579
Stim -7.09E-02 1.82E-02 -3.905 6.23E+ 03 9.53e-05 * **
Trial:Stim -1.59E-04 1.92E-04 -0.83 6.23E4+ 03 0.407

Trial: trial number. Trial*2: trial number squared. Stim: stimulation condition.
SRT: saccade reaction time. PeakVel: saccade peak velocity. Amp: saccade
amplitude. Slope: peak velocity / amplitude. Endpoint: endpoint deviation. Std.
Error: standard error. df: degree of freedom. p: p value. *p < .05; * *p <. 01;
**¥p <. 001.
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control (Loewenfeld, 1999). For example: as noted by Loewenfeld
(1999), pupil response onset latency, similar to the visual evoked po-
tential, could objectively reflect delays in visual processing. Because
pupillary response amplitude is subject to the mechanical properties of
the iris, PROL could provide a more accurate assessment of afferent
input to the eyes (Loewenfeld, 1999; Bergamin and Kardon, 2003).
Indeed, previous studies have shown that pupillary metrics are infor-
mative in elucidating pupil modulation by various visual and cognitive
processes (Steinhauer and Hakerem, 1992; Barbur, 2004; Yu et al., 2007;
Oster et al., 2022), and they can provide important insights for clinical
investigations (Kardon, 1995; Prettyman et al., 1997; Frost et al., 2013,
2017; Hall and Chilcott, 2018; Oh et al., 2019; Van Stavern et al., 2019;
Kawasaki et al., 2020).

The circuit involved in the PLR includes several brain areas
(McDougal and Gamlin, 2015; May et al., 2019). The pretectal olivary
nucleus (PON) receives direct retinal inputs and has direct projections to
the preganglionic subdivision of the Edinger—-Westphal nucleus (EWpg),
which connects to postganglionic motoneurons in the ciliary ganglion
that supply the intraocular muscles of the eye. Microstimulation of the
PON or EW evokes pupillary constriction with a latency of approxi-
mately 100 ms after stimulation in behaving monkeys (Gamlin et al.,
1995; Gamlin, 2000; Pong and Fuchs, 2000). Luminance-sensitive neu-
rons have also been identified in the PON (Gamlin et al., 1995; Pong and
Fuchs, 2000; Clarke et al., 2003) and EW (Gamlin, 2000), showing that
these luminance neurons exhibit the characteristics appropriate for
mediating the PLR. However, it should be noted that the luminance
neurons in the PON are more closely correlated with visual stimulus
properties rather than directly influencing the metrics of subsequent
PLR responses (Pong and Fuchs, 2000). These results suggest that PLR
metrics are likely coordinated more closely by the EWpg, and other in-
puts beyond the PON are needed to contribute to PLR kinematics. The
EW receives important control signals from other structures, and the
locus coeruleus (LC) could possibly have a direct or indirect connection
to the EW (Joshi and Gold, 2020), although the anatomical connection
has yet to be clearly established. The LC is thus potentially involved in
affecting pupil size. Additionally, the EW receives projections from the
SC directly and indirectly via the central mesencephalic reticular for-
mation (Grantyn and Grantyn, 1982; Scudder et al., 1996; May, 2006;
May et al.,, 2016; Bohlen et al., 2017). As mentioned, the inter-
mediate/deep layers of the SC (SCi) anatomically and physiologically
connects to the FEF (Komatsu and Suzuki, 1985; Segraves and Goldberg,
1987; Stanton et al., 1988; Schlag-Rey et al., 1992; Everling and Munoz,
2000; Sommer and Wurtz, 2000), and this circuit plays a causal role in
the control of orienting responses including eye/head/body movement,
attention shifts and pupil dilation (Hess et al., 1946; Akert, 1949;
Sokolov, 1963; Corneil and Munoz, 2014). The EW could integrate these
important signals to coordinate PLR metrics.

FEF cTBS effects on pupillary and saccadic metrics

PLR metrics were modulated by FEF c¢TBS. Smaller baseline pupil
sizes, peak constriction velocities, and amplitude were observed in the
FEF condition compared to the vertex condition. These results are
consistent with our previous study, which showed reduced constriction
amplitude after FEF c¢TBS (Hsu et al., 2022). However, our previous
study did not find differences between baseline pupil size between the
two stimulation conditions, possibly attributing to using LMM here to
increase the statistical power of the analysis on baseline pupil size.
Importantly, time-on-task effects were different between the FEF and
vertex conditions, showing reduced baseline time-on-task effects and
different non-linear relationships in amplitude and peak time between
the two stimulation conditions in both tasks. These results suggest that
FEF cTBS modulates time-on-task effects on pupillary metrics.

What are the neural mechanisms underlying the effects of FEF cTBS
on pupillary metrics? There are two possibilities. First, the FEF has direct
connections to the pretectal nucleus (Kiinzle and Akert, 1977; Leichnetz,
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represent the + 95% confidence interval for different conditions. SRT: saccade reaction time. Peak velocity: saccade peak velocity. Amplitude: saccade amplitude.

Table 6
Multilevel model for saccadic metrics in the memory-delay task.

Saccade
metrics
SRT= Trial + Stim + Trial*Stim (4)

Memory-delay

Beta Std. Error tvalue df p

estimates
(Intercept)  2.22E+ 02 7.57E4+ 00  29.314  3.72E+ 01 < 2e-16 * **
Trial -5.26E-02 3.21E-02 -1.637 5.95E+ 03 0.102
Stim -5.69E-01 1.93E+ 00 -0.294 5.95E+ 03 0.768
Trial:Stim 1.72E-02 2.03E-02 0.85 5.95E+ 03  0.395
PeakVel = Trial + Trial"2 + Stim + Trial*Stim + Trial"2 *Stim (6)

Beta Std. Error tvalue df p

estimates
(Intercept)  2.92E+ 02 1.29E+01 22,652 3.38E+01 < 2e-16***
Trial -3.48E-04 2.96E-02 -0.012 5.95E+ 03  0.99062
Trial"2 9.21E-04 3.54E-04 2.603 5.95E+ 03  0.00927 * *
Stim 4.13E+ 00 2.70E+ 00  1.532 5.95E+ 03  0.12546
Trial:Stim -3.88E-02 1.87E-02 -2.079 5.95E+ 03  0.03766 *
Trial"2: 4.49E-05 2.23E-04 0.201 5.95E+ 03  0.8405

Stim

Amp = Trial + Stim + Trial*Stim (4)

Beta Std. Error tvalue df p

estimates
(Intercept) 7.84E+ 00 2.62E-01 29.902 3.11E+ 01 < 2e-16 * **
Trial 1.64E-03 7.55E-04 2.176 5.95E+ 03  .0296 *
Stim 1.87E-02 4.54E-02 0.411 5.95E+ 03  6.81E-01
Trial:Stim -1.09E-03 4.76E-04 -2.295 5.95E+ 03  0.0218 *
Slope = Trial + Stim + Trial*Stim (4)

Beta Std. Error tvalue df p

estimates
(Intercept)  8.42E+ 01 3.49E+ 01  2.416 1.98E+03  0.0158 *
Trial 4.90E-01 3.64E-01 1.343 5.97E+ 03 0.1793
Stim -2.15E+ 01  2.19E+ 01  -0.982 5.97E+ 03  0.3263
Trial:Stim -2.49E-01 2.30E-01 -1.082 5.96E+ 03 0.2791
Endpoint = Trial + Stim + Trial*Stim (4)

Beta Std. Error tvalue df p

estimates
(Intercept)  2.03E+ 00 1.10E-01 18.526  4.19E+ 01 < 2e-16 * **
Trial 1.99E-04 5.40E-04 0.368 5.95E+ 03 0.713253
Stim -1.17E-01 3.25E-02 -3.586 5.95E+ 03  0.000338 * **
Trial:Stim 1.46E-04 3.41E-04 0.428 5.95E+ 03  0.668552

Trial: trial number. Trial*2: trial number squared. Stim: stimulation condition.
SRT: saccade reaction time. PeakVel: saccade peak velocity. Amp: saccade
amplitude. Slope: peak velocity/amplitude. Endpoint: endpoint deviation. Std.
Error: standard error. df: degree of freedom. p: p value. *p < .05; * *p <. 01;
*%5p < 001.
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1982; Huerta et al., 1986; Stanton et al., 1988). However, it is less likely
that the FEF-PON pathway underlies the observed modulation, as the
EW possibly plays a more important role in controlling PLR metrics. An
alternative pathway through the FEF-SCi-EW may affect PLR metrics.
Research in behaving monkeys has shown that this pathway is causally
involved in mediating pupillary luminance responses modulated by
high-level functions such as attention (Ebitz and Moore, 2017; Wang and
Munoz, 2018), suggesting a central role of this pathway in mediating
high-level PLR responses.

Saccadic and pupillary responses have been correlated in previous
research (e.g., Wang et al., 2015; Dalmaso et al., 2020), and this coor-
dination is likely mediated by the oculomotor circuit (Lehmann and
Corneil, 2016; Ebitz and Moore, 2017; Wang and Munoz, 2021,2023).
Therefore, FEF cTBS should also affect saccadic responses. However, we
did not observe reliable effects of FEF c¢TBS on saccadic metrics,
although some differences were noted. These results are generally
consistent with previous studies showing that the effects of FEF cTBS on
saccadic responses are highly variable and task-dependent (Nyffeler
et al., 2006¢, b, a; Cameron et al., 2015; Gurel et al., 2018; Hsu et al.,
2021). Due to the gating role of omnipause neurons in the brainstem (e.
g., Scudder et al., 2002), signals must surpass a threshold to evoke
saccades. Therefore, saccades may be less sensitive to small disruptions,
which could explain the weaker effects of FEF cTBS on saccadic metrics.
In summary, we argue that the FEF-SCi-EW pathway likely underlies the
observed effects of FEF c¢TBS on pupillary metrics.

Limitations and future directions

The current paradigm allowed us to investigate the time-on-task
modulation between the FEF and vertex cTBS conditions. However,
the stimulus-location conditions were collapsed to increase the statisti-
cal power for time-on-task analysis. Therefore, the study is limited to
comparing the time-on-task effects when the stimulus was presented at
the location aligned or unaligned with the location of saccade planning
and working memory. Future work would benefit from simplifying the
stimulus conditions to increase statistical power for further explorations
in this line of research. Additionally, although our work suggested an
interaction between time-on-task and stimulation in pupillary metrics,
we observed a linear or quadratic interaction. Future work is needed to
more comprehensively explore both linear and non-linear time-on-task
effects. Furthermore, this study is limited by relatively small sample
sizes, although the sample size is sufficient to demonstrate the effects of
MRI-guided TMS stimulation (Sack et al., 2009). The sub-optimal
localization of FEF in some participants was inevitable due to
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individual differences. The gold standard localization of FEF locations
with fMRI (Sack et al., 2009) is certainly an important consideration to
address this research question. In summary, the time-on-task effects
between the FEF and vertex stimulation conditions were particularly
different in pupillary metrics, suggesting that FEF cTBS effects change
over time. Moreover, pupillary metrics were more sensitive to FEF cTBS
effects compared to saccadic metrics. Further investigation focusing on
pupillary metrics is important to examine the sensitivity of using pu-
pillary responses as an index to understand the effects of TMS stimula-
tion on human performance.
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