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Abstract

Eyeblinks are the brief closures of the lid. They are accompanied by a cocontraction of the eye muscles that temporarily pulls
the whole eyeball back into its socket. When blinks occur together with execution of saccadic gaze shifts, they interfere with the
saccadic premotor circuit, causing these within-blink saccades to be slower than normal and also time-locked to blinks. To ana-
lyze the trajectory of within-blink saccades, subtraction of the entangled blink-related eye movement is required. Here we pro-
pose a combination of principal component analysis (PCA) and a regression model to subtract the blink-related component of
the eye movement based on the respective blink metrics. We used electrooculography (EOG) to measure eye and lid move-
ments of 12 participants who performed saccades with and without blinks. We found that within-blink saccades are slower than
without-blink saccades and are tightly coupled in time to blink onset. Surprisingly, in some participants we observed large
dynamic overshoots of up to 15° for saccades of only 5° amplitude. The finding of dynamic overshoots was independently con-
firmed by dynamic MRI for two of the participants and challenges the current view that within-blink saccades are programmed
as slow, but straight, saccades. We hypothesize that the dynamic overshoots could be attributed to inhibition of omnipause neu-
rons during blinks, the simultaneous cocontraction of extraocular muscles, or a combination of both.

NEW & NOTEWORTHY This study observed that people make large dynamic overshoots when making a saccadic eye move-
ment within a blink but their eyes are back on target by the time the eyelids are open. We used electrooculography (EOG) to
measure eye movements even when the lid is down and introduced a novel procedure to subtract blink-related EOG compo-
nents. These findings challenge the current view that within-blink saccades are programmed as slow but straight saccades.

blink; EOG; eye movement; saccade

INTRODUCTION presumably caused by cocontraction of several extraocu-
lar muscles (2, 4). Besides this translational motion, short

Blinks occur in response to threats to the eye and help blinks in humans are also accompanied by a loopy rota-

in maintaining a clear and healthy cornea by spreading a
tear film and removing irritants from its surface (1). Blinks
are accompanied by a blink-specific movement of the eye
called a blink-related eye movement (BREM). Although
blinks regularly occur in tandem with saccades, particu-
larly when making large gaze shifts, the BREM is very dif-
ferent from those undertaken when the eyes are open.
Many species like rabbits, cats, and guinea pigs have a
specific muscle, the retractor bulbi, that pulls the eyeball
back into its socket during a blink (2, 3). Humans do not
have such a muscle, but it has been shown that their eye-
ball also retracts and lifts by up to 2 mm during a blink,
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tional motion typically in the range of 1-5° (4-6).
Although we make many blinks per minute, lasting ~300
ms each, we are unaware of the inevitable loss of vision that
is caused by blinks. Active visual suppression occurs during
blinks such that the loss of vision goes mostly unnoticed (7).
Saccades, which result in disruptive high-velocity motion
across the retina, also evade our awareness and are associ-
ated with suppression of the visual system. Saccades are of-
ten accompanied by blinks, presumably to reduce the
overall downtime of vision caused by their disruption by as
much as possible (8, 9). Suggestively, the oculomotor system
has been shown to use the downtime of vision during blinks
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to correct fixation errors (10), anticipate target movements
(11), and reset torsional displacements (12).

The trajectories of eye movements, in particular saccades,
have been shown to be altered if they occur together with
blinks, which cannot be explained by the superimposed
BREM (13, 14). Within-blink saccades have lower peak velocity
than those without a blink, and the time of saccade onset is
tightly coupled to blink onset. The altered kinematics have
been hypothesized to be caused entirely by blink-induced
changes to the saccade premotor circuit and not by mechani-
cal interference at a muscular level due to simultaneous
cocontraction. Indeed, blinks have been shown to interfere
with the generation of saccades in at least two separate loca-
tions in the brain stem premotor circuit. First, omnipause neu-
rons (OPNs) in the pons are inhibited shortly after onset of the
BREM (15). Second, blinks are associated with a reduction of
burst neuron activity in the superior colliculus (SC) (16). OPNs
gate the saccadic system by discharging at a tonic rate, so it
has been proposed that their inhibition during blinks initiates
a premature saccade with reduced velocity (9, 14). This would
explain the tight temporal coupling between blinks and sac-
cades, which has been observed in several experiments with
reflex blinks (9, 13, 17). It remains unclear whether the same
holds true for voluntary blinks (18). Decreased activity in SC
burst neurons on the other hand would explain the reduced
peak velocity of within-blink saccades. Modeling of the premo-
tor circuit showed that the eye movement that occurs during
joint blink and saccades could be understood as a superposi-
tion of the loopy BREM and a slow but straight saccade (19).
Therefore, the two most prominent features of within-blink
saccades, the reduced peak velocity and the time-locking to
blink onset, can be explained by changes to the premotor cir-
cuit. However, it cannot be ruled out that the cocontraction of
extraocular muscles during blinks influences the saccade tra-
jectory on top of the aforementioned changes to the premotor
circuit. To analyze timing and kinematics of within-blink sac-
cades, it is important to extract the saccadic gaze shift from
the blink-related components. There is currently no system-
atic approach to achieve this, so here we propose a combina-
tion of principal component analysis (PCA)and regression
model to account for the BREM trajectories of blinks with vari-
able durations and amplitudes.

The majority of research into within-blink saccades for
both monkeys and humans has been conducted with scleral
search coils (13, 17, 18, 20, 21). Although search coils have
very high spatial and temporal accuracy for measuring eye
movements, they typically require ophthalmic anesthesia to
be worn comfortably by human participants. Electrooculo-
graphy (EOG) is a noninvasive method capable of simultane-
ously measuring eye and lid movements at high temporal re-
solution (8). EOG used to be a popular tool for measuring eye
movements a few decades ago but has been mostly aban-
doned in favor of video-based methods. Compared with
video-based methods, EOG is less precise because it also
picks up unwanted data sources and is subject to a baseline
drift (22). However, unlike video-based methods it allows
noninvasive recordings while the eyes are closed, which is
essential for blink research and research, for example, of
rapid eye movements during sleep.

In the present study, we collected blink and saccade data
from 12 participants over two sessions with binocular EOG.
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Simultaneous video-based eye-tracker recordings allowed us
to estimate and subtract the EOG baseline drift in order to
get rid of the main source of corruption in the EOG data.
Vertical EOG channel data were used for precise determina-
tion of blink metrics such as onset, offset, and amplitude.
Crucially, we devised a mathematical procedure to subtract
the blink-related signal from horizontal EOG channel data,
such that we ended up with only the EOG data associated
with the horizontal within-blink saccade. This allowed us to
analyze the kinematics and timing of within-blink saccades
and directly compare them to saccades without blinks.

METHODS
Participants

Twelve healthy participants (PI1-P12; age 20-29 yr, 7
males, 5 females) took part in this study and were tested in
two sessions on separate days. All participants gave written
informed consent and had normal or corrected-to-normal
vision. Procedures were approved by the ethics committee of
the Department of Psychology and Sports Science of the
University of Miinster.

Experimental Setup

The experiment took place in a dimly lit room that is spe-
cifically designed for EEG experiments. Participants sat at a
distance of 86 cm from a 24-in. Viewpixx LCD screen (120 Hz
refresh rate, 1,920 x 1,080 pixel resolution), with their head
placed on a chin rest to reduce head movements. Stimuli
were black dots (0.3° diameter) on a gray background, which
were generated with MATLAB R2019a (The MathWorks,
Natick, MA) and the Psychophysics Toolbox (23). Auditory
cues were beeps of 500-Hz frequency and 100-ms duration.

Video-based eye-tracking.

Gaze position and pupil area of both eyes were recorded with
an EyeLink 1000 (SR Research, Mississauga, ON, Canada) at
a sampling rate of 500 Hz. The eye-tracker was calibrated
with a default nine-point grid at the beginning of the experi-
ment, which was repeated if necessary during the experi-
ment. Saccades and blinks were detected with the built-in
event detection, which classified onset and offset of a sac-
cade when the thresholds of 30°/s velocity and 8,000°/s?
acceleration were exceeded and subceeded. Blink onset and
offset were defined by loss and recovery of pupil.

EOG.

For EOG data acquisition we used a Biosemi Active Two
EEG system (Biosemi Instrumentation, Amsterdam, The
Netherlands) but only collected data from eight external
electrodes placed around the eyes to allow for binocular
EOG recordings (Fig. 1A). Electrodes were combined into
horizontal and vertical channels for each eye. We sub-
tracted the lower from the upper electrode signal to form
the vertical EOG channel and the left from the right elec-
trode signal for the horizontal EOG channel of each eye.
All data were recorded at 2,048 Hz and preprocessed with
a Savitzky-Golay filter of second order and time frame of
25 ms (24). EOG and EyeLink data were coregistered with
TTL triggers sent simultaneously to both devices.
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Blink-Saccade

Saccade

Figure 1. Electrode placement (4) and experimental protocol (B). A: 4 electrodes were placed around each eye. The difference between upper and lower
electrode (red) formed the vertical channel, whereas the difference between right and left electrode (green) formed the horizontal channel. B: partici-
pants performed 1 of 3 tasks. In the Blink task, participants had to blink as soon as they heard an auditory cue. For the Saccade task, they had to shift
their gaze to a target dot after an auditory cue. The third task was a Blink-Saccade combination, where participants were instructed to shift their gaze

shift while blinking.

Dynamic magnetic resonance imaging.

For independent verification of crucial aspects of the results
from EOG data, we invited two of the participants for an
additional experimental session using high-speed magnetic
resonance imaging (MRI). A 3-T Philips Achieva scanner
(Philips Medical Systems, Best, The Netherlands) was used
for examination, with instructions and visual stimuli dis-
played with a back-projection monitor. Initially, a three-
dimensional (3-D) T2-weighted MR sequence was acquired
[matrix = 256 x 256 x 250, field of view (FOV) = 250 x 250 x
250 mm, voxel size = 0.98 x 0.98 x 1.00 mm, echo time (TE) =
225 ms, repetition time (TR) = 2,500 ms, slice thickness = 2
mm, flip angle = 90°, scan duration = 232.5 s] while partici-
pants fixated a dot at the center of the screen. On the basis of
this anatomical scan we chose an appropriate slice position to
capture eyeball motion in the axial plane. A balanced steady-
state free precession (bSSFP) sequence enabled us to acquire
single-slice data at a temporal resolution of 55.6 ms (matrix =
224 x 224, FOV = 200 x 200, voxel size = 0.89 x 0.89 mm,
TE =1.28 ms, TR = 2.56 ms, slice thickness = 3 mm, flip angle =
45°, 1,020 dynamic scans, total scan duration = 56.7 s, K-t
BLAST factor of 5). Eye kinematics in terms of horizontal gaze
and eyeball retraction were quantified with MREyeTrack (4),
which provides a segmentation of sclera, lens, and cornea for
each image. For further analysis, we upsampled the eye
motion data with linear interpolation to a 2-ms time interval
and then smoothed it with a Savitzky-Golay filter of second
order with a window of 100 ms.

Experimental Protocol

Our study consisted of three experimental tasks: Blink,
Saccade, and Blink-Saccade (Fig. 1B). Across one session,
participants had to perform 80 Saccade trials, 80 Blink-
Saccade trials, and 120 Blink trials. The Blink trials were split
into 60 trials before and after the Blink-Saccade block in case
of changes in blinking behavior. Half of the participants per-
formed the Blink-Saccade block before the Saccade block;
the others performed the Saccade block first. Before the start
of the actual experiment, the EyeLink had to be calibrated
and participants performed a few practice trials of each task.

Blink.
Participants fixated a dot at (—2.5°, 0°) on the screen for a
randomized duration between 500 and 1,000 ms. The video-
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based eye-tracker was used to ensure that gaze was within a
2° radius of the dot for the fixation period. If fixation was bro-
ken, the trial was repeated. After the fixation period, we pre-
sented an auditory cue in response to which participants
had to blink. Participants were instructed to aim for a short
and soft blink. The fixation dot remained visible for 500 ms
after blink offset before it disappeared, signaling the end of
the trial.

Saccade.

Similar to the Blink task, each trial started with a fixation pe-
riod between 500 and 1000 ms while presenting a fixation
dot at (—2.5°, 0°). Instead of a blink, participants now had to
make a saccade to a target dot (2.5°, 0°) as soon as they heard
the auditory cue. In one of the two sessions, the target dot
was visible during the fixation period, so that the saccade
was visually guided. In the other session, that target dot was
shown only after the saccade was already executed.
Therefore, saccade execution relied on memory of target
position that was building up over consecutive trials. We
used these two different saccade types because visually
guided and memory-guided saccades were shown to have
slightly different kinematics in an earlier blink study by
Powers et al. (25). In our data, however, the kinematics were
not different (likely because we measured 5° saccades
whereas Powers et al. investigated saccades in the 10-20°
range), so we pooled the data for our analysis.

Blink-Saccade.

The experimental protocol was identical to the Saccade task,
but this time participants were instructed to perform the sac-
cade while blinking. Even though participants were initially
unsure about whether they would be able to perform this
task, data showed that all participants performed it without
problems during the experiment.

Data Analysis

Baseline drift estimation.

The EOG signal measures eye movements but is also
affected by various sources of noise such as background
signal interference, varying electrode contact pressure, or
changes in skin resistance due to sweating. These noise
sources typically produce a low-frequency drift of the EOG
(22). Eye movements such as saccades typically only last a
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few dozen milliseconds and thus operate on a timescale
different from the relatively slow baseline drift (Fig. 2A).
We used the simultaneously collected EyeLink data to esti-
mate the baseline drift in EOG data. This way, we could
clearly distinguish whether changes in EOG voltage were
caused by gaze changes or the baseline drift. First, we col-
lected saccade onset and offset from all regular saccades
recorded by the EyeLink across one recording session.
This also included saccades not related to the experimen-
tal task or those that happened during breaks. Then, we
compared the EyeLink saccade amplitude to the voltage
difference in horizontal EOG channel data at the respec-
tive time (Fig. 2B). Linear regression analysis between
EyeLink and EOG saccade amplitude yielded highly signif-
icant correlation between the two data sources (Pearson’s »
was at least 0.91 and P < 0.001 for each session of each par-
ticipant). We used the linear model to subtract eye move-
ment traces from the EOG channels and fitted the
remaining signal (assumed to be the baseline drift) with a
fifth-order polynomial (Fig. 2C). For trials containing
blinks, we excluded EyeLink data from 50 ms before blink
onset to 100 ms after blink offset and only then performed
the polynomial fit. This way, the baseline drift signal could
be estimated even in the temporary absence of valid
EyeLink data. Finally, the estimated baseline drift signal
was subtracted from the original EOG signal, and horizon-
tal EOG channel data were transformed from voltage to
degree. Example results of this procedure can be seen in
Fig. 2D.

Blink signal removal.

Our goal was to extract the saccade kinematics from the
horizontal EOG channel data. During within-blink sac-
cades, the horizontal EOG channel picks up signals from
the saccadic gaze shift, the blink-related eye movement,
and further components related to the lid movement. All
blink-related components need to be subtracted in order
to analyze the saccadic trajectory. A simple approach
would be to average across blink trials with negligible gaze
shift and subtract this averaged template from the trials
with gaze shifts to extract the saccade kinematics (13). This
led to unsatisfactory results for some participants, how-
ever, likely because they had large variability in blink du-
ration and lid movement amplitude. Both of these sources
of variability are well captured by the vertical EOG chan-
nel, which is in turn not affected by any horizontal gaze
shift signal. Additionally, it has been shown that eyelid
deviation is predictive of initial eye excursion during the
BREM (21). Therefore, we designed a procedure that pre-
dicts the blink signal in the horizontal channel based on
the respective vertical channel signal (Fig. 3). First, we
pick the horizontal EOG channel for trials with negligible
gaze shift and perform a principal component analysis
(PCA) on them. Only the three largest components are
kept, such that each trial is parametrized by the three re-
spective coefficients. Three components were necessary to
capture the variance of the EOG blink signals, but adding
further components did not seem to improve the analysis
and rather led to overfitting. The same procedure of
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Figure 2. Baseline drift removal. A: horizontal electrooculography (EOG) channel over the time course of a full session. Even though short-term gaze
changes are well reflected by the data on a smaller scale, the overall baseline drift makes the interpretation of gaze data difficult. B: comparison of saccade
amplitude measured by Eyelink and EOG. Linear regression fit in red. C: illustration of the baseline drift removal process. EyeLink pupil area data are used
to define a time window where the Eyelink data are deemed unreliable. Reliable EyelLink gaze data are then subtracted from the horizontal channel EOG
data. The remaining signal is fitted with a 5th-order polynomial to estimate the baseline drift. Finally, the estimated baseline drift is subtracted from the EOG
data. D: 16 example trials from the Blink-Saccade task before and after removal of the baseline drift. Data from right eye of participant P1.
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Figure 3. lllustration of the blink removal process. The trajectories of saccades that coincide with blinks are recovered by estimating and subtracting the
purely blink-related component of the horizontal electrooculography (EOG) channel data. Estimation of the blink component is performed on the subset
of blinks with negligible gaze shift. We start by independently parametrizing the horizontal and vertical EOG channel data by the three largest principal
components (PCs) of the respective principal component analysis (PCA). A multilinear regression model is then trained to predict the horizontal from the
vertical components. The model is finally applied to Blink-Saccade trials, such that the estimated blink component is subtracted and the saccade trajec-

tory recovered. Data from participant P1.

performing a PCA and keeping the three largest compo-
nents is applied to the respective vertical EOG channel tri-
als. Next, we run a multiple linear regression model to
predict the horizontal channel coefficients based on the
vertical channel coefficients. After having trained the
regression model on Blink trials with negligible gaze shift,
we applied it to Blink-Saccade trials. Based on the PCA
coefficients of the vertical EOG channel, we used the
regression model to predict the blink-related signal of the
horizontal EOG channel for each individual Blink-Saccade
trial. These estimated blink signals were then subtracted
from the horizontal EOG channel data, so that only the
saccadic gaze shift signals remained. Note that we made
no further attempt to separate the blink-related signal into
eye and lid movement components.

We tested the performance of this procedure against the
simple approach of subtracting an averaged blink template.
Eighty percent of Blink trials were defined to be the training
set, and the remaining 20% made up the testing set. We
trained each procedure on the training set and tested the
performance by calculating the least squared error per sam-
ple between prediction and test set data. Both methods led

J Neurophysiol « doi:10.1152/jn.00076.2022 - www.jn.org

to similar results for most participants, but for some partici-
pants the regression model led to substantial improvements
(Table 1).

Saccade detection in EOG data.

For saccade detection in the horizontal EOG channel
data, we used the same velocity and acceleration thresh-
olds (30°/s and 8,000°/s?) as for the EyeLink data.
Furthermore, we required the saccade candidates to sur-
pass these thresholds for at least 10 consecutive millisec-
onds and to have a minimum amplitude of 1°. We found
many saccades with large dynamic overshoots during the
Blink-Saccade task (see Fig. 6). These saccades briefly
stopped when reaching their maximum excursion, but
the movement continued almost immediately in the
reverse direction. Saccade offset was therefore deter-
mined when velocity and acceleration fell below the
thresholds and also stayed below them for the subsequent
50 ms. Saccades with dynamic overshoot are not fully
described by the conventional metrics of amplitude, du-
ration, and peak velocity, which is why we additionally
kept track of the maximum excursion relative to saccade
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Table 1. Comparison of our blink model removal procedure with subtraction of an averaged blink template

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Session 1 -0.40 —0.03 —0.01 -0.02 -0.02 0.01 —0.01 —0.04 -0.15 0.00 -0.16 -0.14
Session 2 —0.80 —0.02 0.02 —0.03 0.01 0.01 —0.01 0.00 —0.03 -0.21 —0.06 —0.08

Values are difference in least squared error per sample for participants P1 through P12.

onset. Saccade amplitude on the other hand was defined
as the difference in gaze between onset and offset. For
saccades without a dynamic overshoot, the metrics of am-
plitude and maximum excursion are identical. Further-
more, we Kept track of the overshoot size, which was
defined as the difference between maximum excursion
and amplitude.

Blink detection in EOG data.

Episodes of pupil loss by the EyeLink were used to coarsely
locate blinks in the EOG data time course. Then, to detect
onset and offset of blinks more precisely, we applied a ve-
locity threshold algorithm to the vertical EOG channel
data of each participant. Blinks manifest themselves as
sharp, Gaussian-like peaks in the vertical EOG channel.
Since the respective EOG amplitudes were highly variable
across participants, blink onset and offset thresholds were
defined as 5 and 3 median absolute deviations from all ve-
locity data for each participant. The EOG velocity profile is
characterized by a positive peak related to lid closure and
a negative peak related to lid opening. Blink onset was
determined by finding the first sample below onset thresh-
old before the positive EOG peak. Likewise, blink offset

A

1000

Pupil Area []

[Aw] jpuueyg [eomiop

0
-0.1
Time [s]

0

was determined by identifying the first sample above off-
set threshold after the negative EOG peak.

Trial selection criteria.

We disregarded trials in which participants executed the
wrong task (saccade instead of blink and vice versa), made
excessively long blinks of >500 ms, or made double blinks.
Additionally, we excluded Blink trials when they were
accompanied by a gaze shift of >1°.

RESULTS

Comparison of Blink Measurements between EyeLink
and EOG

The simultaneous measurement of the lid movement by
the vertical EOG channel and the pupil area by the video-
based eye-tracker allows the comparison of two different
aspects of blinks: the lid movement, as measured by EOG,
and the resulting loss of vision, as measured by EyeLink pu-
pil area (Fig. 4). We compared EOG and EyeLink measures of
blink onset. Whereas EOG blink onset relates to the shunting
of the corneo-retinal potential as the eyelid starts moving

B

600

400

2000-5

Pupil Area [ ]

[Aw] jpuueyg [eomiop

800
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400
0.5
200

[l

Time [s]

Figure 4. Comparison of EyeLink pupil area and vertical electrooculography (EOG) channel. A: pupil area (red) and vertical EOG channel (blue) for each partici-
pant (P7through P12) aligned to loss of pupil by the EyeLink. Pupil area is normalized to 1for each trial. Blue (solid) and red (dashed) vertical lines indicate EOG
and Eyelink onset. B: same data but aligned to recovery of pupil by EyeLink. Blue (solid) and red (dashed) vertical lines indicate EOG and EyelLink offset.

1660 J Neurophysiol « doi:10.1152/jn.00076.2022 - www.jn.org

Downloaded from journals.physiology.org/journa/jn at ULB Muenster (128.176. 254 013) on July 6, 2022.


http://www.jn.org

Q}) TIMING AND KINEMATICS OF WITHIN-BLINK SACCADES

g = 200 ®

>
—-10 S
17 > .
s 8
3-20 © 150
S ° =
o ° s °
< -30 ° Q
= < 100
o -40 E‘ L4
ko] 1] °
3 -50 o L2 50
5 5
= ° c
3 -60 ° %

—

0
Eyelink onset ~ EOG onset Eyelink offset ~ EOG offset

Figure 5. Blink onset and offset relative to vision recovery and loss. A:
averaged latency of blink onset measured with electrooculography (EOG)
and EyelLink relative to loss of pupil by EyeLink for each participant. Error
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across the cornea, EyeLink blink onset relates to the initial
decrease in pupil area, which is expected to lag behind EOG
onset by a few milliseconds. Furthermore, EyeLink pupil
area measurements provided us with the time of pupil loss,
which we took as a proxy for loss of vision. Typically, the
EyeLink lost track of the pupil when its area had decreased
by 30-50%, but this varied considerably across participants
(Fig. 4A). EOG onset of blink occurred 49 ms (SD = 10 ms)
and EyeLink onset 30 ms (SD = 12 ms) before loss of pupil
(Fig. 5A). Similarly, we compared EOG and EyeLink offset of
blink with recovery of pupil by EyeLink and found that EOG
offset occurred 123 ms (SD = 33 ms) and EyeLink offset 116
ms (SD = 59 ms) after recovery of pupil (Fig. 5B). However,
pupil area after a blink may not reflect the increase in pupil
size due to the upward-moving lid alone but also actual
changes in pupil size due to changing light conditions. For
these reasons, EOG recordings of lid movement seem to be a
more reliable measure of blink onset and offset compared with
measurements based on EyeLink pupil area, in particular

when comparing measures across different participants. For
the rest of this report, onset and offset of blink refer to onset
and offset of lid movement as measured by the vertical EOG
channel, unless otherwise indicated.

Dynamic Overshoot of Within-Blink Saccades

A notable feature of the within-blink saccades data was
the occurrence of large dynamic overshoots for some trials
(Fig. 6). These overshoots occurred in both experimental ses-
sions, with no noticeable difference between saccade types.
In fact, we found no differences throughout our analysis of
overshoots, kinematics, and temporal coupling of saccades
with blinks, which is why we pooled the data for all reported
analysis. Overshoots were observed in all participants, but
size and frequency varied widely across participants. For fur-
ther analysis, we ordered participants by the average size of
overshoot from lowest to highest (Table 2). Average size of
overshoot and frequency of occurrence were positively cor-
related (P = 0.001). Although some participants (like P1, P2,
and P4) had only very few occurrences, the size of those
overshoots (~2°) is quite large for a 5° saccade and far
exceeds the subtle dynamic overshoots that can accompany
saccades without blinks (26). P11 and P12, on the other end of
the scale, made overshoots in around two-thirds of all
within-blink saccades by an average amount of 5.4° and
10.5°, respectively. Dynamic overshoots of within-blink sac-
cades have been reported in an earlier study by Rottach et al.
(20), but they observed only a 1-2° overshoot for a 20° sac-
cade. The overshoots of P12, on the other hand, were on aver-
age twice as big as the actual saccade amplitude. To check
that the EOG signal of P12 truly represented the saccade tra-
jectory and not, for example, the blink-related eye move-
ment, we looked at the horizontal EOG channel signal before
blink removal for both eyes (Fig. 7). The massive overshoot is
present in both eyes and crucially has the same polarity. If
the overshoot signal should have originated from the blink-
related eye movement, one would have expected opposite
polarity between left and right eye data. Moreover, the

Figure 6. Trajectories of within-blink sac-
cades. We randomly picked 15 Blink-

Saccade trials of each participant. Parti-
cipant numbers (P17 through P12) are
sorted in increasing order of average
overshoot size. Whereas the top row of
participants shows saccades with normal
but slower than usual trajectory, partici-
pants in the middle and bottom rows ex-
hibit large overshoots far exceeding the

actual saccade amplitudes (in particular
P12). Note that some participants (in par-
ticular P4) failed to saccade while blinking
in a few trials and reached the target
through a catch-up saccade after the
blink.
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Table 2. Average size and frequency of within-blink saccade overshoots

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Size, ° 1.6 17 21 2.2 23 3.0 3.0 3.1 3.2 33 54 10.5
Frequency, % 1.2 2.7 1.3 10.7 3.9 181 1.7 16.6 44.8 18.6 70.5 64.2

P1-P12, participants P1 through P12.

horizontal EOG channel showed no strong excursions for tri-
als of blinks without gaze shift, further confirming that the
overshoot was not related to other eye movements during
blinks.

Independent Verification of Dynamic Overshoots by
Dynamic MRI

To further confirm that these dynamic overshoots truly
represent movement of the eye and are not caused by some
unwanted source of corruption in the EOG data, we decided
to repeat some of the measurements with another recording
technique. Our laboratory recently developed MREyeTrack
(4), a novel eye-tracking method based on high-speed mag-
netic resonance imaging (MRI). This produces many fast
measurements of an entire cross section of the eye, which
allows eye-tracking even while the eye is closed and also takes
displacements of the whole eyeball into account. It is there-
fore particularly well suited to measuring eye movements
during blinks and allows the reader to convince themselves
from the raw video footage that dynamic overshoots of the
reported size really occur during blinks. We invited partici-
pants P9 and P12, who were among those with the largest
overshoots, for an additional recording session of 5° within-
blink saccades. Dynamic overshoots of within-blink saccades
were clearly visible in both eyes of both participants, and their
eye kinematics were analyzed with MREyeTrack. For partici-
pant P12, the dynamic overshoots had an average size of 6.3°
(SD = 2.5°) and could even reach >10° (Fig. 8B and

A Blinks

Figure 7. Binocular recordings of within-
blink saccade overshoots. Twenty example
trajectories of horizontal and vertical elec-
trooculography (EOG) channel data during
Blink and Blink-Saccade task for the left (4)
and right (B) eye. The presented data have
the baseline drift removed, but the blink
signal was not yet subtracted from the hori-
zontal channel. Overshoots are clearly visi-

Vertical Channel [mV]

Blink-perturbed Saccades B

Supplemental Movie S1; available at https://doi.org/10.6084/
m9.figshare.19525441). Dynamic overshoots of participant P9
were smaller and had an average size of 3.1° (SD = 1.4°) (Fig.
8A and Supplemental Movie S2; available at https://doi.org/
10.6084/m9.figshare.19525450). These results are in good
agreement with those obtained from the analysis of EOG gaze
data and further confirm the validity of the EOG data analysis.
The MRI data have the additional advantage of simultane-
ously measuring eyeball retraction during within-blink sac-
cades. Close inspection of both of the Supplemental Movies
shows that the dynamic overshoots are closely time-locked to
eyeball retraction. This is particularly noticeable in the data
of participant P12, who made two blinks of longer than usual
duration (blue and red traces in Fig. 8B, right). The respective
gaze trajectories (Fig. 8B, center) show that these two within-
blink saccades not only had a strong dynamic overshoot but
also held out at maximum excursion as long as the eye was
fully retracted.

Kinematics of Within-Blink and Without-Blink Saccades

Saccade kinematics are highly stereotyped and show
strong consistent relationships between amplitude, peak ve-
locity, and duration, coined the main sequence (27). We plot
amplitude against peak velocity for both without-blink and
within-blink saccades in Fig. 9A. Although without-blink
saccades exhibit a clear linear relationship between ampli-
tude and peak velocity (as expected for saccades in that
range), this was not the case for within-blink saccades. In

Blinks Blink-perturbed Saccades

Vertical Channel [mV]

ble during the Blink-Saccade task in the
bottom right panel for each eye. Note that
the initial excursion in the horizontal chan-
nel is in opposite directions when compar-
ing right and left eye but saccade and
overshoot direction are in the same direc-
tion. Vertical channel data differ only
slightly between Blink and Blink-Saccade
trials, and there is barely any discrepancy
at all between right and left eye data.
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that the EOG data were recorded at a sam-
pling rate of 2,000 Hz and the MRI data at a
sampling rate of roughly 20 Hz. Therefore,
high-frequency components are more pro-
nounced in the EOG gaze data, which
results in sightly sharper and higher peaks
compared with the MRI gaze data. EOG
data (left) and MRI data (center and right)
were recorded in different sessions and
therefore do not show identical trials. We
still obtained the same temporal character-
istics, the time-locking to blink onset, and
crucially also a similar amount of dynamic
overshoot.

" P12

02 0 02 04 06
Time relative to blink onset [s]

-0.2 0 02 04 06

particular, participants with a frequent occurrence of over-
shoots like P9, P11, and P12 seemed to lack any relationship
between amplitude and peak velocity. The picture changed
when we used maximum excursion during the saccade
instead of amplitude. For saccades with dynamic overshoot,
maximum excursion is larger than final saccade amplitude.
Participants with frequent overshoots showed a linear rela-
tionship with peak velocity when maximum excursion
instead of amplitude was considered (Fig. 9B).

The slope of the linear relationship between maximum
excursion and peak velocity was lower for within-blink sac-
cades compared with those without blinks for all partici-
pants. This is not surprising, since reduced peak velocity has
been described as the main feature of within-blink saccades
in various studies (18, 20, 21). However, we also found that
the slopes of without-blink and within-blink saccades were
tightly correlated (P = 0.002). As depicted in Fig. 10, partici-
pants with slower without-blink saccades had proportionally
slower within-blink saccades. The three participants with
the biggest overshoots (P10, P11, and P12) had the lowest
slope of the within-blink saccade data.

Temporal Effects of Blinks on Saccade Metrics

Finally, we looked at the timing of all saccades in a time
window of 300 ms before and 700 ms after blink onset (Fig.
11). We found tight temporal coupling between blink onset
and saccade onset for every single participant. Such a tight
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temporal coupling has been reported before for reflex blinks
(13, 17), and the same seems to hold true for voluntary blinks
in our data. Across all participants, almost all of the onsets of
saccades that overlapped with blinks fell in a narrow time
window of 0 and 100 ms after blink onset, as can be seen in
Fig. 12A. Reversely, we found only 18 out of a total 1,524 sac-
cades across all participants were initiated in the 100 ms pre-
ceding blink offset (Fig. 12A). Relative to blink onset as
determined by EOG, many saccades were initiated directly
after blink offset. We wondered whether these were correc-
tive saccades due to postsaccadic visual error. Therefore, we
also looked at saccade onset relative to loss and recovery of
vision as determined by the video-based eye-tracker (Fig.
12B). Indeed, the saccades after blink offset were initiated at
least 100 ms after recovery of vision, which is in line with
typical saccade reaction times. Apart from the tight temporal
coupling between blink onset and saccade onset, there was
also a strong relationship between the time of maximum lid
excursion and the time of maximum eye excursion (Fig. 13).
We performed a linear regression analysis and obtained a
Pearson’s r between 0.25 and 0.74 for each participant.

DISCUSSION

We used EOG to measure the timing and kinematics of
horizontal within-blink saccades and compared them to sac-
cades without blinks. Developing a model to predict the
exclusively blink-related components based on the vertical
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Figure 9. Saccade main sequence analysis. A: peak velocity of each saccade plotted against the respective amplitude for without-blink saccades (red)
and within-blink saccades (blue). The without-blink saccades follow the linear relationship of the main sequence, as expected for saccades in that range
of amplitudes. A similar linear relationship for within-blink saccades exists only for the participants with little overshoot in the top rows. B: maximum
excursion, instead of amplitude, plotted against peak velocity for without-blink saccades (red) and within-blink saccades (blue). Both saccade types
show a linear relationship between maximum excursion and peak velocity for every single participant. P1-P12, participants P1through P12.

EOG channel allowed us to extract the saccadic gaze shift.
The main finding of this study was the frequent observation
of large dynamic overshoots in within-blink saccades, for
one participant even twice the size of the actual saccadic am-
plitude. This finding was independently confirmed by
dynamic MRI measurements. Within-blink saccades with
dynamic overshoot did not exhibit the typical linear rela-
tionship between amplitude and peak velocity (27); instead
they showed such a relationship only when considering
maximum excursion instead of amplitude. In agreement
with previous studies, we found that within-blink saccades
had strongly reduced peak velocities compared with sac-
cades without blinks and exhibited tight temporal coupling
between blink and saccade onset. Beyond that, we also found
that the time of maximum lid excursion was positively corre-
lated with the time of maximum saccade excursion. Our
results show that the combined eye movement during blinks
cannot be described as a simple superposition of a BREM
and an unusually slow saccade but there must be additional
interference with saccade execution leading to dynamic
overshoots.

Dynamic overshoots could be caused by inhibition of
omnipause neurons (OPNs) during blinks, the simultane-
ous cocontraction of extraocular muscles, or a combina-
tion of both. The onset of a BREM is quickly followed by
inhibition of OPNs, which in turn causes an impending
saccade to be initiated early. This is reflected by the tight

1664

coupling of saccade onset with the onset of reflex blinks
(17) and of voluntary blinks in our data. Our observation
that most saccade onsets preceded the lid covering of the
pupil and the associated loss of vision (Fig. 12B) further
supports the hypothesis that the temporal coupling is due
to physiological constraints. Our data also showed that
saccades, if they occurred within a blink, were always initi-
ated directly after blink onset. We found barely any sac-
cades initiated in the second half of the blink, as
illustrated by the gap of saccade onsets for the 100 ms pre-
ceding blink offset in Fig. 12A.

Our results appear to be in disagreement with those of
Rambold et al. (18), who did not observe such a tight tem-
poral coupling between saccade and blink onset as we did.
A possible reason for this could be differences in the exper-
imental protocol. Since blink and saccade had to be pre-
pared and initiated only when participants heard an
auditory cue in our study, this could have resulted in
stronger temporal coupling between blink and saccade.
However, data in Fig. 4 of the Rambold et al. paper suggest
that there is a gap of almost 100 ms between saccade
onsets within blink and saccade onsets after blink. We also
observed such a gap in the 100 ms preceding blink offset
(Fig. 12A). The wider distributions of saccade onsets rela-
tive to blink onset reported by Rambold et al. might fur-
thermore be explained by the fact that Rambold et al. did
not subtract the BREM from the within-blink saccadic
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Figure 10. Slope of saccade main sequence. Slope of main sequence
(excursion vs. peak velocity) for without-blink saccades plotted against the
slope for within-blink saccades. We performed a linear regression analysis
on the data and found that the slopes were highly correlated (P = 0.002).
P9—P12, participants P9 through P12.

gaze shift. They determined saccade onset when velocity
exceeded 5% of the peak velocity of the superimposed
BREM and saccade. Subtraction of the blink-related eye
movement and subsequent calculation of saccade onset
could lead to a saccade onset distribution more similar to
ours.

Given the excessive size of dynamic saccade overshoots
observed in our experiments, it is strange that they have
barely been reported in earlier studies. To our best knowledge,
the only other study that reported at least small dynamic
overshoots in relation to within-blink saccades was by
Rottach et al. (20). We think that three factors might have pre-
vented earlier studies from registering large overshoots. First,
dynamic overshoots may occur more frequently for saccades
of relatively small amplitude. Most studies on within-blink
saccade in humans focused on saccades of 20° or more (18,
20, 21), probably because blinks are more likely to go along
with large gaze shifts (28). In fact, Rottach et al. reported that
dynamic overshoots were observed more often with saccades
of 20° amplitude than with those of 40° amplitude. Second,
our data suggest that size and occurrence of dynamic over-
shoots vary widely across individual participants, as opposed
to other features of within-blink saccades like tight temporal
coupling. Monkey studies or scleral search coil studies on
human participants rarely exceed the number of five partici-
pants, such that individual differences might have been
missed. Third, no former study systematically subtracted the
BREM contribution from the superimposed eye movement
that occurs during blinks. Dynamic overshoots that might
have occurred could have been attributed to the BREM
instead of the saccadic gaze shift.

Dynamic overshoots challenge the hypothesis that the
combined eye movement during blinks can be understood
as a superposition of BREM and a slow but straight saccade
(13, 21). What could be the cause of these dynamic over-
shoots? Zee and Robinson (29) described a patient with
neurological disorder, who exhibited similar behavior
when executing saccades without blinks. They proposed a
model of the saccade premotor circuit that linked dynamic
overshoots to a failure of the OPN to properly resume dis-
charging at the end of saccades. Rottach et al. also favored

A C P1 P2 P4

= Vertical Channel 150
E 800 .
2,400 100 . it
£ o e
© ReA
S 50 A

Horizontal Channel RH
= 15 0
g 5~____/\o——~—~—-.—- S
S 5 2150 P& '

-0.2 0 0.2 0.4 0.6 ° ; 3
Time [s] & 100 FON
3 Y
8y
B 5 o0 E

< Vertical Channel @ ?je
E 800 £ 0 Fey
%400 / \ m P10
= 0 150 - .
2 . e $5:

Horizontal Channel 100 . { - ,-.-%:‘-_' ':‘ & ¥
25 s i ;.‘;,r = .::.‘ . é
§ 0 % o e iR 12
© 2 ol - 3¥F e £t : Ty EF

0.2 0 0.2 0.4 0.6 02 0 02 04 06 02 0 02 04 06 02 0 02 04 06 02 0 02 04 06

Time [s]

Time [s]

Figure 11. Saccade timing. A: example of a within-blink saccade with large overshoot. Blink duration is illustrated by a gray background in the vertical
channel, and markers in the horizontal channel indicate saccade onset (green), offset (red), and excursion (blue). B: example of a within-blink saccade
without overshoot. Same as A but without the overshoot marker. C: saccade onset (green), offset (red), and, if applicable, overshoot (blue) of each sac-
cade from all valid Blink-Saccade trials. Blink duration of each trial is represented as shading in gray. P1-P12, participants P1through P12.
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this hypothesis, because it would explain why dynamic
overshoots are more likely to go along with saccades of
smaller amplitude. If the pulse duration of saccades is
shorter than the duration of OPN inhibition during blinks,
this might result in dynamic overshoots of the saccades.
The observed link between time of maximum lid excursion
and time of maximum saccade excursion seems to support
the idea that dynamic overshoots could be caused by pro-
longed inhibition of the OPN. However, we did not observe
a clear link between blink duration and dynamic over-
shoot occurrence (Fig. 11), and participants with strong
overshoots (P10, P11, and P12) were also those with the
slowest without-blink saccades (Fig. 10). This is unex-
pected, because slow peak velocities go along with longer
saccade durations. If dynamic overshoots were caused by
prolonged OPN inhibition, we would have expected that
instead saccades with high peak velocity and short dura-
tion would have been the ones most affected. In summary,
inhibition of omnipause neurons is a plausible mechanism
to explain the time-locking of saccades to blinks, but it is
questionable that this alone could cause the occurrence of
large dynamic overshoots. The cerebellum plays a crucial
role in planning the kinematics of saccades and in blink
timing. Given how closely time-locked these two move-
ments are, some form of joint planning appears likely, in
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Saccade onset relative to pupil recovery [s]

particular since dynamic assembly of muscle synergies
typically manifest themselves by cerebellar control. A cer-
ebellar contribution to within-blink saccades has so far
not been discussed in the literature, but this could be
investigated in patients with cerebellar impairment.

It remains unclear to what extent the cocontraction of
extraocular muscles might also influence saccade kine-
matics. Goossens and Van Opstal (13) convincingly demon-
strated that cocontraction alone could not account for the
changes in saccade kinematics during blinks, but at the
same time they could not rule out that cocontraction leads
to additional interference with saccade execution on top
of that at premotor circuit level. We can think of two ways
in which cocontraction could influence saccade kinemat-
ics. First, it might be possible that simultaneous activation
of oculomotor neurons by the saccade command and the
blink-related eye movement command leads to a nonlin-
ear interaction downstream from the saccade premotor
circuit. Second, the eyeball retraction might lead to con-
siderable change in pulley position and thus affect the le-
ver arm of the rectus muscles. The neural innervation of
rectus muscles for a regularly programmed saccade could
then result in an overextended orientation of the eyeball
while it is retracted during a blink. Unfortunately, there
have not been data quantifying both the amount of

J Neurophysiol « doi:10.1152/jn.00076.2022 - www.jn.org

Downloaded from journals.physiology.org/journal/jn at ULB Muenster (128.176.254.013) on July 6, 2022.


http://www.jn.org

Q}) TIMING AND KINEMATICS OF WITHIN-BLINK SACCADES

P1 P2 P3 P4
400f 1 =032 200} r=035 o0o) r=032 . r=025
300 “ o ‘e, 300
) + i .

T il 100 Bt BRI 3
@ . . 100 s
£ 0 0
s 50 100 150 40 60 80 100 120 50 100 150 60 80 100 120 140
g P5 P6 P7 P8 Figure 13. Correlation of blink and saccade
% r=035 ° . r=0.42 200F  _ o085 300} (=037, metrics. Time of maximum lid excursion rel-
o 400 . 200 ative to blink onset plotted against time of
> . 200 . . . .
@ 300 4 maximum eye excursion during within-
£ 200 #'/ 100 100 blink saccades for all participants. We per-
£ 100 100 o* formed a linear regression analysis on the
é 0 0 data and indicate P value, Pearson’s r, and
£ 50 100 150 200 60 80 100120 140 160 50 100 150 50 100 150 slope in each panel. PI-P12, participants
e P9 P10 P11 P12 PTthrough P12.
= r=0.55 400} r=0389 S00F (- 063 r=0.74

200 . L Ry

.. 300 e 200 : 200 it
] PPt o
100 < . 100 T, A
100 S : 100
50 100 150 60 100 140 180 100 150 200 80 120 160

Time of maximum lid excursion [ms]

cocontraction (or the eyeball retraction it causes) and sac-
cade kinematics. Scleral search coils and EOG measure the
rotational component of the BREM but not the eyeball
translation, which is arguably the main component of the
movement. Dynamic MRI data with its simultaneous
measurements of gaze trajectory and eyeball retraction
could shed light on this issue. Indeed, the MRI data we
obtained from two participants seemed to support the hy-
pothesis that dynamic overshoots are directly linked to
eyeball retraction. For a conclusive analysis, however, it
will be necessary to measure within-blink saccades of vari-
ous amplitudes and in both directions from multiple par-
ticipants. Such a large data set could then unravel which
of the various parameters like relative saccade timing, sac-
cade amplitude, blink duration, or eyeball retraction
causes the saccade to overshoot. It would be particularly
interesting to test whether there is a correlation between
some metrics of eyeball retraction and saccade kinematics.
If inhibition of the OPNs should account for the dynamic
overshoot of within-blink saccades, there should only be a
relationship with the duration of eyeball retraction. If oth-
erwise a link between dynamic overshoots and retraction
metrics like amplitude, velocity, or return timing would be
found, the dynamic overshoots could be at least in part
attributed to muscular cocontraction.

Even though EOG does not offer the same precision as
scleral search coils, its noninvasive nature made it easy to
measure a larger number of participants, which seems espe-
cially important considering the individual effects we
observed. It should be noted, however, that the presented
method is limited to the study of saccadic gaze shifts within
blinks. If additional analysis of the blink-related eye move-
ment itself should be required, one would have to use scleral
search coils for this. Key results of search coil studies were
reproduced, and EOG also offers the simultaneous recording
of lid movement to detect and quantify blink metrics. The
results of this study indicate that eye movements during
blinks cannot simply be described as a superposition of the
typical blink-related eye movement and slow but straight

J Neurophysiol « doi:10.1152/jn.00076.2022 - www.jn.org

saccades. In particular, the presence of large dynamic over-
shoots seems to support the hypothesis that there is addi-
tional mechanical interference due to cocontraction of
extraocular muscles. Future studies could investigate the de-
pendence of these dynamic overshoots on varying saccade
amplitudes and different saccade directions. The finding of
dynamic overshoots adds to the potential of blink-related in-
terference to probe and understand the generation of sacca-
dic eye movements.
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