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Abstract

Fixational saccadic eye movements (microsaccades) have been associated with cognitive
processes, especially in tasks requiring spatial attention and memory. Alterations in oculo-
motor and cognitive control are commonly observed in Parkinson’s disease (PD), though
it is unclear to what extent microsaccade activity is affected. We acquired eye movement
data from sixteen participants with early-stage PD and thirteen older healthy controls to
examine the effects of dopamine modulation on microsaccade activity during the delay pe-
riod of a spatial working memory task. Some microsaccade characteristics, like amplitude
and duration, were moderately larger in the PD participants when they were “on” their
dopaminergic medication than healthy controls, or when they were “off” medication, while
PD participants exhibited microsaccades with a linear amplitude—velocity relationship
comparable to controls. Both groups showed similar microsaccade rate patterns across task
events, with most participants showing a horizontal bias in microsaccade direction during
the delay period regardless of the remembered target location. Overall, our data suggest
minimal involvement of microsaccades during visuospatial working memory maintenance
under conditions without explicit attentional cues in both subject groups. However, moder-
ate effects of PD-related dopamine deficiency were observed for microsaccade size during
working memory maintenance.

Keywords: microsaccades; region of interest; attention; eye tracking; Parkinson’s disease

1. Introduction

Visuospatial working memory refers to the active maintenance and processing of
object locations in the visual environment around a person [1], with spatial attention of-
ten considered as the underlying rehearsal mechanism [2,3]. The oculomotor system has
long been associated with cognitive processes including spatial attention and working
memory, though the relationship and interaction between these systems remain unclear
(see reviews [4,5]). Microsaccades, the tiny eye movements that occur during gaze main-
tenance [6,7], are thought to monitor environmental events in greater detail for further
processing and to prevent visual fading during fixation [8]. Microsaccades exhibit similar
oculomotor properties as the larger saccades [9], suggesting a microsaccade—saccade con-
tinuum in oculomotor control with potentially shared underlying neural substrates [10-13].
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While there is a significant body of research linking microsaccades and attentional pro-
cesses, accumulating evidence suggests a role relating to internal active maintenance of
memory beyond simply responding to external cues (see review [14]).

Among the brain structures involved in oculomotor control, the basal ganglia are
postulated to play a critical role for triggering saccadic eye movements [15,16] (see Figure 3
in [16] for a schematic representation). Dopamine, a major modulatory neurotransmitter
that is implicated in goal-directed behaviors, is involved in mediating the basal ganglia
output to the superior colliculus [17-19]. This mediation is postulated to regulate the
interaction between the superior colliculus and the brainstem omnipause and premotor
burst neurons, switching between opposite firing and non-firing states for the two types of
cells [20] that determine the generation (burst neuron firing) and termination (omnipause
neuron firing) of a saccade [21,22]. Dopamine is also implicated in a multitude of cognitive
functions [23,24], thus linking the oculomotor and cognitive systems. Indeed, dopamine
depletion is shown in animal models to cause deficits in voluntary saccade control and
working memory during goal-directed behaviors [25,26].

Parkinson’s disease (PD) is characterized by the loss of dopaminergic cells in the
substantia nigra, which has a major impact on basal ganglia-mediated cognitive and oculo-
motor functions [27,28]. Dopamine loss results in motor, including oculomotor (reviewed
in [29]), and cognitive dysfunctions, with visuospatial working memory particularly im-
paired in PD [30,31]. Additionally, recent studies of individuals with early to moderate PD
showed a general trend of increased oculomotor instability and amplitude, velocity, and
latency variability in saccades [32-34] and in microsaccades [35,36]. This trend seems to be
caused by overall impaired inhibition of spontaneous or reflexive eye movements in people
with PD [37,38]. A non-linear effect of dopaminergic medication, such as L-DOPA, has been
previously proposed, where both too little and too much dopamine lead to oculomotor [39]
and cognitive [40] dysfunctions. Although numerous studies examined saccades and work-
ing memory in PD, there have not yet been studies focusing on fixational microsaccades
during working memory maintenance. Thus, it is not clear whether microsaccades play
any significant role in visuospatial working memory dysfunction in PD.

Eye tracking as a tool has informed the study of cognitive processes such as selective
spatial attention [41,42] and memory processes [43—45] during both experimental tasks [46]
and complex natural tasks [47,48]. More specifically, previous studies of healthy young
adults showed that microsaccades are modulated by memory cues and shifts in covert
attention, suggesting a role of microsaccades in supporting mnemonic processes [48-53].
Some studies have also linked microsaccadic temporal activity to both visual and audi-
tory anticipation [54,55]. It has been suggested that spatial cueing transiently activates
the superior colliculus, prompting the generation of microsaccades biased towards the
target [56]. Working memory demand also modulates microsaccade activity and produces
a characteristic pattern of decreases and increases in rate, the amplitude of which can
also be affected by memory load [51,52,57-59]. A number of studies have also reported
a relationship between microsaccade directions and visual working memory [51,52,60].
However, null effects of stimulus or cue location on microsaccadic direction were reported
for similar task conditions [36,61]. Thus, it is still not clear whether the attentional cue or
working memory demand itself may modulate microsaccade properties. Studying the link
between microsaccade properties and spatial working memory in PD would help clarify
the potential underlying cognitive mechanisms. Such knowledge may allow for better
probing into how attention, learning, and memory strategies are applied in complex tasks
by tracking eye movements [62,63].

The goal of the current study was to examine the relationship between dopamine
deficiency in PD and microsaccade activity during spatial working memory maintenance.
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We monitored and recorded the eye positions of a group of early-stage PD and healthy older
individuals while they performed a memory-guided saccade task. We chose to use this
simpler paradigm to investigate whether microsaccade activity is altered in early-stage PD
during working memory maintenance prior to memory-guided saccades. We hypothesized
that microsaccades play a functional role in spatial working memory and expected them
to show distinct responses to the variable target locations. We further hypothesized that
microsaccadic activity during spatial working memory maintenance would be impaired in
PD and explored whether it is modulated by dopaminergic medication status.

2. Materials and Methods
2.1. Participants

Informed consent was obtained from all subjects involved in this study. Sixteen indi-
viduals (5 female) diagnosed with early-stage Parkinson’s disease (PD) (Hoehn and Yahr
score of 1 or 2) [64] from the Stony Brook community (# = 11) and Hospitales Madrid
(n =5), with an average age of 61.06 years (SD = 9.77, range of 43-77 years), participated
and were included in the final analysis (Table 1). PD participants in Madrid did not differ in
their absolute error of task performance from Stony Brook participants (p’s > 0.1), and their
main sequences did not differ significantly (p > 0.5). Four other participants were excluded
due to a high percentage of eye-tracking artifacts overall, and one was removed due to an
atypical microsaccade main sequence, in addition to the artifacts. Motor symptoms and
cognitive symptoms were assessed using the UPDRS III [65] and MoCA [66] assessments
on the experiment days. Participants with PD performed the task twice, coming in on
two occasions separated by approximately 2 weeks. In one visit they were asked to stop
taking their medication 12 h prior (PD OFF), while on their other visit they were taking
their medication as clinically advised (PD ON). The order of the medication status on visits
was counterbalanced across patients.

Table 1. Demographics.

Title 1 OHC (n = 13) Mean (SD) PD (n = 16) Mean (SD) p (OHC/PD)
Age 69.15 (9.09) 61.06 (9.77) 0.03
Sex (f/m) 7/6 7/9 0.22
Education 15.15 (3.13) 16.9 (2.92) @ 0.18
MoCA 26.92 (1.38) (OFF) 26.5 (2.12) 2 0.87
(ON) 26.82 (2.14) P 0.57
HY 1.73 (0.47) ®
LEDD 632.25 (455.78) ©
UPDRS (OFF) 28.5 (5.83)
(ON) 22.2 (6.46) 4
Absolute error 1.56 (0.30) (OFF) 1.82 (0.52) 0.04
(ON) 1.83 (0.43) 0.02
Trials included * 114 (9.68) (OFF) 120.31 (7.02) 0.05
(ON) 117.31 (12.91) 0.45
SWJ (%) 41.15 (10.74) (OFF) 38.08 (12.52) 0.50
(ON) 36.4 (14.92) 0.34
Broken fixation (%) 14 (5.5) (OFF) 18.2 (10.34) 0.20
(ON) 21 (11.93) 0.06

Older healthy control group (OHC) and participants with Parkinson’s disease (PD). Spatial working memory
performance is measured as primary saccade error from target location in degrees of visual angle. MoCA: Montreal
Cognitive Assessment; HY: Hoehn and Yahr scale; LEDD: Levodopa Equivalent Daily Dose; UPDRS: Unified
Parkinson’s disease rating scale. SWJ: Square wave jerks; SW] is the average percentage of square wave jerks out
of all microsaccades. Broken fixation is the average percentage of microsaccades made when fixation was broken
out of all microsaccades. * From a total of 128 trials. Missing data is noted as follows. *: average from 10 PD;
b. from 11 PD, ¢: from 12 PD, and 9: from 15 PD. The only medication effect difference was in UPDRS (p < 0.0001).
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Thirteen additional healthy individuals (7 female) from the Stony Brook community
with an average age of 69.15 years (SD = 9.09, range of 48 to 81 years) served as a control
group (OHC). One other participant was excluded from this group due to a high percentage
of eye-tracking artifacts.

2.2. Apparatus and Visual Stimuli

Participants performed the task in a dimly lit room, sitting with their head stabi-
lized by a chin rest 70 cm from a computer monitor (screen size 37.5 cm x 30.2 cm,
1024 x 768 pixels). Five of the participants (data collected in Spain) sat 60 cm from the
monitor (screen size 54 cm x 30 cm, 1920 x 1080 pixels). Even with this variability, in-
dividual subject data from the two sites were comparable. Monocular eye movements
were recorded using a desktop mounted infrared video-based eye-tracker (Stony Brook:
Eyelink 1000; Madrid: Eyelink 1000 Plus, SR Research, Ottawa, ON, Canada) at 1000 Hz.
We performed 9-point calibration and validation at the beginning of every other task block
to make sure eye positions were correctly registered during task performance. All partici-
pants successfully passed calibration and validation checks (average fixation error from
dots < 0.5°, max error < 1°).

Experimental Builder software (version 2.3.38, SR Research, Ottawa, ON, Canada) was
used to present the visual stimuli. A black fixation cross subtending 0.8° of visual angle was
shown in the center of the screen during the task. Targets and distractors were presented
as blue and orange dots of 1° of visual angle, with the target dot reappearing as green for
feedback at the end of each trial. There were 4 possible dot eccentricities (3°, 5°, 7°, 9° of
visual angle) and 8 possible polar angles (from 22.5° to 337.5°, in 45° increments), with a
total of 16 possible dot locations (Figure 1B). Jittering was applied to the dot eccentricities
(up to 0.5° of visual angle) and dot angles (up to 1°). Target-and-distractor pairs were
placed in the same quadrant at different eccentricities and at either the same or different
visual angles (approximately 45° apart). The different combinations of target-distractor
relationships were counterbalanced across trials.

A. Memory-guided saccade task (MGS) B. Target locations

@ \ 9
+ ® 4+ + + +

Fixation Stimulus Delay Response Feedback ITI
15s 05s 1l70r43s 2s 15s 0250r075s
Figure 1. The memory-guided saccade task. (A) The schematic diagram shows the sequence of task
events in a trial. An instruction was shown at the beginning of each block of trials indicating which
color is the target, while the other color is to be ignored. (B) The 16 possible target and distractor dot
locations.

2.3. Visuospatial Working Memory Paradigm

We used a memory-guided saccade task (Figure 1A). On each trial, after an initial
fixation of 1.5 s, a target and distractor stimulus was presented for 0.5 s. This was followed
by a variable delay interval, either 1.7 or 4.3 s long. The participants were instructed to shift
their gaze to the remembered location of the target dot when the fixation cross disappeared
at the end of the delay period. Two seconds after fixation cross disappearance, a feedback
stimulus (green dot) was presented in the original target location, and the participants were
asked to shift their gaze to this dot location before looking back at the center fixation cross.
Participants were instructed to maintain their fixation on the central cross for the entire
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trial, except when generating the saccade to the target at the end of the delay. There was a
variable inter-trial interval of either 250 or 750 milliseconds between trials.

The study session consisted of 1 practice block (16 trials) and 4 task blocks with 32 trials
per block, resulting in 144 trials. At the beginning of each block of trials, an instruction was
presented to indicate which color stimulus (blue or orange) was the target and the other
color dot was always irrelevant. The target and distractor color varied alternatively across
runs. The target and distractor locations of each trial within a block were pseudo-randomly
selected from the 16 possible locations, and the delay duration was pseudo-randomly
selected from the 2 possible intervals. Each possible target location was only repeated once
within a block, and never repeated (either by eccentricity or angle) in consecutive trials.

2.4. Microsaccade Identification and Analysis

Horizontal and vertical (pixel) eye-position data was imported into MATLAB (2019a)
for conversion and processing using custom-written MATLAB scripts adapted from Adrian
Etter and Marc Biedermann (Edf2Mat) and our own lab. All saccadic and microsaccadic
eye movements were first identified with a velocity-based detection code, consistent with
methods used in the literature [48,49]. Detection was based on predefined minimums of
velocity (23°/s), acceleration (5000° / %), amplitude (0.2°), and duration (8 ms). Parameters
were selected based primarily on Otero-Millan and colleagues’ clustering AI method [67]
and were comparable to common ranges in the literature [36,49]. Microsaccades were then
identified and selected based on amplitude (0.2-1°). Preliminary analysis showed that
70-77% of all saccadic eye movements made during initial fixation, stimulus presentation,
and delay periods were under 1° of amplitude (see Supplementary Figure S1 for detailed
group average breakdowns of saccade amplitude distributions).

Time points with blinks, missing data, outside-of-screen data, and abnormal pupil
size and speed were removed, with blink detection following the default Eyelink detection
method with an added 100 ms time window extension. If the participant broke fixation
during the delay period and then moved their eyes to a new location, microsaccades in
the new location were excluded from analysis. For this detection, an average location and
measure of variability (standard deviation) of all individual microsaccades was calculated.
Microsaccades that were more than 2.5 SD away from the average were considered erro-
neous and excluded (out of total eye movements: OHC: 5.6-24.5%; PD OFF: 5-43.2%, PD
ON: 6.9-51.1%). Additionally, square wave jerks (SWJs), which are pairs of microsaccades
that are in approximately opposite directions, of approximately equal sizes, and have a
short inter-saccadic interval [68,69], were also identified and excluded (Table 1) based on
parameters approximated from reported SWJ ranges described in [70] (directional dissimi-
larity index of >135°, magnitude similarity index of >0.32, and intersaccadic interval of
<310 ms). Exclusion of SW]s was not shown to affect the distributions and activity of
microsaccadic characteristics [48]. It was shown in the same work that SW]s are primarily
directed horizontally, so they were excluded (OHC: 22.8-64.6%; PD OFF: 6.1-62.2%; PD
ON: 13.1-55.8%) to increase sensitivity in target location-bias analyses.

Microsaccades were then analyzed for two task epochs, with the initial fixation period
serving as the control (period with no memory demand) for analyses, and the delay period
served as the main period of interest, since working memory was assumed to be actively
maintained before the memory-guided saccadic response. Data was initially analyzed
separately for the two delay duration trials (1.7 s and 4.3 s) (see Supplementary Materials),
and since no differences in eye movement behavior were found for the two delay durations
(1.7 s and 4.3 s), data from both delay durations were combined in the final analyses and
figures reported here.
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For each individual, their basic microsaccade characteristics including number, ampli-
tude, velocity, duration, and rate were calculated for each task epoch. The strength of the
“main-sequence” relationship between saccade amplitude and velocity was measured by
calculating the Spearman-rho rank correlation coefficient of these two variables (since it is
less sensitive to outliers than the Pearson linear correlation). Given the potential presence
of microsaccades with unrealistic velocities, and our minimal outlier removal, we also
performed a linear regression between amplitude and peak velocity for each subject using
Matlab’s robustfit function, and used the adjusted velocity values to compare average
velocity between groups.

The timecourse of microsaccade rate was constructed using a sliding window of 100 ms
in 1 ms steps and calculated in Hz. The rate at each time point was adjusted by each indi-
vidual’s baseline rate, which was averaged from a stable window (600-800 ms) during the
initial fixation period. Microsaccade rate during working memory was extracted from three
windows during the delay period: early delay (0-500 ms), middle delay (600-1100 ms),
and late delay (1200-1700 ms for short-delay trials; 3800-4300 ms for long-delay trials).

2.5. Statistical Analysis

Microsaccades of both delay trial types were combined for the final analyses. Two-
way mixed ANOVAs were conducted to test for the effects of disease state (OHC vs. PD
OFF, OHC vs. PD ON) and task epoch (initial fixation vs. delay) on basic microsaccade
characteristics (amplitude, adjusted velocity, duration, acceleration). Two-way repeated-
measures ANOVAs were conducted to test for the effect of medication (PD ON vs. PD OFF)
on these basic microsaccade characteristics. The assumption of variance homogeneity was
evaluated using Levene’s test.

Repeated measure t-tests were performed to determine the main effects of target
side (left vs. right visual field) during the delay period on microsaccade directional
bias. Microsaccade directional bias was estimated by measuring laterality index, with
(Number_right-Number_left) divided by (Number_left + Number_right), where microsac-
cades directed to the right side were assigned a positive sign, and microsaccades to the left
side were assigned a negative sign. For a second, more nuanced directional bias analysis
during the delay period, we calculated the angular difference between each microsac-
cade (endpoint x,y-start X,y vector) and its corresponding trial’s target location (target
x,y-fixation cross x,y vector). Separate angular-difference distributions were also produced
for the first, middle, and last 500 ms of the delay. For comparison, we also calculated
the angular differences in the microsaccades during initial fixation from the same tar-
get locations. Given that we were using group-level distributions for our statistics, we
used non-parametric tests. Within-group, we tested for temporal differences across the
delay time bins (Friedman'’s tests) and between the initial fixation and the whole delay
(Wilcoxon’s signed rank). Wilcoxon’s rank sum tests were performed to assess group
differences in delay distributions (OHC vs. PD OFF, OHC vs. PD ON).

We also assessed the possible effects of target eccentricity on microsaccade amplitudes
(per-group repeated measures ANOVAs) (see Supplementary Materials). Independent
measure and repeated measure ¢ tests were also used to compare groups’ main sequence
Spearman’s rho rank correlation coefficients.

All post hoc t tests were controlled for multiple comparisons (Bonferroni-corrected)
and Cohen’s d was calculated for significant results.

Group differences in rate activity pattern were analyzed for the initial period and
three 500 ms bins of the delay period. Average rates were compared between groups for
the initial fixation/delay epoch time windows (early delay: 0-500 ms in delay, middle
delay: 600-1100 ms, late delay: 1200-1700 ms (for short-delay trials)/3800-4300 ms (for
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long-delay trials)) using 2-way mixed effects (OHC vs. PD ON, OHC vs. PD OFF) and
repeated measures ANOVAs (PD ON vs. PD OFF). The main effects of time and group
(or medication status) were assessed, and p values had Greenhouse—Geisser corrections
applied when sphericity was not maintained. Since this approach does not consider the
temporal pattern of rate within each of the time bins, we also sampled the rate at every
50 ms within them, and performed 2-way ANOVAs (Group x Time), to more closely assess
rate differences within each time bin.

3. Results

We first examined the main sequence relationship between microsaccade amplitude
and velocity to confirm whether the PD and OHC participants have comparable basic
saccade mechanisms. Spearman’s rank correlation confirmed that the microsaccades of
the OHC subjects during the working memory task show a moderate linear relationship
between the microsaccade amplitude and velocity (0.35 < rs < 0.89, p’s < 0.001). The
PD participants, both “on” and “off” their medication, also exhibited microsaccades of
a similar linear main sequence relationship (PD OFF: 0.25 < 15 < 0.87, p’s < 0.001; PD
ON: 0.44 <15 < 0.87, p’s < 0.001) (Figure 2). While the main sequence relationship seems
slightly weaker in the PD group, it was not statistically different from the healthy controls
(p’s > 0.6) and not by medication status (p > 0.5). There was no significant change in
main sequence relationship from initial fixation to delay period for either OHC or PD
(paired t tests, p’s > =0.1). Main sequence linearity was also not significantly correlated
with individual differences in motor symptom severity (UPDRS III total score) or general
cognitive ability (MoCA) across the PD subjects (—0.48 < r < 0.15, p’s > 0.06).

The PD participants made similar numbers of microsaccades compared to healthy
controls during each task epoch (Figure 3, lower left). However, the PD participants
appeared to generate slightly larger microsaccades relative to healthy controls (Figure 3,
top left), with two-way ANOVAs revealing a significant main group effect for PD ON vs.
OHC (F(1,27) = 6.06, p = 0.02) but not PD OFF vs. OHC (F(1,27) = 1.28, p = 0.27), and no
significant main effect of epoch (F’s < 1) or group by epoch interaction (PD ON vs. OHC:
F(1,27) =1.03, p = 0.32; PD OFF vs. OHC: F(1,27) = 2.23, p = 0.15). The amplitude difference
between PD ON and OHC was driven by the delay period (t(15) = 2.79, p = 0.001, d = 1.03).
In addition, the two-way repeated measures ANOVA showed both a significant medication
effect (PD ON vs. OFF: F(1,15) = 6.49, p = 0.02) and a significant epoch effect (delay vs. initial
fixation F(1,15) = 15.44, p = 0.001) on microsaccade amplitude, but not their interaction
(F < 1), with the PD OFF’s epoch amplitude difference surviving multiple comparisons
of the post hoc t-tests (Bonferroni-adjusted alpha = 0.025; PD ON: #(15) = 2.28, p = 0.038,
d =0.20; PD OFF: t(15) = 3.09, p = 0.007, d = 0.29). Not surprisingly, microsaccade duration
was slightly longer for the PD participants (PD ON vs. OHC: F(1,27) = 7.34, p = 0.01;
PD OFF vs. OHC: F(1,27) = 3.31, p = 0.084). No other main microsaccade characteristics
(e.g., velocity, baseline rate) showed any main effects of disease group/medication, task
epoch, or their interactions (p’s > 0.05). Since the PD and OHC cohorts included in the
final analysis differed in age, we used an ANCOVA test to further confirm that the group
differences in microsaccade amplitude and duration remained significant with age as a
covariate. Taken together, the PD individuals produced slightly larger microsaccades than
the OHC, particularly during working memory maintenance.



J. Eye Mov. Res. 2025, 18, 46

8of 17

OHC o PD OFF o PD ON

200
150+ "

100 .

Peak velocity (degs)

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 02 04 0.6 0.8 1
Amplitude (deg) Amplitude (deg) Amplitude (deg)

Figure 2. Main sequence of microsaccades for healthy controls (OHC) and PD individuals “on” (PD
ON) and “off” (PD OFF) dopaminergic medication. The linear regression lines fitted on the group
level using MATLAB's robustfit are shown for visualization.
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Figure 3. Comparing basic characteristics of microsaccades between healthy controls (OHC) and
participants with PD, “off” (PD OFF) and “on” (PD ON) dopaminergic medication. Amplitude is the
average size of microsaccades during the initial fixation and delay periods of the task. Peak velocity
was estimated from robustfit. Number is the total number of microsaccades during each epoch.
Baseline rate was calculated from the 600-800 ms time in the initial fixation. Red boxes represent
initial fixation data, and blue boxes represent delay period data. Boxplots’ central mark indicates the
median, edges indicate the 25th and 75th percentiles, and dashed lines extend to the most extreme
data points not considered outliers. Individuals” data points are shown as scatters on the boxplot.
*p <0.05.

The microsaccade rate variation during the delay period showed a similar pattern
for the two subject groups and PD medication status, consisting of an initial dip in rate
approximately 0-200 ms after the stimulus offset, followed by a peak during approximately
the next 200 ms before returning to baseline (Figure 4). This pattern was also apparent
during the stimulus presentation. For separate timecourses for short-delay trials and
long-delay trials, see Supplementary Figure S2.

We used two-way mixed effects ANOVAs to test whether microsaccade rate varied
across time (the initial fixation and early, middle, and late delay) differently in PD par-
ticipants relative to the controls. There were no significant group-by-time interactions
(F’s < 1), and the repeated measures ANOVA also showed no statistically significant med-
ication effect on microsaccade rate over time (F < 1). We further examined the first and
last 500 ms of the delay in greater temporal resolution as these windows of time have the
most variability and potential anticipatory effects towards the end of the delay. These
additional mixed effects ANOVAs showed no significant main effects of group (F’s < 1) or
group-by-time interactions in either time bin (early delay: OHC vs. PD OFF: F(9,243) = 1.40,
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p =0.19; OHC vs. PD ON: F < 1; late delay: F’s < 1). However, the repeated ANOVA for PD
ON vs. PD OFF showed a significant main effect of time for both early delay (F(9,135) = 6.9,
p < 0.001) and late delay (F(9,135) = 3.8, p < 0.01), but not for medication-by-time interaction
(early delay: F(9,135) = 1.55, p = 0.20; late delay: F < 1), suggesting that PD participants,
regardless of medication status, exhibit similar fluctuations in microsaccade rate over time.
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Figure 4. Microsaccade rate changes over time during the memory-guided saccade task. Changes
in the microsaccade rate, adjusted by the baseline rate, are shown for the PD group on (red)/off
(blue) medication relative to the healthy old adults (OHC) (black). Shaded areas represent standard
error. The first and second dashed lines, respectively, represent stimulus onset and stimulus offset
(which is also delay onset). Initial fixation is the period from the y-axis to the first dashed line, and
the delay period runs from the second dashed line to the end. Above the rate diagram shows box
plots of averaged rate during four selected time bins (entire initial fixation and 500 ms delay bins).
See Supplementary Figure S2 for separate timecourses for short-delay trials vs. long-delay trials.

Lastly, we examined whether the directional preference of microsaccades varied by
disease and medication status. The majority of participants (15/16 OHC, 14/16 PD OFF,
12/16 PD ON) showed mostly horizontally directed microsaccades (i.e., >60% of microsac-
cades within 60 degrees of the horizontal axis, although many participants had >80%
in this range) during both initial fixation and delay periods, while others (1/16 OHC,
2/16 PD OFF, 4/16 PD ON) showed a multidirectional pattern (Figure 5A,B). To note, the
PD participants who showed a multidirectional pattern when on medication were not the
same participants as off medication. By calculating the laterality index, we further found
that each group of participants showed similar left/right hemifield preferences during the
delay period, regardless of the left/right target locations (OHC: #(12) = 1.40, p = 0.20; PD
OFF: t(15) = 0.95, p = 0.36; PD ON: #(15) = 0.63, p = 0.54). To further test for directional
bias in microsaccades, we calculated their angular difference from the target (Figure 5C).
Although visually there seems to be differences in angular distribution, there were no
significant epoch (Wilcoxon’s signed rank test) or temporal (Friedman’s test) effects on each
group’s distribution (p’s > 0.6), and no significant group differences for the delay period
distribution by Wilcoxon’s rank sum test (p’s > 0.7).
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Figure 5. Microsaccade directional preference. The first two rows show the two common patterns of
microsaccade directions during the initial fixation and delay periods of the memory-guided saccade
task for representative participants (A,B). Most participants (15/16 OHC, 14/16 PD OFF, 12/16 PD
ON) generated (A) horizontally oriented microsaccades, while some showed (B) multidirectional mi-
crosaccades (1/16 OHC, 2/16 PD OFF, 4/16 PD ON). (C) Group-level angular difference distributions
(microsaccade vs. target direction) for initial fixation (orange) and delay period (blue) microsaccades
in the OHC and PD participants. See Supplementary Figure S4 for angular difference distributions
for early vs. late delay period microsaccades.

4. Discussion

While a few previous studies have noted alterations in PD participants’ microsaccade
characteristics during fixation and voluntary saccade tasks [36,71], our findings extended
this to a spatial working memory task. Our PD participants showed modest group-level
differences in microsaccade basic characteristics (amplitude and duration) in comparison
to the older healthy controls, with PD individuals “on” medication showing slightly larger
microsaccades than “off” medication. However, both groups of participants in this exper-
iment showed primarily horizontally directed microsaccades, as some previous studies
have also reported [8,36], and no clear biases in direction to the targets during working
memory maintenance. Importantly, the slight alterations in microsaccade parameters (am-
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plitude and duration) do not seem to be symptom-related, as they were not associated with
individual differences in motor symptom severity or general cognitive ability across the
PD subjects. Perhaps the microsaccade changes found for our PD subjects are related to
downstream brainstem effects or an interaction between superior colliculus and brainstem
control of spontaneous saccades, rather than goal-directed saccades.

4.1. Dopamine Deficiency Alters Microsaccade Characteristics and Activity

Our findings show alterations in microsaccade amplitude and duration in a group of
early-stage PD participants in comparison to a group of controls. However, the lack of sta-
tistically significant differences in directional bias between the PD and control groups does
not suggest that the slightly larger microsaccades were generated with a specific purpose
for spatial working memory maintenance. Importantly, the microsaccades generated by
these PD participants demonstrated a comparable main sequence to those generated by
the older healthy participants. While some previous studies have reported main sequence
differences in PD participants compared to healthy controls [36,72], others did not find this
difference [33,69]. Perhaps these data reflect differences between large saccades and the
microsaccades we examined, or parameters such as disease progression, given that our
participants were all in early stages of the disease. This thus suggests that microsaccades
may weakly reflect the general oculomotor deficits and variability that are consistently
observed in studies with PD participants [33,69].

Previous studies have shown that levodopa medication increases saccadic accuracy
and improves smooth pursuit, indicating improved oculomotor function [73,74]. The lim-
ited medication effects on microsaccade characteristics and activity in our study do not
strongly support medication-related improvement extending to these small eye movements.
In contrast, our PD participants on medication exhibited greater difference in amplitude
size from healthy controls compared to those off medication. This could potentially be
attributed to the inverted-U hypothesis of dopamine function, whereas participants’ lev-
odopa medications in early stages of the disease may increase their dopamine levels beyond
ideal levels for these particular oculomotor characteristics [40]. However, further studies
and replication are needed to determine whether these medication effects are effective
early biomarkers of visuospatial dysfunction and dopaminergic imbalance. These findings
further suggest that while dopamine replacement may compensate for larger, intentional,
or goal-directed saccades, it apparently does not help keeping fixation steady [75], which is
a potential non-dopaminergic underlying source of disrupted oculomotor system’s control
of fixation. Indeed, other clinical treatments for people with PD, such as high-frequency
subthalamic nucleus stimulation, have been suggested to improve microsaccade perfor-
mance in memory-related tasks [76,77]. Future studies should directly compare the effects
of these treatment outcomes on microsaccades.

4.2. Microsaccade Rate During Working Memory

The rate pattern of microsaccade activity in the delay period (a decrease in rate
followed by an increase in rate) suggests that some reactionary behavior occurs compared
to the baseline period, where no systematic variation in microsaccade rate occurred. Similar
patterns of a decrease and increase in rate have been noted in several previous studies of
healthy and PD participants [36,51,52,58,78].

The observation of a similar rate pattern in the stimulus presentation period may
suggest that microsaccades are involved in both working memory retention as well as
stimulus perception and encoding. These functions are not mutually exclusive, so microsac-
cades may reflect both functions. The rate pattern may also be a reflection of attention
mechanisms related to a change in visual information processing (i.e., stimulus appearance
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and disappearance) rather than the working memory demand itself. Further studies could
use variable working memory difficulty load (similar to [58], although this particular study
used young healthy participants), to elucidate possible differences in the activity for the rate
changes related to attentional changes versus working memory maintenance. Dalmaso and
colleagues [58] associated this pattern with variable working memory loads in a retention
period. However, they did not show rate activity in their ‘learning frame” when stimuli
first appeared. In other reports, a rate activity pattern similar to ours in both stimulus onset
and offset periods is also noticeable ([78], Figure 4, p. 7). Additionally, this rate pattern is
seen during stimulus presentation in previous studies without a delay period [61].

4.3. Lack of Directionally Biased Microsaccades

While previous studies of healthy young adults postulated a role for microsaccades
during working memory due to their directional bias towards the to-be-remembered
target [48,49,51,52], we did not find any significant directional bias in the current study.
Most participants, PD or control, in the current study showed microsaccades that were
mostly horizontally directed, regardless of target location or task event during the memory-
guided saccade task. This is consistent with studies that have observed both task- and target-
irrelevant microsaccade activity patterns. For example, Tse and colleagues [79] reported
rightward directed microsaccades regardless of cue location, and several studies have
observed a preference for horizontally directed microsaccades similar to ours [8,36,48,51].
One possible explanation for this difference is the absence of an attentional cue during
the working memory period in the studies that do not find directional biases (like ours)
compared to those which do [49,80-82].

Studies which have found target-biased microsaccades often involved additional
demands on attention or memory. Specifically, several recent studies that found significant
directional effects on microsaccades [51-53,60] differed in the timing and difficulty of the
task compared to our study. Our participants were pre-cued as to which stimulus dot
was the target, and thus they could ignore the distractor, while the studies cited above
used a retro-cue task, so their participants would need to select one stimulus out of two
(or more) remembered items during the delay. Thus, additional memory selection (or
attentional bias) operation might take place during working memory delay. Separately, for
these same studies the two potential targets were both located along one axis (horizontal,
vertical, or diagonal), which could have encouraged participants to look along this axis
and produce a significant directional bias. Furthermore, as we discuss in our Limitations
Section, these studies also had much more data from a larger number of trials. It is possible
that the combination of a task with less selection demand, un-aligned target locations, and
fewer data did not provide us with sufficient conditions or power to see weak directional
effects. For a task focused more purely on visuospatial working memory like ours, the
lack of directional bias suggests that microsaccades are not always used to covertly assist
in remembering target location. The results of this study argue against the utility of
microsaccade directionality as a general function of internal working memory maintenance,
regardless of age or dopamine medication status.

To clarify the relationship between microsaccades and spatial attention versus working
memory, future studies should directly compare pure working memory maintenance
(similar to this study) and working memory with a spatial cue such as [48] or aligned target
locations [51]. Further, future studies with a larger sample size can use a combination
of eye tracking and cognitive task design to investigate attention and working memory
deficits in PD or other clinical patient groups, as well as in applied sciences and naturalistic
conditions [63].
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4.4. Limitations

One limitation of our study was the small sample size (16 PD and 13 OHC), which
was partially due to data collection occurring through the later part of the COVID-19
pandemic. This small number could have contributed to the overall noise in the signal of
the characteristics and activity, due to lack of statistical power. Although previous studies
have observed increased oculomotor variability in people with PD [33,34,72], only small
medication effects were revealed at the group level. Even for general findings, such as the
lack of directional biasing, the results could perhaps be due to our limited sample size. It is
possible that the absence of retro-cueing or alignment of target locations in combination
with our small sample size may have prevented the detection of weak directional biases or
medication effects. It is also possible that untested non-dopaminergic mechanisms, such
as those involving the subthalamic nucleus, may instead be involved in PD oculomotor
deficits or the lack thereof in our study [83].

Taken together, our data suggest rather limited involvement of microsaccades in
correspondence to visuospatial working memory demand under conditions without any
explicit attentional cue. The results also suggest moderate effects of PD-related dopamine
deficiency on microsaccadic activity during a spatial working memory task.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jemr18050046/s1, Figure S1: Distribution of saccade sizes during
initial fixation, stimulus, and delay periods for all groups. Distribution is before outlier and square-
wave jerk removal; Figure S2: Rate timecourses throughout initial fixation, stimulus presentation, and
delay period for (A) Short delay trials only, and (B) Long delay trials only; Figure S3: Rate timecourses
(long/short delay combined), not adjusted for baseline rate; Figure S4: Directional Distributions for
first and last 500ms of the delay of the OHC, PD ON, and PD OFF, combined across short and long
delay trials; Figure S5: Average microsaccade amplitude by target eccentricity (3°, 5°, 7°, 9° of visual
angle) for all groups. Error bars represent standard deviation. Amplitudes did not differ significantly
within-group by target eccentricity.

Author Contributions: Conceptualization, K.E, L.J., H.-C.L.; Methodology, K.E, L.J.; Software, L.].;
Formal Analysis, K.F,; Investigation, K.E,, L.J., M.M.; Resources, H.-C.L., 1.O.; Writing—Original
Draft Preparation, K.F,; Writing—Review and Editing, K.F,, L.]., H.-C.L., 1.O.; Visualization, K.E;
Supervision, H.-C.L.; Project Administration, H.-C.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The present research was supported by the Research Foundation of SUNY and State
University of New York at Stony Brook. The funder played no role in the study design, data
collection, analysis and interpretation of data, or the writing of this manuscript.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the State University of New York at
Stony Brook (protocol code 561593, approval date: 2 January 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request. The underlying code for this study is
not publicly available in its entirety but may be made available to qualified researchers on reasonable
request from the corresponding author.

Acknowledgments: We are very grateful to Anastasiia Khibovska, Jose Maria Ortega, and Isha
Trivedi for their assistance with data collection. We also thank Guy Schwartz for his assistance with
subject recruitment and guidance on clinical assessment.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/jemr18050046/s1
https://www.mdpi.com/article/10.3390/jemr18050046/s1

J. Eye Mov. Res. 2025, 18, 46 14 of 17

Abbreviations

The following abbreviations are used in this manuscript:

PD Parkinson’s disease
OHC  Older healthy controls
SWJ Square wave jerk

References

1. Baddeley, A.D.; Hitch, G.J. Working Memory. In Recent Advances in Learning and Motivation; Bower, G.A., Ed.; Academic Press:
New York, NY, USA, 1974; Volume 8, pp. 47-89. [CrossRef]

2. Awh, E,; Vogel, EK,; Oh, S.H. Interactions between attention and working memory. Neuroscience 2006, 139, 201-208. [CrossRef]

3. Smyth, M.M,; Scholey, K.A. Interference in immediate spatial memory. Mem. Cogn. 1994, 22, 1-13. [CrossRef]

4. Heuer, A,; Ohl, S.; Rolfs, M. Memory for action: A functional view of selection in visual working memory. Vis. Cogn. 2020, 28,
388-400. [CrossRef]

5. Olivers, C.N.L.; Roelfsema, PR. Attention for action in visual working memory. Cortex A J. Devoted Study Nerv. Syst. Behav. 2020,
131, 179-194. [CrossRef] [PubMed]

6.  Ditchburn, RW.; Ginsborg, B.L. Involuntary eye movements during fixation. J. Physiol. 1953, 119, 1-17. [CrossRef] [PubMed]

7. Fang, Y.; Gill, C.; Poletti, M.; Rucci, M. Monocular microsaccades: Do they really occur? J. Vis. 2018, 18, 18. [CrossRef]

8. Watanabe, M.; Matsuo, Y.; Zha, L.; Munoz, D.P,; Kobayashi, Y. Fixational saccades reflect volitional action preparation. ].
Neurophysiol. 2013, 110, 522-535. [CrossRef]

9.  Zuber, B.L,; Stark, L.; Cook, G. Microsaccades and the velocity-amplitude relationship for saccadic eye movements. Science 1965,
150, 1459-1460. [CrossRef]

10.  Otero-Millan, J.; Troncoso, X.G.; Macknik, S.L.; Serrano-Pedraza, I.; Martinez-Conde, S. Saccades and microsaccades during visual
fixation, exploration, and search: Foundations for a common saccadic generator. J. Vis. 2008, 8, 21. [CrossRef]

11. Hafed, Z.M.; Goffart, L.; Krauzlis, R.J. A neural mechanism for microsaccade generation in the primate superior colliculus. Science
2009, 323, 940-943. [CrossRef] [PubMed]

12. Walker, R.; Walker, D.G.; Husain, M.; Kennard, C. Control of voluntary and reflexive saccades. Exp. Brain Res. 2000, 130, 540-544.
[CrossRef]

13. Rolfs, M.; Kliegl, R.; Engbert, R. Toward a model of microsaccade generation: The case of microsaccadic inhibition. J. Vis. 2008,
8, 5. [CrossRef]

14. Gu, Q. Zhang, Q.; Han, Y,; Li, P; Gao, Z.; Shen, M. Microsaccades reflect attention shifts: A mini review of 20 years of microsaccade
research. Front. Psychol. 2024, 15, 1364939. [CrossRef]

15. Ramat, S.; Leigh, R].; Zee, D.S.; Shaikh, A.G.; Optican, L.M. Applying saccade models to account for oscillations. Prog. Brain Res.
2008, 171, 123-130. [CrossRef] [PubMed]

16. Watanabe, M.; Munoz, D.P. Probing basal ganglia functions by saccade eye movements. Eur. J. Neurosci. 2011, 33, 2070-2090.
[CrossRef] [PubMed]

17.  Basso, M.A,; Liu, P. Context-dependent effects of substantia nigra stimulation on eye movements. J. Neurophysiol. 2007, 97,
4129-4142. [CrossRef] [PubMed]

18. Bayer, HM.; Glimcher, PW. Midbrain dopamine neurons encode a quantitative reward prediction error signal. Neuron 2005, 47,
129-141. [CrossRef]

19. Hikosaka, O.; Takikawa, Y.; Kawagoe, R. Role of the basal ganglia in the control of purposive saccadic eye movements. Physiol.
Rev. 2000, 80, 953-978. [CrossRef]

20. Otero-Millan, J.; Optican, L.M.; Macknik, S.L.; Martinez-Conde, S. Modeling the Triggering of Saccades, Microsaccades, and
Saccadic Intrusions. Front. Neurol. 2018, 9, 346. [CrossRef]

21. Hafed, Z.M.; Yoshida, M.; Tian, X.; Buonocore, A.; Malevich, T. Dissociable Cortical and Subcortical Mechanisms for Mediating
the Influences of Visual Cues on Microsaccadic Eye Movements. Front. Neural Circuits 2021, 15, 638429. [CrossRef]

22. Munoz, D.P; Wurtz, R.H. Fixation cells in monkey superior colliculus. I. Characteristics of cell discharge. ]. Neurophysiol. 1993, 70,
559-575. [CrossRef] [PubMed]

23. Klaus, K.; Pennington, K. Dopamine and Working Memory: Genetic Variation, Stress and Implications for Mental Health. Curr.
Top. Behav. Neurosci. 2019, 41, 369-391. [CrossRef]

24.  Surmeier, D.J. Calcium, ageing, and neuronal vulnerability in Parkinson’s disease. Lancet Neurol. 2007, 6, 933-938. [CrossRef]

[PubMed]


https://doi.org/10.1016/s0079-7421(08)60452-1
https://doi.org/10.1016/j.neuroscience.2005.08.023
https://doi.org/10.3758/BF03202756
https://doi.org/10.1080/13506285.2020.1764156
https://doi.org/10.1016/j.cortex.2020.07.011
https://www.ncbi.nlm.nih.gov/pubmed/32892152
https://doi.org/10.1113/jphysiol.1953.sp004824
https://www.ncbi.nlm.nih.gov/pubmed/13035713
https://doi.org/10.1167/18.3.18
https://doi.org/10.1152/jn.01096.2012
https://doi.org/10.1126/science.150.3702.1459
https://doi.org/10.1167/8.14.21
https://doi.org/10.1126/science.1166112
https://www.ncbi.nlm.nih.gov/pubmed/19213919
https://doi.org/10.1007/s002219900285
https://doi.org/10.1167/8.11.5
https://doi.org/10.3389/fpsyg.2024.1364939
https://doi.org/10.1016/S0079-6123(08)00616-X
https://www.ncbi.nlm.nih.gov/pubmed/18718290
https://doi.org/10.1111/j.1460-9568.2011.07691.x
https://www.ncbi.nlm.nih.gov/pubmed/21645102
https://doi.org/10.1152/jn.00094.2007
https://www.ncbi.nlm.nih.gov/pubmed/17392414
https://doi.org/10.1016/j.neuron.2005.05.020
https://doi.org/10.1152/physrev.2000.80.3.953
https://doi.org/10.3389/fneur.2018.00346
https://doi.org/10.3389/fncir.2021.638429
https://doi.org/10.1152/jn.1993.70.2.559
https://www.ncbi.nlm.nih.gov/pubmed/8410157
https://doi.org/10.1007/7854_2019_113
https://doi.org/10.1016/S1474-4422(07)70246-6
https://www.ncbi.nlm.nih.gov/pubmed/17884683

J. Eye Mov. Res. 2025, 18, 46 15 0f 17

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.
49.
50.

51.

Kori, A.; Miyashita, N.; Kato, M.; Hikosaka, O.; Usui, S.; Matsumura, M. Eye movements in monkeys with local dopamine
depletion in the caudate nucleus. II. Deficits in voluntary saccades. J. Neurosci. Off. J. Soc. Neurosci. 1995, 15 Pt 2, 928-941.
[CrossRef]

Ogasawara, T.; Nejime, M.; Takada, M.; Matsumoto, M. Primate Nigrostriatal Dopamine System Regulates Saccadic Response
Inhibition. Neuron 2018, 100, 1513-1526.e4. [CrossRef]

Albin, R.L.; Young, A.B.; Penney, J.B. The functional anatomy of basal ganglia disorders. Trends Neurosci. 1989, 12, 366-375.
[CrossRef]

Marsden, C.D. Parkinson’s disease. Postgrad. Med. |. 1992, 68, 538-543. [CrossRef]

Antoniades, C.A.; Spering, M. Eye movements in Parkinson’s disease: From neurophysiological mechanisms to diagnostic tools.
Trends Neurosci. 2024, 47,71-83. [CrossRef]

Bayram, E.; Litvan, I.; Wright, B.A.; Grembowski, C.; Shen, Q.; Harrington, D.L. Dopamine effects on memory load and distraction
during visuospatial working memory in cognitively normal Parkinson’s disease. Neuropsychol. Dev. Cogn. Sect. B Aging
Neuropsychol. Cogn. 2020, 28, 812-828. [CrossRef]

Bradley, V.A.; Welch, J.L.; Dick, D.J. Visuospatial working memory in Parkinson’s disease. ]. Neurol. Neurosurg. Psychiatry 1989, 52,
1228-1235. [CrossRef] [PubMed]

Beylergil, S.B.; Kilbane, C.; Shaikh, A.G.; Ghasia, F.F. Eye movements in Parkinson’s disease during visual search. J. Neurol. Sci.
2022, 440, 120299. [CrossRef] [PubMed]

Fooken, J.; Patel, P; Jones, C.B.; McKeown, M.].; Spering, M. Preservation of Eye Movements in Parkinson’s Disease Is Stimulus-
and Task-Specific. J. Neurosci. Off. ]. Soc. Neurosci. 2022, 42, 487-499. [CrossRef] [PubMed]

Terao, Y.; Fukuda, H.; Hikosaka, O. What do eye movements tell us about patients with neurological disorders?—An introduction
to saccade recording in the clinical setting. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2017, 93, 772-801. [CrossRef]

Alexander, R.G.; Macknik, S.L.; Martinez-Conde, S. Microsaccade Characteristics in Neurological and Ophthalmic Disease. Front.
Neurol. 2018, 9, 144. [CrossRef] [PubMed]

McInnis, H. Microsaccades in Parkinson’s Disease. Master’s Thesis, Queen’s University at Kingston, Kingston, ON, Canada, 2014.
Cameron, I.G.; Brien, D.C.; Links, K.; Robichaud, S.; Ryan, J.D.; Munoz, D.P.; Chow, T.W. Changes to saccade behaviors in
Parkinson’s disease following dancing and observation of dancing. Front. Neurol. 2013, 4, 22. [CrossRef]

Chan, F.; Armstrong, L.T.; Pari, G.; Riopelle, R.].; Munoz, D.P. Deficits in saccadic eye-movement control in Parkinson’s disease.
Neuropsychologia 2005, 43, 784-796. [CrossRef]

Lu, Z.; Buchanan, T.; Kennard, C.; FitzGerald, ].J.; Antoniades, C.A. The effect of levodopa on saccades—Oxford Quantification in
Parkinsonism study. Park. Relat. Disord. 2019, 68, 49-56. [CrossRef]

Cools, R.; D’Esposito, M. Inverted-U-shaped dopamine actions on human working memory and cognitive control. Biol. Psychiatry
2011, 69, e113—-e125. [CrossRef]

Hunt, A.R.; Reuther, J.; Hilchey, M.D.; Klein, R.M. The Relationship Between Spatial Attention and Eye Movements. Curr. Top.
Behav. Neurosci. 2019, 41, 255-278. [CrossRef]

Brandolani, R.; Galletti, C.; Fattori, P; Breveglieri, R.; Poletti, M. Distinct modulation of microsaccades in motor planning and
covert attention. Sci. Rep. 2025, 15, 19580. [CrossRef]

Van der Stigchel, S.; Hollingworth, A. Visuospatial Working Memory as a Fundamental Component of the Eye Movement System.
Curr. Dir. Psychol. Sci. 2018, 27, 136-143. [CrossRef] [PubMed]

Rondina, R., 2nd; Curtiss, K.; Meltzer, ].A.; Barense, M.D.; Ryan, J.D. The organisation of spatial and temporal relations in memory.
Memory 2017, 25, 436-449. [CrossRef]

Hodgson, T.L.; Ezard, G.; Hermens, F. Eye Movements in Neuropsychological Tasks. Curr. Top. Behav. Neurosci. 2019, 41, 393-418.
[CrossRef]

Spagnolo, C.; Casalvieri, C.; Gambini, A. Different Processes for Graphical Recognition of Derivative of a Function: An Eye-
Tracker Analysis. In Proceedings of the Ninth International Congress on Information and Communication Technology, ICICT
2024, London, UK, 19-22 February 2024; Yang, X.S., Sherratt, S., Dey, N., Joshi, A., Eds.; Lecture Notes in Networks and Systems.
Springer: Singapore, 2024; Volume 1000. [CrossRef]

Anselm, S.; Kelsey, M.; Andreas, O.; Kristina, R. Eye-tracking methodology in mathematics education research: A systematic
literature review. Educ. Stud. Math. 2020, 104, 147-200. [CrossRef]

Hafed, Z.; Clark, J. Microsaccades as an overt measure of covert attention shifts. Vis. Res. 2002, 42, 2533-2545. [CrossRef]
Engbert, R.; Kliegl, R. Microsaccades uncover the orientation of covert attention. Vis. Res. 2003, 43, 1035-1045. [CrossRef]
Meyberg, S.; Sinn, P.; Engbert, R.; Sommer, W. Revising the link between microsaccades and the spatial cueing of voluntary
attention. Vis. Res. 2017, 133, 47-60. [CrossRef]

de Vries, E.; van Ede, F. Microsaccades Track Location-Based Object Rehearsal in Visual Working Memory. eNeuro 2024, 11,
ENEURO.0276-23.2023. [CrossRef]


https://doi.org/10.1523/JNEUROSCI.15-01-00928.1995
https://doi.org/10.1016/j.neuron.2018.10.025
https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1136/pgmj.68.801.538
https://doi.org/10.1016/j.tins.2023.11.001
https://doi.org/10.1080/13825585.2020.1828804
https://doi.org/10.1136/jnnp.52.11.1228
https://www.ncbi.nlm.nih.gov/pubmed/2592967
https://doi.org/10.1016/j.jns.2022.120299
https://www.ncbi.nlm.nih.gov/pubmed/35810513
https://doi.org/10.1523/JNEUROSCI.1690-21.2021
https://www.ncbi.nlm.nih.gov/pubmed/34848498
https://doi.org/10.2183/pjab.93.049
https://doi.org/10.3389/fneur.2018.00144
https://www.ncbi.nlm.nih.gov/pubmed/29593642
https://doi.org/10.3389/fneur.2013.00022
https://doi.org/10.1016/j.neuropsychologia.2004.06.026
https://doi.org/10.1016/j.parkreldis.2019.09.029
https://doi.org/10.1016/j.biopsych.2011.03.028
https://doi.org/10.1007/7854_2019_95
https://doi.org/10.1038/s41598-025-03000-z
https://doi.org/10.1177/0963721417741710
https://www.ncbi.nlm.nih.gov/pubmed/29805202
https://doi.org/10.1080/09658211.2016.1182553
https://doi.org/10.1007/7854_2019_98
https://doi.org/10.1007/978-981-97-3289-0_44
https://doi.org/10.1007/s10649-020-09948-1
https://doi.org/10.1016/S0042-6989(02)00263-8
https://doi.org/10.1016/S0042-6989(03)00084-1
https://doi.org/10.1016/j.visres.2017.01.001
https://doi.org/10.1523/ENEURO.0276-23.2023

J. Eye Mov. Res. 2025, 18, 46 16 of 17

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.
65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

de Vries, E.; van Ede, F. Microsaccades reveal preserved spatial organisation in visual working memory despite decay in
location-based rehearsal. Cognition 2025, 259, 106111. [CrossRef] [PubMed]

van Ede, F,; Chekroud, S.R.; Nobre, A.C. Human gaze tracks attentional focusing in memorized visual space. Nat. Hum. Behav.
2019, 3, 462-470. [CrossRef] [PubMed]

Tal-Perry, N.; Yuval-Greenberg, S. Pre-target oculomotor inhibition reflects temporal orienting rather than certainty. Sci. Rep. 2020,
10, 21478. [CrossRef]

Abeles, D.; Amit, R.; Tal-Perry, N.; Carrasco, M.; Yuval-Greenberg, S. Oculomotor inhibition precedes temporally expected
auditory targets. Nat. Commun. 2020, 11, 3524. [CrossRef]

Engbert, R. Computational modeling of collicular integration of perceptual responses and attention in microsaccades. . Neurosci.
Off. J. Soc. Neurosci. 2012, 32, 8035-8039. [CrossRef]

Contadini-Wright, C.; Magami, K.; Mehta, N.; Chait, M. Pupil Dilation and Microsaccades Provide Complementary Insights
into the Dynamics of Arousal and Instantaneous Attention during Effortful Listening. J. Neurosci. Off. ]. Soc. Neurosci. 2023, 43,
4856-4866. [CrossRef]

Dalmaso, M.; Castelli, L.; Scatturin, P.; Galfano, G. Working memory load modulates microsaccadic rate. J. Vis. 2017, 17, 6.
[CrossRef] [PubMed]

Schneider, A.; Sonderegger, A.; Krueger, E.; Meteier, Q.; Luethold, P.; Chavaillaz, A. The interplay between task difficulty and
microsaccade rate: Evidence for the critical role of visual load. J. Eye Mov. Res. 2020, 13, 1-12. [CrossRef]

Liu, B.; Alexopoulou, Z.S.; van Ede, F. Attentional shifts bias microsaccade direction but do not cause new microsaccades.
Commun. Psychol. 2024, 2, 97. [CrossRef] [PubMed]

Gaunt, ].T.; Bridgeman, B. Microsaccades and Visual-Spatial Working Memory. J. Eye Mov. Res. 2012, 5, 1-16. [CrossRef]

Carter, B.T.; Luke, S.G. Best practices in eye tracking research. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol. 2020, 155,
49-62. [CrossRef] [PubMed]

Casalvieri, C.; Gambini, A.; Spagnolo, C.; Viola, G. The Concept of Derivatives Through Eye-Tracker Analysis. In Proceedings
of the 15th International Conference on Computer Supported Education—CSEDU, Prague, Czech Republic, 21-23 April 2023;
SciTePress: Settibal, Portugal, 2023; Volume 2, pp. 378-385, ISBN 978-989-758-641-5. [CrossRef]

Larsen, T.A.; Calne, S.; Calne, D.B. Assessment of Parkinson’s disease. Clin. Neuropharmacol. 1984, 7, 165-169. [CrossRef]

Goetz, C.G.; Tilley, B.C.; Shaftman, S.R.; Stebbins, G.T.; Fahn, S.; Martinez-Martin, P.; Poewe, W.; Sampaio, C.; Stern, M.B.; Dodel,
R.; et al. Movement Disorder Society UPDRS Revision Task Force Movement Disorder Society-sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS): Scale presentation and clinimetric testing results. Mov. Disord. Off. ]. Mov.
Disord. Soc. 2008, 23, 2129-2170. [CrossRef] [PubMed]

Nasreddine, Z.S.; Phillips, N.A.; Bédirian, V.; Charbonneau, S.; Whitehead, V.; Collin, I.; Cummings, J.L.; Chertkow, H. The
Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 2005, 53,
695-699. [CrossRef] [PubMed]

Otero-Millan, J.; Castro, J.L.A.; Macknik, S.L.; Martinez-Conde, S. Unsupervised clustering method to detect microsaccades. J. Vis.
2014, 14, 18. [CrossRef]

Elidan, J.; Gay, I; Lev, S. Square wave jerks--incidence, characteristic, and significance. J. Otolaryngol. 1984, 13, 375-381.
Otero-Millan, J.; Schneider, R.; Leigh, R.J.; Macknik, S.L.; Martinez-Conde, S. Saccades during attempted fixation in parkinsonian
disorders and recessive ataxia: From microsaccades to square-wave jerks. PLoS ONE 2013, 8, e58535. [CrossRef]

Otero-Millan, J.; Serra, A.; Leigh, R.].; Troncoso, X.G.; Macknik, S.L.; Martinez-Conde, S. Distinctive features of saccadic intrusions
and microsaccades in progressive supranuclear palsy. J. Neurosci. Off. ]. Soc. Neurosci. 2011, 31, 4379-4387. [CrossRef]

Pinnock, R.A.; McGivern, R.C.; Forbes, R.; Gibson, ].M. An exploration of ocular fixation in Parkinson’s disease, multiple system
atrophy and progressive supranuclear palsy. J. Neurol. 2010, 257, 533-539. [CrossRef]

Beylergil, S.B.; Murray, J.; Noecker, A.M.; Gupta, P; Kilbane, C.; McIntyre, C.C.; Shaikh, A.G.; Ghasia, EF. Effects of subthalamic
deep brain stimulation on fixational eye movements in Parkinson’s disease. J. Comput. Neurosci. 2021, 49, 345-356. [CrossRef]
Hood, A.J.; Amador, 5.C.; Cain, A.E; Briand, K.A.; Al-Refai, A.H.; Schiess, M.C.; Sereno, A.B. Levodopa slows prosaccades
and improves antisaccades: An eye movement study in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 2007, 78, 565-570.
[CrossRef] [PubMed]

Sharpe, J.A.; Fletcher, W.A.; Lang, A.E.; Zackon, D.H. Smooth pursuit during dose-related on-off fluctuations in Parkinson’s
disease. Neurology 1987, 37, 1389-1392. [CrossRef]

Gitchel, G.T.; Wetzel, P.A.; Baron, M.S. Pervasive ocular tremor in patients with Parkinson disease. Arch. Neurol. 2012, 69,
1011-1017. [CrossRef]

Dec-Cwiek, M.; Tutaj, M.; Gracies, ].M.; Volkmann, J.; Rudziniska, M.; Stowik, A.; Szczudlik, A. Opposite effects of 1-dopa and
DBS-STN on saccadic eye movements in advanced Parkinson’s disease. Neurol. I Neurochir. Pol. 2017, 51, 354-360. [CrossRef]


https://doi.org/10.1016/j.cognition.2025.106111
https://www.ncbi.nlm.nih.gov/pubmed/40058129
https://doi.org/10.1038/s41562-019-0549-y
https://www.ncbi.nlm.nih.gov/pubmed/31089296
https://doi.org/10.1038/s41598-020-78189-2
https://doi.org/10.1038/s41467-020-17158-9
https://doi.org/10.1523/JNEUROSCI.0808-12.2012
https://doi.org/10.1523/JNEUROSCI.0242-23.2023
https://doi.org/10.1167/17.3.6
https://www.ncbi.nlm.nih.gov/pubmed/28278311
https://doi.org/10.16910/jemr.13.5.6
https://doi.org/10.1038/s44271-024-00149-7
https://www.ncbi.nlm.nih.gov/pubmed/39438653
https://doi.org/10.16910/jemr.5.5.3
https://doi.org/10.1016/j.ijpsycho.2020.05.010
https://www.ncbi.nlm.nih.gov/pubmed/32504653
https://doi.org/10.5220/0011941100003470
https://doi.org/10.1097/00002826-198406000-00008
https://doi.org/10.1002/mds.22340
https://www.ncbi.nlm.nih.gov/pubmed/19025984
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://www.ncbi.nlm.nih.gov/pubmed/15817019
https://doi.org/10.1167/14.2.18
https://doi.org/10.1371/journal.pone.0058535
https://doi.org/10.1523/JNEUROSCI.2600-10.2011
https://doi.org/10.1007/s00415-009-5356-3
https://doi.org/10.1007/s10827-020-00773-2
https://doi.org/10.1136/jnnp.2006.099754
https://www.ncbi.nlm.nih.gov/pubmed/17178817
https://doi.org/10.1212/WNL.37.8.1389
https://doi.org/10.1001/archneurol.2012.70
https://doi.org/10.1016/j.pjnns.2017.06.002

J. Eye Mov. Res. 2025, 18, 46 17 of 17

77.

78.

79.

80.

81.

82.

83.

Rivaud-Péchoux, S.; Vermersch, A.I; Gaymard, B.; Ploner, C.J.; Bejjani, B.P; Damier, P; Demeret, S.; Agid, Y.; Pierrot-Deseilligny,
C. Improvement of memory guided saccades in parkinsonian patients by high frequency subthalamic nucleus stimulation. J.
Neurol. Neurosurg. Psychiatry 2000, 68, 381-384. [CrossRef]

Gaunt, J.T.; Bridgeman, B. Visual vs. Spatial Contributions to Microsaccades and Visual-Spatial Working Memory. ]. Eye Mov. Res.
2014, 7, 1-14. [CrossRef]

Tse, P.U.; Sheinberg, D.S.; Logothetis, N.K. The Distribution of Microsaccade Directions Need Not Reveal the Location of Attention:
Reply to Rolfs, Engbert, and Kliegl. Psychol. Sci. 2004, 15, 708-710. [CrossRef]

Hafed, Z.M.; Ignashchenkova, A. On the dissociation between microsaccade rate and direction after peripheral cues: Microsaccadic
inhibition revisited. J. Neurosci. Off. ]. Soc. Neurosci. 2013, 33, 16220-16235. [CrossRef] [PubMed]

Rolfs, M.; Engbert, R.; Kliegl, R. Microsaccade orientation supports attentional enhancement opposite a peripheral cue: Commen-
tary on Tse, Sheinberg, and Logothetis (2003). Psychol. Sci. 2004, 15, 705-710. [CrossRef] [PubMed]

Willeke, K.E; Tian, X.; Buonocore, A.; Bellet, J.; Ramirez-Cardenas, A.; Hafed, Z.M. Memory-guided microsaccades. Nat. Commun.
2019, 10, 3710. [CrossRef] [PubMed]

Pinkhardt, E.H.; Jurgens, R.; Lulé, D.; Heimrath, J.; Ludolph, A.C.; Becker, W.; Kassubek, J. Eye movement impairments in
Parkinson’s disease: Possible role of extradopaminergic mechanisms. BMC Neurol. 2012, 12, 5. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1136/jnnp.68.3.381
https://doi.org/10.16910/jemr.7.2.2
https://doi.org/10.1111/j.0956-7976.2004.00745.x
https://doi.org/10.1523/JNEUROSCI.2240-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24107954
https://doi.org/10.1111/j.0956-7976.2004.00744.x
https://www.ncbi.nlm.nih.gov/pubmed/15447643
https://doi.org/10.1038/s41467-019-11711-x
https://www.ncbi.nlm.nih.gov/pubmed/31420546
https://doi.org/10.1186/1471-2377-12-5

	Introduction 
	Materials and Methods 
	Participants 
	Apparatus and Visual Stimuli 
	Visuospatial Working Memory Paradigm 
	Microsaccade Identification and Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Dopamine Deficiency Alters Microsaccade Characteristics and Activity 
	Microsaccade Rate During Working Memory 
	Lack of Directionally Biased Microsaccades 
	Limitations 

	References

