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Abstract

Objectives This study (1) describes and compares saccade and pupil abnormalities in patients with manifest alpha-synucle-
inopathies (aSYN: Parkinson’s disease (PD), Multiple System Atrophy (MSA)) and a tauopathy (progressive supranuclear
palsy (PSP)); (2) determines whether patients with rapid-eye-movement sleep behaviour disorder (RBD), a prodromal stage
of aSYN, already have abnormal responses that may indicate a risk for developing PD or MSA.

Methods Ninety (46 RBD, 27 PD, 17 MSA) patients with an aSYN, 10 PSP patients, and 132 healthy age-matched controls
(CTRL) were examined with a 10-min video-based eye-tracking task (Free Viewing). Participants were free to look anywhere
on the screen while saccade and pupil behaviours were measured.

Results PD, MSA, and PSP spent more time fixating the centre of the screen than CTRL. All patient groups made fewer
macro-saccades (>2° amplitude) with smaller amplitude than CTRL. Saccade frequency was greater in RBD than in other
patients. Following clip change, saccades were temporarily suppressed, then rebounded at a slower pace than CTRL in all
patient groups. RBD had distinct, although discrete saccade abnormalities that were more marked in PD, MSA, and even
more in PSP. The vertical saccade rate was reduced in all patients and decreased most in PSP. Clip changes produced large
increases or decreases in screen luminance requiring pupil constriction or dilation, respectively. PSP elicited smaller pupil
constriction/dilation responses than CTRL, while MSA elicited the opposite.

Conclusion RBD patients already have discrete but less pronounced saccade abnormalities than PD and MSA patients.
Vertical gaze palsy and altered pupil control differentiate PSP from aSYN.

Keywords Parkinson’s disease - REM sleep behaviour disorder - Multiple system atrophy - Progressive supranuclear palsy -
Eye movement - Alpha-synucleinopathy - Biomarker
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Introduction

Assessment of the oculomotor system is an essential part of
the neurological examination, especially for the differential
diagnosis of neurodegenerative movement disorders such
as alpha-synucleinopathies (aSYN) — Parkinson’s disease
(PD) [1], dementia with Lewy bodies (DLB), multiple sys-
tem atrophy (MSA) [2] and the tauopathy (TAU) progres-
sive supranuclear palsy (PSP). It is often difficult to clearly
differentiate PSP from aSYN early in the disease process,
particularly when atypical characteristics are present [3-5].
Video-based eye tracking can reliably and objectively meas-
ure different saccade, and pupil behaviour to assess the
intactness of cortical and subcortical neural circuits and,
therefore, potentially confirm clinical diagnosis and improve
the oculomotor assessment and accuracy. With the advent
of potentially neuroprotective therapies to treat aSYN and
TAU, changes of saccade and pupil behaviour components
in prodromal disease stages are of significant interest and
may eventually qualify as prodromal biomarkers or even
progression markers.

In this respect, isolated rapid eye movement (REM) sleep
behaviour disorder (RBD) is a distinct prodromal stage of
the manifest aSYN: within 15 years, up to 85% of RBD
patients will convert to either PD, DLB, or more rarely MSA
[6]. Therefore, RBD is suitable for looking for PD, DLB, and
MSA prodromal markers. In the manifest stage, early auto-
nomic dysfunctions are the key clinical parameters in MSA
that differentiate MSA from PD [2, 8]. Various studies have
compared the saccadic alterations in PD and MSA [9-12].
However, a comprehensive comparative study assessing
changes in saccade and pupil behaviour in the two manifest
aSYNs (PD and MSA) versus the prodromal aSYN RBD
has not been done.

In this study, we not only compare various aSYNs, but
also contrast them to the tauopathy PSP, an atypical par-
kinsonian disorder that is, for example, pathologically
differentiable from PD by symmetrical tissue loss in the
frontal cortex [13]. PSP is, in particular, characterized by
impaired oculomotor control [14—16], which is a key symp-
tom in many PSP patients [17]. Individuals with PSP show
reduced vertical saccade frequency, saccade amplitude, and
saccade velocity compared to age-matched controls (CTRL)
[17-20]. Because of the difficulties with the early differential
diagnosis between PD, MSA, and PSP, we devised a simple

video-based eye tracking task, called Free Viewing (FV), to
determine whether there are reliable differences in saccade
and/or pupil control in PSP versus the aSYNs [7].

Previous studies have used structured tasks to identify
abnormal saccade responses in neurodegenerative diseases
[21-24]. Here, we employ the simple FV paradigm in which
patients are shown a series of short video clips on a com-
puter screen, and they are free to view these clips however
they choose. This approach does not allow for a detailed
assessment of saccade dysmetria, but it allows for a richer
assessment of saccade and pupil behaviour to be recorded
in a dynamic visual setting with a high temporal and spatial
resolution to reveal abnormalities. Most importantly, this
setting does not require extensive preparatory instructions
for the participant to perform the task. We use the FV para-
digm for the investigation of oculo- and pupillomotor func-
tion in the prodromal (RBD) and manifest stages of aSYN
(in this study PD and MSA) in comparison to PSP which is
a tauopathy with well-known oculomotor deficits. We spe-
cifically address the following questions: (1) which saccade
or pupil parameters — when captured with FV—are altered
in patients with the manifest aSYN PD and MSA or the
tauopathy PSP? (2) Using these parameters, does the FV
paradigm allow to differentiate between patients with aSYN
and PSP? (3) Are abnormal pupil and saccade responses
observed in PD or MSA also detectable in the prodromal
aSYN stage RBD?

Materials and methods
Participants

We included five different groups of participants. Patients
diagnosed with PD, MSA, RBD, and PSP were recruited
in the Department of Neurology, Philipps-University Mar-
burg, Germany. CTRL subjects were recruited as part of a
large study within the Faculty of Health Sciences at Queen’s
University in Kingston, Canada. The study protocol was
approved by the human research ethics board of the Faculty
of Medicine, Philipps-University Marburg (Protocol ID:
147/16) and the Faculty of Health Sciences, Queen’s Univer-
sity (Protocol ID: PHYS-007-97; CNS-005-10). Voluntary
informed consent was obtained from each participant after
a verbal and written explanation of the study, according to
the Declaration of Helsinki.

All patients recruited were 45-84 years of age (see
for Exclusion criteria Supplementary Material). All
patients underwent clinical testing with the Montreal
Cognitive Assessment (MoCA) [25], Unified PD Rating
Scale (UPDRS-III and/or Movement Disorder Society
(MDS)-UPDRS scale IIT), Beck’s Depression Inventory-
IT (BDI-II) [26], PD Non-Motor Scale (PDNMS) [27],
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and the REM Sleep Behaviour Disorder Screening Ques-
tionnaire (RBDSQ) [28]. Clinical and demographic data
are provided in Supplementary Material (Supplementary
Table 1).

RBD. Forty-six patients (5 females, 41 males, age range:
50.6-76.4 years) with video-polysomnography-confirmed
RBD (Darien IL, AASM, 2014) had mean UPDRS-III,
MoCA, and BDI-II scores equal to 1.61, 28.2, and 7.7,
respectively. All RBD patients were interviewed for a medi-
cal and drug history in detail and received a complete neuro-
logical examination. This procedure was repeated twice over
a period of 1 year to reduce the risk of including subjects
with secondary RBD in the study. In addition, we excluded
RBD patients with cognitive impairment (MoCA < 25), and
this would presumably minimize the number of patients
likely to convert to DLB [29].

PD. PD patients were diagnosed according to the United
Kingdom Brain Bank Criteria. Twenty-seven PD patients
(2 females, 25 males, age range: 45.7-84.1 years) were
included: 7 PD patients were de novo PD patients, 3 PD
patients were investigated under treatment with dopamin-
ergic medication (on-state), 14 PD patients were at least
12 h without medication (defined off-state), and three with
unknown medication status. Given the relatively minor vari-
ation in saccadic behaviour between on and off states, all
three groups were pooled into a single PD group, as previ-
ously reported [30]. Mean UPDRS-III, MoCA, and BDI-II
scores for PD were 15.7, 27.8, and 8.4, respectively.

MSA. Seventeen MSA patients (seven females, ten males,
age range: 51.6—73.8 years) were diagnosed according to
the second consensus statement on the diagnosis of MSA
[8]. Mean UPDRS-III, MoCA, and BDI-II scores in MSA
were 27.4,26.7, and 11.0, respectively.

PSP. Ten PSP patients (five females, five males, age
range: 62.5-82.2 years) were diagnosed according to the
National Institute of Neurological Disorders and Stroke and
the Society for PSP (NINDS-SPSP) and Hoglinger et al. [15]
criteria. PSP patients showed severe motor and cognitive
problems with mean UPDRS-III, MoCA, and BDI-II scores
of 34.7 and 20.8, and 16.5, respectively.

Control participants (CTRL). One hundred thirty-two
healthy age-matched CTRL participated in the study (86
female, 46 male, age range: 45.5-84.3 years). Age is known
to influence many saccade parameters (e.g., increased sac-
cade latency, decreased saccade frequency, decreased sac-
cade amplitude, and velocity) [31-33]. To control for age
effects, we created a separate CTRL group for each patient
group. For each group, we selected CTRL that had a maxi-
mum of + 1 year age difference with each patient (Sup-
plementary Fig. 1). We confirmed that each control group
was matched in age to its corresponding patient group. The
CTRL groups, therefore, had different numbers and overlap-
ping individuals in each group.
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Eye tracking task

Participants were seated with their head resting on a chin-
rest and a forehead rest so that their eyes were positioned
60 cm away from a computer screen in a dark, windowless
room, with a curtain drawn between them and the operator
to limit any potential distractions. Despite this, PSP patients
occasionally made a backward head movement during the
eye tracking. To prevent this from happening again, an
experimenter used their hands to keep their head in a sta-
ble position on the chin and forehead rest. Additionally, the
participants were seated in a chair which included a back-
rest to keep them from falling backward. Occasionally, we
used a pillow to bridge the space between their neck and the
backrest of the chair. We attempted to keep the amount of
head motion to a minimum while collecting the data. Addi-
tionally, if participants pushed back, the eye tracker stopped
recording, and the task was recalibrated. All data were
collected using a video-based eye tracker (Eyelink 1000
Plus; SR Research, Mississauga, Ontario, Canada), record-
ing monocular right pupil size and eye position at 500 Hz
(Details in Supplementary).

Visual stimuli

Videos were displayed on a 17-inch LCD monitor, and all
participants viewed a total of ten movies (Supplementary
Fig. 2A). Each movie was approximately 1 min in dura-
tion and consisted of 15-17 video clips that were ~2-5 s
in duration (mean=23.76, mode =4). We made the video
clips of scenes with and without humans, animals, build-
ings, cars, and the clips were randomly assembled so that
viewing was similar to watching television and changing
the channel every few seconds. The clips were presented
in a fixed sequence within each movie, but the order of the
ten movies was randomized between participants. The task
required no instruction; the participants simply viewed the
video clips. Clip changes produced a large visual perturba-
tion that stimulated much of the central retina, producing a
large visual transient signal [34] carried to all central visual
areas that altered ongoing saccade and pupil behaviour.

Saccade analysis

We divided the analyses into: (1) low-level statistics inde-
pendent of video content, and (2) analyses aligned on clip
changes (see Supplementary Fig. 2B). Auto-marking scripts
developed in MATLAB were used to classify each trial and
all eye movements (saccades, fixations, and pupil size). All
saccades were marked for direction, amplitude, peak veloc-
ity, and duration [35]. We defined macro-saccades as all
saccades >2° amplitude and micro-saccades [36—41] as all
saccades < 2° amplitude.
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The coordinates of each fixation were used to create
gaze distribution maps (see Supplementary Materials for
details). Centre bias, the excessive time gazing at the centre
of the screen [7], was calculated for each participant and
was defined as the mean +5° around the centre of the gaze
distribution map for each participant.

We computed the frequency (saccade-count/viewing-
duration) and average saccade amplitude in each of 60 dif-
ferent saccade directions (each bin was 6° polar angle). In
subsequent analysis, we separated horizontal and vertical
saccades because PSP patients have vertical gaze impair-
ments specifically [42]. All saccades with direction +45°
of the horizontal meridian were defined as horizontal, and
all saccades +45° of the vertical meridian were defined as
vertical.

There is a fundamental relationship between the ampli-
tude and peak velocity of saccades known as the main
sequence [43], which measures the integrity of the brain-
stem saccade premotor circuit [44]. We measured the ampli-
tude and peak velocity of all saccades > 2° and plotted peak
velocity as a function of log amplitude for each participant,
which produces a linear relationship [43]. We then fit a lin-
ear function to the resulting data (Supplementary Fig. 3).

The clip transitions produced transient changes in sac-
cade and pupil behaviour. We computed the macro- and
micro-saccade rate (saccades/s) for each participant using a
peri-stimulus time histogram (PSTH, 2 ms bin width due to
the 500 Hz sample rate; see Supplementary Materials). For
macro-saccades, we computed a baseline rate for each par-
ticipant (—200 to + 50 ms relative to the clip change), as well
as the magnitude and timing of the dip in macro-saccade
rate (“saccade suppression” [45]), the peak macro-saccade
rate after clip transition (maximum value from the time of
suppression to 300 ms post clip change), and the steady state
macro-saccade rate (averaged from 1000 to 3000 ms after
clip change).

A similar set of micro-saccade parameters was extracted
for each participant. Micro-saccade PSTHs were created,
and we computed a baseline rate (average rate from —200
to+ 50 ms relative to clip change). We computed the magni-
tude and timing of the suppression in micro-saccade rate in
the epoch from 70 to 400 ms after clip change. We computed
the steady state micro-saccade rate, which was the average
over an epoch 1000-3000 ms after clip change.

Pupil analysis

We measured the mean global luminance of every frame
of every movie by computing the luminance gamma func-
tions of the red, green, and blue color gamuts at various
output levels. We then used those functions to compute the
luminance of every pixel in the frame and averaged across
all pixels to get the mean screen luminance for that frame.

We correlated the mean pupil size with the mean screen
luminance (cd/m?) across clips for each participant (Sup-
plementary Fig. 5A). For each participant, we extracted the
y-intercept and slope (Supplementary Fig. 5B and 5C).

The clip changes produced luminance changes that
impacted pupil size. We measured this luminance change
and ranked all clip transitions to extract the 30 clip changes
with the greatest increase in luminance and the 30 clip
changes with the greatest decrease in luminance to meas-
ure the impact of clip change on pupil behaviour (see
Supplementary).

Finally, we tested the correlation of all eye movement
parameters versus UPDRS-III scores to examine the rela-
tionship between the severity of the motor dysfunction and
oculomotor and pupillometry parameters.

Statistical analysis

All statistical comparisons were performed in MATLAB
using a pairwise non-parametric test, Mann—Whitney-U-test,
to determine the significant statistics. Multiple comparisons
adjustments were excluded due to the exploratory aspect of
the study. We performed different statistical comparisons to
address our main questions. First, we compared patients to
CTRL. We consistently report the patient values followed
by CTRL unless stated otherwise. We then compared across
patient groups to first determine if the prodromal aSYN
group RBD started to already present abnormalities which
were identified in PD and MSA, and then to identify which
abnormalities reliably differentiated PSP from the aSYN
groups.

Results
Low-level saccade statistics
Gaze distribution maps

We first analysed the distributions of all fixations for the
10 min of FV from all participants, which produced gaze
distribution maps. Patient groups (Fig. 1A, top row) and
their corresponding CTRL groups (Fig. 1A, bottom row)
had a strong centre bias (indicated in yellow), spending
most of their time fixating on locations around screen’s
centre [7]. We subtracted the gaze distribution maps of
CTRL groups from the patient groups to reveal the dif-
ferences in the centre bias (Fig. 1B). PD, MSA and PSP
groups had a significantly greater centre bias than CTRL
(Fig. 1C; PD: 0.0043 average gaze/visual degree versus
0.0039, P <0.05, MSA: 0.0042 versus 0.0039, P <0.01,
PSP: 0.0047 versus 0.0039, P<0.0001). That means
patient groups spent less time exploring the peripheral
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Fig. 1 Characteristics of gaze distribution. A Gaze distribution for
each group. The screen spanned 32 deg horizontally and 26 deg verti-
cally. Higher gaze probability is represented by yellow. B Difference
gaze probability maps of the patients minus controls, with yellow
(positive values) indicating higher gaze probability for patients than
controls. C Individual values of centre bias, which was defined as the
value at the centre of the gaze probability map in A for each partici-
pant. The gray horizontal lines indicate the CTRL group’s median,
and the colorful horizontal lines indicate the patient groups’ median.
Comparisons between the patients and CTRL were shown with verti-

parts of the video clips than CTRL. We then compared the
patient groups to one another. RBD and MSA had a sig-
nificantly smaller centre bias than PSP (RBD versus PSP:
P <0.001, MSA versus PSP: P<0.05). We also looked
at the difference in gaze distributions between patients
and controls along the horizontal and vertical meridians
(Fig. 1D; patient-CTRL). The PSP group had a greater
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meridian of the difference gaze probability maps in C (positive val-
ues indicate higher gaze probability for patients relative to controls).
Asterisks show a significance level of *P <.05 and **P <.01 and ***
P <.001(same in all further figures). RBD REM sleep behaviour dis-
order, PD Parkinson’s disease, MSA Multiple system atrophy, PSP
Progressive supranuclear palsy

centre bias along horizontal and vertical meridians com-
pared to all other groups.

Saccade and fixation duration distributions

We computed low-level statistics of saccade frequency,
direction, and amplitude, as well as fixation durations.
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For these analyses, we separated macro-saccades from
micro-saccades. All patient groups made fewer macro-
saccades than CTRL (Fig. 2A; RBD: 1.74 saccades/s
versus 1.89, P<0.05; PD: 1.51 versus 1.87, P <0.0001;
MSA: 1.49 versus 1.92, P<0.0001; PSP: 1.13 versus
1.94, P<0.0001). Among patient groups, RBD had a
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Fig.2 Saccade frequency and median fixation duration. A Macro-
saccade rate per second for each group. The most important finding
is the difference between RBD and PD. B Micro-saccade rate per sec-
ond. C Median Fixation duration of each group

higher macro-saccade frequency, not only relative to PD
(P <0.05) and MSA (P <0.05) but also relative to PSP
(P<0.001). Both PD and MSA had a higher macro-sac-
cades rate relative to PSP (both P <0.05). The overall
micro-saccade rate (Fig. 2B) was not significantly dif-
ferent across groups. As a direct result of fewer macro-
saccades, PSP and PD had longer fixation durations than
CTRL (Fig. 2C; PD: 384 ms versus 357, P <0.05; PSP:
416 versus 348, P <0.001). PSP also had significantly
longer fixation durations than RBD (P <0.01) and MSA
(P<0.05).

Distribution of macro- and micro-saccade directions

PSP patients develop vertical gaze palsy during disease
progression [46]. To determine if there were directional
biases in the distribution of saccade directions, we com-
puted the frequency of macro-and micro-saccades in 60
different directions (Fig. 3 A-B). PD, MSA, and PSP had
reduced horizontal macro-saccade frequency compared to
CTRL, but RBD did not differ from CTRL (Fig. 3C; RBD:
1.21 saccades/s versus 1.28, P=0.08; PD: 1.05 versus 1.25,
P<0.01; MSA: 0.97 versus 1.28, P<0.01; PSP: 1.05 ver-
sus 1.31, P <0.05). Overall micro-saccade frequency in the
horizontal direction did not differ between patient groups
and CTRL (Fig. 3D). Vertical macro-saccades were reduced
in all patient groups relative to CTRL (Fig. 3E, RBD: 0.51
saccades/s versus 0.63, P <0.001, PD: 0.44 versus 0.60,
P <0.0001, MSA: 0.42 versus 0.64, P<0.0001, and PSP:
0.07 versus 0.62, P<0.0001). Comparisons among aSYN
groups revealed a significant difference between RBD and
MSA (P <0.05), while all aSYN groups had more verti-
cal macro-saccades than PSP (all P <0.001). PSP displayed
lower vertical micro-saccade frequency than CTRL (Fig. 3F,
RBD: 0.28 saccades/s versus 0.31, P=0.39; PD: 0.29 versus
0.32, P=0.28; MSA: 0.32 versus 0.31, P=0.77; PSP:0.15
versus 0.26, P <0.05) and lower than all patient groups (all
P <0.05).

Saccade amplitude

We determined the average saccade amplitude for each of the
60 directions (Fig. 4A-B). PSP participants made the small-
est macro-saccades amplitude in all directions, followed by
MSA, then PD, and finally RBD, while CTRL made the
largest macro-saccades (Fig. 4A).

Horizontal macro-saccade amplitude was reduced in all
patient groups compared to CTRL (Fig. 4C; RBD: 7.04
saccades/s versus 7.49, P<0.05, PD: 6.76 versus 7.46,
P <0.01, MSA: 6.46 versus 7.60, P<0.0001, and PSP: 4.30
versus 7.52, P <0.0001). RBD made larger macro-saccades
than MSA (P <0.01) and PSP (P <0.0001). All aSYN
groups made larger horizontal macro-saccades than PSP
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and each circle represents the average macro/micro-saccade fre-

(P<0.001). Horizontal micro-saccade amplitude was sig-
nificantly larger in PSP versus CTRL (Fig. 4D; 1.33 degree
versus 1.2, P <0.01, all other comparisons of patients to
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quency within each group. C and D Horizontal macro and micro-
saccade frequency, respectively. E and F vertical macro and micro-
saccade frequency of each individual, respectively

CTRL were not significant (all P> 0.05)). PSP had a hori-
zontal larger micro-saccade amplitude than RBD (P <0.05)
and PD (P <0.01).
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Vertical macro-saccades had reduced amplitude in PD,
MSA, and PSP relative to CTRL (Fig. 4E; PD: 5.35 degree
versus 5.86, P <0.05, MSA: 4.60 versus 5.97, P <0.0001,
and PSP: 3.44 versus 5.82, P<0.0001). Comparisons of
aSYN groups showed that both RBD and PD had larger ver-
tical macro-saccade amplitude than MSA (P <0.001), while
PSP had smaller vertical amplitude compared to all groups
(P<0.001). PSP had a smaller vertical micro-saccade ampli-
tude than CTRL (1.11 versus 1.18, P <0.05).

Saccade amplitude-velocity relationship

The average main sequence (saccade amplitude vs. velocity
[43, 47]; see Supplementary Fig. 3 for single subject fit) of
all groups showed that PSP patients had significantly slower
saccades than CTRL and all other patient groups (Fig. 5A).
The slopes of the individual participants’ main sequence
linear fits are shown in Fig. 5B. PSP had significantly slower
saccades compared to CTRL (PSP: 118.37 degree/s versus
154.18, P <0.01, all other comparisons of patients to CTRL
were not significant (all P> 0.05)). PSP also had signifi-
cantly slower saccades compared to RBD (P <0.001), PD
(P<0.001), and MSA (P <0.01).

Analyses aligned on clip changes
Clip-aligned changes in saccade rate
The clip transition represents a large perturbation in visual

input to the brain. We examined the results of saccade and
pupil responses that were influenced by these clip changes.

600 -

400 -

200 -

Saccade Peak Velocity (deg/s) >

1 5 10 20 40
Saccade Amplitude (deg)

Fig.5 Main sequence. A Main sequence of all patient groups along
with their matched CTRL. The X-axis is amplitude on a logarithmic
scale. The linear fitting line is applied over all data points of the sub-
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About 65 ms after clip change, there was a momentary sup-
pression in macro-saccade rate, followed by a rebound that
started ~ 120 ms and peaked at approximately 200-250 ms
(Fig. 6A). Finally, the saccade rate returned to a steady
state rate about 400-500 ms after clip change. The base-
line saccade rate prior to clip change was reduced in all
patient groups (Supplementary Fig. 4A), but the depth of
the suppression was not different across groups (Supple-
mentary Fig. 4B). Most importantly, although the start of
the saccade rebound (120-170 ms after clip change) was
similar in patients and controls, the peak of the rebound
was significantly reduced in all patient groups relative
to controls (Fig. 6B; RBD: 4.70 saccades/s versus 5.23,
P <0.01, PD: 4.20 versus 5.08, P <0.001, MSA: 4.05 ver-
sus 5.2, P<0.001, and PSP: 3.70 versus 5.16, P <0.0001).
RBD had a higher saccade peak than PD (P <0.05) and
PSP (P<0.001). Because the start of the rebound was rela-
tively normal, we interpret that all subjects were motivated
and attending to the task. The average saccade rate in the
epoch 1000-3000 ms (steady state) after the clip changes
was reduced in all patient groups relative to CTRL (Fig. 6C;
RBD: 1.57 saccades/s versus 1.71, P<0.01, PD: 1.36 ver-
sus 1.65, P<0.0001, MSA: 1.29 versus 1.73, P<0.0001,
and PSP: 0.92 versus 1.79, P<0.001). RBD had a higher
steady state saccade rate compared to PD (P <0.05), MSA
(P <0.05), and PSP (P <0.001). PD also had a higher sac-
cade rate compared to PSP (P <0.05). When we separated
the clips for high and low luminance, we did not observe
differences in saccade rate based upon luminance levels of
the clips.

Micro-saccade rate was also affected by the clip
change (Fig. 6D). In CTRL, the micro-saccade rate
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«Fig.6 Saccade rate after clip change. A Macro-saccade rate after
clip change. The black horizontal line shows the epoch in which the
average macro-saccade peak was measured. Every trace represents
the mean macro-saccades of all participants in all trials. B Median
macro-saccade peak for each participant. C Median macro-saccade
rate in steady state (1000-3000 ms after clip change). Notably, the
most critical finding in panels B and C is the distinction between
RBD and PD. D Micro-saccade rate after clip change. Every trace
represents the mean micro-saccades of all participants in all trials.
The black horizontal line shows the epoch in which the micro-sac-
cade rate suppression has been measured. E Median of micro-saccade
suppression magnitude. F Median micro-saccade rate in steady state

dropped ~70 ms after clip change, and this suppression
persisted until ~500 ms before returning to a steady state.
The magnitude of suppression of micro-saccade rate was
reduced in PD and PSP relative to CTRL (Fig. 6E; RBD:
-0.67 saccades/s versus -0.67, P=0.54, PD: -0.53 versus
-0.67, P<0.05, MSA: -0.70 versus -0.67, P=0.90, and PSP:
-0.42 versus -0.72, P<0.05). RBD and MSA had larger
suppressions than PSP (both P <0.05). Steady state micro-
saccade rate (1000-3000 ms after clip change) did not differ
between the groups.

Clip-aligned changes in pupil size

Changes in global luminance evoke transient pupil responses
[48], and the clip changes included significant luminance
changes on the screen that drive changes in pupil size. For
the clip changes with the 20% most significant luminance
increase (Fig. 7A), a robust constriction of the pupil was
initiated ~ 300 ms after clip change and peaked at ~ 800 ms,
followed by a gradual increase in pupil size over the next 2 s.
The absolute pupil constriction change was smaller in PSP
than CTRL but failed to reach a significance level (Fig. 7B;
PSP: —-169.21 pixels versus —217.73, P=0.19). MSA
and PD had a bigger pupil constriction delta than CTRL
but failed to reach a significance level (PD: —262.9 pixels
versus —235.26, P=0.25, MSA: —273.96 versus —212.53,
P=0.06). RBD was very similar to CTRL in the size of pupil
constriction delta (RBD: —236.53 pixels versus —245.25,
P=0.72). MSA had a significantly greater pupil constric-
tion delta than PSP (P <0.05). Relative pupil size in steady
state following luminance increase (Fig. 7C) was more con-
stricted in MSA relative to CTRL (RBD: —154,16 pixels
versus —168.11, P=0.80, PD: —179.92 versus —153.62,
P=0.53, MSA: —-231,52 versus —148.86, P<0.01, and
PSP: —116.27 versus —148.86, P=0.11). In the steady state
epoch, MSA had more constriction than RBD (P <0.05) and
PSP (P <0.05).

For the clip changes with the 20% greatest decrease in
global luminance, there was a robust dilation of the pupil
that began ~400 ms after clip change, followed by an
increase in pupil size until a steady state was reached at
approximately 1000 ms (Fig. 7D). However, there were
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significant differences in the magnitude of this dilation
response across groups. MSA had larger pupil dilation
compared to CTRL, while PSP elicited smaller dilation than
CTRL, but this was not significant (Fig. 7E, RBD: 84.59 pix-
els versus 88.72, P=0.51, PD: 84.85 versus 88.31, P=0.80,
MSA: 110.36 versus 79.18, P <0.05, and PSP: 62.44 ver-
sus 78.87, P=0.25). Pupil dilation was larger in MSA than
PSP (P <0.05). Relative to CTRL, median pupil size after
dilation in steady state was bigger in MSA (Fig. 7F, 129.09
pixels versus 89.23, P <0.05), while it was smaller (not
significant) in PSP (68.46 pixels versus 86.85, P=0.10).
RBD and PD displayed a similar pupil dilation with CTRL
(RBD: 95.75 pixels versus 101.38, P=0.91, PD: 97.75 ver-
sus 92.95, P=0.64). MSA had larger pupil dilation in steady
state than PSP (P <0.05).

Some of these changes in the dynamics of pupil responses
following luminance changes could be the result of different
baseline pupil sizes in the different disorders. It is intriguing
that pupil baseline size was elevated in MSA, but slightly
reduced in PD and RBD (Supplementary Fig. 5). Baseline
pupil size was greatly reduced in PSP, compared to CTRL
and the aSYN groups.

Correlations between oculomotor and clinical
assessment

A correlation analysis with the UPDRS-III scores of all
patients from all groups and their saccade (Fig. 8; Supple-
mentary Fig. 7) and pupil (Supplementary Fig. 8) param-
eters was performed. We also repeated the analysis with-
out including the PSP patients to isolate the correlations
for the aSYN groups. Spearman correlation revealed that
macro-saccade frequency was negatively associated with
the severity of motor symptoms in the combined patient
group (Fig. 8A; with PSP: p=-0.38, P<0.001; with-
out PSP: p=-0.31, P<0.005). Saccade amplitude was
also negatively correlated with UPDRS-III (Fig. 8B, with
PSP: p=-0.39, P=0.0002, without PSP: p=-0.33,
P=0.003). The rebound in saccade rate following the clip
changes was negatively correlated to UPDRS-III score
(Fig. 8C, with PSP: p=-0.41, P<0.0001, without PSP:
p=-0.36, P<0.001), as well as the steady state saccade
rate 1000-3000 ms after clip change (Fig. 8D, with PSP:
p=-0.44, P<0.001, without PSP: p=-0.37, P<0.001).
Neither micro-saccade rate (Supplementary Fig. 7A) nor
micro-saccade suppression magnitude (Supplementary
Fig. 7B) was correlated with UPDRS-III score, either with
or without PSP included. We did not identify any signifi-
cant correlations between pupil parameters and UPDRS-IIT
scores (Supplementary Fig. 8A-D).
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«Fig. 7 Pupil response. A Pupil constriction after clip change with
positive luminance change. Time zero shows the onset of the clip
change. B Median pupil constriction Delta and C median pupil size
in steady state for each participant. D Pupil dilation after clip change
with negative luminance change. E Median pupil dilation magnitude
and F median pupil size in steady state

Discussion

In this perspective exploratory study, we investigated param-
eters of oculo- and pupillomotor function in the manifest
aSYN PD, MSA, and the prodromal aSYN RBD in com-
parison to the tauopathy PSP. We employed a Free Viewing
paradigm (FV)—in combination with novel analysis meth-
ods of saccade and pupil behaviours- to study the above
mentioned movement disorders. Previous studies have used
visually guided saccade tasks to quantify horizontal and
vertical gaze abnormalities [21, 22]. When uninstructed
participants watched short video clips for only 10 min, this
FV paradigm allowed us to answer the three questions lined
out in the introduction as follows: (1) FV revealed qualita-
tively similar vertical gaze abnormalities as reported for the
visually guided saccade task, but in addition, we describe
several novel findings related to saccade and pupil behaviour
as detailed below; (2) the behavioural results from FV differ-
entiated between patients with «SYN and PSP —in principle
in line with the results obtained with the visually guided
saccade task; and (3) in the «SYN prodrome RBD, the FV
paradigm allowed us to identify already discrete, but distinct
saccadic abnormalities, which however are less pronounced
than in PD and MSA patients.

Saccade abnormalities in neurodegenerative
movement disorders

All patient groups had altered saccade behaviour during
the FV task, including increased centre bias (Fig. 1) and
reduced saccade amplitude and frequency (Figs. 2, 3, 4).
Thus, all patients with aSYNs or PSP — to varying degrees—
harvested less visual information from the peripheral visual
display, and instead focused their limited resources on the
centre of the screen, which would greatly reduce their ability
to process the whole gist of any clip.

The clip transitions had a profound impact on saccade
production (Fig. 6). Within~70 ms of clip transition, the
macro-saccade rate plunged to a nadir~ 120 ms before
rebounding. This initial suppression in saccade rate was the
result of large changes in the visual display at clip change
[45, 49] and was likely produced by visual input pass-
ing through the superior colliculus (SC) to the brainstem
omnipause neurons (OPNs) [50] which gate all saccades
via direct inhibition of premotor excitatory and inhibitory
burst neurons [51-53] in the paramedian pontine reticular
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formation (PPRF) and the rostral interstitial nucleus of the
medial longitudinal fasciculus (riMLF). OPNs have transient
visual responses [54—56] and so the visual perturbation pro-
duced by the clip change, which is known to activate neurons
in the SC [34], likely led to an increase in OPN discharge
which would immediately inhibit saccade burst neurons in
the riMLF and PPRF and lead to saccade suppression.

In structured oculomotor tasks, visually triggered sac-
cades are typically initiated more than 90 ms after target
appearance and can be further characterized as express sac-
cades or regular latency saccades [32, 57]. Saccades with
reaction times < 90 ms are not visually triggered [33, 58].
Analogous to the structured pro-saccade task, in FV, saccade
triggered < 90 ms after clip change preceded the transient
epoch of saccade suppression, and the ensuing rebound in
saccade rate represents the shortest latency visually triggered
saccades, which could include both express (90-140 ms) and
regular (> 140 ms) latency saccades. Express saccades, the
shortest latency visually triggered saccades that human can
make [57], are produced when transient visual signals travel-
ling through the SC become the saccade command [59, 60].

Following the clip transitions in the FV task, the depth
of the saccade suppression and initial part of rebound was
intact in all patient groups. However, the peak of the sac-
cade rebound was significantly blunted in all patient groups
(Fig. 6B), which is analogous to the time of regular latency
saccades in the pro and anti-saccade tasks (SRT > 140 ms)
[32]. Because the initial part of the saccade rebound was
intact, we interpret this to mean that all participants were
motivated and attended to the task. The reduced frequency
of saccades at this time was likely the result of cognitive
impairments due to neurodegeneration in cortical/basal
ganglia circuits affecting or delaying key inputs to the SC
[21, 23, 30, 61]. This observation which is analogous to
increased latency of correct saccades among PD patients
performing the anti-saccade task. In contrast, the genera-
tion of automatic visually triggered pro-saccades remained
relatively unimpaired in PD [23, 30], likely because these
automatic saccades are driven by visual inputs from occipital
and parietal cortex to the SC, regions of the brain that are
less impacted in the diseases studied here.

The FV task provided an assessment of many saccade
parameters. However, we were not able to determine sub-
tle saccade abnormalities related to dysmetria because we
did not define visual targets in the video clips. The visually
guided saccade task is ideal to investigate saccade dysmetria
and the difference between vertical and horizontal saccades.
The FV task is better for measuring ongoing and continuous
saccade and micro-saccade behaviour, and pupil behaviour
without having to introduce any complex instructions or task
parameters.

The SC represents a competition map for the generation
of saccades in a winner take all manner [62] in which only
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one spatial location can issue a saccade burst at any one
time. Likely due to the reduced macro-saccade rate follow-
ing the clip change (Fig. 6A, B), the micro-saccade rate
was less suppressed following clip change in PD and PSP
(Fig. 6D, E). However, the micro-saccade steady state was
not increased in the patient groups (Fig. 6F), despite the
significant reductions in macro-saccade steady state in all
patient groups (Fig. 2C). So this inverse relation between
macro- and micro-saccade rates was not consistent across
the entire clip but was most evident immediately following
clip transition (<500 ms).

Other brain disorders, such as the psychiatric disorder
schizophrenia, have also been studied in terms of eye move-
ment dysfunctions. According to a recent study, patients with
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schizophrenia showed fewer fixations with longer duration
and smaller and lower saccades during a free visual explo-
ration compared to CTRL [63]. Silberg et al. also showed
that when patients with schizophrenia explore movies of
real-life scenes, they had a strong centre bias behaviour and
their gaze was independent of saliency based features of
the movie [64, 65]. Schizophrenic individuals explored a
smaller area of the visual scene compared to CTRL [65].
This pattern of results is similar to what we observed in
all of our patient groups and may be indicative of general
frontal cortex dysfunction. Whether this is a genuine feature
of schizophrenia or due to antidopaminergic therapy needs
to be clarified.
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Vertical saccade deficits in neurodegeneration

All patients had a significant reduction in vertical saccade
rate which was greatest in PSP (Fig. 3E). PD patients make
hypometric saccades in vertical and horizontal directions
[66, 67], but do not exhibit downward vertical gaze paresis,
which is typical in PSP [18, 20, 39]. This dramatic vertical
gaze palsy in PSP is likely the result of degeneration in the
midbrain that impacted the riMLF. This structure houses
the vertical saccade burst neurons that project directly to the
pools of vertical extraocular muscle motoneurons in the ocu-
lomotor and trochlear nuclei [68]. Reduction in signals from
these burst neurons in the riMLF will make it harder to initi-
ate the vertical component of saccades, and those saccades
will have a reduced amplitude and velocity. This is the pat-
tern we observed in PSP, where it appears that these neurons
were selectively damaged, leading to vertical gaze palsy.
This hypothesis is supported by structural abnormalities in
PSP that are known to often impact the midbrain and hence
riMLF [69], which may appear small and pathologic [13].

Pupil characteristics in neurodegeneration—
opposite effects in PSP versus MSA

Pupil responses were abnormal in the different patient
groups, but in dramatically different ways for the PSP versus
the MSA group (Fig. 7) which suggest very different actions
of pathophysiology. All participants showed a very robust
centre bias (Fig. 1), and pupil size is determined by global
luminance. Therefore, the pupil differences we described
cannot be attributed to local luminance differences based
upon the location of fixation. Across the duration of the
free viewing of video, pupil size for the PSP group was sig-
nificantly smaller than for the MSA group (Supplementary
Fig. 5). Following clip transition to darker or brighter clips,
pupil dilation and constriction responses were attenuated in
PSP but exaggerated in MSA (Fig. 7). Despite these large
differences in the magnitude of the pupil responses between
PSP and MSA, there were no differences in the onset latency
of the constriction or dilation responses (Supplementary
Fig. 6), suggesting that the deficits likely arise from central
(i.e., brainstem) rather than peripheral (i.e., retinal), origin.

A number of factors influence pupil size in addition to
luminance, such as cognitive and emotional factors, sensory
saliency, and arousal [70]. The dominant luminance path-
way consists of retinal input to the pretectal olivary nuclei
via intrinsically photosensitive retinal ganglion cells [71].
Neurons in the pretectal olivary nucleus project directly to
the Edinger Westphal nucleus (EW) [72, 73]. Many differ-
ent brainstem nuclei and pathways are responsible for the
non-luminance modulations of pupil size [74]. The locus
coeruleus (LC) in the pons is a key structure in pupil con-
trol [75]. The discharge of LC neurons is correlated to the
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slow changes in pupil size that are related to arousal [75].
More recently, another non-luminance pathway has been
identified through the SC [74]. The same SC neurons that
project to riMLF and PPRF also collateralize into regions of
the central mesencephalic reticular formation (cMRF) [76,
77], which then projects to EW [78] to influence pupil size.
As a result, cognitive control signals from cortex that flow
through the SC have a route to influence pupil size.

Pathophysiology of the LC has been implicated in the
early stages of PD, typically at the prodromal stage II of
Braak and coworkers [79]. Thus, alterations in LC activity,
which likely occur in aSYN, would lead to altered pupil con-
trol. Consistent with our findings, previous studies have also
identified exaggerated pupil responses in aSYN, including
larger pupil diameter after light adaptation in PD [80], larger
pupil size after both light and dark adaptation in MSA [81].
However, other studies have identified conflicting results
regarding pupil dysregulation in aSYN, including finding
similarities in pupil baseline between PD and CTRL [82],
reduced constriction amplitudes in PD, and longer latency
of the light reflex [80, 82]. However, we observed no dif-
ferences in constriction or dilation latency (Supplementary
Fig. 6). PD patients have an autonomic imbalance and are
more sensitive to light [27, 83—-85]. Previous studies have
also identified additional abnormal pupil behaviour in MSA;
for instance, they lack a bigger pupil response to stress [86,
87], the average constriction and dilation velocities were
considerably slower than controls [11], and larger pupil size
after both light and dark adaptation in MSA [81]. The above
conflicting findings are likely the result of different stimulus
manipulations on the retina. The pupil responses that we
observed in the FV task involved stimulation of much of the
retina. Additional research will be necessary to determine
what is the optimal visual stimulus required to reveal con-
sistent pupil deficits in these patient groups.

Part of the hypothesis of the spread of pathophysiology
in aSYN includes early involvement of the LC [79], which
plays a critical role in regulating pupil size concerning
arousal [75]. It has been shown in monkeys that LC dis-
charge is tightly correlated to pupil size; greater discharge
leads to increases in pupil size, and microstimulation of LC
also increases pupil size [88]. It is hard to reconcile how the
loss of neurons in LC leads to increased pupil size in aSYN.

PSP is known to have pathophysiology in the midbrain
that may impact EW and cMRF, which are near riMLF
[13, 14]. Therefore, midbrain pathophysiology may impact
either neurons within EW or afferents to this nucleus in the
midbrain. EW receives both excitatory and inhibitory con-
nections from the cMRF and could conceivably produce
the opposite pupil effects we observed in PSP versus MSA
(Fig. 7).
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Discrete saccadic abnormalities in RBD are
pronounced in PD and MSA

We specifically included the isolated RBD patient group in
our study to determine whether this prodromal aSYN group
started to reveal patterns of abnormality identified in PD
and MSA. Although centre bias was exaggerated in PD and
MSA, RBD was similar to CTRL (Fig. 1). RBD made less
macro-saccades than CTRL, but more than PD and MSA
(Fig. 2A, 6A-C). All patient groups made smaller macro-
saccades than CTRL, but this effect was very modest in RBD
and much stronger in PD and MSA (Fig. 3A, C, E). Pupil
responses in RBD were not predictive of changes in PD and
MSA. These results reveal that RBD patients already display
some saccade control deficits (macro-saccade frequency and
amplitude) which are intensified in PD and MSA. Our results
suggest that saccade parameters were already changing in
RBD, but pupil responses were not. These altered saccade
responses in RBD might represent early markers of aSYN.
However, long-term studies, particularly including subjects
who phenoconvert from RBD to PD or MSA during the
study, are needed to confirm these findings.

Other studies have tried to identify early abnormalities
in oculo-pupillo-motor function in the prodromal RBD con-
dition [6, 21, 22, 89, 90] that could be used as indicators
for early diagnosis of aSYN. Perkins et al. [21] identified
attenuated pupil responses for RBD and PD patients per-
forming an interleaved pro and anti-saccade response follow-
ing the appearance of a central fixation spot, but this visual
stimulus was a tiny spot confined to the fovea. In our study,
the clip change was a substantial visual stimulus, covering
the entire screen in front of the participant that presumably
activated most of the retina. In this situation, RBD and PD
pupil responses were not different from CTRL, however
MSA had exaggerated responses that were significant for
dilation (Fig. 7E). Additional research is required to identify
whether retinal disturbances contribute to the pupil abnor-
malities we have reported in one, but not in the other aSYN
disorders and whether these disturbances are uniform across
the retina or are confined to specific regions of the retina
(e.g., fovea vs. extrafoveal).

Linking eye tracking to UPDRS-III

The UPDRS is part of the standard for diagnosis of PD [91].
We found that saccade frequency, average saccade ampli-
tude, and the magnitude of the rebound burst of saccades
after the clip change were all negatively correlated to motor
function, assessed with the UPDRS-III (Fig. 8). Other stud-
ies have also identified saccade parameters that correlated
with clinical scores [92-94]. None of our pupil measures
were correlated to UPDRS-III (Supplementary Fig. 8). Pupil

assessment is not part of UPDRS-III [95] but may provide
some unique measures that may be altered in aSYN, at least
for MSA. Pupil measures may also be sensitive for distin-
guishing PSP from PD and MSA. Our results suggest that
pupillometry may tap into additional brainstem circuits and
provide additional measures of dysfunction.

Conclusions

We used a simple FV paradigm to identify oculo-pupillo-
motor abnormalities in various neurodegenerative move-
ment disorders. We identified potential prodromal bio-
markers in RBD and differences between aSYN and the
tauopathy PSP, suggesting that the FV task may be a tool
to identify prodromal aSYN and help to distinguish early
manifest aSYN from early PSP. Future intra-individual
follow-up studies are required in RBD patients to deter-
mine whether the so far observed subtle changes in oculo-
pupillo-motor measures will progressively increase over
time and allow the prediction of the phenoconversion of
RBD into manifest aSYN. These longitudinal studies will
show whether oculo-pupillo-motor parameters can reli-
ably classify neurodegenerative movement disorders in the
manifest stage, and even more challenging, during their
prodromal progression towards phenoconversion.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-022-11136-5.

Funding Open Access funding enabled and organized by Projekt
DEAL. This project was supported by the German Research Founda-
tion, International Research Training Group, IRTG 1901, to WHO, and
the Canadian Institutes of Health Research Foundation grant (MOP-
FDN-148418) to DPM. DPM is supported by the Canada Research
Chair Program. AJ and WHO are supported by Parkinson Fonds
Deutschland and Stichting Parkinson Fonds, The Netherlands. WHO
is Hertie-Senior-Research-Professor supported by the Charitable Hertie
Foundation, Frankfurt/Main, Germany.

Data availability The original data will be available upon request.

Declarations

Conflicts of interest The authors declare that they have no conflicts
of interest.

Ethical approval The study protocol was approved by the human
research ethics board of the Faculty of Medicine, Philipps-University
Marburg.

Informed consent Voluntary informed consent was obtained from each

participant after a verbal and written explanation of the study, accord-
ing to the Declaration of Helsinki.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

@ Springer


https://doi.org/10.1007/s00415-022-11136-5

4936

Journal of Neurology (2022) 269:4920-4938

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visithttp://creativecommons.
org/licenses/by/4.0/.

References

10.

11.

Lees AJ, Hardy J, Revesz T (2009) Parkinson’s disease. Lan-
cet 373:2055-2066. https://doi.org/10.1016/S0140-6736(09)
60492-X

Gilman S, Low P, Quinn N, Albanese A et al (1998) Consensus
statement on the diagnosis of multiple system atrophy. American
Autonomic Society and American Academy of Neurology. Clin
Auton Res 8:359-362. https://doi.org/10.1007/BF02309628
Williams DR, Lees AJ (2009) Progressive supranuclear palsy:
clinicopathological concepts and diagnostic challenges. Lan-
cet Neurol 8:270-279. https://doi.org/10.1016/S1474-4422(09)
70042-0

Williams DR, de Silva R, Paviour DC, Pittman A, Watt HC,
Kilford L, Holton JL, Revesz T, Lees AJ (2005) Characteristics
of two distinct clinical phenotypes in pathologically proven pro-
gressive supranuclear palsy: Richardson’s syndrome and PSP-
parkinsonism. Brain 128:1247-1258. https://doi.org/10.1093/
brain/awh488

Liscic RM, Srulijjes K, Groger A, Maetzler W, Berg D (2013)
Differentiation of progressive supranuclear palsy: clinical,
imaging and laboratory tools. Acta Neurol Scand 127:362-370.
https://doi.org/10.1111/ane.12067

Schenck CH, Bundlie SR, Mahowald MW (1996) Delayed emer-
gence of a parkinsonian disorder in 38% of 29 older men initially
diagnosed with idiopathic rapid eye movement sleep behaviour
disorder. Neurology 46:388-393. https://doi.org/10.1212/wnl.
46.2.388

Tseng P-H, Carmi R, Cameron IGM, Munoz DP, Itti L (2009)
Quantifying center bias of observers in free viewing of dynamic
natural scenes. J Vis 9:4. https://doi.org/10.1167/9.7.4

Gilman S, Wenning GK, Low PA, Brooks DJ et al (2008) Second
consensus statement on the diagnosis of multiple system atrophy.
Neurology 71:670-676. https://doi.org/10.1212/01.wnl.00003
24625.00404.15

Pinnock RA, McGivern RC, Forbes R, Gibson JM (2010) An
exploration of ocular fixation in Parkinson’s disease, multiple
system atrophy and progressive supranuclear palsy. J Neurol
257:533-539. https://doi.org/10.1007/s00415-009-5356-3
Yamashita F, Hirayama M, Nakamura T, Takamori M, Hori N,
Uchida K, Hama T, Sobue G (2010) Pupillary autonomic dys-
function in multiple system atrophy and Parkinson’s disease: an
assessment by eye-drop tests. Clin Auton Res 20:191-197. https://
doi.org/10.1007/510286-009-0051-0

Park KW, Choi N, Ryu H-S, Kim MS, Lee E-J, Chung SJ (2019)
Pupillary dysfunction of multiple system atrophy: Dynamic pupil-
lometric findings and clinical correlations. Parkinsonism Relat
Disord 65:234-237. https://doi.org/10.1016/j.parkreldis.2019.05.
003

@ Springer

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Terao Y, Tokushige S-I, Inomata-Terada S, Fukuda H, Yugeta
A, Ugawa Y (2019) Differentiating early Parkinson’s disease and
multiple system atrophy with parkinsonism by saccade velocity
profiles. Clin Neurophysiol 130:2203-2215. https://doi.org/10.
1016/j.clinph.2019.09.004

Armstrong RA, Lantos PL, Cairns NJ (2007) Progressive supra-
nuclear palsy (PSP): a quantitative study of the pathological
changes in cortical and subcortical regions of eight cases. J Neu-
ral Transm (Vienna) 114:1569-1577. https://doi.org/10.1007/
500702-007-0796-3

Litvan I, Agid Y, Calne D, Campbell G et al (1996) Clinical
research criteria for the diagnosis of progressive supranuclear
palsy (Steele-Richardson-Olszewski syndrome): report of the
NINDS-SPSP international workshop. Neurology 47:1-9. https://
doi.org/10.1212/wnl.47.1.1

Hoglinger GU, Respondek G, Stamelou M, Kurz C et al (2017)
Clinical diagnosis of progressive supranuclear palsy: The move-
ment disorder society criteria. Mov Disord 32:853—-864. https://
doi.org/10.1002/mds.26987

Grandas F, Esteban A (1994) Eyelid motor abnormalities in pro-
gressive supranuclear palsy. J Neural Transm Suppl 42:33-41.
https://doi.org/10.1007/978-3-7091-6641-3_3

Chen AL, Riley DE, King SA, Joshi AC, Serra A, Liao K, Cohen
ML, Otero-Millan J, Martinez-Conde S, Strupp M, Leigh RJ
(2010) The disturbance of gaze in progressive supranuclear palsy:
implications for pathogenesis. Front Neurol 1:147. https://doi.org/
10.3389/fneur.2010.00147

Terao Y, Tokushige S-I, Inomata-Terada S, Fukuda H, Yugeta A,
Ugawa Y (2021) Deciphering the saccade velocity profile of pro-
gressive supranuclear palsy: A sign of latent cerebellar/brainstem
dysfunction? Clin Neurophysiol S1388-2457(21):00037-00047.
https://doi.org/10.1016/j.clinph.2020.12.023

Averbuch-Heller L, Gordon C, Zivotofsky A, Helmchen C, Ram-
bold H, Buttner U, Buttner-Ennever J, Leigh RJ (2002) Small
vertical saccades have normal speeds in progressive supranuclear
palsy (PSP). Ann N'Y Acad Sci 956:434—437. https://doi.org/10.
1111/j.1749-6632.2002.tb02848.x

Marx S, Respondek G, Stamelou M, Dowiasch S, Stoll J, Brem-
mer F, Oertel WH, Hoglinger GU, Einhduser W (2012) Validation
of mobile eye-tracking as novel and efficient means for differen-
tiating progressive supranuclear palsy from Parkinson’s disease.
Front Behav Neurosci 6:88. https://doi.org/10.3389/fnbeh.2012.
00088

Perkins JE, Janzen A, Bernhard FP, Wilhelm K, Brien DC, Huang
J, Coe BC, Vadasz D, Mayer G, Munoz DP, Oertel WH (2021)
Saccade, pupil, and blink responses in rapid eye movement sleep
behavior disorder. Mov Disord 36:1720-1726. https://doi.org/10.
1002/mds.28585

Hanuska J, Rusz J, Bezdicek O, Ulmanova O, Bonnet C, Dusek
P, Ibarburu V, Nikolai T, Sieger T, Sonka K, Ruzicka E (2019)
Eye movements in idiopathic rapid eye movement sleep behav-
iour disorder: High antisaccade error rate reflects prefrontal cortex
dysfunction. J Sleep Res 28:12742. https://doi.org/10.1111/jsr.
12742

Chan F, Armstrong IT, Pari G, Riopelle RJ, Munoz DP (2005)
Deficits in saccadic eye-movement control in Parkinson’s disease.
Neuropsychologia 43:784-796. https://doi.org/10.1016/j.neuro
psychologia.2004.06.026

Vidailhet M, Rivaud S, Gouider-Khouja N, Pillon B, Bonnet AM,
Gaymard B, Agid Y, Pierrot-Deseilligny C (1994) Eye movements
in parkinsonian syndromes. Ann Neurol 35:420-426. https://doi.
org/10.1002/ana.410350408

. Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, White-

head V, Collin I, Cummings JL, Chertkow H (2005) The Montreal
Cognitive Assessment, MoCA: a brief screening tool for mild


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(09)60492-X
https://doi.org/10.1016/S0140-6736(09)60492-X
https://doi.org/10.1007/BF02309628
https://doi.org/10.1016/S1474-4422(09)70042-0
https://doi.org/10.1016/S1474-4422(09)70042-0
https://doi.org/10.1093/brain/awh488
https://doi.org/10.1093/brain/awh488
https://doi.org/10.1111/ane.12067
https://doi.org/10.1212/wnl.46.2.388
https://doi.org/10.1212/wnl.46.2.388
https://doi.org/10.1167/9.7.4
https://doi.org/10.1212/01.wnl.0000324625.00404.15
https://doi.org/10.1212/01.wnl.0000324625.00404.15
https://doi.org/10.1007/s00415-009-5356-3
https://doi.org/10.1007/s10286-009-0051-0
https://doi.org/10.1007/s10286-009-0051-0
https://doi.org/10.1016/j.parkreldis.2019.05.003
https://doi.org/10.1016/j.parkreldis.2019.05.003
https://doi.org/10.1016/j.clinph.2019.09.004
https://doi.org/10.1016/j.clinph.2019.09.004
https://doi.org/10.1007/s00702-007-0796-3
https://doi.org/10.1007/s00702-007-0796-3
https://doi.org/10.1212/wnl.47.1.1
https://doi.org/10.1212/wnl.47.1.1
https://doi.org/10.1002/mds.26987
https://doi.org/10.1002/mds.26987
https://doi.org/10.1007/978-3-7091-6641-3_3
https://doi.org/10.3389/fneur.2010.00147
https://doi.org/10.3389/fneur.2010.00147
https://doi.org/10.1016/j.clinph.2020.12.023
https://doi.org/10.1111/j.1749-6632.2002.tb02848.x
https://doi.org/10.1111/j.1749-6632.2002.tb02848.x
https://doi.org/10.3389/fnbeh.2012.00088
https://doi.org/10.3389/fnbeh.2012.00088
https://doi.org/10.1002/mds.28585
https://doi.org/10.1002/mds.28585
https://doi.org/10.1111/jsr.12742
https://doi.org/10.1111/jsr.12742
https://doi.org/10.1016/j.neuropsychologia.2004.06.026
https://doi.org/10.1016/j.neuropsychologia.2004.06.026
https://doi.org/10.1002/ana.410350408
https://doi.org/10.1002/ana.410350408

Journal of Neurology (2022) 269:4920-4938

4937

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

cognitive impairment. J Am Geriatr Soc 53:695-699. https://doi.
org/10.1111/j.1532-5415.2005.53221.x

Beck AT, Steer RA, Brown GK (1996) Beck depression inventory
(BDI-IN)

Storch A, Odin P, Trender-Gerhard I, Fuchs G, Reifschneider
G, Ray Chaudhuri K, Jost WH, Ebersbach G (2010) Non-motor
symptoms questionnaire and scale for Parkinson’s disease. Cross-
cultural adaptation into the German language. Nervenarzt 81:980—
985. https://doi.org/10.1007/s00115-010-3010-z

Stiasny-Kolster K, Mayer G, Schifer S, Moller JC, Heinzel-Guten-
brunner M, Oertel WH (2007) The REM sleep behavior disorder
screening questionnaire—a new diagnostic instrument. Mov Disord
22:2386-2393. https://doi.org/10.1002/mds.21740

Miglis MG, Adler CH, Antelmi E, Arnaldi D, Baldelli L et al
(2021) Biomarkers of conversion to a-synucleinopathy in isolated
rapid-eye-movement sleep behaviour disorder. Lancet Neurol
20:671-684. https://doi.org/10.1016/S1474-4422(21)00176-9
Cameron IGM, Pari G, Alahyane N, Brien DC, Coe BC, Stroman
PW, Munoz DP (2012) Impaired executive function signals in
motor brain regions in Parkinson’s disease. Neuroimage 60:1156—
1170. https://doi.org/10.1016/j.neuroimage.2012.01.057
Dowiasch S, Marx S, Einhduser W, Bremmer F (2015) Effects of
aging on eye movements in the real world. Front Hum Neurosci
9:46. https://doi.org/10.3389/fnhum.2015.00046

Coe BC, Munoz DP (2017) Mechanisms of saccade suppression
revealed in the anti-saccade task. Philos Trans R Soc Lond B Biol
Sci. https://doi.org/10.1098/rstb.2016.0192

Munoz DP, Broughton JR, Goldring JE, Armstrong IT (1998)
Age-related performance of human subjects on saccadic eye
movement tasks. Exp Brain Res 121:391-400. https://doi.org/10.
1007/5002210050473

White BJ, Berg DJ, Kan JY, Marino RA, Itti L, Munoz DP (2017)
Superior colliculus neurons encode a visual saliency map during
free viewing of natural dynamic video. Nat Commun 8:14263.
https://doi.org/10.1038/ncomms 14263

Coe BC, Huang J, Brien DC, White B, Munoz D (2021) A new
automated analysis pipeline for extracting saccade, pupil, and
blink parameters using video-based eye tracking. Submitted
Martinez-Conde S, Macknik SL, Hubel DH (2000) Microsaccadic
eye movements and firing of single cells in the striate cortex of
macaque monkeys. Nat Neurosci 3:251-258. https://doi.org/10.
1038/72961

Martinez-Conde S, Macknik SL, Troncoso XG, Dyar TA (2006)
Microsaccades counteract visual fading during fixation. Neuron
49:297-305. https://doi.org/10.1016/j.neuron.2005.11.033
Otero-Millan J, Schneider R, Leigh RJ, Macknik SL, Martinez-
Conde S (2013) Saccades during attempted fixation in parkinso-
nian disorders and recessive ataxia: from microsaccades to square-
wave jerks. PLoS ONE 8:e58535. https://doi.org/10.1371/journal.
pone.0058535

Otero-Millan J, Serra A, Leigh RJ, Troncoso XG, Macknik SL,
Martinez-Conde S (2011) Distinctive features of saccadic intru-
sions and microsaccades in progressive supranuclear palsy. J
Neurosci 31:4379-4387. https://doi.org/10.1523/INEUROSCI.
2600-10.2011

Martinez-Conde S, Macknik SL, Hubel DH (2004) The role of
fixational eye movements in visual perception. Nat Rev Neurosci
5:229-240. https://doi.org/10.1038/nrn1348

Alexander RG, Macknik SL, Martinez-Conde S (2020) Micro-
saccades in Applied Environments: Real-World Applications of
Fixational Eye Movement Measurements. ] Eye Mov Res https://
doi.org/10.16910/jemr.12.6.15

Bhidayasiri R, Riley DE, Somers JT, Lerner AJ, Biittner-Ennever
JA, Leigh RJ (2001) Pathophysiology of slow vertical saccades in
progressive supranuclear palsy. Neurology 57:2070-2077. https://
doi.org/10.1212/wnl.57.11.2070

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bahill AT, Clark MR, Stark L (1975) The main sequence, a tool
for studying human eye movements. Math Biosci 24:191-204
Luschei ES, Fuchs AF (1972) Activity of brain stem neurons dur-
ing eye movements of alert monkeys. J Neurophysiol 35:445-461.
https://doi.org/10.1152/jn.1972.35.4.445

Reingold EM, Stampe DM (1999) Saccadic inhibition in complex
visual tasks. In: Current oculomotor research. Springer, 249-255
Armstrong RA (2011) Visual signs and symptoms of progressive
supranuclear palsy. Clin Exp Optom 94:150—160. https://doi.org/
10.1111/5.1444-0938.2010.00504.x

Baloh RW, Sills AW, Kumley WE, Honrubia V (1975) Quantita-
tive measurement of saccade amplitude, duration, and velocity.
Neurology 25:1065-1070. https://doi.org/10.1212/wnl.25.11.1065
Loewenfeld IE (1993) The pupil: Anatomy, physiology, and clini-
cal applications. Iowa State University Press

Stampe DM, Reingold EM (2002) Influence of stimulus char-
acteristics on the latency of saccadic inhibition. Prog Brain Res
140:73-87. https://doi.org/10.1016/S0079-6123(02)40043-X
Biittner-Ennever JA, Horn AK, Henn V, Cohen B (1999) Pro-
jections from the superior colliculus motor map to omnipause
neurons in monkey. J] Comp Neurol 413:55-67

Strassman A, Evinger C, McCrea RA, Baker RG, Highstein SM
(1987) Anatomy and physiology of intracellularly labelled omni-
pause neurons in the cat and squirrel monkey. Exp Brain Res
67:436-440. https://doi.org/10.1007/BF00248565

King WM, Fuchs AF (1977) Neuronal activity in the mesencepha-
lon related to vertical eye movements. In: Baker R, Berthoz A
(eds) Control of gaze by brain stem neurons. Elsevier, Amsterdam,
pp 319-326

Evinger C, Kaneko CR, Fuchs AF (1982) Activity of omnipause
neurons in alert cats during saccadic eye movements and visual
stimuli. J Neurophysiol 47:827-844. https://doi.org/10.1152/jn.
1982.47.5.827

Everling S, Paré M, Dorris MC, Munoz DP (1998) Comparison of
the discharge characteristics of brain stem omnipause neurons and
superior colliculus fixation neurons in monkey: implications for
control of fixation and saccade behavior. J Neurophysiol 79:511—
528. https://doi.org/10.1152/jn.1998.79.2.511

Biittner-Ennever JA, Cohen B, Pause M, Fries W (1988) Raphe
nucleus of the pons containing omnipause neurons of the oculo-
motor system in the monkey, and its homologue in man. J Comp
Neurol 267:307-321. https://doi.org/10.1002/cne.902670302
Paré M, Guitton D (1998) Brain stem omnipause neurons and
the control of combined eye-head gaze saccades in the alert cat.
J Neurophysiol 79:3060-3076. https://doi.org/10.1152/jn.1998.
79.6.3060

Fischer B, Ramsperger E (1984) Human express saccades:
extremely short reaction times of goal directed eye movements.
Exp Brain Res 57:191-195. https://doi.org/10.1007/BF00231145
Calancie OG, Brien DC, Huang J, Coe BC, Booij L, Khalid-Khan
S, Munoz DP (2022) Maturation of temporal saccade prediction
from childhood to adulthood: Predictive saccades, reduced pupil
size, and blink synchronization. J Neurosci 42:69-80. https://doi.
org/10.1523/JNEUROSCI.0837-21.2021

Dorris MC, Munoz DP (1998) Saccadic probability influences
motor preparation signals and time to saccadic initiation. J Neu-
rosci 18:7015-7026. https://doi.org/10.1523/JNEUROSCI.18-17-
07015.1998

Dorris MC, Paré M, Munoz DP (1997) Neuronal activity in mon-
key superior colliculus related to the initiation of saccadic eye
movements. J Neurosci 17:8566-8579. https://doi.org/10.1523/
JNEUROSCI.17-21-08566.1997

Amador SC, Hood AJ, Schiess MC, Izor R, Sereno AB (2006) Dis-
sociating cognitive deficits involved in voluntary eye movement
dysfunctions in Parkinson’s disease patients. Neuropsychologia

@ Springer


https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1007/s00115-010-3010-z
https://doi.org/10.1002/mds.21740
https://doi.org/10.1016/S1474-4422(21)00176-9
https://doi.org/10.1016/j.neuroimage.2012.01.057
https://doi.org/10.3389/fnhum.2015.00046
https://doi.org/10.1098/rstb.2016.0192
https://doi.org/10.1007/s002210050473
https://doi.org/10.1007/s002210050473
https://doi.org/10.1038/ncomms14263
https://doi.org/10.1038/72961
https://doi.org/10.1038/72961
https://doi.org/10.1016/j.neuron.2005.11.033
https://doi.org/10.1371/journal.pone.0058535
https://doi.org/10.1371/journal.pone.0058535
https://doi.org/10.1523/JNEUROSCI.2600-10.2011
https://doi.org/10.1523/JNEUROSCI.2600-10.2011
https://doi.org/10.1038/nrn1348
https://doi.org/10.16910/jemr.12.6.15
https://doi.org/10.16910/jemr.12.6.15
https://doi.org/10.1212/wnl.57.11.2070
https://doi.org/10.1212/wnl.57.11.2070
https://doi.org/10.1152/jn.1972.35.4.445
https://doi.org/10.1111/j.1444-0938.2010.00504.x
https://doi.org/10.1111/j.1444-0938.2010.00504.x
https://doi.org/10.1212/wnl.25.11.1065
https://doi.org/10.1016/S0079-6123(02)40043-X
https://doi.org/10.1007/BF00248565
https://doi.org/10.1152/jn.1982.47.5.827
https://doi.org/10.1152/jn.1982.47.5.827
https://doi.org/10.1152/jn.1998.79.2.511
https://doi.org/10.1002/cne.902670302
https://doi.org/10.1152/jn.1998.79.6.3060
https://doi.org/10.1152/jn.1998.79.6.3060
https://doi.org/10.1007/BF00231145
https://doi.org/10.1523/JNEUROSCI.0837-21.2021
https://doi.org/10.1523/JNEUROSCI.0837-21.2021
https://doi.org/10.1523/JNEUROSCI.18-17-07015.1998
https://doi.org/10.1523/JNEUROSCI.18-17-07015.1998
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997

4938

Journal of Neurology (2022) 269:4920-4938

62.

63.

64.

65.

66.

67.

68.
69.
70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Qs

44:1475-1482. https://doi.org/10.1016/j.neuropsychologia.2005.
11.015

Itti L, Koch C (2001) Computational modelling of visual attention.
Nat Rev Neurosci 2:194-203. https://doi.org/10.1038/35058500
Sprenger A, Friedrich M, Nagel M, Schmidt CS, Moritz S, Lencer
R (2013) Advanced analysis of free visual exploration patterns in
schizophrenia. Front Psychol 4:737-737. https://doi.org/10.3389/
fpsyg.2013.00737

Silberg JE, Agtzidis I, Startsev M, Fasshauer T, Silling K,
Sprenger A, Dorr M, Lencer R (2019) Free visual exploration of
natural movies in schizophrenia. Eur Arch Psychiatry Clin Neu-
rosci 269:407—418. https://doi.org/10.1007/s00406-017-0863-1
Okada K-I, Miura K, Fujimoto M, Morita K, Yoshida M,
Yamamori H, Yasuda Y, Iwase M, Inagaki M, Shinozaki T,
Fujita I, Hashimoto R (2021) Impaired inhibition of return dur-
ing free-viewing behaviour in patients with schizophrenia. Sci Rep
11:3237. https://doi.org/10.1038/s41598-021-82253-w

White OB, Saint-Cyr JA, Tomlinson RD, Sharpe JA (1983) Ocular
motor deficits in Parkinson’s disease. II. Control of the saccadic
and smooth pursuit systems. Brain 106 (Pt 3):571-587. https://
doi.org/10.1093/brain/106.3.571

Jung I, Kim J-S (2019) Abnormal eye movements in parkinsonism
and movement disorders. J Mov Disord 12:1-13. https://doi.org/
10.14802/jmd.18034

Moschovakis AK, Highstein SM (1994) The anatomy and physiol-
ogy of primate neurons that control rapid eye movements. Annu
Rev Neurosci 17:465-488. https://doi.org/10.1146/annurev.ne.17.
030194.002341

Leigh RJ, Zee DS (2015) The neurology of eye movements. Con-
temp Neurol

Mathét S (2018) Pupillometry: psychology, physiology, and func-
tion. J Cogn 1:16. https://doi.org/10.5334/joc.18

Hannibal J, Kankipati L, Strang CE, Peterson BB, Dacey D, Gam-
lin PD (2014) Central projections of intrinsically photosensitive
retinal ganglion cells in the macaque monkey. J] Comp Neurol
522:2231-2248. https://doi.org/10.1002/cne.23588

May PJ, Warren S (2020) Pupillary light reflex circuits in the
Macaque Monkey: the olivary pretectal nucleus. Brain Struct
Funct 225:305-320. https://doi.org/10.1007/s00429-019-02003-7
May PJ, Sun W, Wright NF, Erichsen JT (2020) Pupillary light
reflex circuits in the macaque monkey: the preganglionic Edinger-
Westphal nucleus. Brain Struct Funct 225:403-425. https://doi.
org/10.1007/s00429-019-02000-w

Wang C-A, Munoz DP (2015) A circuit for pupil orienting
responses: implications for cognitive modulation of pupil size.
Curr Opin Neurobiol 33:134-140. https://doi.org/10.1016/j.conb.
2015.03.018

Aston-Jones G, Cohen JD (2005) An integrative theory of locus
coeruleus-norepinephrine function: adaptive gain and optimal
performance. Annu Rev Neurosci 28:403—-450. https://doi.org/
10.1146/annurev.neuro.28.061604.135709

Grantyn A, Grantyn R (1982) Axonal patterns and sites of termi-
nation of cat superior colliculus neurons projecting in the tecto-
bulbo-spinal tract. Exp Brain Res 46:243-256. https://doi.org/10.
1007/BF00237182

Scudder CA, Moschovakis AK, Karabelas AB, Highstein SM
(1996) Anatomy and physiology of saccadic long-lead burst neu-
rons recorded in the alert squirrel monkey. I. Descending pro-
jections from the mesencephalon. J Neurophysiol 76:332-352.
https://doi.org/10.1152/jn.1996.76.1.332

May PJ, Warren S, Bohlen MO, Barnerssoi M, Horn AKE (2016)
A central mesencephalic reticular formation projection to the
Edinger-Westphal nuclei. Brain Struct Funct 221:4073-4089.
https://doi.org/10.1007/s00429-015-1147-z

Braak H, Del Tredici K, Riib U, de Vos RAI, Jansen Steur ENH,
Braak E (2003) Staging of brain pathology related to sporadic

pringer

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Parkinson’s disease. Neurobiol Aging 24:197-211. https://doi.org/
10.1016/s0197-4580(02)00065-9

Micieli G, Tassorelli C, Martignoni E, Pacchetti C, Bruggi P,
Magri M, Nappi G (1991) Disordered pupil reactivity in Parkin-
son’s disease. Clin Auton Res 1:55-58. https://doi.org/10.1007/
BF01826058

Micieli G, Tassorelli C, Martignoni E, Marcheselli S, Rossi F,
Nappi G (1995) Further characterization of autonomic involve-
ment in multiple system atrophy: a pupillometric study. Funct
Neurol 10:273-280

Giza E, Fotiou D, Bostantjopoulou S, Katsarou Z, Karlovasitou A
(2011) Pupil light reflex in Parkinson’s disease: evaluation with
pupillometry. Int J Neurosci 121:37-43. https://doi.org/10.3109/
00207454.2010.526730

Fox SH, Brotchie JM, Lang AE (2008) Non-dopaminergic treat-
ments in development for Parkinson’s disease. Lancet Neurol
7:927-938. https://doi.org/10.1016/S1474-4422(08)70214-X
Armstrong RA (2008) Visual signs and symptoms of Parkinson’s
disease. Clin Exp Optom 91:129-138. https://doi.org/10.1111/j.
1444-0938.2007.00211.x

Wang Y, Zekveld AA, Naylor G, Ohlenforst B, Jansma EP, Lorens
A, Lunner T, Kramer SE (2016) Parasympathetic Nervous System
Dysfunction, as Identified by Pupil Light Reflex, and Its Possible
Connection to Hearing Impairment. PLoS ONE 11:e0153566.
https://doi.org/10.1371/journal.pone.0153566

Armstrong RA (2014) Visual signs and symptoms of multiple
system atrophy. Clin Exp Optom 97:483-491. https://doi.org/10.
1111/cx0.12206

Kuroda M, Fukura H, Saruki N, Yoshikawa D, Morita T, Goto F
(1998) Vecuronium dose requirement and pupillary response in a
patient with olivopontocerebellar atrophy (OPCA). Can J Anaesth
45:979-984. https://doi.org/10.1007/BF03012305

Joshi S, Li Y, Kalwani RM, Gold JI (2016) Relationships between
pupil diameter and neuronal activity in the locus coeruleus, col-
liculi, and cingulate cortex. Neuron 89:221-234. https://doi.org/
10.1016/j.neuron.2015.11.028

Heller J, Brcina N, Dogan I, Holtbernd F, Romanzetti S, Schulz
JB, Schiefer J, Reetz K (2017) Brain imaging findings in idio-
pathic REM sleep behavior disorder (RBD) - A systematic review
on potential biomarkers for neurodegeneration. Sleep Med Rev
34:23-33. https://doi.org/10.1016/j.smrv.2016.06.006

Iranzo A, Santamaria J, Tolosa E (2009) The clinical and patho-
physiological relevance of REM sleep behavior disorder in neu-
rodegenerative diseases. Sleep Med Rev 13:385-401. https://doi.
org/10.1016/j.smrv.2008.11.003

Poewe W (2009) Clinical measures of progression in Parkinson’s
disease. Mov Disord 24(Suppl 2):S671-676. https://doi.org/10.
1002/mds.22600

Waldthaler J, Tsitsi P, Svenningsson P (2019) Vertical saccades
and antisaccades: complementary markers for motor and cogni-
tive impairment in Parkinson’s disease. NPJ Parkinsons Dis 5:11.
https://doi.org/10.1038/s41531-019-0083-7

Waldthaler J, Stock L, Sommerkorn J, Kriiger-Zechlin C, Tim-
mermann L (2021) Antisaccade Latency Is Sensitive to Longitu-
dinal Change of Motor and Cognitive Symptoms in Parkinson’s
Disease. Mov Disord 36:266-268. https://doi.org/10.1002/mds.
28374

Kitagawa M, Fukushima J, Tashiro K (1994) Relationship between
antisaccades and the clinical symptoms in Parkinson’s disease.
Neurology 44:2285-2289. https://doi.org/10.1212/wnl.44.12.2285
Goetz CG, Fahn S, Martinez-Martin P, Poewe W et al (2007)
Movement disorder society-sponsored revision of the unified par-
kinson’s disease rating scale (MDS-UPDRS): Process, format, and
clinimetric testing plan. Mov Disord 22:41-47. https://doi.org/10.
1002/mds.21198


https://doi.org/10.1016/j.neuropsychologia.2005.11.015
https://doi.org/10.1016/j.neuropsychologia.2005.11.015
https://doi.org/10.1038/35058500
https://doi.org/10.3389/fpsyg.2013.00737
https://doi.org/10.3389/fpsyg.2013.00737
https://doi.org/10.1007/s00406-017-0863-1
https://doi.org/10.1038/s41598-021-82253-w
https://doi.org/10.1093/brain/106.3.571
https://doi.org/10.1093/brain/106.3.571
https://doi.org/10.14802/jmd.18034
https://doi.org/10.14802/jmd.18034
https://doi.org/10.1146/annurev.ne.17.030194.002341
https://doi.org/10.1146/annurev.ne.17.030194.002341
https://doi.org/10.5334/joc.18
https://doi.org/10.1002/cne.23588
https://doi.org/10.1007/s00429-019-02003-7
https://doi.org/10.1007/s00429-019-02000-w
https://doi.org/10.1007/s00429-019-02000-w
https://doi.org/10.1016/j.conb.2015.03.018
https://doi.org/10.1016/j.conb.2015.03.018
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1007/BF00237182
https://doi.org/10.1007/BF00237182
https://doi.org/10.1152/jn.1996.76.1.332
https://doi.org/10.1007/s00429-015-1147-z
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1007/BF01826058
https://doi.org/10.1007/BF01826058
https://doi.org/10.3109/00207454.2010.526730
https://doi.org/10.3109/00207454.2010.526730
https://doi.org/10.1016/S1474-4422(08)70214-X
https://doi.org/10.1111/j.1444-0938.2007.00211.x
https://doi.org/10.1111/j.1444-0938.2007.00211.x
https://doi.org/10.1371/journal.pone.0153566
https://doi.org/10.1111/cxo.12206
https://doi.org/10.1111/cxo.12206
https://doi.org/10.1007/BF03012305
https://doi.org/10.1016/j.neuron.2015.11.028
https://doi.org/10.1016/j.neuron.2015.11.028
https://doi.org/10.1016/j.smrv.2016.06.006
https://doi.org/10.1016/j.smrv.2008.11.003
https://doi.org/10.1016/j.smrv.2008.11.003
https://doi.org/10.1002/mds.22600
https://doi.org/10.1002/mds.22600
https://doi.org/10.1038/s41531-019-0083-7
https://doi.org/10.1002/mds.28374
https://doi.org/10.1002/mds.28374
https://doi.org/10.1212/wnl.44.12.2285
https://doi.org/10.1002/mds.21198
https://doi.org/10.1002/mds.21198

	Eye tracking identifies biomarkers in α-synucleinopathies versus progressive supranuclear palsy
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Participants
	Eye tracking task
	Visual stimuli
	Saccade analysis
	Pupil analysis
	Statistical analysis

	Results
	Low-level saccade statistics
	Gaze distribution maps
	Saccade and fixation duration distributions
	Distribution of macro- and micro-saccade directions
	Saccade amplitude
	Saccade amplitude-velocity relationship

	Analyses aligned on clip changes
	Clip-aligned changes in saccade rate
	Clip-aligned changes in pupil size

	Correlations between oculomotor and clinical assessment

	Discussion
	Saccade abnormalities in neurodegenerative movement disorders
	Vertical saccade deficits in neurodegeneration
	Pupil characteristics in neurodegeneration—opposite effects in PSP versus MSA
	Discrete saccadic abnormalities in RBD are pronounced in PD and MSA
	Linking eye tracking to UPDRS-III

	Conclusions
	References




