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Abstract

Objective—Freezing of gait (FOG) is a locomotor disturbance in Parkinson disease (PD) related
to impaired motor automaticity. In this study, we investigated the impact of freezing on
automaticity in the oculomotor system using an anti-saccade paradigm.

Methods—Subjects with PD with (PD-FOG, n=13) and without (PD-NON, n=13) FOG, and
healthy age-matched controls (CTRL, n=12) completed automatic pro-saccades and non-automatic
anti-saccades. Primary outcomes were saccade latency, velocity, and gain.

Results—PD-FOG (pro-saccade latency = 271 ms, anti-saccade latency = 412 ms) were slower
to execute both types of saccades compared to PD-NON (253 ms, 330 ms) and CTRL (246 ms,
327 ms). Saccade velocity and gain variability was also increased in PD-FOG.

Conclusions—Saccade performance was affected in PD-FOG for both types of saccades,
indicating differences in automaticity and control in the oculomotor system related to freezing.

Significance—These results and others show that FOG impacts non-gait motor functions,

suggesting global motor impairment in PD-FOG.
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1. Introduction

Among the many gait difficulties in people with Parkinson’s disease (PD), freezing of gait
(FOQG) is one of the most common, affecting over half of the PD population (Forsaa et al.,
2015). FOG manifests as episodic interruptions of the gait cycle during normal walking and
other complex gait tasks like turning (Bloem et al., 2004, Nutt et al., 2011). Additional
research into the mechanisms of FOG showed that freezing is not limited to gait, but can
also be observed in other motor tasks, such as upper limb movements and speech (Moreau et
al., 2007, Williams et al., 2013, Vercruysse et al., 2014a). Altogether, these studies indicate
that freezing may be a global phenomenon impacting not just gait but the entire motor
system.

Many hypotheses explaining FOG phenomenology have been proposed (Nieuwboer et al.,
2013), and two specifically relate FOG to impairments in cognitive-motor function. The
interference model suggests excessive overlap of activity in sensorimotor, associative, and
limbic circuits of the basal ganglia leads to abnormal inhibition from the globus pallidus,
leading to freezing episodes. (Lewis et al., 2009). Additionally, the cognitive model proposes
freezers have impaired conflict resolution and response automaticity in challenging
environments, resulting in an increased reliance on cortical resources (Vandenbossche et al.,
2012). Evidence for this is seen in dual-task experiments, commonly used to assess
automaticity, during which people with PD and FOG (PD-FOG) have poorer gait
performance during dual-task tests compared to those who do not have FOG (PD-NON)
(Spildooren et al., 2010). Recent neuroimaging data also support the cognitive model,
showing increased activation and connectivity of cortical regions in PD-FOG (Fling et al.,
2014, Vercruysse et al., 2014b). Tying back into the interference model, increased activity
may lead to resource “overloads”, particularly during cognitively demanding tasks, inducing
motor arrests observed during a freezing episode (Shine et al., 2013). Given these
hypotheses, it is reasonable to predict that impaired automaticity is a common feature of
freezing that would affect all motor output.

Saccades are fast eye movements that allow us to quickly foveate objects of interest, and are
mediated by both cortical (DLPFC, FEF, SEF) and subcortical (thalamus, basal ganglia,
superior colliculus) circuits as well as oculomotor neurons in cranial nerves (Moschovakis et
al., 1996, Munoz et al., 2004). Saccadic output follows highly stereotyped patterns and is
well-described in both healthy (Bahill et al., 1975, Peltsch et al., 2011) adults and PD. These
studies show that people with PD are generally slower to respond (i.e. increased latency) and
make slower (i.e. decreased velocity) volitional saccades (Crawford et al., 1989, Briand et
al., 1999), supporting the traditional view that slowed voluntary movement is a result of
increased inhibition of the basal ganglia (Terao et al., 2013).

The anti-saccade task is a common way to study a different aspect of oculomotor control
(Hallett, 1978). In this task, participants make saccades either toward a visual target (the
automatic pro-saccade) or to a mirrored position of a visual target (non-automatic anti-
saccade). Anti-saccades require inhibition of a visually-guided response as well as initiation
of a non-visually guided saccade. As such, anti-saccade tasks are useful to assess both the
cognitive and motor aspects of oculomotor control and have been used in both healthy
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individuals and patients with neurological conditions (Guitton et al., 1985, Kristjansson et
al., 2001, Chan et al., 2013). In addition, anti-saccade performance correlates well with other
measures of executive function in adults (Klein et al., 2010, Mirsky et al., 2011). Altogether,
anti-saccades likely involve parallel processing of cognitive and motor commands mediated
by the basal ganglia, and are a suitable approach to study cognitive-motor processing and its
relationship to freezing. However to our knowledge only one recent study directly examined
the impact of FOG on saccades. This study noted that PD-FOG made more anti-saccade
errors, which were related to grey-matter loss in visual, frontal, and parietal regions (Walton
et al., 2015) Interestingly, no differences in pro- or anti-saccade latency were noted between
freezer subgroups, suggesting the oculomotor impairment was specific to response inhibition
and not selection. Since freezing is associated with a maladaptive response to increased
cognitive-motor demand and impaired automaticity, the link between freezing and
oculomotor function merits further investigation.

In this study, we investigated automaticity and control using an anti-saccade task in PD-
NON and PD-FOG relative to healthy adult controls. We hypothesized that PD-FOG would
demonstrate impaired saccade automaticity, as evidenced by slowness of movements and
prolonged response latency during both pro- and anti-saccades compared to PD-NON and
controls. In contrast, we predicted that PD-NON would be slower and more variable during
volitional anti-saccades compared only to controls. This work aimed to increase our
knowledge of the oculomotor system in PD-NON and PD-FOG in an effort to better
understand the impact of freezing as a potential global motor disturbance and inform the
development of treatment approaches to address freezing.

2. Materials and Methods

2.1 Participants

A sample of twenty six people with PD (13 PD-NON and 13 PD-FOG) and twelve age-
matched neurologically healthy older adults took part in the study. PD participants were
recruited from the Movement Disorders Center at Washington University School of
Medicine and had a diagnosis of idiopathic PD as defined by previous criteria (Calne et al.,
1992). Healthy older adults were recruited from a volunteer database managed by the
Department of Psychological & Brain Sciences at Washington University. All subjects were
free of other neurological conditions including dementia (Montreal cognitive assessment
(MOCA) > 21 (Dalrymple-Alford et al., 2010)), and were able to walk independently with
or without an assistive device. Additionally, PD participants were excluded if they were
unable to tolerate medication withdrawal or had previous deep brain stimulation surgery.
Given our sample size, the effect size was calculated to be 0.48, assuming 80% power and
Type | error rate of 5%.

We classified the group of PD participants as freezers (PD-FOG) and non-freezers (PD-
NON) based on self-report of freezing episodes over the past month using the New Freezing
of Gait Questionnaire (NFOGQ), a reliable instrument which uses both written and video
descriptions of FOG to determine FOG severity (Nieuwboer et al., 2009). If the participant
reports s/he has not experienced any freezing episodes over the past month, s/he is classified
as PD-NON and given a score of zero. If the participant responds that s/he has experienced
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freezing over the past month, s/he is asked additional questions about the duration and
frequency of episodes and a composite NFOGQ score ranging from 1-28 is determined. PD
participants were evaluated in the off state, defined as at least a 12-hour withdrawal from any
anti-Parkinson medication, and clinically evaluated for descriptive purposes using the
Movement Disorder Society version of the Unified Parkinson Disease Rating Scale (MDS-
UPDRS). Sub-sections | (non-motor symptoms), 11 (motor aspects of daily living), and 111
(motor sign severity) were administered and scored by a trained physical therapist. This
protocol was approved by the Human Research Protection Office at Washington University
School of Medicine. Participants provided informed consent before participating and were
compensated for their time.

Tasks

We used a modified anti-saccade paradigm to study saccadic eye movements (Hallett, 1978,
Antoniades et al., 2013). The task parameters were chosen based on previously published
best practices for saccade testing in people with neurological conditions (Antoniades et al.,
2013). The tasks required participants to either make saccades toward (pro-saccade) or to a
symmetrically-opposite location away from (anti-saccade) a visually presented target.
Stimuli were presented on a 22” LCD monitor and controlled by E-Prime v2.0 (Psychology
Software Tools, Sharpsburg, PA) on a Dell E6440 Latitude laptop computer. Participants sat
approximately 50 cm from the display, which was adjusted to eye level. A chin rest was used
to minimize head movement. Participants performed one block of 50 pro-saccades and
another block of 50 anti-saccades, the order of which was counter-balanced across
participants. The number of trials was chosen both to minimize fatigue and to get reliable
estimations of saccade parameters for each participant (Antoniades et al., 2013).

Each trial began with a blue or red fixation cross (2.6°) centered on a white background (see
Figure 1). A blue cross indicated a pro-saccade should be made; a red cross indicated an
anti-saccade should be made. Following a random delay period (750-2000 ms), the fixation
cross was extinguished and a black circular target (diameter = 1.2°) was displayed randomly
to the right or left at 15° eccentricity. Participants were instructed to make the appropriate
eye movement as soon as the target appeared. After 1000 ms, the target was extinguished,
leaving a white screen for 2500 ms (inter-trial interval). Participants completed 5-10
practice trials of each type before beginning the experiment.

2.3 Cognitive Tasks

Two neuropsychological tests, the Go-NoGo (GNG) and Trail-making tests (TMT), were
administered to assess general cognitive function. The GNG task tests processing speed as
well as response inhibition, and consisted of a string of letters or the number “5” presented
individually for 750 ms (stimulus inter-stimulus interval = 1250 ms, total trials = 150). The
GNG was administered with EPrime v2.0 on the same laptop computer as used during the
saccade tasks. Participants were instructed to press the spacebar key as quickly as possible
whenever a letter (target) appeared on the screen, but to not press the key when the number
“5” (foil) appeared. Up to 10 practice trials were performed for familiarization. False alarm
rate (number of responses to foils/total number of trials), miss rate (number of non-
responses to targets/total number of trials), and reaction time (RT, correct responses only)
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were calculated. The TMT requires the participants to connect a series of numbers (TMT A)
or alternate between numbers and letters (TMT B). To account for differences in visuomotor
speed and to address task-set switching, the difference in completion time between TMT B
and A was reported.

2.4 Data analysis

Eye movement data were collected using a binocular head-mounted videooculography
system (Eye-Trac 6, Applied Science Laboratories, Bedford, MA). This system detects eye
position using both pupil and corneal reflection and is accurate to < 1°. For each participant,
the system was calibrated using a 9-point display and an array of 5 targets at known
eccentricities (to convert voltage signal to angular position). Raw eye position from both
eyes was measured at 120 Hz for 1000ms, beginning at target onset. All analyses were
performed using custom written Matlab scripts and built-in functions (R2011b, The
Mathworks Inc., Natick, MA). Raw position data were low-pass filtered at 30 Hz, and
velocity and acceleration profiles were calculated based on position-time and velocity-time
differentiation, respectively. Movement onset was determined when the first saccade
following target onset exceeded 30°/s and 8000 °/s? (DeSimone et al., 2014). Trials were
labeled as invalid and excluded if no saccade was detected or if excessive blinking or eyelid
drooping contaminated the signal. Saccade errors were defined as a measured saccade made
in the incorrect direction; these trials were marked as errors and excluded from further
analysis (Chan et al., 2005). Our primary outcome variables were saccade latency, gain
(saccade amplitude normalized to target amplitude), and peak velocity, which were
calculated for all remaining trials (non-error valid trials). In addition, we calculated saccade
error rate as the ratio of error trials to valid trials. There were no valid trials with latencies
less than 100 ms, which represents the threshold for preparatory or anticipatory saccades
(Cameron et al., 2010), thus we did not exclude any saccades based on latency from our
results.

2.5 Statistical analyses

Statistical procedures were carried out using SPSS v23 (IBM Corp, Armonk, NY) and
Matlab v2011b. Baseline demographic and cognitive data were compared using one-way
ANOVA (comparing all groups) and independent samples t-tests (comparing PD-NON and
PD-FOG) for continuous and normally distributed variables and Mann-Whitney U tests for
categorical or non-normally distributed variables.

We examined saccade latency and velocity across all trials in each group (fixed-effects
analysis) and at the group level (mixed-effects analysis). In the fixed-effects analysis, we
computed cumulative distribution functions of latency, velocity, and gain and compared
them using 2-sample Kolmogirov-Smirnov (K-S) tests. Since three comparisons were
needed, we accounted for multiple comparisons by adjusting a as: a/n, where n is the
number of K-S tests performed. In the mixed-effects analysis, an individual measure of
central tendency and variability was calculated for each participant. Because of non-normal
distributions, median and interquartile range (IQR) were used for latency while mean and
standard deviation (SD) were used for velocity and gain. Then, a mixed-effects ANOVA
model was used to compare the between-subjects effect of group (CTRL/PD-NON/PD-
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FOG) and within-subjects effect of task (pro-saccade/anti-saccade) in the block condition.
Finally, we used bivariate Pearson correlations to explore the relationship between clinical
and oculomotor variables separately in the two PD groups. We chose to examine clinical
characteristics of PD (disease severity and levodopa equivalent daily dose (LEDD)) and
cognitive function (MOCA\) given their associations with oculomotor function (Peltsch et al.,
2011, Perneczky et al., 2011). For all tests, unless otherwise stated, the level of significance
was set at a = 0.05.

Demographic and clinical characteristics of participants are shown in Table 1. Groups did
not differ by age (p= 0.20) or cognitive function (MOCA score, p=0.68). PD-FOG
participants had greater disease duration, took greater doses of dopaminergic medication and
had worse non-motor disease severity (MDS-UPDRS I, p = 0.012). Motor aspects of daily
living (MDS-UPDRS I, p = 0.085) and motor sign severity (MDS-UPDRS Ill, p = 0.35) did
not significantly differ between the two PD groups. In the blocked condition, there was a
floor effect such that median error rate for pro-saccade was zero in all groups. Thus, we
analyzed error rate for just the anti-saccade task. PD-FOG groups committed more errors
compared to CTRL (Table 1), however rates were similar between PD-FOG and PD-NON
(post-hoc, p=0.83) and PD-FOG and CTRL (post-hoc, p = 0.08). There were no significant
differences in GNG RT, false alarm rate, miss rate, or TMT completion time.

latency

Group distributions and average data for block saccade latency are shown in Figure 2. PD-
FOG distributions differed from both PD-NON and CTRL for pro-saccades (2-sample K-S
test; PD-FOG vs. PD-NON: p <0.01, PD-FOG vs. CTRL: p <0.01) and anti-saccades (PD-
FOG vs. PD-NON: p <0.001, PD-FOG vs. CTRL: p <0.001), while the PD-NON
distribution was not different than CTRL (pro-saccade: p = 0.60, anti-saccade: p = 0.81).
Group average of individual median latencies showed significant main effects as expected
for task (Figure 2C; anti-saccade > pro-saccade, F(35,1) = 145, p <0.001) as well as group
(F(35,2) = 4.30, p= 0.02). Post-hoc t-tests revealed anti-saccade latency was greater in PD-
FOG compared to CTRL (t = -3.36, p <0.01) and PD-NON (t = -2.75, p = 0.01). No
differences were noted between PD-NON and CTRL. Across all trials, anti-saccade latency
variability as measured by IQR was largest in PD-FOG (Figure 2B). Group mean of
individual variability revealed only a significant task effect, confirming that latency
variability increased during anti-saccades (Figure 2D; F(33,1) = 8.27, p = 0.01).

velocity

The group distribution of saccade velocity indicated that PD-FOG group made more
frequent low-velocity saccades, particularly during the anti-saccade task (Figure 3A and B).
When comparing both pro- and anti-saccade velocity distributions, significant differences
were noted for each pairwise comparison of the three groups (2-sample K-S test, ps<0.001).
However, average group data of peak velocity showed only a significant main task effect
(Figure 3C; pro-saccade>anti-saccade, F(35,1) = 45.8, p<0.001). Analysis of individual
velocity variability (SD) showed both a main task (Figure 3D; F = 12.8, p = 0.001) and
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group (F(33,2) = 4.48, p = 0.02) effect. Post-hoc testing showed that both PD groups had
greater velocity variability for pro-saccades (PD-NON vs. CTRL: t =-3.38, p < 0.01; PD-
FOG vs. CTRL: t = -2.623, p= 0.02). PD-FOG was also more variable compared to CTRL (t
=-2.02, p=0.06) and PD-NON (t = —-2.01, p = 0.06), but these comparisons failed to reach
significance.

3.4 Saccade gain

As expected based on saccade main sequence relationships, saccade gain showed similar
patterns to the velocity data. Figures 4A and 4B show the group distribution of saccade gain
across groups. For pro-saccades, the CTRL distribution was significantly different than the
PD-NON (p<0.001) and PD-FOG (p<0.001), however there was no difference between the
PD groups (p = 0.35). There were significant differences in gain distribution between all
three groups for anti-saccades (ps<0.001). Mean individual gain depicted in Figure 4C
showed non-significant task (F(33,2) = 3.85, p =.06) and group (F(33,1) =1.21, p =0.31)
effects. There was a significant task effect for gain variability, as measured by the coefficient
of variation (F(33,2) = 36.6, p < 0.001), indicating variability was greater during anti-
saccades (Figure 4D). No group effect for gain variability was noted (F(33,1) =2.28, p =
0.12).

3.5 Relationship of saccade parameters to clinical features

Disease severity (MDS-UPDRS I11) was significantly related to pro-saccade velocity (r =
-0.55, p = 0.05) and gain (r = —-0.62, p = 0.02), anti-saccade latency (r = 0.69, p = 0.01) and
error rate in PD-NON (r = 0.58, p = 0.04). In addition, MOCA score was significantly
related to anti-saccade error rate only in PD-NON (r = —-0.59, p = 0.04). The only significant
correlation in PD-FOG was between LEDD and pro-saccade velocity (r = —0.55, p = 0.05).

4. Discussion

In this study, we investigated the automaticity of the oculomotor system in people with PD
with and without FOG. Overall, PD-FOG were slower to initiate both automatic pro-
saccades and non-automatic anti-saccades. Saccade velocity and gain were also impacted, as
PD-FOG made more frequent slow, low amplitude saccades during both conditions
compared to PD-NON. This is the first study to our knowledge to demonstrate differences in
timing and execution of saccadic eye movements between PD-NON and PD-FOG.

Saccade performance and response automaticity

Several previous studies consistently show that PD participants commit more errors and are
slower, both in terms of velocity and latency, during anti-saccades compared to pro-saccades
(Briand et al., 1999, Chan et al., 2005, Cameron et al., 2010). This observation fits with
general deficits in reflexive response inhibition and slowing of internally-generated motor
responses in PD (Obeso et al., 2011). However, the association between freezing and
cognitive-motor function of saccades has been less examined. We noted that PD-FOG were
slower to respond during both saccade tasks when compared to PD-NON and CTRL. It is
noteworthy that we detected differences during pro-saccades, for which evidence regarding
the effect of PD is mixed (White et al., 1983, Briand et al., 1999, Michell et al., 2006,
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Cameron et al., 2010). In prior studies, subgroups of freezers and non-freezers were not
considered, which may have masked any differences and perhaps contributed to the varied
results. Visually-elicited pro-saccades are thought to be automatic movements because they
require little control from the frontal cortex and basal ganglia, (Munoz et al., 2004). The
increased latency in pro-saccades for the PD-FOG group may be related to increased cortical
input needed to execute the movement. Despite the differences between gait and saccades,
these data support the idea that there is a common deficit in automaticity unique to FOG,
where performance of automatic movement requires additional control via the cerebral
cortex (Vandenbossche et al., 2012).

Increased variability is also associated with less automatized movement and is characteristic
of movement in PD (Nanhoe-Mabhabier et al., 2011) and PD-FOG (Barbe et al., 2014). There
were clear differences in velocity and gain variability for PD-FOG, as seen in the elevated
SD and near-linear shape of the distribution functions in Figures 3A and B and 4A and B. At
the group level, both PD groups showed greater pro-saccade velocity variability relative to
CTRL, while anti-saccade variability was also larger in PD-FOG. Together, these results
show that the range of saccade velocities is wider both within and across PD-FOG
participants. Surprisingly, average velocity and gain were not different across groups,
primarily because PD groups made hypermetric and high velocity saccades that shifted the
mean closer to that of the CTRL group. In general, variability may be associated with the
target amplitude of each saccade (15°), which was relatively large compared to other studies
(Briand et al., 1999, Cameron et al., 2010). As such, participants may have produced large
high-velocity saccades to compensate, thereby increasing variability. Another factor that
may influence variability is fatigue, which is likely to be worse in the PD groups. We did not
formally assess fatigue but required participants to complete a manageable number of
consecutive trials and provided rest breaks in between sets to minimize fatigue. While these
factors may contribute to some of the observed differences, velocity and gain variability was
overall pronounced in PD-FOG, supporting further that automaticity of saccades may be
impaired in this group.

Interestingly, PD-FOG anti-saccade error rates were similar if not slightly lower than PD-
NON (Table 1). This is in contrast to a recent study showing that error rates were elevated in
PD-FOG during a similar anti-saccade task and were associated with grey matter loss in
many cortical regions (Walton et al., 2015). At minimum, there are two processes that need
to occur for a successful anti-saccade: 1) inhibition of a pro-saccade and 2) execution of a
non-visually guided saccade (DeSouza et al., 2003, Munoz et al., 2004). The Walton et al.
study suggests that saccade inhibition is impaired in PD-FOG, related to a problem with
cognitive control. It is unclear at the moment why we also did not see increased error rates in
the PD-FOG group. The results from our GNG task also show that there were no significant
differences in response inhibition between groups, which agrees with previous work (Cohen
et al., 2014). Therefore, there is a distinction between the inhibitory control required for the
cognitive and saccade tasks. One major difference between these tasks is that the GNG does
not require an alternate motor response following inhibition of the automatic response.
While there is likely an inhibitory control problem associated with PD, our data show that
the difficulty unique to PD-FOG involves executing the anti-saccade, as seen in the large
differences in anti-saccade latency compared to PD-NON and CTRL (Figure 2B and 2C).
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The saccade velocity and gain data further support this idea given that the proportion of low
velocity, low gain saccades was greater in PD-FOG compared to PD-NON and CTRL. The
deficit of anti-saccade execution in PD-FOG may be due to an inability to release inhibition
on the oculomotor circuit. Other studies examining the role of deep brain stimulation (DBS)
on oculomotor function indicated that subthalamic nucleus DBS (STN-DBS) improves anti-
saccade latency but does not improve error rates (Yugeta et al., 2010, Nilsson et al., 2013,
Antoniades et al., 2015). DBS stimulation may normalize the inhibitory drive of the
substantia nigra pars reticulata on the oculomotor circuit, thereby allowing for more efficient
saccade performance. Overall, additional research using saccade tasks that isolate response
inhibition and execution in conjunction with neurophysiological techniques is needed to
fully explore the impact of both PD and FOG on oculomotor and cognitive function.

Two potential confounds when examining the effects of FOG are disease severity and
medication usage. Typically, PD-FOG occurs later in disease progression and thus is
associated with greater disease severity (Nutt et al., 2011). Therefore, any FOG-specific
differences may simply be due to worsened motor signs. Our PD groups were well matched
for disease severity as measured by the MDS-UPDRS-I1I (Table 1). The correlation analysis
also showed that latency, velocity, gain and error rates were significantly related to disease
severity, but only in PD-NON. This suggests that saccade performance may be less
dependent on overall motor function in PD-FOG, further supporting the link between FOG
phenotype and impaired oculomotor function. Participants were also tested off dopaminergic
medication, thus controlling for effects of medication use on saccade output. Still, it is
unclear how saccade performance would change if participants were then tested in a
medicated state. Previous work showed dopaminergic medication led to increases in latency
variability ((Michell et al., 2006). It is possible, then, that saccade variability would be
increased in PD-FOG when on medication, as PD-FOG were on higher doses of medication
compared to PD-NON. In some cases, medication will alleviate gait freezing duration and
frequency, while in other cases FOG episodes are worsened with medication (Giladi, 2008).
The relationships between non-gait freezing and medication use remain to be explored.

FOG represents a global motor dysfunction

Our results contribute to the growing body of evidence that freezing affects gait and non-gait
movements alike (Vercruysse et al., 2012a, Vercruysse et al., 2012b, Williams et al., 2013,
Barbe et al., 2014). Together, these studies suggest that the pathophysiology underlying
FOG may be a common contributor to motor dysfunction. While festination or freezing of
the upper limb and speech have been documented, pure oculomotor freezing has yet to be
reliably reported. One study noted that during a rhythmic saccade task, some subjects
“froze” between consecutive saccades (Bronstein et al., 1985). In our data, some saccade
traces showed features similar to gait freezing, such as increased frequency and small
amplitude. However, it is difficult to directly compare saccades and gait freezing, given the
differences in movement amplitude, rhythmicity, and velocity. While the current evidence
shows a general deficit of cognitive-motor processing may underpin freezing, the actual
manifestation of freezing may differ across various effectors. For instance, one recent
experiment showed that upper-limb and lower-limb freezing co-occur in PD, but are not
correlated (Barbe et al., 2014). Future studies that manipulate the timing of stimuli (e.g.
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rhythmic saccades) or the cognitive demand (e.g. difficult dual-tasks), may be helpful in
directly comparing motor behavior across body parts or movement types. This may lead us
toward approaching freezing as a global motor phenotype that reflects impairment not just of
gait but of the entire motor system.

5. Conclusion

Latency, velocity, and gain of automatic and non-automatic saccades were different across
groups of people with PD with and without FOG. Additional deficits in saccade automaticity
were evidenced by increased velocity and gain variability across and within participants.
Overall, our results support the idea that FOG is a distinct phenotype in PD with an
underlying pathophysiology related to impaired cognitive-motor control. Furthermore, this
deficit impacts multiple effectors and it not limited to gait alone. Additional work is needed
to fully elucidate how freezing impacts automaticity across motor systems.
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Highlights

1. PD patients with freezing of gait (PD-FOG) had longer pro- and anti-saccade
latencies than non-freezers (PD-NON).

2. PD-FOG showed greater variability of saccade velocity and gain than PD-NON.

3. Findings were unrelated to saccade error rate, disease severity, or cognition, and
suggest freezing is related to a global disturbance in motor automaticity.
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Pro-saccade
750-2000 ms
Fixation GGG 2
1000 ms

Target I

Anti-saccade
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1000 ms
Target PEE——— I

Figure 1.
Anti-saccade paradigm. A blue fixation cross indicated a pro-saccade trial while a red cross

indicated an anti-saccade trial. Fixation was maintained for a variable period (750-2000 ms,
blue/red bar), and the target (black bar) appeared immediately after the fixation cross was
removed. A correct saccade is shown in the gray trace.
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Saccade latency. 7op row: Latency distributions for pro-saccade (A) and anti-saccade (B).
Bottom row: Group mean (C) and variability (D) of pro-saccade and anti-saccade latency
across groups. Dotted lines in (A) and (B) represent 95% confidence bands. Error bars in (C)
and (D) represent + 1 SD. *p<0.05, **p<0.01 (between-subjects effect), *p<0.05 (within-
subjects effect)
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Figure 3.
Saccade velocity. 7op row: Velocity distributions for pro-saccades (A) and anti-saccades (B).

Bottom row: Group mean (C) and variability (D) of pro-saccade and anti-saccade velocity
across groups. Dotted lines in (A) and (B) represent 95% confidence bands. Error bars in (C)
and (D) represent + 1 SD. CV: Coefficient of variation. *p<0.05, **p<0.01 (between-
subjects effect), #p<0.05 (within-subjects effect).
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across groups. Dotted lines in (A) and (B) represent 95% confidence bands. Error bars in (C)
and (D) represent = 1 SD. CV: Coefficient of variation. #p<0.05 (within-subjects effect).
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Table 1

Subject Demographics and Cognitive Task Data

Demographics CTRL (n=12) PD-NON (n=13) PD-FOG (n=13)
Age (yr) 72.3+528 68.1+7.04 68.7 +5.84
Sex (# male) 4 5 7
MOCA 26.4+2.43 26.3+2.78 25.6+2.18
Years since diagnosis 473+3.93 8.73+£5.93
LEDD (mg) 691 + 734 1043 + 684
MDS-UPDRS-I 7.23+3.00 13.2+7.06%
MDS-UPDRS-II 8.08 +£5.35 11.9+5.09
MDS-UPDRS-III 36.3+13.3 404 £7.72
NFOGQ 10.9+5.54
@ Anti-saccade error rate (%) 158 £18.6 346+37.8" 254+426
Cognitive Tasks

2GNG RT (ms) 400.0 +44.0 4140+ 435 392.0+70.5
GNG False Alarm (%) 4.33+3.86 3.49 +2.08 3.90 +2.69
GNG Misses (%) 0.72+1.15 0.46 +0.69 1.23+0.64
TMT B-A Completion Time (s) 46.4 +£20.7 459+ 19.7 68.6 +47.1

Values represent Mean + SD;

Page 18

aMedian + IQR. MOCA: Montreal Cognitive Assessment; LEDD: Levodopa equivalent daily dose; MDS-UPRDS: Movement Disorder Society
Unified Parkinson Disease Rating Scale I (Non-motor) Il (Motor Aspects of Daily Living Il (Motor Assessment), NFOGQ: New Freezing of Gait

Questionnaire; GNG: Go-NoGo; RT: Reaction Time; TMT: Trail-making task.

*
Significantly greater than PD-NON (p<0.05);

A
Significantly greater than CTRL (p<0.05)
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