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Abstract: Parkinson’s disease (PD) affects approximately 10 million individuals worldwide. Visual impairments are a common
feature of PD. Patients report difficulties with visual scanning, impaired depth perception and spatial navigation, and blurry and double
vision. Examination of PD patients reveals abnormal fixational saccades, strabismus, impaired convergence, and abnormal visually-
guided saccades. This review aims to describe objective features of abnormal eye movements in PD and to discuss the structures and
pathways through which these abnormalities may manifest.
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Introduction

The second most common neurodegenerative condition, Parkinson’s disease (PD), affects about 10 million individuals
worldwide.! Visual impairments are far more common in PD than appreciated. Composite visual function questionnaire
(VFQ) score in PD patients is significantly reduced compared to healthy controls; the impairment is much more robust
for the ocular motor functions necessary for visual scanning.” The visual deficits in PD can be due to multiple etiologies.
The inability to rapidly shift gaze (ie saccades) affects the ability to read and scan the visual scene.” ® Impairment in the
simultaneous movement of both eyes in opposite directions (ie vergence) results in compromised depth perception and
impaired spatial navigation in PD.”® Vergence abnormality also leads to misalignment of the two eyes, causing
strabismus, and abnormal fusion of the visual signal from each eye, causing blurred or double vision (ie diplopia).
Diplopia is prevalent in up to one-third of PD patients, and tired eyes or blurred vision while reading was reported in
23%.% Vergence abnormalities in PD include increased latency, decreased speed, decreased gain, and a need to recruit
an alternate class of eye movements to make a three-dimensional gaze shift.” ! This review aims to summarize objective
features of abnormal eye movements in PD and examine their mechanistic underpinning. The subsequent sections are
organized according to the individual eye movement subclasses, the objective assessment of their abnormality, and

corresponding mechanistic underpinning.

Gaze Holding

Gaze-holding abnormalities include abnormally excessive fixational eye movements (such as microsaccades), drifts
following microsaccades, and somewhat controversial pervasive pendular movements of the eyes. While the pathophy-
siology of microsaccades was directly linked to abnormal basal ganglia physiology, the pervasive pendular eye move-
ments are thought to be a physiological response (ie the vestibulo-ocular reflex) following transmitted oscillations due to
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The fixational saccades are yoked miniature eye movements critical to counteract fading.'®' Square wave jerks are
a continuum of fixational saccades and, when too numerous, disrupt visual clarity.22 Squarewaves are prominent in PD,
but they are also seen in other Parkinsonian disorders.'>***’

Figure 1 depicts abnormal gaze holding in a PD patient compared with a healthy subject. The plot shows the angular
position vector of the horizontal eye position on the y-axis and a corresponding time on the x-axis. The example from the
healthy control is depicted in Figure 1A, while Figure 1B illustrates the PD patient. The excursion of the traces (arrows
Figure 1) depicts fixational saccades, and some of these excursions are followed by a returning saccade, forming
a squarewave jerk (closed arrow, Figure 1). The amplitudes of fixational saccades are larger in PD compared to healthy
controls. As a result, fixational saccades in PD are often paired with a return saccade forming a squarewave jerk.

The fixational saccades form important markers of PD pathophysiology. Basal ganglia are believed to be at the
epicenter of abnormal fixational saccades and squarewave jerks in PD. However, their effects manifest through their
superior colliculus and cerebellar connections. The proposal is based on the premise that the substantia nigra pars
reticulata (SNr) in PD exerts abnormally high inhibitory control over the superior colliculus.*® >* The superior colliculus
modulates the downstream burst generators critical for the saccade generation. The subthalamus, connected to the
cerebellum via precerebellar neurons in the pons, can modulate the saccade matrix; abnormal activity in the subthalamus
can change the microsaccades and squarewave via its effects on the cerebellum. The effects of subthalamic (STN) deep
brain stimulation (DBS) on microsaccades are directly probed in this proposal by demonstrating the effects of reversible
interventions on the kinematic properties of fixational saccades and squarewaves.

Figure 2 depicts the comparison of fixational saccade amplitude in healthy controls, PD with STN DBS on and DBS
off. The average age was 6948.1 years (controls were age-matched), and the average disease duration was 13.1+4.9
years. The effects of DBS on the same individual are depicted in Figure 2A. In general, healthy controls’ fixational
saccade amplitudes are smaller than PD’s (Figure 2B). The effects of STN DBS on fixational saccade amplitude are
diverse in PD. In some patients, DBS significantly decreases the fixational saccade amplitude, while in others, there is
a significant increase (Figure 2B and C). PD patients with relatively smaller fixational saccade amplitude and variance in
gaze holding at baseline (ie when DBS is off) demonstrate increased amplitude with subthalamic DBS.

In contrast, DBS decreases the fixational saccade amplitude when the saccade amplitude is smaller at baseline.
Figure 2D depicts the comparison of baseline microsaccade amplitude. While there is a significant difference in baseline
saccade amplitude between the two PD groups, the difference between fixational saccade amplitude disappears when the
DBS is turned on. In other words, subthalamic DBS eliminates the intersubject disparity in the range of fixational saccade
amplitude, increasing the amplitude in those with baseline decrease and vice versa.

Saccade amplitude

Figure | Eye position traces from a healthy control participant (A), and a PD patient (B). Composite vectors of horizontal and vertical eye positions are shown. Saccade
amplitude (closed arrows, (A)) and intersaccadic interval (ISI, closed arrows, (A)) are the two metrics we used to characterize microsaccades including squarewaves.
Microsaccades are depicted by an open arrow in (B); in several instances the microsaccades are followed by return eye movement comprising squarewave (closed arrow,
(B)). ISI: Intersaccadic interval, deg: degrees, ms: millisecond. Adapted from Beylergil SB, Murray |, Noecker AM et al. Effects of subthalamic deep brain stimulation on
fixational eye movements in Parkinson’s disease.] Comput Neurosci. 49(3):345-356, Springer Nature, 2021, permission from SNCsc."?
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Figure 2 Summary of microsaccade analyses. (A) Median saccade amplitudes of the individuals in DBS-off and DBS-on conditions. Asterisks indicate 6 patients showing
a significant change due to DBS. (B) Normalized composite amplitude histograms of microsaccades of PD subjects who showed a significant decrease in saccade amplitude
due to DBS. Histograms in DBS-on (red) and DBS-off (blue with black edges) conditions are plotted with the normalized frequency histogram of amplitude in healthy
controls (HC; gray line). (C) Normalized composite amplitude histograms of microsaccades of PD subjects who showed a significant increase in saccade amplitude due to
DBS. Histograms in DBS-on (red) and DBS-off (blue with no edge color) conditions are plotted with the normalized frequency histogram of amplitude in HC (gray line). (D)
Normalized baseline (DBS-off) amplitudes of the two response groups that were shown in (B) (with black edge color) and (C) (no edge color). The asterisk indicates that
the two distributions are statistically different. (E) Median intersaccadic interval (ISI) durations of the individuals in DBS-off and DBS-on conditions. Asterisks indicate the six
patients who show a significant change in ISI due to DBS. (F) Normalized ISI histograms of PD subjects who showed a DBS-related decrease. Histograms in DBS-on (red)
and DBS-off (blue with black edges) conditions are plotted with the normalized frequency histogram of amplitude in HC (gray line). (G) Normalized intersaccadic interval
duration histograms of saccades of PD subjects who showed a DBS-related increase. Histograms in DBS-on (red) and DBS-off (blue with no edge color) conditions are
plotted with the normalized frequency histogram of amplitude in HC (gray line). (H) Normalized baseline (DBS-off) ISI of the two response groups that were shown in (F)
(with black edge color) and (G) (no edge color). The asterisk indicates that the two distributions are statistically different. Adapted from Beylergil SB, Murray J, Noecker AM
et al. Effects of subthalamic deep brain stimulation on fixational eye movements in Parkinson’s disease. ] Comput Neurosci. 49(3):345-356, Springer Nature, 2021, adapted
with permission from SNCsC."?

The intersaccadic intervals (ISIs) between adjacent fixational saccades are also affected by PD and modified by STN
DBS (Figure 2E). As a group, ISIs are shorter in PD than healthy controls, and DBS further modulates the intervals.
Again, there are two discrete groups of PD patients: in one group, subthalamic DBS decreases ISI (Figure 2F), while ISIs
are increased in the other group (Figure 2G). The PD patients where DBS increases ISIs have more frequent
microsaccades at baseline, and vice versa when DBS decreases the ISIs (Figure 2H). PD patients with DBS have
frequent oblique saccades compared to the same group of patients when their DBS is turned off; this is the same group of
PD patients where DBS increases the microsaccade amplitude. Such differences are, however, absent in the group where
DBS decreases the microsaccade amplitude. Fixational saccades, as their amplitude increases, become part of
a squarewave jerk. The number of squarewave jerks to fixational saccade ratio changes with DBS. Subthalamic DBS
increases the ratio in nearly 70% of PD patients, it is decreased in remaining 30%. The relationship between the fixational
saccade to squarewaves is described by a coupling mechanism.”>*>*® There is a robust coupling in healthy controls and
PD with DBS on, but not so in PD with DBS off.

Strabismus

Strabismus in PD presents with non-specific complaints, sometimes diplopia, blurred vision, or reading difficulty. For
example, in one study of 39 PD patients, about one-fourth of the cohort reported tired eyes or blurred vision while
reading, but only 7% reported diplopia (tired eyes or blurred vision 9/37, diplopia 3/37). Other studies reported diplopia
in up to 20% of PD patients, and all subjects in a study of 44 Parkinson’s disease patients with diplopia also had
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convergence insufficiency.>® The prevalence of strabismus in PD could be due to the critical role of dopamine in the
vergence pathway, with disruption of the such mechanism leading to vergence impairment and strabismus.

The convergence insufficiency in PD improves with levodopa or DBS in conjunction with levodopa.>*” In this study
of 27 PD patients, there was an improvement in convergence amplitude in the “on” medication phase compared to “off”
medication phase. Of note, although the “on” medication phase improved, the amplitude was worse compared to healthy
controls. Many PD patients had substantial exotropia at near, but there was no difference in the mean exodeviation or
ocular ductions with medication on/off periods.” The fluctuation in convergence ability through the day poses
a significant challenge in the ophthalmic management of PD patients, significantly affecting their quality of life. Such
fluctuation also underscores the importance of considering the medication timing while performing ophthalmological
examination in PD patients.

Eye deviation is a known side effect of subthalamic DBS.*® Transient diplopia is common in patients undergoing
DBS surgery, but the deficit usually resolves by changing the stimulation parameters.**** The mechanistic underpinning
of DBS-induced diplopia is related to electrical overflow into the structures next to the STN, such as the corticospinal and
corticobulbar tracts, as they pass through the internal capsule, lateral to the STN. It is not unlikely for typically placed
STN DBS to affect the supra bulbar fibers of the extraocular motor nerve or nuclei, as these fibers pass along the border
of the red nucleus and are affected by implants placed too far medially.’® A case of hypertropia resulting in vertical
diplopia was also reported as a side effect of DBS implantation in PD. However, it was due to the hemorrhage at the
implantation site, not the stimulation itself.*' In summary, strabismus and diplopia are established side effects of DBS.
They should be monitored closely in the postoperative course to ensure that such iatrogenic symptoms do not impact the
quality of life in PD.

Examining the qualities of strabismus and vergence insufficiency in PD offers an important insight into the disease
pathophysiology, providing possible biomarkers of the disease progression. Although strabismus and vergence insuffi-
ciency in isolation are neither necessary nor sufficient for the disease diagnosis, their correlation with the disease severity
may offer an important progression marker. For example, in a study of 39 PD patients, a correlation was found between
binocular abnormalities and disease severity.42 The response of convergence insufficiency to conventional PD treatment
supports its correlation with overall disease pathophysiology and symptomatology.

Vergence

PD significantly affects the perception of dimension and depth. Two types of synchronous eye movements in the opposite
direction (ie vergence) facilitate such a task. These two types of vergence eye movements, convergence (looking from far
to near) and divergence (looking from near to far) are paired with accommodation to assure proper focal length of the
intraocular lens so that the image projected on the retina is sharp (ie blur prevention). Therefore, there are two drives for
triggering vergence: disparity in the image depth, and a blur on the retina.***® Vergence and accommodation are cross-
coupled (Figure 3), and as a result, accommodation is triggered by the change in disparity alone or the change in blur
alone.”’” Several neural substrates participate in accommodation and vergence, some transmitting motor information,
generally downstream after the cross-coupling between accommodation and vergence has occurred (eg nodes “A” and
“V” in Figure 3). The downstream motor signal equally responds to blur or disparity-driven vergence. On the contrary,
the sensory or sensorimotor convergent signal (ie the blur or disparity controllers, Figure 3) is upstream and differently
influenced from blur versus disparity-driven signals. PD patients seem to have blur-driven vergence function similar to
age-matched healthy controls.”*® In contrast, disparity-driven vergence is significantly different in PD compared to
healthy controls.'*!

Figure 4A illustrates an example of eye position trajectory and standard deviation around the mean in PD patients and
healthy control making convergence eye movements while viewing binocularly, hence triggering disparity-driven
vergence. Unlike healthy controls, PD patients had substantial limitations in generating disparity-driven vergence. The
same task of making convergence eye movement is illustrated in Figure 4B, but done in monocular viewing, triggering
blur-driven vergence. It is noteworthy that blur-driven vergence is impaired in PD and healthy controls, suggesting its
impairment is not exclusive to the pathophysiology of PD.
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Figure 3 Schematic model of disparity and blur-driven vergence system. Each arm, one leading to vergence and the other leading to accommodation, is coupled to the other.
There are four nodes of controllers. Blur controller and disparity controllers are upstream before cross-coupling occurs, while nodes “A” and “V” are downstream after
cross-coupling has occurred. The upstream controllers are sensory while downstream nodes are motor. Known anatomical and physiological organization suggests that
cerebral cortex and nucleus reticularis tegmenti pontis act as blur controller; fastigial and interpositus nucleus are disparity controller, node A is the Edinger-Westphal
nucleus while node V is the supraoculomotor nucleus. Adapted with permission from Wolters Kluwer Health, Inc.: Gupta P, Beylergil S, Murray ] et al. Effects of Parkinson
Disease on Blur-Driven and Disparity-Driven Vergence Eye Movements. | Neuroophthalmol. 202 1;41(4):442—451. Available from: https://journals.lww.com/jneuro-ophthalmol
ogy/Fulltext/2021/12000/Effects_of_Parkinson_Disease_on_Blur_Driven_and.4.aspx. 10
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Figure 4 Comparison of disparity- and blur-driven vergence measured from PD patients and healthy controls. (A and B) The differences between right and left eyes
(vergence) eye positions are plotted on the y-axis, corresponding time is plotted on the x-axis. The black line depicts the mean position in PD patients, while the blue line
depicts the control subjects. The light shades (grey and light blue) depict the standard deviation of spread around the mean. (A) Depicts gaze shift in binocular viewing
condition depicting disparity-driven vergence. (B) Depicts gaze shift in monocular viewing condition depicting blur-driven vergence. The overlapping values depict the lack of
difference between healthy controls and PD patients in the case of blur-driven vergence. Readers are referred to Gupta et al 2021'® for detailed patient demographics.
Adapted with permission from Wolters Kluwer Health, Inc.: Gupta P, Beylergil S, Murray | et al. Effects of Parkinson Disease on Blur-Driven and Disparity-Driven Vergence
Eye Movements. | Neuroophthalmol. 2021;41(4):442—451. Available from: https://journals.lww.com/jneuro-ophthalmology/Fulltext/2021/12000/Effects_of Parkinson_Disease_

on_Blur_Driven_and.4.aspx. 10

The fundamental abnormality leading to impaired vergence in PD leads to four compensatory strategies, as depicted
in Figure 5. One strategy incorporates pure “slow” vergence gaze shift, called “pure slow” (Figure 5A). The second
strategy includes saccades, called “pure fast” (Figure 5B). The third and fourth strategies combine slow and fast, either
slow followed by fast or vice versa (Figure 5C and D). Unlike disparity-driven vergence, blur-driven vergence had only
two strategies: fast followed by slow (Figure 5E) or pure fast (Figure 5F).

Figure 6A, B, E and F summarizes the prevalence of four strategies for disparity-driven vergence in PD patients and
healthy controls. As expected, pure slow movements are most common in healthy controls, followed by a slow-fast and
pure fast. On the contrary, vergence movements were absent or preceded by fast saccades in most instances when PD
patients attempted disparity-driven vergence; slow-fast or pure-fast were also seen. Pure slow strategy, the majority in
healthy control, were much less frequent in PD (Figure 6A, B, E and F). Monocular viewing condition, depicting blur-
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Figure 5 Different gaze-shifting strategies to compensate for disparity- and blur-driven vergence deficits in PD patients. The vergence position is plotted on y-axis while
corresponding time is plotted on x-axis. Grey line depicts desired target position. Panels A-D depict strategies in binocular viewing: (A) pure slow, (B) pure fast, (C) slow
fast, (D) fast slow. Panels E and F depict strategies in monocular viewing: (E) fast slow, (F) pure fast. Readers are referred to Gupta et al 2021'° for detailed patient
demographics. Adapted with permission from Wolters Kluwer Health, Inc.: Gupta P, Beylergil S, Murray ] et al. Effects of Parkinson Disease on Blur-Driven and Disparity-
Driven Vergence Eye Movements. | Neuroophthalmol. 2021;41(4):442—451. Available from: https:/journals.lww.com/jneuro-ophthalmology/Fulltext/2021/12000/Effects_of _
Parkinson_Disease_on_BIur_Driven_and.4.aspx.I0

driven component, has prominent fast-slow movements followed by a pure fast. The distribution was comparable in
healthy controls and PD patients (Figure 6C, D, G and H).

PD not only affects the ability to make vergence eye movements, but it also impacts the latency with which vergence
is made. In addition to increased vergence latency, the velocity is also decreased.” " It is also shown that decreasing the
vergence velocity gain correlates with the propensity for generating compensatory fast, saccadic eye movements.'®!!
These findings are consistent with previous studies in non-human primates, which described separate brain areas
controlling divergence and convergence and noted the significant role that the midbrain supra oculomotor area plays
in controlling vergence movements.**® The mesencephalic reticular formation, involved in mediating vergence velocity,
is complemented by a separate group of convergence burst cells located in the dorsal mesencephalic region rostral to the
superior colliculus.’® Tt is possible that a more robust neural network is in place for mediating the convergence eye
movements, enabling them to compensate for motor insufficiency seen in PD.

Saccades
PD affects saccades made to novel visual targets (ie visually-guided saccades), but even more so, the saccades to the
remembered locations (ie memory-guided saccades). Impaired visually-guided saccades may affect patients’ ability to
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viewing during (E) convergence and (F) divergence, while (G and H) depict strategies in monocular viewing during (G) convergence and (H) divergence. Readers are
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Parkinson Disease on Blur-Driven and Disparity-Driven Vergence Eye Movements. | Neuroophthalmol. 202 1;41(4):442—451. https://journals.lww.com/jneuro-ophthalmology/
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read seamlessly and precisely scan their visual environment. PD patients also have a greater anti-saccadic (ie inhibition
of reflexive saccades) error rate compared to healthy individuals.*>* Impairment of visually-guided saccades and anti-
saccades is present early in PD, and both have been associated with cognitive dysfunction in PD.***** The study of
saccadic eye movements in PD offers a prototype to examine the physiology of complex motor and perceptual
phenomena. Such studies often elucidate etiologies of motor abnormalities in physiologically simpler circuits of visually
guided saccades. By delineating such pathophysiology, we can better understand complex motor and perceptual
phenomenologies of the movement disorders in PD.

The superior colliculus is the critical structure for visuomotor coordination; its malfunction leads to abnormal saccade
scaling, as seen in PD.”>® Visually guided saccades in PD are hypometric in the setting of increased inhibition of the
superior colliculus through the abnormal basal ganglia output via SNr; this pathway also affects pre-attentional visual
processing and saccade execution.”®**">® There is a reduced fMRI activation of the frontal eye fields in PD patients in
the preparatory phase of the visually-guided saccade.’®®° It was suggested that the underlying physiology might involve
the superior colliculus, which sends corollary information to the frontal ocular motor and occipital visual regions at the
onset of eye movement.®"*? It was also suggested that interruption or malprogramming of saccade size and curvature, as
seen in PD and progressive supranuclear palsy (though to a smaller extent), could be partially due to an abnormality
affecting the brainstem burst generators.

The example of a visually-guided saccade from a PD patient and a healthy control is illustrated in Figure 7. The
saccadic eye movement in the healthy control is uninterrupted, as evident from a single peak in the saccade velocity
(Figure 7A and B). The trajectory of the shown saccade from the healthy control is straight (Figure 7C). Unlike the
healthy control, the PD patient has an interruption in the ongoing saccade (Figure 7D). The interruption is prominent in
the vertical axis and is clearly shown in the plotted velocity trace (Figure 7E). The saccade is not only interrupted, but it
also has a curved trajectory (Figure 7F). The saccade depicted in Figure 7D-F is a vertical saccade. The interruptions are
also seen in horizontal saccade (Figure 7G and H), but their curvature irregularity is less pronounced (Figure 71).
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Figure 7 Examples of visually guided saccades from healthy subject (A-C) and PD patient (G-I). The black line depicts the right eye, and the grey trace depicts the left eye.
In the first row of subplots, the eye position is plotted on the y-axis while the x-axis depicts the corresponding time in seconds. (A) lllustrates a normal visually-guided
vertical saccade from a healthy subject. (D and G) Depict examples of visually-guided (D) vertical and (G) horizontal saccades from the same PD subject. Red arrows depict
interruption in ongoing saccades. The middle row of subplots depicts eye velocity; eye velocity is plotted on the y-axis while the x-axis illustrates the corresponding time. (B)
Depicts the eye velocity of a normal visually-guided saccade recorded from a healthy subject, while (E and H) depict vertical and horizontal eye velocity respectively from
a PD patient. Red arrows illustrate the interruptions in a saccade when the eye velocity was zero (H) or when the eye moved at slower velocity in the opposite direction
(E). The bottom row of the subplots depict trajectories of horizontal and vertical saccades; the green dot is start point, and the red dot is the stop point. (C) Depicts normal
saccade from the healthy subject, while panel F and | depict (F) vertical and () horizontal saccades in a PD patient. Arrows in (F) highlight curvature in the saccade
trajectory. Adapted from Prog Brain Res. 249, Shaikh AG, Ghasia FF. Saccades in Parkinson’s disease: Hypometric, slow, and maladaptive. 81-94, Copyright 2019, with
permission from Elsevier.®

Three types of abnormalities in visually-guided saccades in PD subjects—frequent interruption of the ongoing
saccade, irregular saccade trajectory resulting in longer time to complete the movement, and slowing of segmented
saccade velocity—can be explained by maladaptation in burst generation and colliculus network. Timely saccade
initiation requires transient cessation of the tonic GABAergic inhibition from the SNr neurons on the superior
colliculus.***"% Removal of such inhibition by injecting muscimol in the SNr causes saccadic intrusions and contral-
ateral spontaneous saccades.”®?? In contrast, the electrical stimulation of SNr causes decreased latency and hypometria of
visually-guided saccades.’” PD is expected to disinhibit SNr, prematurely interrupting the ongoing saccades by imposing
phasic inhibition to the superior colliculus. This theory, however, predicts equal impairment in horizontal and vertical
saccades and saccade velocity always reaching zero during the break (ie complete cessation of the eye movements during
saccades). However, data in PD patients are inconsistent with such prediction (Figure 7), hence an alternative explanation
is needed.®
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The abnormal saccades in PD may be due to pathology in the burst generators. The saccade signals from the cerebral
cortex follow two pathways: the nucleus reticularis tegmenti pontis (NRTP) of the pontine reticular formation, and the
superior colliculus.®” The projections of the NRTP go to the oculomotor vermis (OMV), located in lobules 5—7 of the
cerebellum.®” OMV projects to the caudal fastigial nucleus (the fastigial oculomotor region, FOR) via GABAergic
inhibition. The FOR projects to the omnidirectional pause neurons (OPN) in the nucleus raphe interpositus of the midline
pons, and inhibitory and excitatory burst neurons (IBNs and EBNs, respectively).®” The choke in external inhibition
triggers an abrupt peak in firing, known as the post-inhibitory rebound (PIR), necessary for high saccade velocity.*® 7
The abrupt cessation of the OPN activity and spike in the burst neuron firing is correlated with saccade velocity and
acceleration.®®%>7>73 The caveat of this theory is that the OPNs equally affect horizontal and vertical saccades via its
influence on NRTP; therefore, an OPN abnormality alone does not account for the asymmetric involvement of horizontal
and vertical saccades. However, burst neurons for horizontal and vertical saccades are located in different anatomical
regions; hence impaired excitation of vertical and horizontal saccades generators can result in differences in abnormal
matrices of horizontal and vertical saccades in PD.

If stimulated during the saccade, the superior colliculus fixation zone can cause directional changes in the ongoing
eye movements.’*’® The redirected saccade path depends upon the coordinates of the stimulated site in the collicular
fixation zone.”® Idiosyncrasy and irregularity in the saccade trajectory in PD may be explained by premature activation of
superior colliculus fixation zones.®® It is possible that PD first affects EBNs and IBNs for vertical saccades, and
a degenerative lesion of IBNs causes an asynchronous, irregular discharge pattern during an ongoing vertical
saccade.®® The such discharge pattern of IBNs during an ongoing vertical saccade is inferred as a command to stop
the eye movement, hence the abrupt interruption of the ongoing saccade. It is then forwarded into a feedback loop to the
superior colliculus, leading to superior colliculus fixation zone stimulation. Such unwanted activation of the superior
colliculus leads to redirected saccades in an arbitrary direction. Such predictions underlying the pathophysiology of
abnormal visually-guided saccades are supported by the histology literature in PD, which suggests the involvement of the
mesencephalic reticular formation in the area for vertical saccades.”””’ In other words, it was predicted that the
irregularities and slowing, prominently seen in the vertical saccades in PD, could be due to impaired function of
EBNs and IBNs leading to maladaptive feedback causing the premature activation of the superior colliculus.®®

Summary

Abnormal eye movements in PD include abnormal fixational saccades, strabismus, impaired convergence, and impaired
visually-guided saccades. Abnormal fixational saccades in PD are thought to be modulated by the basal ganglia, as
a result of increased inhibition of the superior colliculus by SNr. With subthalamic DBS, the characteristics of the
fixational eye movements are reset to a different baseline, corroborating the basal ganglia’s role in gaze fixation.
Strabismus in PD suggests a critical role of dopamine in the vergence pathway, further supported by the improvement
of convergence with levodopa and the DBS. Furthermore, these binocular abnormalities correlate with disease severity
and may possess a utility as a disease progression marker. PD patients demonstrate more impairment in disparity-driven
convergence compared to healthy individuals, with differing adaptive strategies for convergence (fast saccades in PD,
slow movements in healthy individuals).

Furthermore, PD patients demonstrate increased latency and the decreased velocity of vergence eye movements.
Vergence is largely controlled by the supraoculomotor area in the midbrain, involving the mesencephalic reticular
formation and burst cells. The pathophysiology of eye deviation due to DBS differs from that, causing strabismus and
vergence insufficiency in PD. Clinically, monitoring for eye deviation in postoperative period following DBS implanta-
tion is prudent. Visually-guided saccades are frequently interrupted, irregular in trajectory, and often slow in PD.
Visually-guided saccades are mediated through the superior colliculus; increased inhibition through SNr, decreased
activation of frontal eye fields, and abnormalities in brainstem burst generators contribute to saccadic abnormalities in
PD. Altogether, eye movement abnormalities in PD not only offer insight into the pathophysiology of the disease and the

networks involved, it also may prove to be a viable marker for disease monitoring in the future.
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