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In this chapter we will describe how Parkinson’s
disease (PD) affects patients’ eye movements, both
bedside and laboratory, preceded by brief review of
the anatomo-physiological substrate of eye move-
ments. We will provide a practical summary of
how to use the eye movement examination to aid
the differential diagnosis of the parkinsonian syn-
dromes, in particular idiopathic PD from multiple
system atrophy (MSA), progressive supranuclear
palsy (PSP), and corticobasal syndrome (CBS).
A sub-section will describe how deep brain stimu-
lation (DBS) also influences eye movements in PD.
Despite a plethora of eye movement laboratory
studies in PD it is still relatively unknown what
the eye movements of these patients are like in real
life. Given that the eyes move in order to see better,
does the akinesia of PD impose visual deprivation
or delays during ecological whole-body move-
ments? Finally, because the visual, vestibular, and
oculomotor systems are tightly coupled, we will
review this interaction which has bearing on the
decades-long question of the contribution of cen-
tral vestibular dysfunction to abnormalities of pos-
tural balance in PD. A practical implication of
visuo-vestibular interactions in PD is that an
observation of mini-ocular tremor in PD, with
huge potential implications as a disease marker,
has now been shown to be an artefact. Most
authors agree that minute head oscillations, pri-
mary or transmitted from other body tremor, in
these patients induce a compensatory eye move-
ment response via the vestibulo-ocular reflex
(VOR), which, on eye movement recordings but
not clinically, looks like an ocular tremor.

Underlying Neural Mechanisms
Involved in Eye Movements

Eye movements fall into two general classes. The
first acts to stabilize the fovea in the face of motion
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of the head or objects of interest in the external
world (the vestibulo-ocular reflex (VOR), fixation,
smooth pursuit (SP), and optokinetic nystagmus
(OKN)). The second, saccades, quickly bring the
fovea with its superior acuity to bear upon salient
objects. The first are largely automatic or reflexive
responses whilst the second, saccades, are an
inherent component of the continuously active
cycle of perception, action, and cognition. In PD,
the most apparent clinical and laboratory impair-
ments are with saccades. Their tight link with
attentional processes indicates that they are likely
to reflect not only motor function but especially
cognitive impairment in PD.

Saccades

Saccades are generated to support a variety of
behavioral tasks. These range from the simple
(reflexively glancing at the location of a suddenly
occurring visual or auditory event) to complex and
volitionally planned (looking at the remembered
location of an object for a specific purpose, such as
a clock on the wall in order to tell the time). Some
tasks are laboratory specific, such as anti-saccades
(looking in the opposite direction to a suddenly
appearing target) and devised to layer cognitive
requirements on top of the final oculomotor
execution. Anti-saccade production requires sup-
pression of the competing reflexive saccade to the
visual target while concurrently planning a saccade
in the opposite direction to a calculated, non-
visual target location. Although all saccades share
a final common pathway, differing task demands
can result in differential recruitment of higher-
level control areas (see Figure 11.1).

Cerebral Control of Saccades

The functional areas controlling saccades are
depicted and described in Figures 11.1 and 12.2.
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These cortical regions, all with reciprocal connec-
tions, project caudally primarily to the superior
colliculus (SC). In addition, frontal areas project
to SC via an indirect basal ganglia pathway and
also directly to pontine nuclei, especially the
nucleus reticularis tegmenti pontis (NRTP), which
in turn projects to dorsal vermis and fastigial
nucleus in the cerebellum. There are minor direct
projections from the frontal eye fields (FEF) to the
paramedian pontine reticular formation (PPRF)
[1]. The basal ganglia (BG) oculomotor pathway
is concerned most with eye movements related to
reward and initiation of remembered, predictive,
and self-paced voluntary saccades (Figure 11.2).
The net result of these various connections for the
SNpr, the main output of the BG for eye move-
ments, is that the indirect pathway is excitatory and
the direct pathway inhibitory [2, 3]. In this manner
the BG pathway regulates voluntary saccades by
maintaining, enhancing, or releasing the SNpr
tonic inhibition of the SC. Thus, the production
of saccades is a consequence of the various cortical
and subcortical excitatory and inhibitory influences
upon the brainstem generating structures.

Smooth Pursuit

Smooth pursuit (SP) eye movements, in concert
with fixation, stabilize the fovea in relation to
movement of objects in the surrounding environ-
ment. During head movement the smooth pursuit

Figure 11.1 Selected cortical
areas involved in oculomotor
control. These include the
dorsolateral prefrontal cortex
(DLPFC), frontal, supplementary,

Visual- and parietal eye fields (FEF, SEF,
spatial PEF), posterior parietal cortex
orientation

(PPC), and the middle temporal
visual area (MT). An additional

Trigger region not shown is the
visually cingulate eye field (CEF) in the

guided anterior cingulate [14].
saccades

Smooth

pursuit

system combines with the vestibulo-ocular reflex
(VOR), fixation, and optokinetic system to main-
tain clear and stable vision. Visual information for
smooth pursuit initiation and maintenance is pro-
cessed by the extrastriate cortical regions MT (V5,
in the middle temporal visual area) and MST
(medial superior temporal visual area) and thence
PPC, FEF, and SEF. Projections caudally from
these regions descend ipsilaterally to pontine
nuclei, then to the cerebellum (dorsal vermis,
paraflocculus, and flocculus). These cerebellar
regions then project via fastigial nucleus, vestibu-
lar nuclei and Y-group to the oculomotor nuclei
[1, 4]. The long and widespread nature of these
pathways explains that smooth pursuit abnormal-
ities are a sensitive albeit non-specific marker of
CNS dysfunction.

Clinical Oculomotor Examination
Findings in Parkinson’s Disease

Decreased saccade amplitude can be detected even
in clinical examination of PD patients by observing
saccades made in response to verbal commands to
look repeatedly between two of the examiner’s
fingers in the horizontal and vertical directions
(Figure 11.3). The amplitude of saccades is visibly
reduced when the patient is then asked to execute
the same movements repetitively at their own voli-
tion (e.g. self-paced saccades), especially for
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upwards saccades, with a series of several saccades
needed to reach the target. In patients with PD,
reduced saccade amplitude is detectable early in the
disease course, presumably reflecting neurodegen-
eration (Figure 11.4). The bedside anti-saccade
(BAS) task has been employed in the assessment
of executive dysfunction in persons with mild cog-
nitive impairment (MCI) and dementia due to
a variety of disorders including some with PD but
there has been no study of the BAS task specifically
in PD [5]. Other deficits on clinical examination
are increased number of square wave jerks (SWJs)
and impairment in smooth pursuit, VOR suppres-
sion, and OKN (optokinetic nystagmus) but these
are mild and difficult to distinguish from age-
related changes.

Convergence insufficiency is present in some
40% of PD patients and may present as diplopia in
a proportion (16%) during near vision (e.g. read-
ing) [6]. It has commonly been thought that there

Visuospatial and
Triggering (reflexive)
Parietal Cortex
PPC, PEF

Brainstem
PPRF
riMLF

Reflexive or automatic
saccades

parietal cortex (PPC/PEF)

Figure 11.2 Schema for the cerebral
control of saccades. (A, top) The posterior
parietal cortex (PPC) or parietal eye field
(PEF) is particularly involved in target
selection (where and what to look at) and
triggering reflexive (automatic) saccades.
The frontal cortex (FEF, DLPFC, SEF) is
particularly concerned with willed
saccadic behavior (if, when, and how to
look) and performance of voluntary
saccades. The basal ganglia pathway is
particularly concerned with volitional and
not reflexive saccades. There is tonic
inhibition of the SC by SNpr. There is also
phasic release, or increase of inhibition,
depending on the balance of activity in
the direct and indirect pathways. (B,
bottom) Saccade production is the result
of interplay between cortical and
subcortical excitatory and inhibitory
influences. Red arrows denote inhibitory
connections; green arrows denote
excitatory connections. DLPFC:
dorsolateral prefrontal cortex; FEF: frontal
eye fields; GPe: globus pallidus externa;
IML: intramedullary lamina; PPRF:
parapontine reticular formation; riMLF:
rostral interstitial nucleus of the medial
longitudinal fasciculus; SC: superior
colliculus; SEF: supplementary eye fields;
SNpr: substantia nigra pars reticulate; STN:
subthalamic nucleus.

Adapted and modified from [94].

is mild restriction of conjugate upgaze in PD but
confirmatory studies with age-matched controls
have been lacking. Many PD patients exhibit
reduced blink rate and some a degree of lid retrac-
tion and lid lag though these latter features are
more commonly seen in PSP [7]. Other ocular
problems encountered in PD include dry eyes
(exacerbated by antiparkinsonian drugs with
anticholinergic activity), amantadine-induced
corneal oedema and keratitis, decreased contrast
sensitivity and reduced color discrimination,
visuospatial impairments, and misperceptual dis-
orders (illusions and hallucinations; see
Chapter 8) [8].

Laboratory Eye Movement Findings
in Parkinson’s Disease

Starting with the landmark observations by
DeLong and Melville Jones [9], laboratory studies
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Figure 11.3 Different ways of examining saccades. (A) Without
(A) On command (B) Seit-paced any specific visual target the patient is instructed to look right,
left, up, or down, sometimes repetitively e.g. right-left-right-left-
right etc. (B) Self-paced saccades whereby the patient is
instructed to look as many times as possible between two static
visual targets (fingers, in the figure) without further verbal
encouragement. (C) Conventionally, saccades are elicited with
/I the aid of a suddenly appearing visual target with or without
Y simultaneous verbal reinforcement (“right”, “left” as the fingers
/ flick as in the picture). Saccades elicited this way are usually
within normal limits for age in patients with PD. In (A) and (B), PD
patients may start off with normometric saccades but within
a couple of cycles begin to exhibit considerable hypometria and
sometimes “freezing” of saccades, namely the eyes remain
jammed on a target for a few seconds before being able to shift
them again.

(With kind permission of Bronstein et al. [95].)

(C) Visually elicited
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Figure 11.4 Laboratory recordings of horizontal self-paced saccades in a control (A) and PD patient (B) as they are asked to refixate
back and forth between the two targets set 20 degrees apart, 10 degrees either side of center. Controls sometimes overshoot with
a corrective saccade back to the target. PD patients frequently undershoot, requiring one or more corrective saccades in the same
direction to acquire the target (i.e. hypometria).
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have dealt predominantly with saccades and less
so smooth pursuit. Voluntary saccades (endogen-
ously generated) have exhibited greater abnorm-
alities than reflexive (exogenously induced)
saccades. In reflexive tasks the sudden onset of
a stimulus automatically determines the saccade
target, but in voluntary saccade tasks some cogni-
tive operation is required to select the saccade
target [10]. In most voluntary saccade tasks parti-
cipants must shift attention to a visual stimulus
without making a saccade to that stimulus, and
either initiate a saccade in the opposite direction
(antisaccades), or wait for a further cue (delayed
or memory-guided saccades). People with PD
consistently make more unintended saccades to
the visual stimulus (hyper-reflexivity), and they
make the correct voluntary saccades at longer
latencies and with smaller amplitudes (hypome-
tria) than controls [11]. Oculomotor hypometria
is present early in the disease, while more cogni-
tively driven impairments (prolonged latencies
and reduced inability to inhibit saccades in anti-
saccade and delayed-response tasks) become evi-
dent as non-dopaminergic  cortical-level
degeneration occurs [12, 13]. Saccadic latency
and velocities in cognitively normal PD patients,
especially for reflexive saccades, have generally
been normal [14] or minimally abnormal [15]
with minor hypometria the commonest feature
of reflexive saccades [3, 12, 16].

Mild impairment of smooth pursuit (SP) is
a consistent finding [17]. Interestingly there does
not seem to be an underlying abnormality in the
SP pathway itself. Rather, there is a saccadic
abnormality whereby anticipatory saccades take
the eyes ahead of the moving target perhaps
again reflecting deficits in inhibition as already
discussed [18].

Saccades and Cognitive Impairment in
Parkinson’s Disease

There have been no published systematic studies
of confrontational eye movement examination in
those with cognitive impairment and dementia in
PD though supranuclear vertical gaze palsy may
be observed in a minority of dementia with Lewy
bodies (DLB) patients [19]. PD patients with mild
cognitive impairment (PD-MCI) exhibit mild
prolongation of reflexive visually guided saccade
latency compared to those with normal cognition,
but no difference in amplitude [12]. Those with

PD and dementia (PDD) exhibit prolonged
latency and reduced amplitude of reflexive and
voluntary saccades, impaired predictive behavior,
and reduced saccadic inhibition, compared to
those with normal cognition and controls [11,
12]. Thus, saccadic latency correlates with cogni-
tive status in PD, suggesting that eye movement
recordings could provide useful objective markers
for cognitive decline.

Ocular Dyskinesia and Other Levodopa

Effects on Eye Movements

Up to 16% of advanced PD patients with levo-
dopa-induced dyskinesias (LID) of limbs and
trunk may also exhibit simultaneous ocular dys-
kinesia - stereotyped upward and/or horizontal
conjugate gaze movements [20]. We have
observed similar dyskinesia but in a smaller per-
centage of patients with LID, with the dominant
deviation being upwards, and not appreciated by
the patients themselves.

The effects of levodopa on eye movements in PD
are not well established. Improvement in conver-
gence insufficiency [21] and pursuit performance
[22] has been reported but it is the influence of
levodopa on saccades in PD that has been the most
explored. No consistent effect has emerged and this
accords with the authors’ experience that dopami-
nergic therapy has little effect on saccadic perfor-
mance, suggesting that non-dopaminergic pathways
are more influential in PD saccadic dysfunction.

Eye Movements in the Atypical
Parkinsonian Disorders

The careful clinical eye movement examination is
most helpful in distinguishing PD (mild and non-
specific deficits) from the atypical parkinsonian
disorders, which have both shared and character-
istic oculomotor abnormalities.

Eye Movements in Multiple System
Atrophy

Patients with MSA-C (cerebellar type) usually pre-
sent with symptoms that suggest a late-onset cere-
bellar syndrome associated with typical cerebellar
eye signs such as gaze-evoked, downbeat and
rebound nystagmus, and impaired smooth pursuit
[23]. Eye movements in early MSA-P (parkinsonian
type) may initially be similar to those in PD, but
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a combination of increased square wave jerks, mild
or moderate saccade hypometria and impaired
VOR suppression and smooth pursuit indicate
that the patient is unlikely to have PD [24].
Saccade velocities are normal in patients with
MSA and only a minority have a vertical supra-
nuclear gaze palsy which if present is mild [24].
Positional downbeat nystagmus or perverted head-
shaking nystagmus (vertical nystagmus on horizon-
tal head oscillation) is present in about one-third of
patients with MSA-P [24, 25]. Slow saccades or
significant supranuclear gaze palsy indicate an alter-
native diagnosis, particularly PSP (Figure 11.5).

Eye Movements in Progressive
Supranuclear Palsy

The earliest and most diagnostically important eye
movement abnormality in patients with PSP-RS
(Richardson syndrome) is slowing of vertical sac-
cades; slowing of horizontal saccades appears later
[26]. Though slowing of downward saccades was
considered a hallmark of PSP-RS [27], upward
saccade velocity is as slow as, or sometimes even
slower, than downward saccades, and upgaze palsy
occurs more frequently than downgaze palsy [26]
perhaps in part related to the upgaze limitation

Figure 11.5 Schematic of
typical saccade abnormalities in
PD and the atypical parkinsonian
disorders. It is common for
healthy individuals to slightly
undershoot the target and use
a small secondary saccade to
achieve the target. PD patients
commonly show mild
hypometria (undershooting)
requiring two or more corrective
saccades to reach the target. In
MSA and CBS the degree of
saccadic hypometria is often
greater than in PD with delayed
launching of saccades (saccadic
apraxia) an additional feature of
CBS. In PSP the hallmark is early
saccadic slowing with
considerable hypometria
developing over time. CBS:
corticobasal syndrome; MSA:
multiple system atrophy; PD:
Parkinson'’s disease; PSP:
progressive supranuclear palsy.
Figure by Bronstein & Anderson
(2021), distributed at https://doi.
0rg/10.6084/m9.fig
share.14390951 under an open
CC-BY 4.0 license.

control/normal

PD

MSA
CBS

PSP

PSP

commonly present in the elderly. Vertical and
horizontal saccades become very hypometric
which, when added to the low velocity of each
saccadic segment, can make the eyes take more
than one to two seconds to travel from one end of
the orbit to the opposite. Smooth pursuit is at least
moderately impaired [28]. Small-amplitude hori-
zontal SWTs on fixation are more prominent than
in other parkinsonian disorders [29]. In addition,
reduced blink rate, eye-opening and eye-closing
apraxia — observed as slowness of eye opening
and closing - are frequently present, and blephar-
ospasm in some. Eye movements in patients with
PSP-P (PSP-parkinsonism and PSP-PAGF (PSP-
pure akinesia with gait freezing) are less well stu-
died. Supranuclear gaze palsy is usually absent
during early PSP-P but develops late in the disease
course in 70% of patients [30]. By definition,
supranuclear gaze palsy is not evident in the first
five years after disease onset in patients with PSP-
PAGEF, but can appear as a late feature [31].

Eye Movements in Corticobasal
Syndrome

The oculomotor characteristic of clinically diag-
nosed CBS is saccadic apraxia [32], evidenced
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clinically as delay in the initiation of saccades to
command or towards a target, especially towards
the side of the apraxic limbs, and in the laboratory
as a marked increase in saccade latency [33]. This
difficulty in launching saccades is often accompa-
nied and signaled by the patient using an auxiliary
head movement in the same direction. In contrast
to PSP, saccade velocities in patients with CBS are
normal [34]. Smooth pursuit may be moderately
impaired, but not as much as in patients with PSP.
Antisaccade errors in CBS are similar in extent to
those encountered in PSP [33, 34].

In summary, in the differential diagnosis of
parkinsonism, slowed vertical saccades can sug-
gest a diagnosis of PSP (and help rule out PD,
MSA, or CBS), cerebellar eye signs (especially
gaze-evoked, headshaking, or positional down-
beat nystagmus) suggest MSA, and saccadic
apraxia suggests CBS (Figure 11.4).

Effects of Deep Brain Stimulation
on Eye Movements and Vestibular

Function

There is a paucity of understanding how DBS
affects oculomotor and balance deficits that are
common in PD and lead to problems in naviga-
tion, walking, and to falls. DBS can improve, wor-
sen, or have no effect on these functions. The
focus of this section is to understand typical clin-
ical oculomotor or balance deficits that are seen in
PD with DBS, and how to manage them.

Effects of Deep Brain Stimulation on Eye
Movements

Subthalamic nucleus (STN) DBS can cause ocular
dysconjugacy with adduction and depression of the
eye ipsilateral to the side of STN DBS [35]. Such
ocular misalignment, if mild, leads to blurred
vision but if moderate or severe, to diplopia. The
basis of this deficit is the strategic location of the
oculomotor nerve fascicles emerging from the ocu-
lomotor nucleus. The oculomotor nerve passes
medially, ventrally, and posteriorly to the STN. If
the active DBS electrode within the STN is in
proximity to the oculomotor nerve fibers, the elec-
trical charge may activate the ipsilateral nerve
fibers causing monocular medial and downward
deviation and on some occasions, tonic counter-
clockwise torsion and lid retraction of the

ipsilateral eye [35]. These oculomotor signs can
be used to guide localization of the DBS electrode.
Another oculomotor side effect is conjugate gaze
deviation away from the side of STN DBS due to
activation of the fronto-pontine fibers within the
internal capsule by a lead that is too lateral.
Treatment of any of such stimulation-dependent
DBS side effects usually requires moving the loca-
tion of the active electrode to an alternate contact.
Alternative strategies include minimizing the elec-
tric spread to the oculomotor fibers that can be
accomplished by constricting the volume of tissue
activation by reducing the voltage or pulse-width,
switching to bipolar montage, or current steering
with contemporary directional electrode leads.

Subthalamic nucleus DBS does not necessarily
lead to negative visual consequences. Some who
have existing visuomotor deficits may even
experience benefits. There is sparse literature
examining effects of STN DBS on visuomotor
function [36]. It is however likely that STN DBS
mediates any visuomotor benefits by modulating
abnormal basal ganglia outflow that would other-
wise adversely affect the superior colliculus, pre-
cerebellar pontine nuclei, or the cerebellum [2].
More studies are required to examine the
mechanistic underpinning of beneficial and
adverse effects of DBS on visuomotor deficits in
PD. Combined PPD and STN stimulation seems
to add further benefit on antisaccadic task perfor-
mance, suggesting a DBS ascending effect on fron-
tal lobe processing [37].

Effects of Deep Brain Stimulation on

Vestibular Function and Balance

The effects of STN DBS on balance function are
unpredictable, improving it in some patients but
worsening it in others [38, 39]. These conflicting
observations suggest that STN DBS affects multi-
ple neuronal pathways. One important nearby
pathway that can be modulated by the electrical
field generated by STN DBS is the cerebello-
thalamic pathway, a major output from the
deep cerebellar nuclei [40]. This probably
explains stimulation-dependent increase in ver-
tigo and other complex self-motion illusions
[41]. STN DBS can also modulate vestibular
activity via activation of the precerebellar nuclei
and thereby the subthalamo-ponto-cerebellar
projections [40]. Although these different
mechanisms can describe diverse effects of STN
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DBS on vestibular function, such hypotheses
need further experimental support.

In summary, there are various effects of DBS
on oculomotor and vestibular function, depend-
ing in part on the location of the stimulation.
Diplopia and blurred vision that is commonly
seen in DBS patients is usually due to direct acti-
vation of the oculomotor nerve fascicles, with
tonic conjugate deviation of the eyes secondary
to activation of cortico-bulbar fibers. Vestibular
effects of the STN DBS may be caused by activa-
tion of cerebello-thalamic fibers projecting to the
cerebral cortex responsible for motion perception.
The approach to addressing these DBS-induced
vestibular or visual side effects is to constrict the
volume of tissue activation by delivering less elec-
trical charge or orientating the current away from
the relevant anatomical target.

Eye Movements in the Real World

Evolving technology has made it feasible to record
gaze in naturalistic settings. A systematic review
of studies of real-world eye movements in PD
concluded that eye movement strategies were
used to compensate for the more severe somato-
motor symptoms despite presence of typical ocu-
lomotor impairments [42]. These studies show
that oculomotor performance in real-world tasks
is closely linked to visual and cognitive impair-
ments. Of note, PD can add massive delays upon
visual target acquisition - up to half a second for
large gaze re-orientations [43].

Impaired or even frozen gait in PD can be
facilitated by strong visual cues [44]. Although
striking, the mechanism remains unclear. For
example, do stripes on the floor act directly as
a visual target to drive the feet toward them, or
indirectly, by shifting attention downwards
towards the lower limbs themselves? When exter-
nal visual cues (e.g. floor stripes) are provided,
with or without the view of the lower limbs
being occluded, gaze tracking indicates that both
those with PD and controls fixate the cues one or
more steps ahead of the current foot position.
Such external cues are sufficient to improve par-
kinsonian gait, with direct visualization of the
limbs unnecessary [45]. Freezing-of-gait (FOG)
can be induced by changing gait direction. Body
turns ideally consist of an orderly sequence of
rotations, commencing with saccades and fol-
lowed in order by the head, trunk, and feet. In

PD however, en bloc turning is common, and with
parkinsonian saccades being hypometric, more
saccades are needed, leading in part to a longer
duration of the entire turn [46].

Cognitive decline in PD is common so it is
relevant to consider how much impairment might
constrain neuropsychological test performance,
independent of cognitive decline. Gaze recordings
of images from neuropsychological tests (e.g. the
Rey complex figure and interlocking pentagons),
show that saccadic hypometria leads to
a restricted range of areas being fixated [47].
Meanwhile, gaze strategies in neuropsychological
tasks are relatively normal in PD with normal
cognition but become progressively worse in PD-
MCI and then PDD [48]. Surprisingly, there has
been little investigation of eye movements during
reading in PD, although reading speed correlates
with gait performance [49, 50].

Eye tracking during completion of the
Symbol-Digits Modalities Test (SDMT), which
requires decoding of symbols on a page by refer-
ring to a “key” at the top of the page, was able to
identify the time point when people had learned
the symbol-digit associations sufficiently to write
responses without continually needing to look up
the key [51]. Poorer performance in PD partici-
pants with mild cognitive impairment was not due
to impaired oculomotor control, validating the
SDMT as a cognitively specific assessment tool
in PD.

Visuo-Vestibular Interaction
in Parkinson’s Disease

Parkinson’s disease patients suffer from promi-
nent postural problems and it is therefore reason-
able to ask whether vestibular dysfunction may be
partly responsible for these. Here, however, we
will not review gait and postural control in PD
as a whole because this topic is vast, reviewed
often, and lies outside the remit of this visuo-
vestibular-oculomotor chapter [52-54].

Vestibulo-Ocular Reflex and Otolith

Function

Despite decades of study, whether the VOR is
affected in PD still remains somewhat controver-
sial. In 1982 Reichert et al. reported reduced or
absent nystagmus in 36 PD patients to a bi-
thermal caloric stimulation, a finding that was
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associated with postural instability, suggesting
perhaps a link between impaired vestibular func-
tion and postural control in PD [55]. Abnormal
caloric-induced nystagmus was later reported in
over 80% of PD patients but the response was
heightened not reduced in over half and was not
related to clinical PD motor symptoms [56].
A recent study with well-selected PD patients
did not report abnormalities in the caloric vestib-
ular test [57]. By contrast, in two small studies in
patients with Pisa syndrome (lateral trunk flex-
ion), one found unilateral vestibular hypofunc-
tion in each case and the other, greater
subjective visual vertical errors than those without
Pisa syndrome, consistent with otolith dysfunc-
tion [58, 59]. Notably however, the subjective
visual vertical is preserved in non-selected PD
patients [57, 60].

The VOR assessed with rotating chairs in the
dark is challenging in PD. Reduced rotational
function in the dark with paradoxical enhance-
ment during fixation-mediated VOR suppression
in early reports was likely due to drowsiness [61].
The advent of easily available computerized mea-
sures of the VOR has led to further work, with
modestly elevated VOR gains in PD than controls
using the video head impulse test (vHIT; i.e. 1.20
versus 0.99, respectively) [62]. Whilst this result
may be consistent with the increased caloric nys-
tagmus reported by Cipparrone et al., subtle dif-
ferences in VOR gains observed may be due to the
technical challenge of utilizing the vHIT in
patients with neck rigidity/stiffness. Besides, the
increased VHIT gain in PD patients runs counter
to the initial papers reporting reduced vestibular
caloric responses. Furthermore, the normal inter-
play between VOR activation and suppression
required during ecological head-eye coordination
tasks is essentially preserved in PD, again indicat-
ing preserved vestibular function [43, 63, 64].

There has been interest in exploring neuro-
physiological brainstem function in PD, not least
following reports that noisy galvanic vestibular
stimulation (nGVS) or caloric vestibular stimula-
tion can reduce severity of some PD symptoms
(see Cronin et al. for a comprehensive review
[65]). The vestibular-startle, elicited by free-fall,
is preserved in PD but abnormal in atypical par-
kinsonism [66] as the latter is known to have
brainstem  reticular formation pathology.
Reduced or absent vestibular-evoked myogenic
potential (VEMP) responses in PD patients

correlate with contralateral rigidity, bradykinesia
score, ipsilateral dyskinesia score, as well as sleep,
mood, and memory impairment [67]. The
cVEMP (a loud click-evoked vestibulo-collic
reflex thought to be otolith mediated) in PD has
been reported as frequently abnormal (although
not unanimously [68]), despite group latency
values being preserved [57, 67, 69-73].

Otolith dysfunction in PD could theoretically
arise from degeneration in the vestibular nuclei of
PD patients, disrupting connections between ves-
tibular nuclei and the dorsal raphe nuclei, and
reducing the effect of dopamine on the excitability
of vestibular nuclei. Nevertheless, in routine clin-
ical practice, peripheral vestibular function is
usually normal in PD patients.

It is important that in PD patients with com-
plaints of vertigo or recent falls, not only should
orthostatic blood pressure be measured but also
a Dix-Hallpike maneuver undertaken to exclude
benign positional paroxysmal vertigo (BPPV), the
commonest cause of episodic vertigo regardless of
any co-existing neurological disorder.

Multi-Sensory Integration and the
Vestibular System

Early experiments in the motor, ocular-motor,
and postural systems indicated that PD patients
were visually “dependent” [63, 74, 75].
Specifically, postural responses elicited by a large
moving visual display were larger and less suscep-
tible to adaptation in PD patients than controls
[74]. Such findings can be interpreted either as an
upregulated visuo-motor postural loop or
a downregulated vestibulo-proprioceptive loop.
The latter is in agreement with Purdon Martin’s
classical experiments on postural responses in
post-encephalitic Parkinsonian patients where,
based on similar postural responses to a tilting
support surface in Parkinsonian patients and sub-
jects with bilaterally absent vestibular function, he
concluded that the main cause of instability in
Parkinsonism was central vestibular dysfunction
[76]. However, any investigation of postural
responses in Parkinsonism could be confounded
by the severe global motor difficulties these
patients experience. For this reason researchers
switched to perceptual rather than motor assess-
ments of vestibular function.

Nakamura et al. investigated the perception of
head rotation (vestibular, cervical, or combined)

123



CTOOLSWMS/CUP-NEW/3145210WORKINGFOLDER/GALVEZ HYBsi3igstogsoctiap 124 [115-129)7.7.2021 431PM

124

’ Adolfo M. Bronstein, Tim Anderson, Diego Kaski, Michael MacAskill, and Aasef Shaikh ‘

in PD with a remembered saccade paradigm [77,
78]. The confound introduced by the motor sys-
tem (in this case the oculomotor system) was
confirmed by the finding that, despite remem-
bered saccades being hypometric, the actual per-
ception of head rotation was preserved in PD
patients, indicating preserved vestibular function.
In further perceptual experiments measuring the
relative strength of visual-vestibular inputs, again
bypassing any motor influence, PD patients were
normal [60].

Galvanic (DC electrical) vestibular stimula-
tion in PD patients elicits normal or even
increased postural responses [79], a finding
incompatible with vestibular dysfunction being
the cause of the postural disturbance in PD.
Similarly, the long latency component of the
stretch reflex to limb displacement is also
enhanced in PD [80]. Taken together these
results indicate that any sensory channel -
visual, vestibular, or proprioceptive - when
individually (experimentally) stimulated
induces normal or large postural responses in
PD patients. Therefore, PD does not disrupt
simple, mono-sensory, reflex responses.
Rather, the underlying problem responsible for
instability and ultimately falls is hypokinetic
(small) and slow (bradykinetic) postural
responses, which are not scaled to the magni-
tude of the perturbation [81, 82]. It seems that
any sensory processing contribution to the pos-
tural problem in PD is negligible compared to
the central disruption of integrative motor
programs.

Perceiving the direction of self-motion -
heading - is a type of multi-sensory integration
that depends on visual and vestibular informa-
tion. Precision of heading perception is typically
assessed in a heading discrimination task where
subjects are presented with a whole-body linear
translation (leftward/rightward), of varying
intensity, and are asked to indicate the per-
ceived direction of motion to derive
a threshold. Such paradigms have been used in
PD patients using linear translations on
a motion platform. One study found increased
vestibular thresholds in PD [83], but another
that used the same method reported no impair-
ment [84]. Patients with normal performance
were less severely affected so it has been pro-
posed that heading discrimination may only be
impaired in later stages of the disease. PD

patients also appear to be less accurate in jud-
ging forward tilt but only in a multi-cue condi-
tion such as combining tilt movements with
translations [85].

Sensory paradigms in the fMRI scanner may
help understand central sensory-motor integra-
tion without motor interference by PD. One
study has used fMRI in PD patients to study
cortical activation in areas involved in visual
motion processing [86]. PD patients exhibited
significantly reduced activity in the medial tem-
poral area and cingulate sulcus visual areas in
response to simulated optic flow. Activation of
the cingulate sulcus visual area was inversely cor-
related with disease severity, suggesting that
impaired visuospatial performance in PD may be
a result of impaired neural processing within
visual motion and visuo-vestibular regions [87].

Is the So-Called Pervasive Ocular
Tremor in Parkinson’s Disease the
Result of a Normal Visuo-Vestibular

Interaction?

In 2012 Glitchel and colleagues reported “perva-
sive ocular tremor” that was universally present in
a cohort of 112 PD patients, and mostly absent in
healthy controls [88]. The presence, or not, of
“ocular tremor” in PD has been the object of
recent controversy [88]. The eye oscillations
described had an average fundamental frequency
of 5.7 Hz (i.e. within the range of the limb tremor
in PD: 4-7 Hz), a mean horizontal amplitude of
0.27 degrees, and mean vertical amplitude of 0.33
degrees. The tremor persisted for the duration of
the recording, although the waveform character-
istics were variable. The authors did not use head
restraint but recorded head movements using
a magnetic tracker in a subset of patients and
controls; no head oscillation was detected in any
subject implying that the observable ocular tre-
mor was independent of head motion.
Nevertheless, given the lack of other reports of
ocular fixation instability across decades of eye
movement recordings in patients with parkinson-
ism, the possible origin of the pervasive ocular
tremor generated significant discussion and
controversy.

A subsequent study reported ocular oscilla-
tions during oculography in two consecutive PD
patients attending a balance clinic. These were
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accompanied by a recordable head tremor that
had the same fundamental frequency and high
coherence with both the eye oscillations and
arecordable limb tremor [89]. The eye oscillations
were in the opposite direction (anti-phase) to the
head oscillation and dampened by physically
restraining the head. This suggests that the ocular
tremor is a compensatory eye movement second-
ary perhaps to a head tremor transmitted from the
limbs. Indeed, despite extensive oculographic
recordings in PD, ocular tremor had not pre-
viously been described [90]. Further, during fun-
doscopy of many hundreds of PD patients over
decades we (personal observations) and others
have not observed such tremor of the globes [90].

It transpires that the existence of “ocular tre-
mor” depends on the technique and equipment
used to record the eye movements in a person
with PD (see Kaski and Bronstein for a review
[91]). In our experience, when recording eye
movements with video-oculography - the almost
universal technique nowadays - in PD patients it
is very common to see the eye image oscillating

A. Initial position:

-

D. Pupil position signal:

B. Head translation relative to camera:

E. Corneal reflex (CR) position signal:

considerably within the field of view of the cam-
era, due to tremor of the limbs being transmitted
mechanically to the head. The recorded gaze sig-
nal, however, can be completely steady. This
reflects that, despite the head motion, with an
intact VOR, the patient’s eyes remain steady in
space, which is what an eye tracker using corneal
reflection stabilization measures. In the original
report of the phenomenon, corneal reflection sta-
bilization was not applied [88]. We subsequently
analyzed 681 recordings from 188 patients and 66
controls and indeed observed a tremulous pupil
signal in many, though not all, patients at around
4 Hz frequency, matching the characteristics
reported by Gitchel et al. Crucially, a near-
identical signal existed in the corneal reflection
signal. The Fast Fourier Transform power of both
oscillations was strongly correlated with clinical
UPDRS tremor ratings. When the two signals
were subtracted, the oscillation disappeared
(Figure 11.6) [92]. This indicates that so-called
ocular tremor is indeed a consequence of head
motion, secondary to somatomotor tremor.

C. Followed by ocular rotation:

F. Stabilized gaze signal (pupil - CR):

WMW

|'s |'s

|'s

Figure 11.6 Here we illustrate the principles of pupil center-corneal reflex video-oculography and how it can remove artefacts due
to somatomotor tremor in PD. (A) A PD patient with tremor. The pupil is centered in the camera field of view. The red arrow is the
vector showing the relative position of the corneal reflex and the pupil center. (B) The head has moved substantially relative to the
camera while the eye maintains a constant gaze direction in space. The relative positions of the pupil and corneal reflex within
the image are unchanged. (C) The eye after a saccade, making a pure rotation within a stationary head. The pupil center and the
corneal reflection have moved differentially within the image. (D) The horizontal pupil center position of a person with PD and
substantial somatomotor tremor, showing a substantial oscillation due to head movement. The patient is tracking a target stepping
20 degrees rightwards and then leftwards. (E) The corneal reflection signal shares the same oscillation. (F) Simply subtracting the
corneal reflex signal from the pupil position reveals a stabilized gaze signal, showing that the patient was actually maintaining steady
fixations upon fixed targets, interrupted only by saccades and micro saccades. That is, the substantial oscillations are solely due to

head motion, with no residual ocular tremor.
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What are the clinical implications of these

observations? It seems that ocular tremor in PD
does not exist. Rather, the observations are indi-
cative of a head tremor, either transmitted to the
neck muscles from the trunk or limbs, or even
from the neck muscles themselves [93] in the
presence of an intact VOR and manifest as an
ocular tremor if the head is not fixed.
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