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Evaluating the state of the oculomotor system of a patient is one of the fundamental tests
done in neuro-ophthalmology. However, up to date, very few quantitative standardized
tests of eye movements’ quality exist, limiting this assessment to confrontational
tests reliant on subjective interpretation. Furthermore, quantitative tests relying on eye
movement properties, such as pursuit gain and saccade dynamics are often insufficient
to capture the complexity of the underlying disorders and are often (too) long and
tiring. In this study, we present SONDA (Standardized Oculomotor and Neurological
Disorder Assessment): this test is based on analyzing eye tracking recorded during a
short and intuitive continuous tracking task. We tested patients affected by Multiple
Sclerosis (MS) and Parkinson’s Disease (PD) and find that: (1) the saccadic dynamics of
the main sequence alone are not sufficient to separate patients from healthy controls;
(2) the combination of spatio-temporal and statistical properties of saccades and
saccadic dynamics enables an identification of oculomotor abnormalities in both MS
and PD patients. We conclude that SONDA constitutes a powerful screening tool that
allows an in-depth evaluation of (deviant) oculomotor behavior in a few minutes of
non-invasive testing.

Keywords: eye movement, assessment, Parkinson’s disease, multiple sclerosis, standardized, clinical, screening

INTRODUCTION

Eye movements are a fundamental component of vision. Their evaluation is an important aspect of
assessments in neurology and ophthalmology. Two neurological conditions in which oculomotor
assessment has great clinical relevance are Multiple Sclerosis (MS) and Parkinson’s Disease (PD). In
MS, the oculomotor assessment is relevant for diagnosis, for monitoring progress and for prognosis
(1-3), while in Parkinson’s Disease (PD), eye-movements can help in differentiating the “pure” form
of PD from other forms of parkinsonism (4-6).
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FIGURE 6 | Same as Figure 5.

regarding the STP, the saccadic frequency and saccadic dynamics, Panel A shows part of the STP previously presented in
or that had an additional diagnosis (e.g., INO in addition  Figure3. We present the features for the horizontal and
to MS). vertical components of the saccadic pursuit condition, which we
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FIGURE 7 | An in-depth overview of the oculomotor performance of three MS patients, three PD patients, and two age-matched controls. (A) Normalized spatio-temporal properties (STP). We consider an STP
feature abnormal if its deviates 2 or more standard deviations from the normative value (indicated in green). (B) Normalized saccadic frequency distributions. (C) Normalized saccadic dynamics (amplitude and peak
velocity), as a function of saccade direction. The results are stratified per quartile, separately for amplitude and peak velocity. Each quartile has its own normative boundaries.
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FIGURE 8 | Same as Figure 7.
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already showed to be the condition with the most significant
differences. Our results show that the STP and the saccadic
dynamics are not always in agreement and thus convey
different types of information that may be relevant for a
clinical interpretation. Patient MS#1 had been previously
diagnosed with internuclear ophthalmoplegia (INO) and
has severely impaired STP (Figure 7A), a dysmetric saccadic
behavior with reduced adduction frequency (Figure7B),
and an abnormal range of saccadic amplitudes and peak
velocities of which both are hypermetric (Figure7C).
Patient MS#2 has normal STP (Figure7A), an anisotropic
saccadic frequency distribution skewed rightward and upward
binocularly (Figure 7B). The saccades made by both eyes
are in the normal velocity range, but their amplitude is
mildly hypermetric, especially along a near vertical and in
a horizontal rightward direction (Figure7C). Patient MS#3
has moderately impaired STP (Figure 7A), a normal saccade
frequency distribution (Figure 7B), and hypermetric amplitude
of the vertical saccades, with a normal peak velocity for both
eyes (Figure 7C).

Patient PD#1 has impaired STP, with a strong oculomotor
lag in both horizontal and vertical components (Figure 8A),
while both their saccadic frequency distribution (Figure 8B)
and saccadic dynamics (Figure 8C) are within the normative
range. Patient PD#2 shows severely impaired STP (Figure 8A),
an unusual “diagonally skewed” saccadic frequency distribution
for both eyes (with the upward component slanted toward the
nasal side; Figure 8B) and the saccadic peak velocity within the
normative range and nearly perfect normal saccadic amplitude
(Figure 8C). Finally, patient PD#3 has normal STP (Figure 8A)
and shows saccadic frequency distributions that deviate from
normal (Figure 8B) and show slightly hypermetric vertical
amplitude of the diagonal saccades. The peak velocities for both
eyes were normal (Figure 8C).

DISCUSSION

The main contribution of the present study is the introduction
of a novel method to perform a time-efficient (<5min), non-
invasive, neuro-ophthalmic screening that is based on an in-
depth characterization of oculomotor behavior in response to a
simple visual tracking task.

First, our results indicate that the most commonly used
conventional measures, such as saccadic amplitude and peak
velocity by themselves, are often insufficient to fully characterize
the oculomotor behavior of PD and MS patients. Moreover, we
show that the computation of the spatio-temporal properties
(STP) of eye-movements recorded during a continuous tracking
task can help detect abnormalities in the oculomotor behavior.
Therefore, we conclude that a combination of improved
conventional (saccadic frequency distribution and dynamics)
and our entirely new spatio-temporal analyses are an effective
screening tool to comprehensively assess the oculomotor
behavior of a patient. The clinical relevance of this will be
discussed below for each class of patients.

SONDA Identifies Oculomotor

Abnormalities in Multiple Sclerosis

The parameters of the main-sequences—saccadic amplitude
and saccadic peak velocity—of MS patients showed an almost
identical distribution to those of the controls (see Figure 2).
This is consistent with the literature, which indicates that most
CNS lesions of this disease have not been associated with
unique identifiable clinical symptoms in eye-movements (2).
Thus far, the majority of the studies on oculomotor abnormalities
in MS patients focused on the detection of internuclear
ophthalmoplegia (INO). This disorder may be present (often
subclinically) in ~30% of MS patients and is usually identified
by measuring the versional dysconjugacy index (VDI), which
is the ratio between abducting and adducting eye saccadic
dynamics (21, 31, 32). However, despite that relying on the main-
sequence parameters alone is insufficient, standardized screening
tests capable of detecting other manifestations of oculomotor
abnormalities in MS do not exist.

With our novel “SONDA” approach introduced in this study,
in MS we found preserved smooth pursuit responses and
two abnormal features in the saccadic pursuit condition (see
Figure 3). This is consistent with the notion that the most
common saccadic issue in MS is saccadic dysmetria (17), present
especially in patients with demyelination affecting the cerebellar
peduncles (33). However, given the relatively small sample (NMS
= 12) the significant difference seems to be driven mostly by
a few severely impaired patients, rather than a general decrease
in performance.

An interesting result emerged from the clustering analysis
shown in Figure4. In this case, we performed a multivariate
analysis based on the whole feature-space of STPs obtained
with SONDA, rather than selecting a few parameters a priori.
We found that MS patients, although not well separable from
controls, nevertheless tended to cluster [clusters (3) and (4)]
based solely on their STPs. This suggests the presence of
subtle oculomotor abnormalities that require more detailed
quantification of the eye movements.

To further explore this hypothesis we also quantified per eye
the saccadic frequency and the saccadic dynamics distributions
in the function of direction (Figures 5-8).

These extended analyses revealed the presence of
abnormalities even in patients falling within the normative
STP ranges, or in the saccadic dynamic when taking into account
their directionality. While at a group level, few significant
deviations are detected (see Figures 5B-D), at the single subject
level taking into account the direction of the saccades can
aid in identifying the underlying oculomotor disorder. For
instance, patient MS#2 has a normal STP (Figure 7A), only
slightly abnormal saccadic dynamics (Figure 7C), but a very
peculiar saccadic frequency distribution (Figure7B). This
latter analysis revealed an abnormal prevalence of horizontal
rightward saccades for both eyes. This is analogous to what
has been observed in pathological nystagmus: a slow-drift of
eccentric gaze in one direction followed by a resetting saccade
in the other, which is caused by a failure of the common
neural integrator of eye movements in the brainstem (2).
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While the other two MS patients (MS#1 and MS#3) have an
abnormal STP (Figure 7A). A further inspection of their saccadic
frequency distributions does differentiate between them: MS#3
has a normal saccadic frequency distribution (Figure 7B) and
only slightly hypermetric vertical saccades (Figure7C). The
oculomotor abnormalities of patient MS#3 might have gone
unnoticed if the assessment had been limited to the saccadic
dynamics. On the other hand, besides an abnormal STP, patient
MS#1 also displays overall hypermetric saccades, as well as the
suppression of adducting saccades (Figure 7B) that is typical
of INO.

SONDA Identifies Oculomotor

Abnormalities in Parkinson’s Disease

In PD, slower saccades should be expected in advanced cases
(25, 34, 35). Yet, at the group level, the prediction intervals
for the saccadic main-sequence of the PD patients overlap
with those of the control group (see Figure2). In contrast
a significant difference is found in all examined STP, except
for the spread of the positional error (Figure 3). Noticeably,
we found marked differences along the vertical axis of the
smooth pursuit condition for almost the entire group, although
mild cases of PD are expected to be similar to age-matched
control observers (25, 36). This can be due to the fact
that while unpredictable pursuit should be poor in PD, the
predictive component of pursuit is generally preserved (37).
However, our stimulus trajectory is completely unpredictable
(by design it does not contain any autocorrelation; see
Supplementary Material). This explains why our approach was
sensitive to PD related abnormalities.

Regarding saccades, one of the characteristic oculomotor
disorders in PD is the impairment of self-generated saccades
with the relative sparing of visually-driven saccades, which only
deteriorate as the disease progresses (10). In our tracking task
we tested only visually-driven saccades but still found significant
differences in the STP of most patients. This is important, because
at the single-subject level (Figure 8C) the saccadic dynamics of
the PD in some patients were remarkably normal. It suggests that
SONDA is a sensitive paradigm.

For the PD patients, the clustering analysis based on SONDA’s
STP resulted in the separation of most PD individuals from
the controls (Figure 4). This is quite remarkable considering
that, for pure Parkinson’s Disease (which all patients in our
group were) the eye movements usually only show minor
disturbances that are common in healthy elderly subjects
as well (10). Note that this contrasts with other forms of
parkinsonism. Furthermore, one of the main oculomotor
abnormalities in PD is the difficulty in generating internally
driven saccades. Most errors are made when PD patients
are required to switch between instructions [e.g., switching
between pro- and antisaccades (38-40)]. Such switching
is not demanded by our paradigm. Nonetheless, abnormal
oculomotor behavior could be clearly identified in all
PD patients.

An in-depth inspection of the oculomotor behavior that
takes into account the direction of saccades, revealed that at a

group level some significant deviations in amplitude and peak
velocity can be detected (Figures 6C,D). Further more the single-
subject analysis (Figure 8) showed that, analogously to MS, an
analysis of the saccadic frequency distribution can reveal subtle
abnormalities that other measures (STP and saccadic dynamics)
cannot (see Figure 8, PD#3 for an example). Nevertheless, in the
majority of the PD patients, the STP by itself was sufficient to
identify eye movement abnormality (as already revealed by the
clustering analysis).

SONDA Is Clinically Relevant

The SONDA paradigm allows for a comprehensive examination
of eye-movements that provides detailed information on the
dynamics and statistical properties of saccades, as well as
a novel set of spatio-temporal properties that quantify both
smooth and saccadic pursuit behavior. Given the large number
of parameters, our technique also opens up possibilities for
machine-learning-aided diagnosis of neuro-ophthalmic and
neurological impairment based on eye movements. We and
others have previously demonstrated the feasibility of such
an approach for identifying (simulated) ophthalmic disorders
(14, 41), and for neurological conditions [the latter based on
participants viewing natural scenes (42)]. Compared to other
high-throughput eye-tracking tests, SONDA has two main
advantages. First, excluding calibration (that is common for
all eye-tracking tests), the whole assessment takes only 4 min
[compared to ~20min for the approach of Tseng et al. (42)
and ~25 min for DEMoNS (11)]. Second, our task and stimulus
were designed to be as intuitive and simple as possible to avoid
confounding factors that may be caused by natural or more
complex stimuli, or complicated instructions resulting in a higher
cognitive load.

Future Applications
Objective, quantitative  eye-movement-based tests are
increasingly becoming an important aid in diagnosing
and monitoring neuro-ophthalmic conditions of which the
oculomotor manifestations cannot always be clinically detected
with confrontational assessments (43). For instance, in some
patients oscillopsia occurs in conjunction with eye movements
that are too small to be detected using an ophthalmoscope, yet
that are large enough to cause visual complaints (44). Another
example of the use of eye-movement-based metrics is the
assessment of surgical or pharmacological interventions for
nystagmus (45, 46). Such disorders are rather common in MS
when lesions involve the brainstem and the cerebellum (2) and
can occur in PD as well, sometimes causing oscillopsia (47).
Besides MS and PD, the new parameters provided by SONDA
can be relevant in the evaluation of other neurological and
psychiatric disorders, such as mild traumatic brain injury (48),
schizophrenia (49), or dementia with Lewy bodies (50). In
these disorders, the parameters of the saccadic main-sequence
of patients often overlap with those of controls. For this reason,
outcomes cannot be considered definitively diagnostic (17). A
multi-dimensional characterization of oculomotor properties,
such as provided by SONDA, could thus also be beneficial in
these conditions.

Frontiers in Neurology | www.frontiersin.org

13

September 2020 | Volume 11 | Article 971


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Grillini et al. Standardized Oculomotor and Neuro-Ophthalmic Disorders Assessment
Limitations ETHICS STATEMENT

Our present study still has some limitations that should be

addressed in future follow-up. First, the number of observers ~ The studies involving human participants were reviewed
tested in comparison to the number of features analyzed was ~ and approved by Medical Ethical Committee of the
only just enough to use t-SNE and k-mean clustering (N = 71 ~ University Medical Center Groningen and the Ethics

observers and 11 PCA components; see Figure 4). Combined
with the imbalance within groups (Neonrol = 50, Nms = 12,
Npp = 9) this may have prevented an optimal separation of
the MS patients from the controls. Another aspect that requires
further investigation is the sensitivity/specificity of the measures
that were expressed as a function of the visual field polar angle
(Figures 7B,C, 8B,C). The number of bins used to determine
the polar histograms was chosen arbitrarily and might affect the
false negative/positive rate depending on the data available in
each bin.

Conclusions

We presented SONDA, a novel paradigm to assess oculomotor
abnormalities that can be linked to neurological disorders. We
tested patients affected by Multiple Sclerosis and Parkinson’s
Disease and showed that: (1) the parameters of the saccadic
main-sequence alone are insufficient to separate patients from
healthy controls; (2) spatio-temporal and statistical properties
of the eye movements obtained with SONDA, when combined
with detailed analysis of saccadic dynamics allow for a correct
identification of the oculomotor abnormalities and a possible
identification of the underlying neurological disorder. Our
test constitutes an attractive approach for quantitative neuro-
ophthalmic screening, being non-invasive, intuitive and fast
to administer.
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