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ARTICLE INFO ABSTRACT
Keywords: Introduction: Vertical supranuclear gaze palsy is a key feature of Niemann-Pick type C (NP-C) and is commonly
Eye movement disorders quantified using video-oculography (VOG). VOG requires sitting still for long times and performing specific tasks,

Vertical supranuclear gaze palsy
Niemann-Pick type C

VOG

SONDA

thus it can be challenging or impossible for patients severely affected by movement disorders or cognitive
impairment. To overcome this limitation, we measure saccades of NP-C patients using a fast eye tracking test
based on continuous psychophysics and compare it to VOG.

Methods: Saccades of six NP-C patients and six age-matched controls were assessed using VOG and Standardized
Oculomotor and Neuro-ophthalmic Disorders Assessment (SONDA). In SONDA, participants continuously track a
semi-randomly moving dot on a computer screen while their gaze is being tracked. For both assessments, sac-
cades were quantified using four conventional measures: amplitude, gain, latency, and peak velocity. Further-
more, SONDA’s continuous measures were quantified with several novel spatio-temporal properties.

Resuits: In the NP-C patients, both methods revealed reduced amplitude, gain, peak velocity, and increased la-
tency of vertical saccades compared to horizontal saccades and compared to healthy controls. Effect sizes ob-
tained with SONDA were overall larger than those for VOG. SONDA's spatio-temporal properties showed similar
trends.

Conclusion: SONDA reveals a deterioration of vertical saccades in NP-C patients that is consistent with VOG.
SONDA'’s measures based on continuous psychophysics are consistent with traditional saccadic parameters and
can potentially provide complementary information. SONDA shows larger effect sizes than VOG, suggesting that
it provides robust and clinically relevant outcomes with a more intuitive task and shorter testing time.

1. Introduction but is likely under-diagnosed in adults [1,2].
The clinical presentation of NP-C is very heterogeneous, with an age
Niemann-Pick disease type C (NP-C) is an autosomal recessive lyso- of onset ranging from infancy until adult age. The adult-onset manifes-
somal lipid storage disorder, caused by mutations in the NPC-1 or NPC-2 tation includes gelastic cataplexy, movement disorders (mainly ataxia,
gene. The incidence of NP-C is estimated to be 1 in 100,000 live births myoclonus, and dystonia), cognitive impairment, or psychosis [1-4].

Abbreviations: VOG, Video-oculography; SONDA, Standardized Oculomotor and Neuro-ophthalmic Disorders Assessment; NP-C, Niemann-Pick type C; VSGP,
Vertical supranuclear gaze palsy.
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Fig. 1. Conventional saccadic parameters (amplitude, gain, latency, and peak velocity) in SONDA and VOG. A. Time-series of gaze data obtained with SONDA (upper
panel) and VOG (lower panel). The stimuli had comparable spatial ranges, leading to saccades with amplitudes prevalently between 0 deg and 20 deg. Both methods
showed a robust identification of visually evoked saccades. B. Comparisons of conventional saccadic parameters between NP-C patients and age-matched controls,
and between horizontal and vertical saccades, measured with SONDA and VOG. On each scatterplot, the blue X mark is the median, the error bars are the Mean
Absolute Deviations. The black horizontal lines indicate the pair-wise comparisons used for statistical testing. Each age-matched patient-control pair is indicated by
connected dots with matching symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Furthermore, vertical supranuclear gaze palsy (VSGP) is a key feature. It
is detected in 66 % of the patients with NP-C [4], although this might be
an underestimation as it is frequently overlooked [5].

VSGP is characterized by a paralysis of voluntary and reflexive ver-
tical saccades, especially downward, whereas smooth pursuit is initially
spared [6]. When patients attempt to make a vertical saccade, a so-called
“round-the-houses” phenomenon can be found in which the eyes do not
move directly up or down, but in a lateral arc instead. Histopathological
examination in NP-C patients shows neuronal loss in the rostral inter-
stitial nucleus of the medial longitudinal fasciculus (riMLF) with sparing
of the interstitial nucleus of Cajal and oculomotor neurons, leading to
VSGP [6]. When the disease progresses, the paramedian pontine retic-
ular formation (PRRF), involved in horizontal saccades, gets also
affected. Cerebellar atrophy is correlated to reduced gain, and impair-
ment of the frontal lobes influences the initiation of voluntary saccades
and suppression of unwanted reflexive saccades [7].

In patients with NP-C, quantifying eye movements, and in particular
saccadic abnormalities, is important to follow-up disease progression
and to evaluate the effect of treatment [8]. In clinical practice, video-
oculography (VOG) is used to measure eye movements, using a cam-
era that tracks the pupils during various tasks, including saccades,
smooth pursuit, optokinetic reflexes, and vestibulo-ocular reflexes. A
VOG can be challenging for patients who are severely affected by
movement disorders or cognitive impairment, which is often the case for
patients with Niemann-Pick type C. The video goggles can be weighty or
uncomfortable, it requires sitting still for 30-45 min, and patients have
to perform specific tasks [9]. This makes that a VOG cannot be per-
formed in patients who are severely affected by NP-C, as results may not
be reliable.

To overcome this limitation, we assess saccades of NP-C patients
using a continuous psychophysics-based approach and compare it to
VOG. Continuous psychophysics measures the perception of an observer
by modeling behavioral responses as time-varying signals (e.g., the gaze
position in the function of time), instead of repeating the presentation of
a stimulus with discrete trials, like in traditional psychophysics.

The continuous psychophysics approach is used in the Standardized
Oculomotor and Neuro-ophthalmic Disorders Assessment (SONDA), a
test developed by our group and partially based on the Eye-Movement
Cross-correlogram [10]. It provides a novel way to quantify eye move-
ments. A camera tracks the pupil of an individual who continuously
tracks a semi-randomly moving dot on a computer screen. The advan-
tage of this test is that it takes less than three minutes and does neither
require stable fixation nor manual motor responses. SONDA was used
before in patients with other neurological conditions and showed
characteristic patterns of spatio-temporal properties (STP) of oculomo-
tor behavior per disorder [11]. These properties can assume different
patterns depending on the neurological condition of the patients, and it
has been shown to measure aspects of saccades that can go undetected
by conventional measures, such as the main sequence (the relationship
between saccadic amplitude and peak velocity) [11].

In this pilot study, we compare the results of saccadic eye movement
measurements in patients with NP-C and age-matched controls acquired
with conventional VOG and SONDA to assess whether these results
correspond.

2. Methods

We assessed six patients with genetically confirmed NP-C and six
healthy, age-matched controls. Every participant gave their informed
consent. The study followed the tenets of the Declaration of Helsinki and
was approved by the Medical Ethical Committee of the University
Medical Center Groningen.

The SONDA data were acquired using an eye-tracker “Eyelink
Portable Duo” (SR-Research, Ontario, Canada) at a sampling rate of 120
Hz, while VOG data were acquired at a sampling rate of 100 Hz. The
SONDA task consisted of six trials of 20 s each, where the participant had
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to follow with their gaze a small dot (~0.5 deg) moving in a smooth
random-walk path with interleaved displacements in a random direction
every 2 s. This relatively slow pace ensures that each saccade can be
completed before another stimulus displacement is initiated. Calibration
took approximately 90 s.

The VOG task consisted of a standard battery of tests, including
saccades, smooth pursuit, and optokinetic reflexes, and was performed
as part of the regular clinical follow-up of the patients. For this study, we
did only use the measurements of the saccadic movements in which the
stimulus was displaced alternatively in horizontal, vertical, and diagonal
directions, also with intervals of 2 s between each displacement. The
VOG took approximately 10 min for settling the patient and calibration,
and 5 min for testing the saccades.

To make the two methods directly comparable, the raw gaze re-
cordings of both methods were analyzed using an identical algorithm to
selectively detect the saccades evoked by the stimulus. For both
methods, the algorithm classifies the first event where the ocular ve-
locity exceeds 30 deg/s occurring within one second from the stimulus
displacement onset as the start of a visually evoked saccade. Then, a
saccadic event is considered over when the ocular velocity returns below
30 deg/s. In both methods, for each visually evoked saccade, we
measured its amplitude, peak velocity, gain (computed as the ratio be-
tween its amplitude and the amplitude of the stimulus displacement),
and latency in regard to the stimulus.

In addition, for SONDA, the spatio-temporal properties (STP) of eye
movements were computed as described earlier by Grillini et al. 2020
[11]. The STP in this study are 4 parameters that describe different as-
pects of continuous visual tracking performance: lag (between stimulus
and ocular velocity), uncertainty (computed as the standard deviation of
the gaussian fit to the cross-correlation between stimulus and ocular
velocity), error spread (computed as the standard deviation of the dis-
tribution of tracking errors) and dissimilarity (computed as 1 minus the
cosine similarity between stimulus and eye positions). We compared
each STP between horizontal and vertical saccades, and between NP-C
patients and age-matched controls.

To account for small sample sizes (unavoidable due to the extremely
low prevalence of NP-C), the possible presence of outliers, and non-
normal data distributions, all statistical comparisons are performed
with Wilcoxon Signed Rank (a non-parametric test for paired data), with
Bonferroni correction for multiple comparisons. Given the small sam-
ples, the p-values alone cannot be reliably used to established statistical
significance, which in this case is determined also using the W value of
the Wilcoxon Signed Rank test (see Table 2 Supplementary Informa-
tion). Effect size is computed with equation:

effectsize = Z,u /N

Comparisons with p-values smaller than 0.05, W values equal to O,
and effect size larger than 0.8. are considered to be statistically signifi-
cant and clinically relevant.

3. Results

The NP-C patients (two males, four females, age 24-64 years) all
showed VSGP and movement disorders during neurological examina-
tion. Five of them had cognitive impairment. Patient characteristics can
be found in Table 1 in the Supplementary Information.

Fig. 1-A shows examples of gaze recordings obtained with SONDA
(upper panel) and VOG (lower panel). Both methods have a sampling
rate sufficiently high to allow for automatic classification of visually
evoked saccades, which onsets and offsets are indicated in the plots by
respectively circles and crosses. Fig. 1-B shows conventional saccadic
parameters: amplitude, gain, latency, and peak velocity compared with
horizontal (in black) and vertical (in red) axes, and with NP-C patients
(NPC) and healthy controls (HC). Both VOG and SONDA show statisti-
cally significant differences between vertical saccades of NP-C patients
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Fig. 2. Spatio-temporal properties analysis. A. Comparisons of spatio-temporal properties (STP) between NP-C patients (circles) and age-matched controls (tri-
angles), and between horizontal and vertical saccades, measured with SONDA. The STP are normalized as z-scores computed using the age-matched parameters as
normative values. The blue X marks are the group medians of NP-C and age-matched controls, respectively; error bars represent MAD. The black horizontal lines
indicate the pair-wise comparisons used for statistical testing. Each age-matched patient-control pair is indicated by connected dots with matching symbols. B.
Normalized correlograms obtained from the cross-correlation between stimulus velocity and ocular velocity. Each plot represents an NP-C patient coupled with their
age-matched control. The code on top of each plot indicates sex and age. C. Probability density distributions of tracking errors, computed as the difference between
stimulus position and gaze position. Each plot represents an NP-C patient coupled with their age-matched control. The code on top of each plot indicates sex and age.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and controls, for all parameters in exam.

Analogously, in Fig. 2-A, the STP of SONDA show a statistically
significant deterioration of tracking performance of NP-C patients
compared to their age-matched controls, only when tracking along the
vertical axis. Using SONDA spatio-temporal analysis, the differences can
be better examined at an individual level as well. Fig. 2-B shows the
cross-correlograms between stimulus and ocular velocity that are used
to compute the STP lag and uncertainty. The code above each plot in-
dicates sex and age. In all but one case, the vertical component of the
cross-correlogram of the NP-C patient is flatter, indicating higher un-
certainty in tracking, and is delayed compared to their control coun-
terpart. Participant F34 is the exception, where the cross-correlogram is
flatter, but not delayed. Fig. 2-C shows the distribution of tracking errors
that are used to compute the STP error spread and dissimilarity. Again, in
most cases, the vertical component shows wider distributions (indi-
cating lower spatial precision, e.g., F29), offset distributions (indicating
lower spatial accuracy, e.g., F64), or both (e.g., F34).

4. Discussion

In this study, we compare different ways to measure saccades in
patients with NP-C. Conventionally, VOG is used to quantify VSGP,
however, this can be difficult for NP-C patients with movement disorders
or cognitive disturbances. In this paper, we show that measuring sac-
cades with SONDA gives analogous results to VOG about the impairment
of vertical saccades.

VSGP was demonstrated in both VOG and SONDA, showing vertical
saccades that are smaller, slower, and less precise than their horizontal
counterparts and their age-matched controls. These differences are
captured by all parameters in exam (saccadic parameters: amplitude,
gain, latency, peak velocity and spatio-temporal properties: lag, uncer-
tainty, error spread, dissimilarity) in both VOG and SONDA. The dif-
ferences showed are substantial for both methods tested.

Furthermore, the SONDA method allows for the measurement of eye
movement spatio-temporal properties (STP). Previous studies showed
that, when combined with each other, the STP can discriminate between
different neurological conditions [11]. Here, we showed that the STP
can be used to also detect a selective deterioration of vertical tracking
performance that is congruent with measurements done using conven-
tional saccadic parameters. Unlike the conventional saccadic parameters
which highlighted differences across most comparisons, the STP showed
to be more selective in detecting VSGP (i.e. a specific deterioration of
vertical eye movement of NP-C patients compared to an age-matched
healthy control). This can potentially indicate a promising clinical
relevance. However, the VOG records not only saccades and smooth
pursuit but also other modalities of eye movements that are affected in
NP-C patients, such as optokinetic reflexes and vestibulo-ocular reflexes,
which is not the case for SONDA at present.

A potential benefit of using the STP based on continuous psycho-
physics instead of (or together with) conventional saccadic parameters,
is that STP capture different aspects of the visual processing that elicit
saccades. The conventional saccadic parameters are the result of
repeated discrete measures of individual saccades, while the STP are
computed as an aggregated measure of continuous tracking over time.
Therefore, the STP can account for physiological and perceptual ab-
normalities that progress on completely different time scales than that of
individual saccades [12], while not requiring a large number of repeti-
tive trials to obtain robust results.

As new treatments for NP-C are expected, there is a need for an easy
and robust method to follow-up disease progression and the effect of
treatment. At the moment, VOG is used for this purpose, but this is not
suitable for severely affected patients. We show that SONDA is a patient-
friendly method to quantify eye movements in these patients and that it
can provide several robust saccadic parameters, complementary to the
conventional ones, in a short time.

This small pilot, although with limitations, shows promising
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preliminary results regarding the application of the SONDA method in
clinical practice. However, further research is needed to evaluate
whether SONDA and VOG can be used interchangeably or in comple-
ment to each other: follow-up studies could include more extensive
saccadic characterization (e.g. with separate analysis for saccades of
different amplitudes or by fitting the main sequence) and, if possible,
given the low prevalence of NP-C, increase the sample size.
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