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Summary of objectives 

The reason to start the work described in this thesis was as follows. We hypothesized 
that measuring eye movements in MS patients with this standardized eye tracking 
protocol would be relevant for several purposes. The majority of MS patients suffer 
from visual symptoms during the course of the disease, which can be very disabling for 
patients in performing simply daily tasks. Nevertheless, the visual system is not 
generally included as an outcome measure in clinical care or research and especially 
measurement of efferent disorders remains frequently unrecognised in MS. On top of 
this, there is a general demand in MS for functional outcome measures that can 
accurately monitor and predict the disease, especially long-term functioning and 
disease progression.  

Eye movements are very promising to reflect much more levels of global network 
changes and accompanying disability in MS than visual function alone. This is because 
of the exceptional properties of eye movements itself, the extensive and integrated 
control of eye movements and convenience and accurateness of measurement. 

We aspired to create a new standardized eye tracking set-up and protocol that was 
applicable and relevant for measuring eye movements in both healthy subjects and 
patients in the Amsterdam UMC. Particular care was taken to make the protocol and 
algorithms open-source available via a free data repository and suitable for multi-
centre settings. To achieve the latter, projects were achieved at Moorfields Eye 
Hospital, City Road, London, UK and The Royal Melbourne Hospital, Melbourne, 
Australia during the development period. 

In this concluding chapter we will further elaborate on these objectives and critically 
discuss and summarize the results of both the methodological and clinical data. After 
concluding we will provide an outlook for future research in the field. 

 

Methodological considerations 

Measurement with infrared oculography 

In the field of eye tracking, there is a variety of devices, experimental designs and 
protocols that are used for measuring eye movements. No consensus has been 
reached as to how to make eye tracking useful in clinical practice. Furthermore, the 
literature lacks large datasets obtained with a protocol suitable for a multi-centre 
setting. Accurate quantification of eye movements, especially for subtle abnormalities, 
is essential. It eliminates inter-observer differences and can monitor changes over 
time. However, it been shown that not all recording techniques are able to pick 
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different aspects of the movement of the eye, for example the subtle asymmetry in 
saccadic velocity between the abducting and adducting eye of healthy controls.1-4 As 
already pointed out in the introduction of this thesis, the development of high-
frequency infrared oculography over the past decades provided a non-invasive and 
precise method for measuring eye movements. 

Various features of the infrared oculography measurement set-up, such as viewing 
distance and luminance can influence eye movement parameters.5, 6 Another issue to 
be taken into account is the difference in measurement devices between centers. As 
we have shown in chapter 1, even devices of the same manufacturer can result in 
differences in internal processing and filtering of data. Often no complete information 
on the internal processing algorithms of devices is provided, as this could include 
company-sensitive information. Furthermore, we showed that the sampling frequency 
of measurement results in differences in relevant parameters. Even when comparing 
sampling frequencies that are generally regarded as high (500 Hz and 1000Hz) peak 
velocity is slightly higher when measured at a higher sampling frequency. Apparently, 
the unique and high-accelerating features of saccades are even more precisely 
captured at a higher sample rate. These issues need to be taken into account when 
directly comparing data from different devices and post hoc equalization of sampling 
frequencies is advisable. As a result, we strongly recommend a matched healthy 
control group measured with the same device and the same set-up in every 
experiment, instead of comparing patients data with reference data from other 
centers/experiments.  
 
In 2013 an internal expert panel formulated a number of recommendations for a 
standardized research protocol for testing of pro-saccades and anti-saccades. Our 
protocol is in line with these recommendations, but focused on clinical practicality and 
included several different tasks in one session. The total assessment time, without 
instructions, is 25 minutes. We experienced that, with some encouragement, this was 
tolerated by most subjects, even more disabled MS patients. Some patients did report 
fatigue and/or tired eyes afterwards. Furthermore, a few subjects had difficulties with 
concentration during tasks and for a few others the more complex tasks (anti-
saccades and double-step saccades) were difficult to understand. This should be taken 
into account when measuring an even more (cognitively) disabled patient group or 
young children. The first part of the protocol, including the fixation task and the pro-
saccadic task, is suitable for almost every patient group, and only lasts about 6 
minutes. 
 
The skills for performing infrared oculography measurements are easy to acquire. 
There is a learning curve, especially with problem-solving in establishing a steady signal 
and in the calibration procedure. Sufficient training on procedures and instruction for 
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new analysts is therefore important. We have been able to successfully train a number 
of research fellows in using the protocol.  
A limitation of the infrared oculography technique is that the measurement is 
unreliable if patients cannot properly fixate the target during the calibration 
procedure. This can occur, for example, in patients with substantial ocular motor 
paresis or high-frequency nystagmus. In these cases, the magnetic search coil 
technique may still be preferred. In our study, only four such patients were excluded 
based on quality control criteria. 

Analysis of eye movement data 

Eye movement measurements with infrared oculography are increasingly used in 
different domains of research. We already pointed at the importance of taking into 
account the differences in devices and set-ups. In addition, the accuracy and validity of 
the eye movement outcomes rely on choices of algorithms for parsing the data and 
event detection. Some eye tracking devices provide automated analysis methods 
integrated in the eye-tracking software of the device. Many clinical studies use these 
algorithms, without explicitly mentioning the details of it or evaluating the 
performance in the study group. These integrated methods make it even more 
difficult to compare results between centers and often the algorithms are not 
completely transparently described by the manufacturer of the device. In contrast, 
specialized oculomotor labs mostly use custom made and complex algorithms. These 
are not always publicly accessible or convenient for external researchers or clinicians, 
which affects data transparency.  

We therefore choose to create an open-source offline analysis protocol in Matlab, 
described in chapter 1, which we think does not require in-depth knowledge of 
Matlab language or programming skills. The automated analysis steps include low-pass 
filtering of raw data, artefact removal, saccadic detection and selection of saccades 
and fixation period of interests (including quality control). The saccadic detection is 
based on the algorithm of Larsson and colleagues7, which was found most suitable for 
detecting of saccades in a recent review.8  
Complete instructions and all corresponding files are available online (protocols.io). 
Even though the analysis is automated, this method might be more suitable for a 
clinical setting if a (technical) assistant is available for analysis or a graphical user 
interface is created in the future.  

Physical variation and reproducibility of eye movements 

In chapter 1 we listed descriptive and reproducibility results of saccadic and fixational 
parameters in healthy controls. Many basic saccadic parameters showed high 
reproducibility (intraclass correlation coefficient (ICC) >0.9). Other parameters 
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showed moderate or even low reproducibility. At first sight, the ICC is a convenient 
parameter for comparing different parameters as reliability is expressed in the same 
scale. However, in essence the ICC is not suitable for direct comparison, because the 
homogeneity of the population for a specific parameter is an important factor in the 
calculation. For example, the between subject variability is low in the fixation task, 
because all measured healthy subjects were capable of holding a steady fixation. As 
the ICC expresses the within-subject variability in proportion to total variability, this 
will result in a lower ICC value. Therefore, we also calculated the coefficient of 
repeatability (also referred to the smallest real difference), which lends itself for more 
practical interpretation of parameters. If differences between subject or differences 
over time are higher than the coefficient of repeatability, it could be considered a ‘real 
difference’. 
 
Reproducibility in healthy controls decreased with more complex tasks, especially 
when expressing performance of a task (e.g. number of errors in anti-saccadic task). 
However, the between-subject variability was also high in these kinds of parameters. 
This is in line with the high variability in neurophysiological performance in healthy 
adults. It was still possible to differentiate between ‘good’ and ‘worse’ performance of 
healthy subjects. Furthermore, on a group level differences were found between MS 
patients and healthy controls (chapter 4.3). However, the value of a single parameter 
for testing patients on an individual level might be limited, because there is 
considerable overlap between healthy controls and MS patients. As with cognitive 
testing, a battery of different tests and parameters might provide a profile of patients 
that has clinical value. 

In literature, there are many studies that demonstrate reliable individual differences 
between healthy subjects of both saccades and smooth-pursuit eye movements.9-11 It 
has even been suggested that oculomotor measures are specific enough to be used 
for biometric identification.12-14 In 2017, a considerable contribution in this field was 
provided by Bargary and colleagues.15 They measured eye movements in 1000 healthy 
adults and established reliability indices by measuring 100 of these participant for the 
second time after a few weeks. A pro-saccadic, anti-saccadic and smooth pursuit task 
was used and a set of parameters was extracted from every task. They showed good 
test-retest reliability of these parameters and presented a pattern of correlations 
amongst them. It was demonstrated that several measures together could provide a 
robust signature for a particular individual. Amongst many others, sex and personality 
played a role in individual differences. This oculomotor signature is probably specific 
enough to detect changes in health of an individual.16-18 
 
These are interesting findings when extrapolated to (neurological) diseases. If there 
are already substantial individual differences in healthy subjects, it must be feasible to 
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distinguish patients with different pathologies. Furthermore, it might be possible to 
differentiate between MS patients with particular disease courses, which might be 
useful for predicting and monitoring of disease (see section ‘MS in a broader 
perspective’). The current knowledge on specific abnormalities in specific diseases5, 19-

21 has to be extended and more patients have to be measured using the same set-up. 
It is plausible that many features of (pathological) eye movements are not completely 
covered by straight-ahead parameters as used until now. The developments in deep 
learning algorithms might provide methods that extract complex patterns from large 
oculomotor datasets that can build an even more comprehensive oculomotor 
signature.  

 

Clinical considerations 

The complexity of visual symptoms 

It is known that MS patients value visual functioning as one of the most important 
dimension of body function.22 Up to 80% of MS patients experience visual 
disturbances at some time during the course of the disease and they frequently lead 
to visual disabilities in daily life.23-28 Often a combination of afferent and efferent visual 
deficits occurs, and it is not directly clear how they interact. Combined with the 
complexity of diagnosing eye movement deficits with clinical observations, this results 
in a lot of misunderstood visual symptoms in MS. Therefore, we investigated 
quantified eye movement abnormalities and their associations with visual symptoms 
and visual functioning in chapter 3 and 4. 
 
Some rare oculomotor abnormalities occur in MS which can cause visual symptoms, 
as described in the case report in chapter 3.1 on posterior internuclear 
ophthalmoplegia of Lutz or the one case of pendular nystagmus in chapter 4.2. 
Concerning the more common findings in chapter 3.2, 4.2 and 4.3, we found that the 
prevalence of internuclear ophthalmoplegia (INO) in the later disease course of MS is 
around 34%, larger square wave jerks are present in 23% of this group and the latency 
of saccades is delayed in MS patients. A consistent finding in these chapters was the 
relation of the eye movement abnormalities with patients’ visual complaints, such as 
double vision and difficulties with focusing, and the patients’ vision-related quality of 
life. These associations mostly appeared independent of visual acuity and history of 
optic neuritis, which suggests that efferent abnormalities play a role a visual 
dysfunction and are therefore important to evaluate in MS patients with visual 
symptoms. These findings lead the way to a comprehensive approach in which a set of 
clinical, visual and oculomotor variables (amongst which presence of INO, fixation 
abnormalities and saccadic delay) is used to predict the probability of low vision-
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related quality of life in MS patients. This might be helpful to unravel which 
abnormalities are most important in daily visual functioning.  
 
Visual impairment in MS occurs often on top of other physical and cognitive 
symptoms, which makes the impact of visual symptoms higher and simple daily tasks 
more difficult.29 Vision rehabilitation in MS therefore requires a comprehensive 
approach, including mapping motor and sensory disabilities, physical and psychosocial 
impact of the illness and cognitive problems.  
Many factors of the vision loss or visual symptoms itself need to be considered: are 
the symptoms permanent or temporary, do they affect binocularity, what is the 
impact on distance and near vision and on hand-eye coordination.30 Because of the 
diversity of symptoms and impact on daily living, an individual approach is needed. The 
first step should be a complete ophthalmological assessment mapping the deficits in 
the visual system of an individual, so interventions can be more specific. Assessment 
of eye movements in this work-up is inevitable. Besides quantifying more or less 
demarcated deficits, an impression of visual perception can be created. In addition to 
aiding with the diagnostic work-up, eye movement measurement can also aid in 
monitoring the effect of rehabilitation interventions.31-33 In the Netherlands, vision 
rehabilitation services are currently evaluating and implementing the use of eye 
tracking devices.  

Eye movements in a broader perspective 

An extensive network is involved in the control of eye movements. Very precise 
integration of signals is needed in this, therefore small disruptions are expected to 
result in relevant changes of eye movement parameters. We therefore think the 
applicability of eye movement measurement is broader than getting insight into visual 
functioning in MS. We will start by discussing the relevance of developing new 
outcome measures in MS. 
 
It is well acknowledged that prediction and monitoring of disease in individual patients 
remains an important challenge in MS. There is need for objective and robust 
quantitative biomarkers for disease progression, both for research and clinical 
purposes. A measure has to be validated for use in the MS population, has to be 
reliable over time and between different observers, and needs to reflect the functions 
we are interested in. There is increasingly interest in clinically meaningful measures, 
reflecting day-to-day functioning of patients. It is important that new measures are 
evaluated critically, but in the MS field there has been a comfort in using 
measurements that have been around for a longer time. The Expanded Disability 
Status Scale (EDSS) is the most popular and widely used instrument for assessing 
clinical disability and disease progression.34, 35 Besides limitations in psychometric 
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properties, as non-linearity and low reliability and low sensitivity to change, this 
measure is strongly reliant on ambulatory function and several disease domains are 
not (sufficiently) assessed. Because of the limitations of the EDSS, the Multiple 
Sclerosis Functional Composite (MSFC) was developed.36, 37 It covers three functional 
domains: ambulatory, hand and cognitive function. Assessment of low contrast visual 
acuity has been suggested as an additional visual component.38 In the past years, first 
steps were taken to evaluate the properties of these measures.39-43 They represent 
measures that are fast, inexpensive and relatively easy to obtain. There are important 
limitations. For example, the Timed 25-Foot Walk test is described as the best 
characterized objective measure of walking disability in MS. However, it only 
describes limitations in (speed of) short-distance walking, has a ceiling effect for 
patients with an EDSS of >6.5 and does not provide information on the quality of 
gait.41, 43, 44 Therefore, this measurement might be too limited. One would need 
additional measures testing related constructs to get a complete impression of 
functioning of a patient. Ideally, measures that comprise different relevant constructs 
of a patient’s functioning are created and evaluated.  

Recent studies have now highlighted the crucial impact of gray matter pathology and 
network dysfunction in clinical dysfunction in MS, much more so than conventional 
measures. Although such network measures have been crucial in elucidating the 
mechanisms underlying disease progression in MS, they are not ready for direct 
implementation in clinical practice.45-47 Therefore there is need for new relevant 
functional measures that are easier to implement in clinic, that still relate to such MRI 
findings. We hypothesize that measurement of eye movements is very suitable for 
this. In previous paragraphs we discussed the methodological advantages of measuring 
eye movements. In the next sections we will discuss the background and first clinical 
results of our work that support this hypothesis. 

One well-known problem concerning the relation between measurement and 
functioning in MS is the clinico-radiological paradox.48 It is defined as a mismatch 
between visible MRI lesions and clinical disability, especially cognitive dysfunction.48-50 
In chapter 3.4 we have shown that the well-defined model of INO can provide more 
insight in this fundamental problem in MS. INO is uniquely caused by a lesion of the 
medial longitudinal fasciculus in the brainstem. The clinico-radiological paradox was 
observed in a quarter of the MS patients. It was mainly caused an absence of lesions in 
the MLF in INO patients. Various hypotheses on the underlying contributing factors 
were identified in a post-hoc inspection of the MRI images of the paradox cases. 
These included technical and MRI related factors (such as pure demyelination), 
anatomical factors (such as anatomical variation of the MLF pathway) and other 
pathology (such as leukoaraiosis). Furthermore, clinical parameters showed closer 
associations with the presence of an INO than with the presence of a MLF lesion. 
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Therefore, INO detection with infrared oculography might more sensitive and 
clinically relevant than MLF rating on MRI.  

In chapter 4.1 we explored the use of saccades in measuring oculomotor fatigability 
and the reflection on perceived fatigue. Fatigue is a very disabling and common 
symptom in MS. Objective measures for quantification are lacking. In a saccadic 
fatigability task, we found significant deterioration of saccadic parameters in both MS 
patients and healthy controls. Even though these changes were more pronounced in 
MS patients than in healthy controls, the differences between the groups were not 
significant. None of these saccadic deteriorations was related to perceived fatigue. 
This counted for saccadic latencies; however, effect sizes were small and these 
relations were largely influenced by disability status of the patient. We concluded that 
saccadic testing is not perfectly suitable as a measure for objective quantification of 
the patient experience of MS related fatigue. Previous studies with smaller sample 
sizes showed significant relations between (changes in) saccadic parameters and 
perceived fatigue 51, 52. Protocols differed from the protocol in the current study. 
Amongst others, saccadic fatigability was assessed with one prolonged task and larger 
target amplitudes were used. Theoretically, the relation between saccadic fatigability 
and perceived fatigue in our study could be underestimated by these differences. 
However, considering the demonstrated saccadic fatigability in the MS patients and 
the sample size of our study, these relations are not expected to exist in our sample. 
This confirms, as shown in previous studies 53, 54, that there is no simple relationship 
between fatigability and subjective fatigue perception. We hypothesize that the 
described method in this chapter for measuring saccadic fatigability could be of value 
in disorders of the neuro-muscular junction and muscles of the eye, as ocular 
myasthenia gravis in whom muscular fatigability testing is part of the clinical 
assessment. 

In chapter 4.3 we continued exploring saccadic abnormalities and showed that latency 
of different types of saccades is elevated in MS, which we named ‘saccadic delay’. This 
delay was more pronounced in patients with a more progressive disease course and in 
more disabled MS patients.  
Latency of saccades reflects neural conduction in the whole pathway of the visual 
system and might therefore be affected by pathology anywhere in this system. It is not 
always clear which part of the pathway contributes most to the increased latency. For 
example in amblyopia, the amblyopic eye shows an increased latency compared to the 
non-amblyopic eye, related to the visual acuity of the amblyopic eye, and compared to 
normal eyes.55, 56 However, it not completely crystallised if this is mostly due to a 
sensory or attentional deficit, and it is hypothesized that other oculomotor 
abnormalities also play a role.56 The saccadic delay in Chapter 4.3 did not show a 
significant relation with history of optic neuritis and the relation with visual acuity was 
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partly explained by general disease characteristics. This might suggest that the longer 
latency in MS patients in our study is particularly a result of abnormalities in cortical 
processing of the stimulus or in programming of the motor command and not a pure 
afferent dysfunction. This is supported by previous research of Reulen et al.57. In this 
paper no association was found between prolonged saccadic latency and increased 
visual evoked response (P-100 peak) latency in 91 MS patients. In the same paper a 
relation was demonstrated between presence of INO and prolonged saccadic latency. 
There are two plausible explanations for this. First, INO patients show a more general 
advanced disease course (higher EDSS, longer disease duration and more progressive 
disease) than non-INO patients, as we have shown in chapter 3.4. As saccadic latency 
is also related to a more advanced disease course, these two ocular motor 
abnormalities can deteriorate in parallel with advancing disease. Second, the lesion 
pathology in the brainstem of patients with INO might not be restricted to the MLF, 
but might also involve areas involved in initiation of saccades.  

Besides brainstem pathology, saccadic latency could be increased by damage in 
cortical eye fields involved in control of the initiation of saccades. Furthermore, 
different brain regions appear to contribute to programming of various types of 
saccades (e.g. pro-saccades, anti-saccades and express saccades) in different ways.5, 19, 

58 Therefore, the latency of saccades in our protocol could reflect many cognitive 
functions, including processing of visual information, task planning, attention and 
selection of relevant stimuli.5 This is supported by previous research showing a 
relation between latency in different saccadic task and performance on cognitive tests 
in MS patients.59, 60  Besides this saccadic delay, presence of INO in chapter 3.2 and 
fixation instability in chapter 4.2 were related to disease course and general disability 
in MS. This suggests that eye movement abnormalities reflect general disease 
processes in MS. It would therefore be relevant, as part of future work, to investigate 
how structural and functional damage of the brain, brainstem and cerebellum causes 
(a combination of) different types of oculomotor abnormalities, including saccadic 
latency delay and INO. Furthermore, to acquire more certainty about the causality of 
pathology and symptoms of both the afferent and efferent visual system, a longitudinal 
approach might be helpful. 

In many neurological and psychiatric disorders, such as Parkinson’s disease, 
Alzheimer’s disease and autism, changes in eye movements are found, which suggests 
that eye movements reflect function and pathology of various brain regions.5, 21, 61, 62 
Recently, a study in MS showed an association between saccadic parameters and 
global and focal gray matter alterations in MS patients.63 Furthermore, a few studies 
have shown an association between specific eye movement parameters and cognitive 
functioning.58 We confirmed this in an interim analysis (not part of this thesis), in 
which we found associations between pro-saccadic and anti-saccadic parameters and 
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the presence of cognitive dysfunction in MS.64 This suggests that overlapping cortical 
regions are involved in both eye movement control and cognitive dysfunction.  

As discussed earlier, eye movement measurements have the potential to cover 
different domains of the disease, as they reflect brainstem, cerebellar and cortical 
functions. How far this coverage extends has to be established. Longitudinal studies 
have to validate the current approach, define the course of eye movement 
abnormalities and their relationship to other measures of disease progression. 
Additionally, more psychometric properties of different eye movement parameters 
have to be mapped, amongst others the clinically meaningful changes for MS patients. 
By collecting more knowledge about the evolution and prognostic capabilities of eye 
movements in patients with MS, we may be able to enhance the ability for closely 
monitoring patients and better understand the clinical expression of disability in MS.  

Outcome measures for clinical studies 

New therapies become increasingly available, even for progressive MS types. Apart 
from reducing inflammation, these therapies may target at neuroprotection and 
remyelination. Recently, the first successful treatment strategy to rebuild myelin 
around axons with clemastine fumarate has been presented.65, 66 The new targets of 
therapy render new measurement methods, preferably capturing different aspects of 
these processes accurately. However, as discussed in the previous paragraph, there is 
a lack of highly predictive clinical and imaging measures known to be sensitive to the 
course of the disease. 
 
Frequently used outcome measures to evaluate efficacy in clinical trials are relapse 
rate, disability worsening (measured by the EDSS score) and/or lesions on MRI. As 
these do not cover the multidimensionality of the disease activity and progression, the 
need for more advanced measures is acknowledged.67 Furthermore, personalized 
therapy is essential in maximizing therapeutic effect and minimizing side effects. 
Especially because more effective therapies tend to have more (severe) side effects.68 
Furthermore, randomized controlled trials are costly, therefore predicting treatment 
effect and by this selection of participants could result in more efficient clinical trials.  
 
In chapter 3.3 we presented a promising method for these purposes. We showed that 
a single-dose of fampridine results in an improvement of INO that is accurately 
captured by infrared oculography. INO is caused by demyelination of the MLF, which 
consists of a tract of single axons that connect the 6th with the 3rd nucleus in the 
brainstem. Therefore, measurement of INO presents a direct reflection of conduction 
velocity in the MLF. We showed that the conduction velocity in the MLF can be 
pharmacologically improved by fampridine. This model represents a reliable and 
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effective method to test the effect of new remyelinating therapies in future clinical 
trials. Furthermore, we hypothesise that prediction of treatment response in such 
trials can be achieved by assessing the response to fampridine at baseline. 
Improvement of INO on fampridine represent patients in which (significant) 
demyelination has taken place, but axonal degeneration is not present in such a 
degree that treatment might be futile. Long term protection of axons of therapies can 
be tested by longitudinal optical coherence tomography (OCT). Therefore, we think 
OCT and infrared oculography could serve as additional measures in assessing a 
patient’s ‘neurodegenerative’ status, which may help to select the most suitable 
treatment on an individual level. Altogether this present a new and promising 
approach in which modern and non-invasive measurements of the visual system can 
aid in reliably measuring treatment effect and predicting treatment response. 

 

Conclusions 

The main conclusions of my thesis are: 

• Infrared oculography is an accurate, patient-friendly and easy applicable 
measurement method to quantify eye movements, both in healthy controls and 
MS patients 

• The DEMoNS protocol provides a standardized, transparent and rapid 
measurement method and automated analysis method for a range of relevant 
saccadic and fixational eye movements, which gives a broad range of oculomotor 
function 

• Reproducibility of eye movement parameters in healthy controls is high and is 
decreasing with increasing complexity of task and especially when expressing 
performance of a task 

• Physiological variation between healthy subjects is low for some parameters (i.e. 
fixation stability) and high for other parameters (i.e. proportion of errors in anti-
saccadic task) 

• Ocular dysconjugacy of internuclear ophthalmoplegia (INO) can be most 
accurately expressed in the versional dysconjugacy index (VDI) of the area under 
the curve and the peak velocity divided by amplitude 

• INO occurs in one third of the MS patients in our cohort, and is more prevalent 
in more disabled subjects and patients with a more progressive disease course 

• MS patients with INO experience more complaints of double vision, blurred 
vision and problems with visual focusing than non-INO patients, and suffer from a 
lower vision-related quality of life 
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• INO detection is most likely more sensitive and more clinically relevant than 
detection of MLF lesion on MRI and the comparison between them will help to 
unravel the clinico-radiological paradox   

• A single-dosis of fampridine can improve INO as measured with infrared 
oculography, which makes this a reliable method for testing medication effects 

• Saccadic fatigability is present in MS patients and healthy controls, and seems of 
limited use in testing performance fatigability and subjective fatigue in MS 

• MS patients show a larger fixational instability than healthy controls, which is 
mainly caused by a larger amplitude of square wave jerks (occurring in a quarter 
of the MS patients in our cohort) 

• MS patients show a saccadic delay (longer latency) in all saccadic task 
• Both fixational instability and saccadic delay in MS patients is more prevalent in 

more disabled subjects and in patients with a more progressive disease course 
• Fixational instability is related to complaints of visual focusing, and both fixational 

instability as saccadic delay is related to a lower vision-related quality of life 
• Both fixational instability and saccadic delay are mainly independent of visual 

acuity and history of optic neuritis, which suggest they result from efferent 
dysfunction 

 
 

Future perspectives 
 
Eye movements measurements have become increasingly popular in different domains 
of research, amongst which assessments in neurodegenerative diseases. Infrared 
oculography can assess different types of eye movements non-invasively and 
accurately, which makes it a useful tool to capture and quantify eye movements for 
various purposes. This thesis explored the use of the first standardized and systematic 
approach in a large cohort of MS patients. 

In the coming years, we aim to extend on our current objective by investigating the 
associations between specific eye movement parameters with structural and 
functional imagining and cognitive functioning. Investigation of eye movements 
represent a novel strategy to investigate the integrity of brain networks in MS. 
Potentially, eye movement measurement could serve as a non-invasive and accurate 
proxy for functioning of selected brain networks and thereby for early changes in 
cortical processes and disease progression.  
Furthermore, we plan to set up a randomized controlled trial to study the 
remyelinating effect of clemastine fumarate, with eye movement parameters as 
primary outcome. By this we aim to use non-invasive and modern assessments of the 
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visual system to accurately capture and predict treatment effect. 
 
Future research should focus on the longitudinal trajectory of abnormalities and the 
predictive value of baseline eye movement abnormalities on clinical decline during 
follow-up. This is essential in clarifying causality of associations, importance of 
abnormalities for patients’ functioning and the prognostic value of deficits. 

The first clinical application of eye movement measurement could be in the diagnostic 
work-up for visual symptoms in MS. In our neuro-ophthalmology expertise centre, 
on-demand eye movement measurements are already deployed as part of the 
outpatient clinic. The next step could be collaborations with vision rehabilitation 
centres, as implementation of eye movements measurements in these centers could 
be of great benefit for mapping deficits and monitoring the effect of interventions.  
 
In the future, the knowledge on specific eye movement patterns in different 
neurodegenerative diseases has to be extended. Many of these diseases have a pre-
symptomatic phase that may be present for some years. Potentially, subclinical eye 
movement abnormalities already exist in this phase and thereby could identify people 
at risk. There is some evidence that this is the case for Huntington disease.69-71 If 
neurological disorders are manifest and diagnostic uncertainty exists, establishing a 
disease specific oculomotor profile could help to differentiate between diseases.72-74 
The exact role of eye movements as a biomarker of disease status has yet to be 
established. With the increasing availability of modern eye tracking devices and more 
high-quality longitudinal data available in the near future, establishing eye movements 
as a widely employable tool has become within reach. 
 
Altogether, as represented in the title of the thesis, we aim to activate a paradigm 
shift in acknowledgment of the benefits of eye movement measurements and a step 
towards practical implementations. This thesis has provided knowledge on this 
accurate measurement method assessing various faces of MS and elaborated on the 
applicability in a clinical and research setting.   
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