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Introduction
Clinical symptoms and course of the disease

Multiple sclerosis is a devastating disease which mostly affects young adults and it is
more common in females (the male female ratio is 1:3). Genetic and environmental factors are
jointly responsible for developing the disease®. This complex interplay leads to an autoimmune
inflammation of the nervous system. The focal and diffuse inflammation and consequential
changes cause the various clinical symptoms. While the white matter lesions are characteristic
for the disease, diffuse microstructural and neurodegenerative alteration occur as well. A
variety of symptoms presents such as optic neuritis, brainstem syndromes or sensory and motor
disturbances. The expanded disability status scale (EDSS) is an established tool to evaluate
clinical severity?. It grades clinical condition in eight functional systems such as pyramidal,
cerebellar, brainstem and sensory systems. EDSS aids the monitoring of the disease, test
therapeutic efficacy and improves clinical research. Therefore, in itself fulfils many of the
desired features of a biomarker (see Biomarkers in MS). It is easy to administer, widely used
clinically and requires no additional equipment. Besides the many advantages, there are few
limitations of the scale. EDSS is highly dependent on mobility and it is nonlinear in terms of
time spent at certain stages of the scale. Moreover, the scale is insensitive to small changes.
Certain functions are underrepresented such as cognition and oculomotor deficits. Nystagmus
is included in the scale, but other frequently found alterations in MS are missing such as
internuclear ophtalmoparesis (INO), strabismus, impaired smooth pursuit and disorders of
saccades® (see Eye movement in MS section).

The most frequent form of MS is the relapsing remitting (RRMS) form. In a relapse,
symptoms develop from hours to days. In the natural course, it is followed by a plateau phase
for several weeks and gradually ameliorate. Usually, the full recovery is not reached, some
partial damage is still detectable. In a preliminary state of the disease, namely in the clinically
isolated syndrome (CIS), the diagnostic criteria are not fulfilled. When the disease is only
suspected, MS presents as CIS. After onset of RRMS, secondary progressive (SP) form
commonly develops within 15 years. The continuous progression of symptoms become more
dominant. In 5-15% of cases, the disease presents with a more severe, the primary progressive

(PP) form. In addition, the widespread use of MRI has increased incidental brain abnormalities.



The phenomenon radiologically isolated syndrome (RIS) for asymptomatic subjects with MRI
abnormalities highly suggestive for MS is introduced®.

The natural course of the disease could be modified with several agents. The therapeutic
intervention could be separated as therapy of acute relapses, disease modifying therapies and
symptomatic treatments. In the therapy of acute phase, the first line treatment is intravenous
methylprednisolone®. In refractory cases, plasmapheresis or intravenous immunoglobulin
therapy could be administered. To prevent relapses and decrease disease activity numerous
disease modifying therapy is available. Immunosuppressants (fingolimod, natalizumab,
ocrelizumab), immunomodulatory (interferon-beta, glatiramer acetate) and immune
reconstitution agents (alemtuzumab, cladribine) are all used in MS treatment®. The efficacy,
side effect profile and way of administration of the agents are different.

Pathological and histological findings

The very first described brain pathology in MS were the macroscopic brain lesions®.
The microscopic investigation of these lesions revealed that inflammation and demyelination
occur’. Most of the infiltrate consist of T cells but B lymphocytes and plasma cells are also
found. The immune cells cause the damage of oligodendrocytes, which leads to demyelination.
The axons are typically involved in the later stages of the disease but there are evidences that
neurodegeneration also appears at early stages of MS8. The perivenular inflammation is
followed by remyelinating processes. The pathological alterations could not distinguish MS
subtypes, instead it creates a continuum. To conclude both inflammation and neurodegeneration

secondary to inflammation and per se occur as well.
Biomarkers in MS

A biomarker is a trait, which is measured objectively and assessed as an indicator of
physiological and pathological processes or the response to a therapeutic intervention®.
Biomarkers in general are applicable for the diagnosis of a disease, monitoring treatment
effectiveness or disease progression. Several important features of a good biomarker are
established. A biomarker should be measured robustly and precisely and with high sensitivity
and specificity. It correlates disease pathology and is cost effective®. Two phases of biomarker
development has to be distinguished. The discovery phase refers to the search for a biomarker
with relatively small sample size and robust statistical methods. In the validation phase, the

previously found putative biomarker is verified in large sample size. As MRI is used in the



diagnostic evaluation, monitoring and differential diagnosis of MS, a great number of research
investigated the potential role of MRI markers in MS biomarker research. For example, a new
lesion in fluid attenuated inversion recovery (FLAIR)/T2 weighted image in CIS means that
the disease converts to RRMS. Its relation with the clinical status is ambiguous. In contrary,
gray matter abnormality is a good marker to clinical disability!!. Brain atrophy could
differentiate MS brain from healthy*?.

MRI characteristics of MS and relation to clinical condition

With the advent of magnetic resonance imaging, many MRI measures have been
associated with previously described histopathological findings. In addition, MS biomarker
research tested these measures how they reflect clinical condition, predict impairment and
therapeutic response.

Gadolinium (Gd), a widely used MRI contrast agent, shortens T relaxation time of
adjacent protons. Therefore, in sites of Gd accumulation hyperintense area could be observed
in Ty weighted images. Gd enhancing lesions are found in areas where blood-brain barrier
breakdown and inflammation are described histopathologically in MS patients®3. The enhanced
areas are hyperintense in T» weighted images and hypointense in unenhanced T: weighted
images. An enhancing lesion could be observed 3 weeks in average and disappear thereafter®*,
Enhancement usually precedes a newly forming lesion!®!*, The presence of an enhancing lesion
is a predictor of relapse occurrence®®. Moreover, it is a weak predictor for long term, cumulative
disability and impairment>® These observations reflect that ongoing inflammation in MRI
involved in the occurrence of a relapse, but other pathological mechanisms such as atrophy play
a role in long-term disability.

The FLAIR and T2-weighted sequences are used to identify the hyperintense lesions.
FLAIR sequence suppress free water (e.g. cerebrospinal fluid), therefore periventricular lesion
are delineated more precisely. Another advantage of FLAIR over ToW images is that it visualize
cortical and juxtacortical lesions in a greater amount!’. The formation of lesions anywhere in
the central nervous system (CNS) reflects the disseminated nature of the disease. The typical
lesions in MS are rounded/oval in shape and extend at least 3 mm in their main axis'8. Their
distribution usually is asymmetric at early stage but both hemispheres are affected. Lesions
occur anywhere in the CNS, but certain regions are more prone to lesion formation such as the

periventricular region, juxtacortical white matter, corpus callosum, infratentorial region and the



spinal cord®®. The optic nerves are also frequently affected. The hyperintense lesions in general
only modestly reflect the clinical disability in MS*®, therefore, other measures are necessary to
attain a more comprehensive description of clinical impairment.

Some of the hyperintense lesions in FLAIR/T,W images are hypointense in the T:-
weighted images, which refers to the widely used “black hole” phenomenon. The investigation
of black hole dynamics revealed that some of them only temporary and turn isointense later?°.
They indicate severe demyelinization, axonal loss and matrix destruction'®%2!, Larger Gd
enhancing lesions more frequently appear as temporary hypointensities??, which reflects that
more severe inflammation leads to tissue destruction. The clinical condition is in modest-to-
strong association with the black hole status, and it is better than the T, hyperintense lesions?®.
In addition, it is hypothesized that black hole burden is a good marker for progressive tissue
damage and clinical progression?®.

Besides the lesions, other structural abnormalities are detected. Brain and spinal cord
atrophy turned out to be a good biomarker of MS. The tissue loss may reflect a global measure
of pathology and the reserve capacity of the CNS as well. It predicts long-term disability?* and
related to neuropsychological impairment?. The gray matter atrophy alone is associated with
clinical disability°2®,

The white matter, in which no lesion is detected, the so-called normal appearing white
matter is affected as well. Microstructural alterations could be observed with special MRI
sequences such as diffusion tensor imaging?’ and magnetic transfer imaging?®. The underlying
inflammation and demyelination are responsible for the observed changes.

Several measurable MRI parameters are identified which are deteriorated in the disease.
These alterations represent the inflammatory or the neurodegenerative nature of the disease, or
both. For example, atrophy or black holes are associated with neurodegeneration and tissue
loss. It is not clear that neurodegeneration or inflammation or both together cause clinical
disability. In remission, in which disease activity is decreased, clinical symptoms persist. The
white matter lesions, which usually consider to reflect the inflammatory part of MS, are not
accountable for the clinical condition solely. The neurodegenerative factors are also partly
account for the symptoms. Hence, the combination of imaging markers could predict the
clinical status. Moreover, to elucidate which mechanism in what extent is in the background of
certain clinical symptoms such as oculomotor deficit may aid the selection of future

neuroprotective or remyelinating therapies?®.



Diffusion tensor imaging

Diffusion imaging is based on the molecular motion of protons. Diffusion is the non-
bulk motion of molecules which occur at any temperature and should be distinguished from
bulk motion such as convection. Robert Brown demonstrated this phenomenon in the 19th
century®. Pollen suspended in liquid medium exhibit irregular motion which could be observed
under microscope. The first mathematical description of diffusion has been dated back the mid-
19" century. In classical physics, Fick’s law describes that the diffusion flux is proportional
with the concentration gradient®. They are related by the factor D, which is called the diffusion
coefficient. The Gaussian distribution of motion is hypothesized in the probabilistic model of
diffusion which was first described by Einstein®2. Within this model, it is showed that the
displacement of a particle over a period of time is proportional with the diffusion coefficient. It
was derived that the diffusion coefficient is proportional with the temperature, the particle size
and the viscosity of medium. The simplest form of diffusion is isotropic which means that
particles move in any directions with equal probability. In contrary, in anisotropic medium,
there are preferred directions of diffusion. In biological tissues, obstacles such as membranes
restrict diffusion of water in directions perpendicular to them and diffusion is preferred in the
parallel direction. Highly organized structures such as nerve fiber tracts could be found in the
human CNS. The water molecules easily move in the parallel direction, because there are no
obstacle in that direction. However, perpendicular to the axons, the lipid membrane restricts the
diffusion of water molecules. Measurement of water protons’ diffusion in these regions could
serve information about the impairment of underlying structures.

In modern diffusion weighted imaging the used MRI sequence is based on the pulsed
gradient spin echo technique®. There is a pair of diffusion sensitizing gradients which affect
stationary and diffusing water protons differently. The stationary protons accumulate phase by
the first gradient and reversed equally by the second one as the same amount of gradient is
applied. However, diffusing protons change their location between the two gradients and falling
out-of-phase. This eventually leads to a decrease in signal intensity that is areas with higher
diffusion have lower intensity and restricted areas have higher intensity. Therefore, the intensity
of images reflects the amount of diffusion. After the diffusion weighting a fast imaging module
is applied, usually an echo planar imaging sequence. Moreover, a fat suppression techniques is
used to decrease chemical shift artefacts. The Stejskal-Tanner formula®® (Equation 1) describes

the signal change when a diffusion gradient is applied.
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S = S,ebP

Equation 1

In Equation 1, S means the recorded signal intensity after the application of a diffusion
gradient, So stands for the original signal intensity, D is the diffusion coefficient and b is a factor
which determines the degree of diffusion weighting. This is set by the MRI operator and is
associated with the used diffusion gradient shape. In clinical MRI scans it is usually between 0
and 3000 s/mm? depending on the field strength, imaged region and predicted pathology. A rule
of thumb that the b*D~1, which means a b value around 1000 s/mm? in the brain in clinical
scanners. The signal intensities in the equation are measured, the b value is set by the operator,
and therefore, the diffusion coefficient could be easily calculated.

In isotropic medium, diffusion is equal in any directions thus it is characterized with a
scalar. However, as previously mentioned, biological tissues are frequently anisotropic media.
It means that diffusion of water protons are different in certain directions. To rephrase it, the
amount of measured diffusion depends on the investigated direction. In clinical practice at least
three directions, for instance the main axes of the laboratory frame (X, y, z), are used. For the
description of direction dependent diffusion coefficient in anisotropic medium a tensor model
is introduced®*. The diffusion tensor is a 3 by 3 symmetrical positive matrix. The diagonal
elements are the diffusion coefficients in the main laboratory axes (X, y, z) and the off-diagonal
elements represent the correlation of diffusion between the main axes. The opposite (e.g. x-y
and y-x) directions are equal in terms of diffusion. The geometrical representation of a tensor
is an ellipsoid, which shape and surface represent the direction and amount of diffusion. One
needs at least six measurements with diffusion weighting and an extra image usually without
diffusion weighting to characterize this diffusion tensor. The six non-collinear diffusion
directions is sufficient, however, more directions used in practice to increase signal-to-noise
ratio (SNR). From the tensor model, several parameters are derived to characterize white matter
changes qualitatively. Fractional anisotropy (FA) (Equation 2) describes the diffusion
asymmetry within a voxel. In the geometrical representation, FA means how the ellipsoid is

elongated in one direction.

_ 3 (}\1 B }\mean)z + 0\2 B }\mean)z + 0\3 B )‘mean)z
FA = >

A+ A%+ A3

Equation 2
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Mean diffusivity (MD) (Equation 3) and the main eigenvectors (Al, A2, A3) represent the
average diffusivity within the voxel and the diffusion along the main diffusion directions.
Mt
=——

Equation 3

MD

Diffusion tensor imaging (DTI) is a widely used technique to analyze tissue
microstructure in vivo. While the spatial resolution of the measurement is in the range of a few
millimeters, by choosing the acquisition parameters appropriately one can gather information
about the cellular and subcellular structures hindering the diffusion of water. Several studies
demonstrated microstructural alterations in various diseases®’. As previously mentioned, the
correct estimation of the diffusion tensor requires at least 6 non-collinear diffusion directions
and an extra usually non-diffusion weighted image. Since diffusion weighted measurement is
typically characterized by relatively small SNR, increasing the number of diffusion encoding
directions (NDED) is necessary. To estimate tensor orientation and anisotropy independent of
SNR one should use a uniform distribution of the encoding directions. Moreover, the optimal
NDED is critical for SNR and scan time. More directions increase SNR3 but prolong the
measurement. The scanning time is especially crucial in a clinical setting, partly because
participants may not hold still for longer scan times, which could affect image quality. Several
theoretical and practical studies demonstrate the NDED-dependency of the obtained diffusion
tensor values and propose an optimum NDED which, depending on the optimization metric,
ranges between 6 and 623%4°,

Although there is a considerable body of research on this topic, there are still
outstanding issues to be investigated. Most of these studies evaluated data from healthy controls
or used simulated data®®®. In vivo studies include the physiological effects (movements,
cardiorespiratory effects etc.) and patient related special features (e.g. different in-scanner
motion). In addition, special analytical methods could be sensitive to the bias of the tensor
value. The widely used tract based spatial statistics (TBSS) is an easy to use and robust method
to analyze DTI images*’. The algorithm is a semi-automatic way to analyze group differences
of DTI parameters within the main white matter tracts or test if there is any correlation between
these parameters and clinical or behavioral data. In this way, the structural integration or
disintegration of white matter is under the scope. The algorithm uses the FA maps of the

participants and non-linearly register them. A mean FA map is produced in which the main
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tracts have the highest FA values. After that, all participants individual images are registered to
this mean image in a way that the main tracts are aligned together. Therefore, the used statistics
is mostly limited on the white matter tracts. Since the publication of the original study, an
enormous number of studies used this approach (1737 article cited it according to PubMed in
07/2019). As the method concentrates on the center of the tracks, where the white matter is
most uniformly organized, NDED might have specific implications for this analysis technique.
However, no previous study investigated the effect of NDED on the TBSS analysis according
to our knowledge.

Eye movement in multiple sclerosis

Oculomotor deficit is common in MS among the many other symptoms and reported to
occur in 57-70% of all patients*®*°. However, eye movement deficits are underrepresented in
EDSS or the multiple sclerosis functional composite. Its significance lies in the observation that
the presence of eye movement abnormality is associated with greater disability and greater
disability progression®. Therefore, disability from eye movement abnormalities is an additional
factor in the total disability. Bedside oculomotor examination by an experienced specialist
could reveal major oculomotor deficits such as disorder of saccade, disruption of steady
fixation, different form of nystagmus. However, subtle alterations might remain undetected.
Eye tracker devices are suitable for objective and quantitative measurements of eye movements

and are more sensitive to detecting subclinical abnormalities*®.
Structural background of eye movement

The aim of eye movements is to keep the object of interest on the fovea. These voluntary
and reflexive movements are the rapid jerky saccades, the smooth pursuit and vergence
movements. These intricate ocular movements are accomplished by six extraocular muscles,
the movement of which is coordinated by a complex network of cortical and subcortical
neuronal elements. The main purpose of the rapid voluntary conjugate eye movements known
as saccades, is to bring the new object of interest onto the foveae. The cranial nerve nuclei of
the oculomotor muscles could be found in the brainstem. In addition, other elements of the
premotor circuits of saccades are in the brainstem such as the paramedian pontine reticular
formation, nucleus of the medial longitudinal fasciculus and nucleus raphe interpositius. All of
these regions receive afferents from the superior colliculus. Moreover, the behaviorally

important stimuli are processed in various cortical networks and together with fronto-parietal
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attention networks have crucial role in guiding eye movements during saccades®!. Eventually
the cortical signals for voluntary eye movements are generated in the frontal eye field (FEF) in
close interaction with other centers such as supplementary and pre-supplementary eye fields®2,
the dorsolateral prefrontal cortex and parietal cortex. From the cortical centers the information
is conveyed via the superior colliculus to the nuclei of the oculomotor nerves directly and
indirectly as well 53-°°, Over the course of information flow various subcortical, brainstem and
cerebellar centers are modulating the process. Damage to certain parts of this network causes
clinically abnormal eye movement®°® some of those easily detectable by bedside examination®”.
However, the structural background of subtle eye movement deficits in MS is not well-
understood. Damage of the perceptual systems, the cognitive networks such as attention and
the eye movement centers cause various alterations of eye movements. The widespread extent
of the oculomotor system and close relation with other systems makes it suitable to investigate

its alterations, and test its role as a potential biomarker in MS.
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Aims and objectives

The aims of our studies were to investigate oculomotor deficit in MS patients. The
extended network which is responsible for the precise guidance of gaze could be impaired in
the early stage of the disease. In addition, the underlying pathology is not well understood.
Therefore, we tested MS patients in an in-house built prosaccade and antisaccade task. The
higher order pathological background of such abnormal eye movements was investigated by
correlating the behavioral measures with MRI parameters such as lesion location and gray
matter atrophy.

In order to extend our study to identify the white matter tracts responsible for the altered
eye movements, as a first step, we conducted another study to optimize our DT sequence. The
available DT sequences are frequently time consuming and optimal parameters are necessary
to reduce scan time but detect biologically important differences. While NDED is directly
proportional to scan time, we decreased it and tested if it changed the applied statistical test
result. Optimal protocols are necessary to translate research sequences into clinical practice.
Our aim was to evaluate the effect of the NDED on the performance of TBSS in a real world
patient population. Before the TBSS approach enters the clinical routine, one needs to

understand the effect of basic acquisition parameters on the results of the analysis.
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Methods
Participants

Thirty-nine MS patients and 34 healthy controls participated in study #1 and 78 MS
patients and 126 healthy individuals in study #2. All the demographical data are in Table 2. We
applied the following inclusion criteria for MS patients in both studies: relapsing remitting form
of the disease, taking disease modifying therapy, no relapse six months prior the measurements,
EDSS score less than 6.5, no other major neurological, psychiatric and ophthalmological
disease. We enrolled healthy controls who had no known neurological and psychiatric disease.
Clinical data were collected for all the MS participants that is age, sex, EDSS, disease duration,
and the used disease modifying therapy.

Study #1 was carried out in accordance with the recommendations of the Medical
Research Council National Scientific and Ethical Committee (ETT TUKEB) with written
informed consent from all subjects. The protocol was approved by the National Institute of
Pharmacy and Nutrition (000002/2016/0TIG). Study #2 was approved by the local ethics
committee (authority number: 56/2011). All subjects gave written informed consent in

accordance with the Declaration of Helsinki.

study group number of age (year) EDSS disease
participants duration
(female) (year)
study #1 MS 39(25) 39.1(+/-9.5) | 1.4(+/-1.4) 8.6(+/-6)
HC 34(23) 31(+/-10.9) | -
study #2 MS 78 (55) 38.6 (+/-9.9) | 1.5 (+/-1.6) | 8.7 (+/- 6.8)
HC 126 (57) 31 (+/-10.2) | - -

Table 2 Demographical data of all subjects.

Study #1
Visuo-motor task

The subjects completed a prosaccade and an antisaccade task. The investigation took
place in a well-lit room. The subjects sat 60 cm away from the screen. The visual stimuli and
the task paradigm were written using the Tobii MATLAB binding® and the Psychophysics
Toolbox Version 3.0.122, under MatLab 8.3.0.532 (2014a, MathWorks, Inc.). Eye movement
recording was carried out with a Tobii TX300 eye tracker. Before the task, a 5 points calibration
was carried out. The prosaccade task was the following: A black cross appeared in the center

of a gray screen, which disappeared after a random interval of 1.2-2 seconds and appeared

thttp://developer.tobiipro.com/matlab.html
2https:// http://psychtoolbox.org/
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instantaneously in the left or right side of the screen, 9.2° or 18.4° from the center. Each
condition (4 in all: left-far, left-close, right-far, right-close) was repeated 20 times in a
pseudorandom order. Subjects had to move their gaze to the new location of the target instantly
and accurately. Halfway during the task, there was a break to prevent subjects from fatigue
and/or tearing. In the antisaccade task, the layout was the same, but the subjects had to move
their gaze contralateral to the position of the new target.

The data acquisition started when the target (cross) jumped to the periphery and lasted
one second. The sampling frequency was 300Hz. Data from both eyes were recorded
simultaneously. Each recorded data point had a time stamp and a validity code. After the data

acquisition, the target jumped back to the center of the screen.
Data processing

The recorded data was processed offline. Trials in which more than 10% of the data was
missing (validity code higher than 1 as provided by the eye tracker manual) or more than 100ms
was missing continuously or more than 80% was missing in the first 50ms were excluded from
further analysis. In the rest of the trials, missing values were interpolated with linear
interpolation of the neighboring values.

The pre-processed data were smoothed and differentiated with a 0, 1st and 2nd order
11-points sliding window Savitzky-Golay filter! to calculate the position, velocity and
acceleration of the eyes. Saccades were detected automatically: if the velocity of the eye
exceeded 50°/s in 2 consecutive points it was labelled as a saccade like event. The beginning
of the saccade like event was marked where the acceleration of the eye was 0 (or reached its
minimum value in 50ms before its peak). The end of the saccade like event was marked where
its velocity reached zero after the peak. Saccade like motion was accepted as a saccade if its
latency occurred between 100ms and 600ms after stimulus onset, it took at least 12ms and a
fixation preceded the saccade like event. During fixation the eye had to be close to the initial
cross (less than 1.5°) and its position change over the fixation had to be less than 0.6°. For all
trials the position-time diagram was re-checked visually and inadequate trials were excluded.
The first two trials in each condition were seen as practice and excluded from further analysis.
A condition was accepted if the subject had at least 9 trials (half of the trials in a condition)
after exclusion. Saccade latency (the start of the saccade), saccade peak velocity, saccade

amplitude and saccade duration were assessed. Saccade gain was calculated from the ratio of

thttps://www.mathworks.com/matlabcentral/fileexchange/30299-savitzky-golay-smooth-differentiation-filters-and-filter-application
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the final eye position and the target position. Antisaccade latency, gain, peak velocity were
determined similarly in the correctly performed trials. Antisaccade performance was calculated
as the percentage of correctly performed trials to all the adequate trials. Moreover, a
dysconjugacy index (DI) was calculated in the saccade task from both eyes as the ratio of the
abducting and adducting eye’s velocity in the “long” condition. DI was determined in the left
and right directions. Patient’s Z-scores were calculated as indicated in Equation 4.

_ DI(MS) — mean(DI(HC))
pre STD(DI(HC))

Equation 4

Magnetic resonance imaging

We used two scanners in the studies and protocols which we described in details in our
recommendation®®. In study #1, magnetic resonance imaging was performed with a 3 T GE
Discovery 750w MR Scanner (GE Healthcare, Chalfont St. Giles, UK). The following
sequences were used in the current analysis: High resolution T1 weighted anatomical images
(3D spoiled gradient echo images with inversion recovery (3D FSPGR IR: echo time [TE]:
2ms; repetition time [TR]: 5.4ms; inversion time [T1]: 450ms; matrix: 256 * 256; field of view
[FOV]: 25.6 cm * 25.6 cm; flip angle: 12°; slice thickness [sl]: 1 mm; PURE intensity
correction), CUBE T2 FLAIR for lesion detection (TE: 135ms; TR: 6700ms; TI: 1827ms;
matrix: 256*224; FOV: 25*22.5cm, sl: 1.4mm; fat sat; post processing: ZIP512, ZIP2), CUBE
double inversion recovery (DIR) (TE: 90ms; TR: 7000ms; TI: 2901ms; blood suppression TI:
546ms; matrix: 192*192; FOV: 25 cm * 25 c¢cm; sl: 1.4mm; fat sat) and spin echo (SE) T1
weighted images (TE: min full, TR: 500, flip angle: 73°; matrix: 256*224, FOV: 24 cm * 19.2,
sl: 3mm, NEX: 2).

Image analysis

Lesion load was determined in the periventricular, infratentorial and juxtacortical
regions on the FLAIR and DIR images manually. Lesion load in the whole brain as well as in
the above-mentioned subregions were correlated with the behavior parameters. The SE T1
images were used to determine black hole burden.

The correlation of lesion location probability and eye movement deficit was evaluated
as described by Kincses et al.>°. Binary lesion masks were brought into standard space by

registering the FLAIR images to the high resolution T1 weighted images by 6 DOF linear
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registration®® and the T1 weighted images to standard MNI152 space by non-linear
registration®!. The standard space binary lesion masks were concatenated. A voxelwise GLM
analysis was performed, the regressors of the design matrix were the measured eye movement
parameters. Non-parametric permutation test, with 5000 permutations were used for statistical
inference with correction for multiple comparisons.

The high resolution T1 weighted images were used for voxel-based morphometry
analysis. We employed an “optimised” VBM-style protocol®?®® using FSL®*. Non-brain parts
were removed from all structural images®® and tissue-type segmentation was carried out by
FAST45%. The resulting gray matter partial volume images were registered to standard space
(MNI152) using linear transformation®® followed by a non-linear registration®!. The resulting
images were averaged to create a study-specific template, to which the native gray matter
images were then non-linearly re-registered. The registered partial volume images were then
modulated (to correct for local expansion or contraction) by dividing by the Jacobian of the
warp field. The modulated segmented images were then smoothed with an isotropic Gaussian
kernel with a sigma of 2mm. Finally, voxelwise GLM was applied and permutation-based non-
parametric testing correcting for multiple comparisons across space was used for statistical
inference. The design matrix contained the behavior parameters (saccade latency, peak velocity
and gain) in consecutive analyses. The model was adjusted for disease duration and age.
Thresholding was carried out by cluster-based thresholding corrected for multiple comparison

by using cluster size.
Statistical analysis

Statistical analysis was carried out with Rstudio®’. The following packages were used:
Ime4% — model building, car® — statistical significance. Mean and standard error were
calculated for the following parameters: latency, peak velocity and gain from both eyes in the
prosaccade and antisaccade tasks separately. All parameters were evaluated in a mixed model
ANOVA, in which the subject was the random effect and the group (HC-MS), the movement
type (abduction-adduction), and the distance (far-close) of the target handled as fixed effects.
A p-value <0.05 was considered significant. We investigated both eyes separately because an
average of the two eyes could be misleading if subclinical INO presents. The results from the
left eye were reported unless otherwise stated. To investigate oculomotor decision, latency and

peak velocity differences between prosaccade/antisaccade tasks were calculated and compared
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between the groups. The name of the new calculated variables were peak velocity difference
and latency difference. As peak velocity and amplitude have linear relationship in case of
significance the statistic was repeated with the scaled peak velocities. Pearson or Spearman
correlation (where the assumptions of the Pearson were not valid) between MRI markers and
behavior parameters were calculated in separate analyses. The effect of disease duration and
age was tested in partial correlation and the effect of sex is tested via comparing the Fischer Z
transformed correlation coefficients in the two sex separately. Correlation coefficient are
reported from simple correlation where the age, disease duration and sex had no effect on the

association.
Study #2
Magnetic resonance imaging

In study #2, imaging was performed ona 1.5 T GE Signa Excite HDxt MR Scanner (GE
Healthcare, Chalfont St. Giles, UK). T1-weighted images (3D IR-FSPGR: TR/TE/TI:
10.3/4.2/450 ms, flip angle: 15°, ASSET: 2, FOV: 25*%25 cm, matrix: 256*256, slice thickness:
1 mm) and 60 direction diffusion-weighted images with 6 non-diffusion-weighted reference
volumes were recorded (TE: 93.8 ms, TR: 13500 ms, matrix: 96x96, FOV: 23x23 cm, flip
angle: 90°, in-plane resolution: 2.4x2.4 mm, which was resampled to a 0.89x0.89 mm by the
scanner, slice thickness: 2.4 mm, b: 1000s/m?, NEX: 2, ASSET: 2).

Image analysis and direction reduction

The analyses of MR images were carried out with the tools from the FMRIB Software
Library (FSL, version 5.0; Oxford Centre for Functional MRI of the Brain (FMRIB),
UK;www.fmrib.ox.ac.uk/fsl) and in-house built MATLAB scripts. The following pre-
processing methods were used in the diffusion image pipeline: eddy current correction and brain
extraction. The FSL eddy_correct function was used to correct for subject movement and eddy
currents and the FSL bet function in the non-diffusion weighted image to eliminate non brain
part of the image.

From the original data (60 diffusion encoding directions) the diffusion encoding
directions were reduced to n=10, 15, 20, 25, 30, 35, 40, 45, 50, 55 as follows. We used a
reduction procedure to keep the uniform distribution via maximizing the total angular
distribution energy.®® The angular distribution energy of a pair of points on the unit sphere

surface could be determined as the inverse of the sum of the squares of the least spherical
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distance between point a and point b, and the least spherical distance between point a and point
b’s antipodally symmetric point B (Equation 5)

1
~ (mindist,)? + (min distg,p)?

Ea,b

Equation 5

The total angular distribution energy for a certain set of gradients can be calculated as
the sum of the angular distribution energy of all pairs of gradients. The subset of gradient
directions was chosen in a sequential order.®® The initial subset was one gradient and other
gradients were chosen in a sequential order to maximize the total angular distribution of the set
(Equation 6). The generated subset of diffusion encoding directions was selected and fed into
the DTI analysis.

EL(N) = iiEa,b
a b

Equation 6

We used the epi_reg function in FSL FLIRT to calculate the transformation matrix
between the T1 image and diffusion space. A diffusion tensor model was fitted in each voxel
with the diffusion toolbox of FSL.%* The fractional anisotropy maps were calculated in each
group. We used FSL FAST®® on the T1 weighted images to segment the white matter from the
high-resolution anatomical image. Next, the white matter tissue probability map was
thresholded (0.7), binarized and transformed to the diffusion space with the inverse
transformation matrix from epi_reg and a final threshold of 1 was used. All the individual white
matter masks were visually inspected and in case of gross error the mask was recalculated
and/or corrected manually. These individual white matter masks were used as region of interests
(ROI) to evaluate parameters under the white matter area. The mean and standard deviation of
FA, MD, axial diffusivity (first eigenvalue, AD) and radial diffusivity (mean of the second and
third eigenvalue, RD) within the white matter mask were calculated for each subject, that is,
one value was determined in every subsampled data set (10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60 directions) for each subject. For every subject we calculated the bias from its original 60-
directions image for each subsampled data set, that is the 60 directions image was considered
as a reference. We also tested for the statistical significance of the effect of directions on the
mean and standard deviation for each derived parameters. Repeated measures of analysis of

variance with the random effect of subjects was used within R studio®” as implemented in the
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Ime4, emmeans and car packages.®®®*"* The FA, MD, RD and AD bias was also calculated
within different white matter regions, by dividing the white matter mask into separate bins,
namely areas with 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1 FA values in the reference (60-dir) image.
To evaluate the effects of the number of diffusion directions on TBSS results we
performed a TBSS analysis separately on each DTI parameter as proposed in the FSL
guideline.*’ Briefly, subjects’ FA images were aligned into a common space, using the non-
linear registration tool (FNIRT). A mean FA image was created and the threshold set at FA =
0.3, deriving a mean FA skeleton that represented the centers of all tracts common to the group.
Each subjects’ aligned FA data were then projected onto this skeleton and the resulting data fed
into voxel-wise statistics. We performed statistical analysis with the use of a general linear
model with non-parametric permutation test for inference (5000 permutations) with age and sex
as covariates in our model. Thresholding was performed by threshold free cluster enhancement
approach and results were corrected for multiple comparisons by controlling for the family-
wise error rate. The analysis was performed in the following 4 subgroups of reduced directions:
DTI parameter images of 15, 30, 45, 60 directions comparing the two groups (126 HC and 78
MS). In a second analysis, the threshold in the last step of the TBSS pipeline was chosen to
keep skeleton size similar (voxel count difference within 0.1%), therefore FA thresholds of
0.3225, 0.307, 0.3028, 0.3 were used for the 15, 30, 45, and 60 directions, respectively. The
number of voxels in the skeleton and the number of significant voxels were calculated. Also,
the mean and standard deviation of the FA, MD, RD and AD values in the significant voxels

were investigated. Mean group differences were calculated in the significant voxels.
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Results
Oculomotor alterations in MS

Clinical examination indicated that 5 patients (13%) had clinically detectable
oculomotor alteration. They were excluded from further quantitative analysis. One further
patients was also excluded because of technical issues with the MRI images. The
demographical data of subjects are presented in Table 1. All patients were on disease modifying
therapy (6 patients take dimethyl-fumarate, 11-teriflonomide, 4- i.m. interferon betala, 7-
glatiramer acetate, 10-fingolimod, 1-s.c interferon betala). The average total lesion number was
21 (£15). As expected, most of the lesions occurred in the periventricular region (12.5+7.6),
but significant lesion load was found in the infratentorial and juxtacortical location too (1.5
+1.6, 3.6 +4.5, respectively).

The latency of the anti-saccades were longer than the latency of saccades (194 ms vs.
303 ms, t =—17.3, p < 0.0001 for HCs and 207 ms vs. 319 ms, t =-18.6, p < 0.0001 for MS
participants). Saccade latency was significantly prolonged in MS patients. The results were
similar in both eyes [left: F(1, 65.966) = 5.36, p = 0.024, right: F(1, 65.98) = 5.38, p = 0.024]
[mean(+sd): 194(£24) ms vs. 207(£31) ms for HC and MS participants]. There were no
interaction effects between the fixed effects (group, movement type and distance of the target).
The results are depicted in Figure 1. Anti-saccade latency was prolonged in MS patients,
however it did not reach a significant level [F(1, 64.96) = 2.39, p = 0.12] [mean(+sd):303(+£44)

ms vs. 319(x44) ms for HC and MS, respectively]. The latency difference between prosaccade
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Figure 1 Mean and +/- SEM of latency in different conditions of the left eye in the
saccade task. Significant difference in a group level could be observed.
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and anti-saccade tasks was also investigated on group level and we found no significant
difference. [t(64) = 0.29, p = 0.77] [mean(zsd): 107(£36) ms vs. 112(x34) ms for HC and MS,
respectively].

Prosaccade peak velocity was slightly smaller in the MS group [mean(£sd): 325(x32)°
/s vs. 310(£42)e /s for HC and MS, respectively] but there was no significant difference between
the two groups [F(1, 65.96) = 1.4, p = 0.28]. However, a significant interaction effect could be
observed in two conditions: (i) group X movement type [left eye: F(1, 187.1) = 3.3, p = 0.071,
right eye: F(1, 192.7) = 7.2, p = 0.0079], which means that the higher velocity of adduction
compared to abduction in HC was reversed in MS patients, resulted in a higher peak velocity
in abduction compared to adduction (Figure 2) and (ii) group x distance left eye: F(1, 187.1) =
7.7, p = 0.006, right eye: F(1, 192.2) = 7.15, p = 0.008], which means that the slower peak
velocity in the closer cue condition in HC group was slightly smaller in the MS group. Anti-
saccade peak velocity was not different between the two groups [F(1, 64.8) = 0.12, p = 0.73]

abduction| |adduction
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Figure 2. Mean and +/- SEM of peak velocity in different conditions of the left eye in the
saccade task. Significant group*distance interaction effect could be observed.

[mean(£sd): 265(+46)° /s vs. 268(x41)> /s for HC and MS, respectively]and no interaction
effects could be observed. Difference between prosaccade and anti-saccade peak velocity could
be observed ina group level. MS group had lower difference in peak velocity around 20/s [t(64)
= 2.13, p = 0.037] [mean(£sd): 60(+33)° /s vs. 42(£37)° /s for HC and MS, respectively],

however, this difference was not survived scaling for amplitude [t(64) = 0.07, p = 0.95].
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Moreover, EDSS scores positively correlated with peak velocity difference (Spearman’s rho:
0.4, p=0.024). The higher clinical disability related to higher peak velocity difference between
the two tasks.

In the prosaccade task, MS group had smaller gain in all conditions. Therefore, they
performed slightly hypometric saccades compared to HC. However, this difference did not
reach a significant level [F(1, 65.8) = 2.24, p = 0.14] [mean(£sd): 0.932(£0.046) vs.
0.913(£0.049) for HC and MS, respectively]. Gain in the anti-saccade task did not differ
between the two groups [F(1, 63.6) = 0.01, p = 0.92].
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Figure 3. Mean +/- SEM of antisaccade performance in the two groups.

There was a marked difference between the two groups in the anti-saccade performance.
The HC group reached more than 80% (+12.2%) accuracy while the MS group obtained only
64% (+£22.5%). (Wilcoxon-Mann-Whitney test: [U34, 33 = 837, p < 0.001] (Figure 3).

The dysconjugacy index derived from peak velocities of the eyes can detect clinically
not detectable INO. A Z-value higher than the highest control subject’s z-value+2 was
determined as threshold for subclinical INO®®. Based on this threshold five patients were
classified as having subclinical INO. Patient #49 had INO in both directions, while patient #39,
#37, and #17 had only in the left direction and patient #18 only in the right direction (Figure 4).

T2 lesion burden or lesion location did not show significant correlation with any of the
measured MRI parameters. A positive correlation were detected between anti-saccade latency
and the number of black-holes (Spearman’s rho: 0.45, p = 0.011) and negative correlation

between the anti-saccade peak velocity and the number of black-holes (Spearman’s rho: —0.47,
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p < 0.01) (Figure 5). There were no significant correlation between white matter volume with
any of the measured eye movement parameters. The VBM analysis revealed that anti-saccade
peak velocity correlated with gray matter density in parietal areas (Figure 6). That is, smaller
anti-saccade peak velocity was associated with lower gray matter densities in the left parietal
areas. No other eye movement parameters showed correlation with gray matter density
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Figure 4 Z-scores of velocity dysconjugacy index individually, Subjects’ value
higher than the cutoff are labeled.

r=-0.47, p = 0.0079
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Figure 5 Antisaccade peak velocity of the left eye negatively correlated with black-
hole count.
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Figure 6 Results of VBM analysis. Marked voxels positively correlated with antisaccade peak velocity. The error bar
represents different Z-value after cluster based thresholding. Disease duration and age were used as cofounders.

Effects of NDED on TBSS analysis

We considered the value of the *60 directions’ group as the reference value. The NDED
related mean DTI parameters are listed in Table 3 and bias is depicted in Figure 7. A decreasing
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Figure 7 Bias of DTI parameters in white matter. The mean of DTI parameters’ bias values under the white matter
at different number of diffusion encoding directions in the HC group. The red dotted line shows the mean
difference between the MS and HC group. Asterisks represent significant differences between groups with different
directions.

trend of AD and FA could be observed with increasing number of diffusion encoding directions
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(Tables 3). The RD had an increasing trend and the MD was constant (Table 3 and Figure 7).
Statistical analysis revealed significant main effect of directions in FA (F(10,1250)=2191.8,
p<0.0001), MD (F(10,1250)=114.4, p<0.0001), AD (F(10,1250)=1472.6, p<0.0001) and RD
(F(10,1250)=602.1, p<0.0001). Moreover, the 40, 35, 35, 20 directions did not significantly
differ from the 60 directions based on post-hoc analysis (Tukey method) in AD, FA, MD and
RD, respectively (Figure 7). The asterisk in Figure 7 depicts NDED groups which differ
significantly from the 60 directions group (Figure 7).

NDED AD FA MD RD
10 | 1.20e-03 4.86e-01 7.58e-04 5.39%-04
15 | 1.18e-03 4.69e-01 7.60e-04 5.48e-04
20 | 1.18e-03 4.64e-01 7.62e-04 5.52e-04
25| 1.18e-03 4.61e-01 7.61e-04 5.52e-04
30| 1.18e-03 4.59e-01 7.61e-04 5.53e-04
351 1.17e-03 4.58e-01 7.59e-04 5.53e-04
40| 1.17e-03 4.58e-01 7.58e-04 5.52e-04
451 1.17e-03 4.57e-01 7.58e-04 5.52e-04
50 | 1.17e-03 4.57e-01 7.58e-04 5.52e-04
55| 1.17e-03 4.56e-01 7.58e-04 5.53e-04
60 | 1.17e-03 4.56e-01 7.57e-04 5.52e-04

Table 3 The mean of DTI parameters in the individual white matter mask for different subset of encoding directions for healthy
controls. AD — axial diffusivity, FA — fractional anisotropy, MD — mean diffusivity, RD — radial diffusivity, NDED — number of
diffusion encoding directions

Mean values of DTI parameters under different bins of the white matter were evaluated
(Figure 8). Lower FA bins had a greater overestimation with decreasing directions and this
effect was not seen in MD. The standard deviation of DTI parameters in the white matter mask
increased slightly with decreasing directions, which was more visible for FA and AD
parameters. For the different intensity-bins, the FA value had the lowest standard deviation in
the highest bin compared to other bins. In RD and MD parameters, the three upper bins had
similar but lower standard deviation compared to the lowest bin. In contrary, the highest bin
had the highest standard deviation compared to other bins in AD. As a function of NDED, the
standard deviation of the whole white matter did not change significantly from the 60 directions
at 55, 20, 35 and 20 directions in AD, FA, MD, RD respectively as revealed with post-hoc
analysis (Tukey method).
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Figure 9 The results of TBSS analysis. The left side of the plot (“equal”) shows the results of TBSS when skeleton size was
held constant (see Methods). The right side of the plot (“unequal”) shows the results when skeleton size was varying with
NDED. The different groups represent the significant voxel count in that diffusion parameter. Correcting for skeleton size
the number of significant voxel count did not change in FA and RD as a function of NDED and the trend of AD and MD
parameter were the same.

The TBSS analysis between 78 MS patients and 126 healthy controls revealed slightly
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different results as a function of NDED when threshold values were kept constant. The

qualitative analysis revealed minimal differences in the skeleton size and the number of
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Figure 10 The mean FA under significant voxels. The left side of the plot (“equal ) shows the distribution of the mean
of DTI parameters under significant voxels when skeleton size was held constant (see Methods). The right side of the
plot(“unequal’) shows the same results when skeleton size was varying with NDED.

significant voxels (Figure 9 — right side). The total size of the skeleton was reduced with
increasing number of diffusion directions. Similarly, the number of significantly different
voxels was reduced. However, when the FA threshold was changed to keep the skeleton size
constant the number of significant voxels was similar in FA and RD but there was a drop at 15
directions in MD and AD (Figure 9. — left side). Regarding the group differences, the mean FA
value within the significant voxels of the skeleton showed a decreasing trend with the elevation
of the encoding directions. This was more pronounced in AD but absent in MD and RD (Figure

9-10.). In addition, the MS group had smaller values in any number of diffusion directions for
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FA and higher values for AD, MD and RD on a group level (Figure 10). There was a statistical
significant interaction between the effect of disease group and NDED in the equal skeleton size
condition for all parameters (AD: F(3,606)=10.2, p<0.0001; FA: F(3,606)=8.4, p<0.001; MD
F(3,606)=2.9, p<0.05); RD (F(3,606)=4.2, p<0.01). In the unequal skeleton size condition,
interaction could be observed for AD, FA, MD and RD as well. (AD: F(3,606)=10.2, p<0.0001;
FA: F(3,606)=8.8, p<0.0001; MD: F(3,606)=2.7, p<0.05); RD: (F(3,606)=4.8, p<0.01). This
means that the mean differences of the groups change differently as a function of direction in
both skeleton sizes. The result of the TBSS analysis of the FA in unequal skeleton size condition
is depicted in Figure 11.
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NDED=60

Figure 11 Visualization of significant voxels within the skeleton when skeleton size was unequal. The skeleton is showed
in green. The statistical images are overlaid in yellow-to-red and thickened with the tbss_fill function for visualization as
recommended in FSL. The yellow-to-red colours represent p-values thresholded at p<0.05 corrected. Red ovals show
areas where significant voxels differ as a function of NDED.
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Discussion

In our study we investigated visually guided prosaccade and antisaccade task
performance in MS patients and their possible association with focal brain alterations. Out of
several eye movement parameters, we found significantly increased latency in the prosaccade
task and significantly worse performance in the antisaccade task in MS patients. The detailed
examination of conjugated eye movements revealed 5 subclinical INO cases.

As regarding the MRI parameters, the peak velocity and latency of the antisaccade
movement correlated with the number of black-holes, but none of the eye movement parameters
were associated with the T2 lesion burden or location. Most importantly, local gray matter
atrophy in the left inferio-parietal lobule and temporo-parietal junction correlated with
antisaccade peak velocity.

Oculomotor alterations found with various paradigms such as visually guided saccade,
prosaccade, antisaccade, memory guided saccade and endogenous cued saccade are common
in MS#8:50.7956.72-78 " |n agreement with our findings, Clough and coworkers found that saccade
latency is prolonged in clinically definitive MS patients’2. In the same cohort, latency increases
with longer disease duration. In another study, the MS group has longer saccade latency in the
presence of a distractor stimulus’’. Previous studies also showed that the performance is
deteriorated mainly in more cognitively demanding saccade tasks®®’2"%7°  Antisaccade
performance is deteriorated and associated with cognitive performance’®’®°, Fielding claims
that this alteration spares the reflexive part of the saccades. In our investigation the antisaccade
peak velocity, but not that of the parameters of the saccade task correlated with number of
black-holes and focal gray matter atrophy in the temporo-parietal region. Prolonged latency of
prosaccade could mirror the delayed initiation of saccades. The prolonged latency of
antisaccades however, might reflect a prolonged volitional decision process or a delayed
initiation of saccade in the opposite direction or both®. The difference might relates to the time,
which is not necessary for the reflexive part such as inhibition or vector transformation®. Hence
the correlations we have found are mainly reflecting the higher order cognitive processes of eye
movements rather the reflexive parts. Interestingly, no correlation was found between any of
the MRI parameters and the antisaccade performance. The non-reflexive part of the anti-
saccades might be dysfunctional, leading to an error. While if it is delayed but to a level that is

not sufficient to make an error it could only be investigated via its delayed latency. This could



33

especially be important in multiple sclerosis, in which demyelination, and slowed conduction
is a key feature of the disease.

Saccades could be a potential marker to follow-up cognitive alterations in MS patients
because it has been shown that various saccade performances are associated with
cognition’?3>, Based on these observations, prolonged latency could reflect damage to
networks associated with motor or cognitive control. Eye movement could be a potential marker
to test the integrity of networks involved in cognition because their cortical, subcortical and
cerebellar networks overlap.

While several studies showed alterations of oculomotor performance in MS, the
background of such alterations is not entirely clear. Clinically detectable oculomotor symptoms
show correlation with certain infratentorial lesions®, but in our investigation, subclinical eye
movement deficit did not correlate with T2 hyperintense lesion load, which is congruent with
the result of a previous study’. It is in agreement with our earlier investigation in that lesion
load or location only modestly correlate with clinical symptoms®®, whereas persistent black-
holes show better correlation with clinical and cognitive functioning in MS*®82, Accordingly,
the T1 hypointense lesion burden correlated with the antisaccade velocity and latency in our
study. Brain atrophy shows better correlation with clinical and cognitive disability®. In
particular, cerebellar atrophy is associated with antisaccade error’. In our study, gray matter
atrophy measures correlated with eye movement deficits globally as well as locally. Black holes
and atrophy seem to jointly relate to antisaccade alterations. Several studies found correlation
between T1 black-hole lesions and atrophy, but no similar relationship was revealed for T2
hyperintense lesions?®#*, Cellular damage could be observed in both cases?:8. In addition, both
measures correlate well with clinical disability, better than T2 lesion load®.

Saccade peak velocity is affected by multiple cognitive functions (arousal®” and mental
workload®). In our study, focal gray matter volume variability showed correlation with
antisaccade peak velocity in the left inferior parietal lobule, left temporo-parietal junction and
in the putative left V5/MT motion sensitive visual region®. These parietal regions are identical
to those frequently implicated in attention tasks®™. In their seminal paper, Corbetta and co-
workers in a remarkably similar paradigm found activation in the intraparietal sulcus during
sustained attention and in the right temporo-parietal junction when a target was detected,
particularly at an unattended location®. These two conditions correspond to the top-down and

bottom-up attentional subsystems. Moreover, the parietal cortex has its direct connection to the
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superior colliculus®-°, and the pontine nuclei as well®t. Damage to these perisylvian regions
was also implicated in neglect®. Visuospatial neglect in MS patients has been described, but
no associated structural damage has been found so far®®. Interestingly, the right temporo-
parietal junction is implicated in target detection, but in our study the atrophy of the left
temporo-parietal junction was associated.

Alternatively, parietal region has a potential role in saccades. The parietal eye field and
posterior parietal cortex are involved in saccade generation® and visuospatial attention®.
Moreover, human® and animal®® studies suggested that this region has a role in the vector
inversion process, which is a crucial step in antisaccade.

The investigation of eye movement aids the diagnosis or the quantification of disease
severity. While bedside oculomotor investigation could miss subtle alterations, eye tracker
devices could be more precise and semi-automatically evaluate the records. Therefore, they
could be useful to monitor disease progression. Subclinical disease progression could be
screened on a regular basis.

We found gray matter alterations in association with oculomotor deficits. In addition,
white matter impairment relates to antisaccade performance’. The joint damage of gray and
white matter explain cognitive disturbance in MS®’, which is in close relationship with eye
movements’. To further elucidate the structural background of the observed oculomotor
alterations, white matter microstructure should be investigated. The optimal choice of diffusion
tensor imaging parameters is crucial to spare scan time but detect pathological alterations. As
NDED is directly proportional to scan time, we investigated its effects on detection of disease
related alterations. Microstructural alteration are described in MS. Demyelination could be in
the background of the widespread changes in the main white matter tracts. The exact difference
from the healthy controls could depend on the used measurement parameters such as the NDED.
We investigated the effect of the number of diffusion directions on the estimated diffusion
parameters, with a special emphasis on detecting differences in a patient population with the
commonly used TBSS approach. We found an overestimation of FA and AD with 0.01 and 10"
® respectively, if the NDED was below 30 directions. Areas with low FA values seemed to be
more prone to the overestimation. For RD underestimation was found and MD was not affected
by the NDED. When considering the TBSS analysis, the overestimation of FA leads to an
enlarged skeleton and within that skeleton more significantly different voxels can be found at
low NDED.
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At least six non-collinear encoding directions are necessary to estimate the diffusion
tensor.®® Moreover, previous studies with real-life data3®424% investigated the effects on
NDED on accurate and precise FA estimation in ROI analysis. The decrease of the encoding
directions leads to an overestimation of the FA and AD and an underestimation of RD but does
not affect MD. The overestimation seems to be more severe if the uniform spherical distribution
of directions has not been kept.*® As it was emphasized, the relationship of the fiber orientation
and the encoding direction has a major effect on the tensor, especially in low NDEDs.
Simulation studies found that the relationship of diffusion scheme and the underlying fiber
orientation has a profound effect on the accuracy and precision of the estimated anisotropy.**
However, the investigation of the performance of different schemes on real-life data is more
complicated because of the spatial and tissue dependent SNR and other imaging related artifacts
such as chemical shift, distortion and eddy currents.

The optimal NDED has been investigated in previous studies.®*#243% In a ROI based
approach, no difference was found in FA and MD between 6 and 30 directions when scanning
time was held constant at 1.5T.** Moreover, they found an overestimation of the main
eigenvalue (AD) in the 6 directions scheme in most of the ROIs. Another ROI approach found
minimal but significant FA and MD changes between the 6 and 30 directions scheme at 1.5T.%?
However, they concluded that the test-retest variability is higher than this difference. In
addition, an upward bias of FA could be detected in the gray matter as SNR decreased but no
change was found in white matter ROIs.'® The total number of scans was held constant for
these studies, which resulted in a comparable SNR for the different schemes. Moreover, an
increment in NDED was reported to lead to an elevation in SNR and to reach its plateau at 53
directions for FA and 51 directions for MD in the white matter.3® Random rejection of directions
leads to an overestimation of FA, AD and an underestimation of RD but does not affect MD,
these effects are more apparent in areas with low FA.*® The uniform rejection has the same
effects on low FA areas, but the bias is much smaller. Lower SNR could be in the background
of the overestimation with lower NDED. Moreover, FA and AD seem to be affected more
profoundly by NDED in general than “isotropic indices” (MD, RD) which averages information
from more directions. The previously investigated ROIs mostly contain main tracts in which
axons run in one direction. Nevertheless, the relative orientation of tracts and diffusion

directions has an impact on the parameter estimation at low number of directions.***> However,
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the analyses of DTI data mostly use the full brain and TBSS is one popular method to do this.*’
Therefore, to understand the effects of NDED on TBSS analysis is crucial.

Diffusion parameters have a high spatial variability (e.g. FA in the middle of the fibre
bundle is much higher than at the periphery, or for example over the antero-posterior aspect of
the corpus callosum!® FA changes together with the underlying histological features). This
high spatial variability warrants voxel wise statistics. However, registration in the white matter
is not trivial. One possible solution is applied in the TBSS approach, namely only the most
structured parts of the white matter are investigated in the white matter skeleton. The skeleton
is defined by the relatively high FA values (usually higher than 0.2-0.3), which by itself reduces
the bias, since areas with low FA values are more prone to the overestimation of FA.

Multiple sclerosis is an inflammatory and neurodegenerative disease with various
clinical symptoms in which white and gray matter are affected diffusely.'%%%* The disease
causes local lesions in the brain and alterations in the normal appearing white matter.2”1% Many
studies found wide-spread changes in DTI parameters in MS.1%%111 Here, we found extensive
alteration of DTI parameters in the white matter in MS patients compared to HCs. The reason
of this broad difference could be the high number of participants in the study, which may lead
to the detection of smaller differences. Furthermore, the higher number of MS patients may
also contribute because their inclusion leads to an increased percent of focal demyelinating
lesions in the skeleton, which have reduced FA and increased MD.!! However, only a small
proportion of the skeleton contains lesions (7.5% of the total volume of the skeleton in a
subpopulation of 40 MS patients from the current sample of whom manually segmented lesion
mask were available). The mean difference in the significant voxels of FA and AD decreased
with the NDED, that is, the two groups mean values depended on NDED in different way. In
the lowest NDED, the group difference was the highest. One possible explanation could be the
underlying pathology in MS. The white matter FA value is decreased throughout the brain,
which is in turn, more prone to overestimation. Moreover, voxels included in the skeleton in
the TBSS approach are more ambiguous. The significant change of group differences between
the directions is still very low. Regarding the two skeleton sizes, the group differences of the
parameters followed a similar trend. In addition, the number of significant voxels and the
skeleton size was different between different schemes and decreased with the NDED. The
overestimation of skeleton size could be the consequence of the overestimation of FA within

the small FA areas. In addition, the elevated number of significant voxels of FA simply resulted
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from the higher number of voxels. This effect could be reversed because correcting for skeleton
size, the number of significant voxels of FA was equal as well. Conversely, the number of
significant voxels of MD and AD was smaller at 15 directions compared to higher directions.

As we worked with fixed encoding directions and their subsets, the distribution of
directions could differ from the optimal distribution. According to Zhan et al., this difference
was in the range of 5-6% in terms of distribution energy in 10 and 15 directions®® and as Zhan
et al. acknowledged this “suboptimal sampling may play a minor role in the SNR gains”. We
repeated their calculation and the ratio of distribution energy in our study was less than 1%
which is a negligible difference. The difference between the two studies stems from the
different number of encoding direction used in the original dataset, that is 94 compared to 60
in our case.

One of the limitations of our study is that the results only applicable to differences
between MS and healthy patients, other diseases might show different pattern of TBSS’ change
as the function of NDED. Other parameters which has an effect on signal-to-noise should also

be considered such as voxel size and field strength.
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Conclusion

In conclusion, eye movements are substantially affected in MS patients, which reflected
in several behavior parameters. Moreover, subclinical involvement of the oculomotor system
is detected in several cases and highlights the possible use of eye tracker systems to adequately
quantify disease burden. The global and focal gray matter alterations are associated with brain
areas important in cognitive functions, such as attention. To correctly test white matter integrity,
the optimization of diffusion tensor imaging was evaluated considering the number of diffusion
encoding directions. Bias caused by directions is more pronounced for areas with small FA
values and seems to be constant above 30 directions. Moreover, NDED has a slight effect on
TBSS, which makes it reasonable to cautiously compare results from different TBSS studies
with different NDED. Regarding all the derived DTI parameters 30 directions might be enough
to compare healthy and multiple sclerosis patients with TBSS analysis. Importantly, our results
indicate that higher FA threshold of the skeleton should be used with lower NDED to avoid
false positive results. White matter integrity could be tested with the optimized sequence and
its association with oculomotor deficits as well. As eye tracker systems are promising tools to
monitor disease progression the follow-up of our cohort could aid our understanding of eye

movements as a predicting biomarker.
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Eye movement deficits are frequently noted in multiple sclerosis during bedside
clinical examination, but subtle dysfunction may remain undetected and might only be
identified with advanced approaches. While classical neurology provides insight into
the complex functional anatomy of oculomotor functions, little is known about the
structural background of this dysfunction in MS. Thirty four clinically stable, treated
relapsing-remitting MS patients with mild disability and 34 healthy controls were included
in our study. Group difference and correlation with clinical parameters were analyzed in
case of the latency, peak-velocity, gain, dysconjugacy index, and performance during a
saccade and anti-saccade task. High-resolution T1 weighted, T2 FLAIR, and double
inversion recovery images were acquired on 3T to evaluate the correlation between
behavioral and MRI parameters, such as T2 lesion and T1 black-hole burden, global
brain, gray, and white matter atrophy. VBM style analysis was used to identify the
focal gray matter atrophy responsible for oculomotor dysfunction. Significantly increased
latency in the prosaccade task and significantly worse performance in the anti-saccade
task were found in MS patients. The detailed examination of conjugated eye movements
revealed five subclinical internuclear ophthalmoparesis cases. The peak velocity and
latency of the anti-saccade movement correlated with the number of black holes, but
none of the eye movement parameters were associated with the T2 lesion burden or
location. Global gray matter volume correlated with saccade and anti-saccade latency,
whereas white matter and total brain volume did not. Local gray matter atrophy in the left
inferio-parietal lobule and temporo-occipital junction correlated with anti-saccade peak
velocity. Our results show that neurodegeneration-like features of the MRI (black-hole,
gray matter atrophy) are the best predictors of eye movement deficit in MS. Concurring
with the clinico-radiological paradox, T2 lesion burden cannot explain the behavioral
results. Importantly, anti-saccade peak velocity correlates with gray matter atrophy in
the left parietal regions, which are frequently implicated in attention tasks.
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Oculomotor Abnormalities in MS

INTRODUCTION

Multiple sclerosis (MS) is a devastating disease that mostly
affects young adults. Among many other symptoms, oculomotor
deficit is common in MS, reported to occur in 57-70% of
all patients (1, 2). Its significance lies in the observation that
the presence of eye movement abnormality is associated
with greater disability and greater disability progression
(3). Bedside oculo-motor examination by an experienced
specialist could reveal major oculomotor deficits, but subtle
alterations might remain undetected. Eye tracker devices are
suitable for objective and quantitative measurements of eye
movements and are more sensitive in detecting subclinical
abnormalities (1).

The aim of the eye movements is to keep the object
of interest on the fovea. These voluntary and reflexive
movements are the rapid jerky saccades, the smooth pursuit
and vergence movements. These intricate ocular movements are
accomplished by six extraocular muscles, the movement of which
is coordinated by a complex network of cortical and subcortical
neuronal elements.

The main purpose of the rapid voluntary conjugate eye
movements known as saccades, is to bring the new object
of interest onto the foveae. The cranial nerve nuclei of
the oculomotor muscles could be found in the brainstem.
In addition, other elements of the premotor circuits of
saccades are in the brainstem such as the paramedian pontine
reticular formation, nucleus of the medial longitudinal
fasciculus and nucleus raphe interpositius. All of these
regions receive afferents from the superior colliculus.
Moreover, the behaviorally important stimuli are processed
in various cortical networks and together with fronto-parietal
attention networks have crucial role in guiding eye movements
during saccades (4). Eventually the cortical signals for eye
movements are generated in the frontal eye filed (FEF) in
close interaction with other centers such as supplementary and
pre-supplementary eye fields (5), the dorsolateral prefrontal
cortex and parietal cortex. From the cortical centers the
information is conveyed via the superior colliculus to the
nuclei of the oculomotor nerves directly and indirectly as
well (6-8). Over the course of information flow various
subcortical, brainstem and cerebellar centers are modulating
the process.

Damage to certain parts of this network causes clinically
abnormal eye movement (9, 10) some of those easily detectable by
bedside examination (11). However, the structural background
of subtle eye movement deficits in MS is not well-understood.
Damage of the perceptual systems, the cognitive networks such as
attention and the eye movement centers cause various alterations
of eye movements.

The aim of our study was to investigate the subclinical
oculomotor deficit of MS patients in prosaccade and anti-
saccade tasks. The higher order structural background of such
abnormal eye movements was investigated by correlating
the behavioral measures with lesion location and gray
matter atrophy.

MATERIALS AND METHODS
Subjects

Thirty nine relapsing remitting MS patients were enrolled in our
study. Inclusion criteria for patients were: relapsing remitting MS
on disease modifying treatment, EDSS score <6, no relapse in
the preceding 3 months, no other major neurological, psychiatric
or ophthalmological disease (for clinical and demographic data
see Table 1).

We also recruited 34 healthy controls (HC), who had no major
neurological, psychiatric, or ophthalmological disease.

This study was carried out in accordance with the
recommendations of the Medical Research Council National
Scientific and Ethical Committee (ETT TUKEB) with written
informed consent from all subjects. All subjects gave written
informed consent in accordance with the Declaration of Helsinki.
The protocol was approved by the National Institute of Pharmacy
and Nutrition (000002/2016/0TIG).

Visuo-Motor Task

The subjects completed a prosaccade and an anti-saccade task.
The investigation took place in a well-lit room. The subjects
sat 60cm away from the screen. The visual stimuli and the
task paradigm were written using the Tobii MATLAB binding!
and the Psychophysics Toolbox Version 3.0.122, under MatLab
8.3.0.532 (2014a, MathWorks, Inc.). Eye movement recording
was carried out with a Tobii TX300 eyetracker. Before the task,
a 5 points calibration was carried out. The prosaccade task was
the following: A black cross appeared in the center of a gray
screen, which disappeared after a random interval of 1.2-2s
and appeared instantaneously in the left or right side of the
screen, 9.2 or 18.4°From the center. Each condition (4 in all: left-
far, left-close, right-far, right-close) was repeated 20 times in a
pseudorandom order. Subjects had to move their gaze to the new
location of the target instantly and accurately. Halfway during the
task, there was a break to prevent subjects from fatigue and/or
tearing. In the anti-saccade task, the layout was the same, but the
subjects had to move their gaze contralateral to the position of
the new target.

The data acquisition started when the target (cross) jumped
to the periphery and lasted 1s. The sampling frequency was
300 Hz. Data from both eyes were recorded simultaneously. Each
recorded data point had a time stamp and a validity code. After
the data acquisition, the target jumped back to the center of
the screen.

Data Processing

The recorded data was processed offline. Trials in which more
than 10% of the data was missing (validity code higher than 1 as
provided by the eye tracker) or more than 100 ms was missing
continuously or more than 80% was missing in the first 50 ms
were excluded from further analysis. In the rest of the trials,
missing values were interpolated with linear interpolation of the
neighboring values.

Uhttp://developer.tobiipro.com/matlab.html
Zhttp://psychtoolbox.org/
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TABLE 1 | Demographic data of the subjects.

Group # of subjects Females Age EDSS Disease duration Treatment regimen
(years) (months)
MS 39 25 39.1(+9.5) 1.4(+1.4) 103(+72.8) DF-15%
Te-28%
IFNb-13%
GA-18%
F-26%
HC 34 23 31(+10.9) - - -

DF, dimethyl fumarate; Te, teriflunodamide; IFND, interferon beta 1a; GA, glatiramer acetate; F, fingolimid.

The preprocessed data were smoothed and differentiated with
a 0, 1* and 2™ order 11-points sliding window Savitzky-Golay
filter’ to calculate the position, velocity and acceleration of the
eyes. Saccades were detected automatically: if the velocity of the
eye exceeded 50°/s in 2 consecutive points it was labeled as a
saccade like event. The beginning of the saccade like event was
marked where the acceleration of the eye was 0 (or reached its
minimum value in 50 ms before its peak). The end of the saccade
like event was marked where its velocity reached zero after the
peak. Saccade like motion was accepted as a saccade if its latency
occurred between 100 and 600 ms after stimulus onset, it took at
least 12 ms and a fixation preceded the saccade like event. During
fixation the eye had to be close to the initial cross (<1.5°) and its
position change over the fixation had to be <0.6°. For all trials
the position-time diagram was checked visually and inadequate
trials were excluded. The first two trials in each condition were
seen as practice and excluded from further analysis. A condition
was accepted if the subject had at least 9 trials (half of the trials
in a condition) after exclusion. Saccade latency (the start of the
saccade), saccade peak velocity, saccade amplitude and saccade
duration were assessed. Saccade gain was calculated from the
ratio of the final eye position and the target position. Anti-
saccade latency, gain, peak velocity were determined similarly
in the correctly performed trials. Anti-saccade performance was
calculated as the percentage of correctly performed trials to all
the adequate trials. Moreover, a dysconjugacy index (DI) was
calculated in the saccade task from both eyes as the ratio of the
abducting and adducting eye’s velocity in the “long” condition. DI
was determined in the left and right directions. Patient’s Z-scores
were calculated as indicated in Equation 1.

P DI(MS) — mean (DI (HC)) ()
br= STD (DI (HC))

Magnetic Resonance Imaging

Magnetic resonance imaging was performed with a 3T GE
Discovery 750 w MR Scanner (GE Healthcare, Chalfont St. Giles,
UK). The MR images used in the current study were acquired
as part of the routine follow up of the patients, the protocol
of which is described in details in our recent recommendation
(12). The following sequences were used in the current analysis:
High resolution T1 weighted anatomical images (3D spoiled

3https://www.mathworks.com/matlabcentral/fileexchange/30299- savitzky- golay-
smooth-differentiation-filters-and- filterapplication

gradient echo images with inversion recovery (3D FSPGR IR:
echo time [TE]: 2 ms; repetition time [TR]: 5.4 ms; inversion time
[TI]: 450 ms; matrix: 256 * 256; field of view [FOV]: 25.6cm *
25.6 cmy; flip angle: 12°; slice thickness [sl]: 1 mm; PURE intensity
correction), CUBE T2 FLAIR for lesion detection (TE: 135 ms;
TR: 6700 ms; TI: 1827 ms; matrix: 256*224; FOV: 25%22.5 cm, sl:
1.4 mm; fat sat; post processing: ZIP512, ZIP2), CUBE double
inversion recovery (DIR) (TE: 90 ms; TR: 7,000 ms; TI: 2,901 ms;
blood suppression TI: 546 ms; matrix: 192*192; FOV: 25cm *
25 cm; sl: 1.4 mm; fat sat) and spin echo (SE) T1 weighted images
were acquired (TE: min full, TR: 500, flip angle: 73°; matrix:
256%224, FOV: 24 cm * 19.2, sl: 3 mm, NEX: 2).

Image Analysis

Lesion load was determined in the periventricular, infratentorial,
and juxtacortical regions on the FLAIR and DIR images
manually. Lesion load in the whole brain as well as in the
above-mentioned subregions was correlated with the behavior
parameters. The SE T1 images were used for determine black
hole burden.

The correlation of lesion location probability and eye
movement deficit was evaluated as described by Kincses et al.
(13). Binary lesion mask were brought into standard space
by registering the FLAIR images to the high resolution T1
weighted images by 6 DOF linear registration (14) and the
T1 weighted images to standard MNI152 space by non-linear
registration (15). The standard space binary lesion masks
were concatenated. A voxelwise GLM analysis was performed,
the regressors of the design matrix were the measured eye
movement parameters. Non-parametric permutation test, with
5,000 permutations were used for statistical inference with
correction for multiple comparisons.

The high resolution T1 weighted images were used for voxel-
based morphometry analysis. We employed an “optimized”
VBM-style protocol (16, 17) using FSL (18). Non-brain parts
were removed from all structural images (19) and tissue-type
segmentation was carried out by FAST4 (20). The resulting gray
matter partial volume images were registered to standard space
(MNI152) using linear transformation (14) followed by a non-
linear registration (15). The resulting images were averaged to
create a study-specific template, to which the native gray matter
images were then non-linearly re-registered. The registered
partial volume images were then modulated (to correct for local
expansion or contraction) by dividing by the Jacobian of the warp
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field. The modulated segmented images were then smoothed
with an isotropic Gaussian kernel with a sigma of 2mm.
Finally, voxelwise GLM was applied and permutation-based
non-parametric testing correcting for multiple comparisons
across space was used for statistical inference. The design
matrix contained the behavior parameters (saccade latency,
peak velocity, and gain) in consecutive analyses. The model
was adjusted for disease duration and age. Thresholding was
carried out by cluster-based thresholding corrected for multiple
comparison by using cluster size.

Statistical Analysis

Statistical analysis was carried out with Rstudio (21). The
following packages were used: Ime4 (22)—model building, car
(23)—statistical significance. Mean and standard error were
calculated for the following parameters: latency, peak velocity
and gain from both eyes in the prosaccade and anti-saccade
tasks separately. All parameters were evaluated in a mixed model
ANOVA, in which the subject was the random effect and the
group (HC-MS), the movement type (abduction-adduction), and
the distance (far-close) of the target handled as fixed effects.
A p < 0.05 was considered significant. We investigated both
eyes separately because an average of the two eyes could be
misleading if subclinical internuclear ophthalmoparesis coexists.
The results from the left eye were reported unless otherwise
stated. To investigate oculomotor decision, latency and peak
velocity differences between prosaccade/anti-saccade tasks were
calculated and compared between the groups. The name of
the new calculated variables were peak velocity difference and
latency difference. As peak velocity and amplitude have linear
relationship in case of significance the statistic was repeated
with the scaled peak velocities. Pearson or Spearman correlation
(where the assumptions of the Pearson were not valid) between
MRI markers and behavior parameters were calculated in
separate analyses. The effect of disease duration and age was
tested in partial correlation and the effect of sex is tested via
comparing the Fischer Z transformed correlation coefficients in
the two sex separately. Correlation coefficient are reported from
simple correlation where the age, disease duration and sex had no
effect on the association.

RESULTS

Clinical examination indicated that 5 patients (13%) had
clinically detectable oculomotor alteration. They were excluded
from further quantitative analysis. One further patients was also
excluded because of technical issues with the MRI images. The
demographical data of subjects are presented in Table 1. All
patients were on disease modifying therapy (6 patients take
dimethyl-fumarate, 11-teriflonomide, 4- i.m. interferon betala,
7-glatiramer acetate, 10-fingolimod, 1-s.c interferon betala).

The average total lesion number was 21 (£15). As expected,
most of the lesions occurred in the periventricular region
(12.547.6), but significant lesion load was found in the
infratentorial and juxtacortical location too (1.5 =+1.6, 3.6
£4.5, respectively).

abduction adduction
i * *

ozl 2l | 2 s
z? 3
S 0.1751
£
8 02251 % * U,
= 0.2001 L L |3

0.1751 -

HC MS HC MS
group

FIGURE 1 | Mean and +SEM of latency in different conditions of the left eye in
the saccade task. Significant group difference is marked with an asterisk (*).
The mean and standard error from the left-upper part of the figure were the
following: 198(£5)ms vs. 221(x7)ms (abduction+long), 206(£5)ms vs.
224(+7)ms (adduction+long), 183(+4)ms vs. 197(£6)ms (abduction+short),
188(£5)ms vs. 200(+6)ms (adduction+short) for HC and MS, respectively.

Latency

The latency of the anti-saccades were longer than the latency of
saccades (194 ms vs. 303 ms, t = —17.3, p < 0.0001 for HCs and
207 ms vs. 319 ms, t =-18.6, p < 0.0001 for MS participants).

Saccade latency was significantly prolonged in MS patients.
The results were similar in both eyes [left: F(j ¢5966) = 5.36,
p = 0.024, right: F(j 6595y = 5.38, p = 0.024] [mean(%sd):
194(£24) ms vs. 207(£31) ms for HC and MS participants].
There were no interaction effects between the fixed effects (group,
movement type and distance of the target). The results are
depicted in Figure 1.

Anti-saccade latency was prolonged in MS patients, however
it did not reach a significant level [F(; ¢4.96) = 2.39, p = 0.12]
[mean(+£sd):303(4+44) ms vs. 319(+44) ms for HC and
MS, respectively].

The latency difference between prosaccade and anti-saccade
tasks was also investigated on group level and we found no
significant difference. [tg4 = 0.29, p = 0.77] [mean(Zsd):
107(£36) ms vs. 112(+34) ms for HC and MS, respectively].

Peak Velocity

Prosaccade peak velocity was slightly smaller in the MS
group [mean(Zsd): 325(£32)°/s vs. 310(£42)°/s for HC and
MS, respectively] but there was no significant difference
between the two groups [F(¢596) = 14, p = 0.28].
However, a significant interaction effect could be observed
in two conditions: (i) group x movement type [left eye:
Fa,1871) = 3.3, p = 0071, right eye: F(j 107) = 7.2,
p = 0.0079], which means that the higher velocity of
adduction compared to abduction in HC was reversed in
MS patients, resulted in a higher peak velocity in abduction
compared to adduction and (ii) group x distance pleft eye:
F(l, 187.1) = 77,p = 0.006, right eye: F(l, 1922) = 715,P = 0008],
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FIGURE 2 | Mean and + SEM of peak velocity in different conditions of the left
eye in the saccade task. Significant group* distance interaction is marked with
an asterisk (*). The mean and standard error are the following from left to right:
379(+9)/s vs. 366(£8)/s (abduction+long), 266(+4)/s vs. 265(+4)/s
(abduction+short), 389(£7)/s vs. 359(+12)/s (adduction+long), 269(+4)/s vs.
260(+7)/s (adduction+short) for HC and MS, respectively.

which means that the slower peak velocity in the closer
cue condition in HC group was slightly smaller in the MS
group (Figure 2).

Anti-saccade peak velocity was not different between the two
groups [F ¢48) = 0.12, p = 0.73] [mean(z£sd): 265(£46)°/s
vs. 268(+41)°/s for HC and MS, respectively]and no interaction
effects could be observed.

Difference between prosaccade and anti-saccade peak velocity
could be observed in a group level. MS group had lower difference
in peak velocity around 20/s [t(g4) = 2.13, p = 0.037] [mean(%sd):
60(£33)°/s vs. 42(£37)°/s for HC and MS, respectively],
however, this difference was not survived scaling for amplitude
[t(64y = 0.07, p = 0.95].

Moreover, EDSS scores positively correlated with peak
velocity difference (Spearman’s rho: 0.4, p = 0.024). The
higher clinical disability related to higher peak velocity difference
between the two tasks.

Gain
In the prosaccade task, MS group had smaller gain in all
conditions. Therefore, they performed slightly hypometric
saccades compared to HC. However, this difference did
not reach a significant level [F(j ¢58) = 224, p = 0.14]
[mean(=sd): 0.932(£0.046) vs. 0.913(£0.049) for HC and MS,
respectively] (Figure 3).

Gain in the anti-saccade task did not differ between the two
groups [F(j ¢36) = 0.01, p = 0.92].

Antisaccade Performance

There was a marked difference between the two groups in the
anti-saccade performance. The HC group reached more than
80% (412.2%) accuracy while the MS group obtained only

abduction | |adduction
ool B B |l B
0.8 group
8 07 W
o 0. a5
0.6
0.51
long short long short
distance

FIGURE 3 | Mean and + SEM of gain in different conditions of the left eye in
the saccade task. Slight hypometria could be detected, however, this
difference was not significant. Mean and standard error are the following from
left to right: 0.935(+0.012) vs. 0.918(30.11) (abduction+long), 0.929(+0.012)
vs. 0.922(+0.011) (abduction-+short), 0.926(+0.008) vs. 0.89(+0.011)
(adduction+long), 0.938(+0.01) vs. (adduction+short) for HC and MS,
respectively.
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FIGURE 4 | Mean 4+ SEM of anti-saccade performance in the two groups.
Significant group difference is marked with an asterisk (*).

64% (£22.5%). (Wilcoxon-Mann-Whitney test: [Usy4 33 = 837,
p < 0.001] (Figure 4).

Dyconjugacy Index

The dysconjugacy index derived from peak velocities of
the eyes can detect clinically not detectable internuclear
ophthalmoparesis (INO). A Z-value higher than the highest
control subject’s z-value+2 was determined as threshold for
subclinical INO (10). Based on this threshold five patients
were classified as having subclinical INO. Patient #49 had
INO in both directions, while patient #39, #37, and #17 had
only in the left direction and patient #18 only in the right
direction (Figure 5).

Frontiers in Neurology | www.frontiersin.org

June 2019 | Volume 10 | Article 589


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

cluster based thresholding. Disease duration and age were used

Kincses et al. Oculomotor Abnormalities in MS
left right
20 E 33 o
o
> 15- 7 o
S
o
2 1 0 7 49 o
o
8 5 Cutoff i Cutoff B 8
? o °
N CO0000000000 FIGURE 7 | Results of VBM analysis. Marked voxels positively correlated with
0 g - i |
© o anti-saccade peak velocity. The error bar represents different Z-value after
T T

MS
group
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FIGURE 6 | Antisaccade peak velocity of the left eye negatively correlated with
black-hole count.

Correlation of Eye Movement Deficit With
MRI Markers

T2 lesion burden or lesion location did not show significant
correlation with any of the measured MRI parameters.

A positive correlation were detected between anti-saccade
latency and the number of black-holes (Spearman’s rho: 0.45,
p = 0.011) and negative correlation between the anti-saccade
peak velocity and the number of black-holes (Spearman’s rho:
—0.47, p < 0.01) (Figure 6).

There were no significant correlation between white matter
volume with any of the measured eye movement parameters.

The VBM analysis revealed that anti-saccade peak velocity
correlated with gray matter density in parietal areas (Figure 7).
That is, smaller anti-saccade peak velocity was associated with
lower gray matter densities in the left parietal areas.

No other eye movement parameters showed correlation with
gray matter density.

as cofounders.

DISCUSSION

In our study we investigated visually guided prosaccade and
anti-saccade task performance in MS patients and their possible
association with focal brain alterations. Out of several eye
movement parameters, we found significantly increased latency
in the prosaccade task and significantly worse performance in
the anti-saccade task in MS patients. The detailed examination
of conjugated eye movements revealed 5 subclinical INO cases.

As regarding the MRI parameters, the peak velocity and
latency of the anti-saccade movement correlated with the number
of black-holes, but none of the eye movement parameters
were associated with the T2 lesion burden or location. Most
importantly, local gray matter atrophy in the left inferio-
parietal lobule and temporo-parietal junction correlated with
anti-saccade peak velocity.

Oculomotor alterations found with various paradigms such
as visually guided saccade, prosaccade, anti-saccade, memory
guided saccade and endogenous cued saccade are common in MS
(1, 3, 10, 24-31). In agreement with our findings, Clough et al.
found that saccade latency is prolonged in clinically definitive MS
patients (24). In the same cohort, latency increases with longer
disease duration. In another study, the MS group has longer
saccade latency in the presence of a distractor stimulus (29).
Previous studies also showed that the performance is deteriorated
mainly in more cognitively demanding saccade tasks (3, 24—
28, 31). Antisaccade performance is deteriorated and associated
with cognitive performance (24, 28, 31). Fielding claims that
this alteration spares the reflexive part of the saccades. In our
investigation the anti-saccade peak velocity, but not that of the
parameters of the saccade task correlated with number of black-
holes and focal gray matter atrophy in the temporo-parietal
region. Prolonged latency of prosaccade could mirror the delayed
initiation of saccades. The prolonged latency of anti-saccades
however, might reflect a prolonged volitional decision process
or a delayed initiation of saccade in the opposite direction
or both (32). The difference might relates to the time, which
is not necessary for the reflexive part such as inhibition or
vector transformation (33). Hence the correlations we have
found are mainly reflecting the higher order cognitive processes
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of eye movements rather the reflexive parts. Interestingly, no
correlation was found between any of the MRI parameters and
the anti-saccade performance. The non-reflexive part of the anti-
saccades might be dysfunctional, leading to an error. While
if it is delayed but to a level that is not sufficient to make
an error it could only be investigated via its delayed latency.
This could especially be important in multiple sclerosis, in
which demyelination, and slowed conduction is a key feature of
the disease.

Saccades could be a potential marker to follow-up cognitive
alterations in MS patients because it has been shown that various
saccade performances are associated with cognition (24, 25, 27).
Based on these observations, prolonged latency could reflect
damage to networks associated with motor or cognitive control.

While several studies showed alterations of oculomotor
performance in MS, the background of such alterations is
not entirely clear. Clinically detectable oculomotor symptoms
show correlation with certain infratentorial lesions (9), but
in our investigation, subclinical eye movement deficit did not
correlate with T2 hyperintense lesion load, which is congruent
with the result of a previous study (31). It is in agreement
with our earlier investigation in that lesion load or location
only modestly correlate with clinical symptoms (13), whereas
persistent black-holes show better correlation with clinical and
cognitive functioning in MS (34, 35). Accordingly, the T1
hypointense lesion burden correlated with the anti-saccade
velocity and latency in our study. Brain atrophy showed
better correlation with clinical and cognitive disability (36). In
particular, cerebellar atrophy was associated with anti-saccade
error (31). In our study, gray matter atrophy measures correlated
with eye movement deficits globally as well as locally. Black holes
and atrophy seem to jointly relate to anti-saccade alterations.
Several studies found correlation between T1 black-hole lesions
and atrophy, but no similar relationship was revealed for T2
hyperintense lesions (37, 38). Cellular damage could be observed
in both cases (39, 40). In addition, both measures correlate well
with clinical disability, better than T2 lesion load (41).

Saccade peak velocity is affected by multiple cognitive
functions [arousal (42) and mental workload (43)]. In our study,
focal gray matter volume variability showed correlation with
anti-saccade peak velocity in the left inferior parietal lobule, left
temporo-parietal junction and in the putative left V5/MT motion
sensitive visual region (44). These parietal regions are identical
to those frequently implicated in attention tasks (45). In their
seminal paper, Corbetta et al. in a remarkably similar paradigm
found activation in the intraparietal sulcus during sustained
attention and in the right temporo-parietal junction when a

target was detected, particularly at an unattended location (4).
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ABSTRACT

BACKGROUND AND PURPOSE: Diffusion tensor imaging (DTI) is a promising approach to detect the underlying brain
pathology. These alterations can be seen in several diseases such as multiple sclerosis. Tract-based spatial statistics (TBSS) is
an easy to use and robust way for analyzing diffusion data. The effect of acquisition parameters of DTI on TBSS has not been
evaluated, especially the number of diffusion encoding directions (NDED), which is directly proportional with scan time.
METHODS: We analyzed a large set of DTI data of healthy controls (N = 126) and multiple sclerosis patients (N = 78). The
highest NDED (60 directions) was reduced and a tensor calculation was done separately for every subset. We calculated the mean
and standard deviation of DTI parameters under the white matter mask. Moreover, the FMRIB Software Library TBSS pipeline
was used on DTI images with 15, 30, 45, and 60 directions to compare differences between groups. Mean DTI parameters were
compared between groups as a function of NDED.

RESULTS: The mean value of FA and AD decreased with increasing number of directions. This was more pronounced in areas
with smaller FA values. RD and MD were constant. The skeleton size reduced with elevating NDED along with the number of
significant voxels. The TBSS analysis showed significant differences between groups throughout the majority of the skeleton and
the group difference was associated with NDED.

CONCLUSION: Our results suggested that results of TBSS depended on the NDED, which should be considered when comparing
DTI data with varying protocols.
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Introduction

Diffusion tensor imaging (DTI) is a widely used technique to
analyze tissue pathology in vivo. Several studies demonstrated
structural alterations in various diseases.'® From the tensor
model, several derived parameters are available to characterize
white matter changes qualitatively. Fractional anisotropy (FA)
describes how strongly the diffusion is directional in the mea-
sured volume. Mean diffusivity (MD) and the main eigenvec-
tors represent the average diffusivity within the voxel and the
diffusion along the main diffusion directions. A correct estima-
tion of the diffusion tensor requires at least six noncollinear
diffusion directions and an extra nondiffusion-weighted im-
age. Because diffusion-weighted measurement is typically char-
acterized by relatively small signal-to-noise ratio (SNR), one
could attain higher SNR with increasing the number of dif-
fusion encoding directions (NDED). To achieve tensor ori-
entation and anisotropy-independent SNR, one should use a

uniform distribution of the encoding directions.* Moreover,
the optimal NDED is critical for SNR and scan time. More
directions increase SNR® but prolong the measurement. Sev-
eral theoretical and practical studies demonstrated the NDED
dependency of the obtained diffusion tensor values and propose
an optimum NDED which, depending on the optimization met-
ric, ranges between 6 and 62.512

Although there is a considerable body of research in
this topic, there are still outstanding issues to be investi-
gated. Most of these studies evaluated data from healthy
controls (HC) or used simulated data.>!?
clude the physiological effects (movements, cardiorespiratory
effects, etc) and patient-related special features (eg, different
in-scanner motion). In addition, special analytical methods
could be sensitive to the bias of the tensor value. The widely
used tract-based spatial statistics (TBSS) is an easy to use
and robust method to analyze DTI images.'® The approach

In vivo studies in-
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Table 1. Clinical and Demographical Data of Participants

Table 3. The Mean Bias of DTI Parameters from the Reference, 60
Directions Image in White Matter Mask in Healthy Controls

Number of Di
participants duration
(female) Age (year) EDSS (year)
MS 78 (55) 38.6 (£9.9) 1(0-6.5) 8.7 (+6.8)
HC 126 (57) 31 (£10.2) - -

Note. Age and disease duration are mean =+ standard deviation. Median expanded
disability status scale and the range are shown. EDSS = expanded disability status
scale.

Table 2. The Mean of DTI Parameters in the Individual White Matter
Mask for Different Subset of Encoding Directions for Healthy

NDED AD FA MD RD
10 284 x 107  295x 102 937 x 107 -1.98 x 107
15 1.62 x 107 129 x 102 246 x 100 -4.97 x 10°°
20 147 x 107 7.80 x 10 467 x 106 -2.14 x 1077
25 1.02 x 10 478 x 10 3.61 x 100 3.89 x 1077
30 8.09 x 100 3.10 x 103 324 x 106 9.60 x 107
35 5.04 x 1076 192 x 103 202 x 106 548 x 107
40 2.67 x 106 1.60 x 108 7.06 x 107 -1.59 x 1077
45 235 x 100  834x10* 968 x 107  3.33 x 107
50 1.63x 10  7.11 x 10°*  5.32 x 1077 1.03 x 1077
55 1.06 x 106 294 x 10  6.67 x 107 5.48 x 1077

Controls

NDED AD FA MD RD

10 1.20 x 10 486 x 1077 758 x 10*  5.39 x 107*
15 1.18 x 10°  4.69 x 107! 7.60 x 107 548 x 10™*
20 1.18 x 10°  4.64 x 107! 7.62 x 107 552 x 10™*
25 1.18 x 107 461 x 1077 761 x 107* 552 x 107*
30 1.18 x 10 459 x 1077 761 x 10* 553 x 107*
35 1.17 x 10°  4.58 x 107! 759 x 107 553 x 107
40 1.17 x 10 4.58 x 107! 758 x 107 552 x 10™*
45 1.17 x 10% 457 x 1077 758 x 107 552 x 107*
50 1.17 x 10%  4.57 x 107! 758 x 107 552 x 10™*
55 1.17 x 10°  4.56 x 107! 758 x 107 553 x 10™*
60 1.17 x 10 456 x 1077 757 x 107* 552 x 107*

AD = axial diffusivity; FA = fractional anisotropy; MD = mean diffusivity; RD
= radial diffusivity; NDED = number of diffusion encoding directions.

resolves several problems of the voxelwise analysis of the DTI
data, mainly arising from the misalignment of the multisubject
data. The method utilizes a fine-tuned nonlinear registration
and projection onto an alignment-invariant tract representa-
tion (the mean FA skeleton) that improves the sensitivity and
interpretability of the multisubject DTI studies. Since the pub-
lication of the original study, an enormous number of studies
used this approach (1,737 article cited it according to PubMed
in 07/2019). As the method concentrates on the center of the
tracks (local maxima of the FA), where the white matter is most
uniformly organized, NDED might have specific implications
for this analysis technique. However, no previous study inves-
tigated the effect of NDED on the TBSS analysis according to
our knowledge.

In the current investigation, our aim was to evaluate the
effect of the NDED on the performance of TBSS in a real-
world patient population. We chose multiple sclerosis (MS) as
a target disease, because demyelination is a key feature of the
pathology, which is on a scale that is detectable with DTL.!%15
The effect of NDED on TBSS’ performance between healthy
and MS group is questionable.

Methods
Subjects

One hundred and twenty-six HC and seventy-eight MS patients
were recruited between 2009 and 2017 and a total of 204 scans
were used in our analysis. We used the HC group to evaluate
the effect of diffusion encoding directions on areas with differ-
ent FA values. The age of the participants was between 21 and
60 at the time of the magnetic resonance imaging (MRI) scan.
Exclusion criteria for the HC subjects were the presence of
any psychiatric or neurological disease, as well as any chronic

2 Journal of Neuroimaging Vol 00 No 0 March 2020

AD = axial diffusivity; FA = fractional anisotropy; MD = mean diffusivity; RD
= radial diffusivity; NDED = number of diffusion encoding directions.

conditions. An experienced neuroradiologist (8 years of expe-
rience) reviewed all images and in case of any abnormality the
subject was excluded from further analysis. The MS subjects
were enrolled from our outpatient clinic. We excluded patients
who did not take disease-modifying therapy on a regular ba-
sis, who experienced relapse 6 months prior to the MRI scan
and who had significant brain atrophy, which affected image
registration. The local ethics committee approved the study (au-
thority number: 56/2011), and all the subjects provided written
consent. Data and code are available upon request through
personal correspondence after the approval of the local ethics
committee.

Imaging Protocol

MRI was performed on a 1.5 T GE Signa Excite HDxt
MR Scanner (GE Healthcare, Chalfont St. Giles, UK). T1-
weighted images (3D IR-FSPGR: repetition time(TR)/echo
time (TE)/inversion time (TI): 10.3/4.2/450 ms, flip angle: 15°,
Array coil Spatial Sensitivity Encoding (ASSET): 2, field of
view (FOV): 25 cm x 25 cm, matrix: 256 x 256, slice thick-
ness: 1 mm) and 60 direction diffusion-weighted images with six
nondiffusion-weighted reference volumes were recorded (TE:
93.8 ms, TR: 13,500 ms, matrix: 96 x 96, FOV:23 cm x 23 c¢m,
flip angle: 90°, in-plane resolution: 2.4 mm x 2.4 mm, which
was resampled to a .89 mm x .89 mm by the scanner, slice
thickness: 2.4 mm, b: 1,000s/m?, number of excitation (NEX):
9, ASSET): 2).

Data Processing

The analyses of MR images were carried out with the tools
from the FMRIB Software Library (FSL, version 5.0; Ox-
ford Centre for Functional MRI of the Brain [FMRIB],
UK;www.fmrib.ox.ac.uk/fsl) and in-house built MATLAB
scripts. The following preprocessing methods were used in the
diffusion image pipeline: eddy current correction and brain ex-
traction. The FSL eddy_correct function was used to correct for
subject movement and eddy currents and the FSL bet function
in the nondiffusion-weighted image to eliminate nonbrain part
of the image.

From the original data (60 diffusion encoding directions),
the diffusion encoding directions were reduced to n = 10, 15,
20, 25, 30, 35, 40, 45, 50, and 55 as follows. We used a reduc-
tion procedure to keep the uniform distribution via maximizing
the total angular distribution energy.’ The angular distribution
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Fig 1. Bias of DTl parameters in white matter. The mean of DTI parameters’ bias values under the white matter at different number of diffusion
encoding directions in the HC group. The red dotted line shows the mean difference between the MS and HC group. Asterisks represent

significant differences between groups with different directions.

energy of a pair of points on the unit sphere surface could be
determined as the inverse of the sum of the squares of the least
spherical distance between point a and point b, and the least
spherical distance between point a and point b’s antipodally
symmetric point B (Eq 1).

1

E,;, = (1)

p)
(min dz'ssz)2 + (min dist,, B)
a,b a,B

Angular Distribution Energy of A Pair of Points

The total angular distribution energy for a certain set of gra-
dients can be calculated as the sum of the angular distribution
energy of all pairs of gradients. The subset of gradient directions
was chosen in a sequential order.” The initial subset was one
gradient and other gradients were chosen in a sequential order
to maximize the total angular distribution of the set (Eq 2). The
generated subset of diffusion encoding directions was selected

and fed into the DTT analysis.

N N
EL(N =Y > E,, )
a b

The Total Angular Distribution Energy of A set of Gradients

We used the epi_reg function in FSL FLIRT' to calculate
the transformation matrix between the T1 image and diffusion
space. A diffusion tensor model was fitted in each voxel with
the diffusion toolbox of FSL.!” The FA maps were calculated in
each group. We used FSL FAST'® on the T1-weighted images
to segment the white matter from the high-resolution anatom-
ical image. Next, the white matter tissue probability map was
thresholded (.7), binarized, and transformed to the diffusion
space (trilinear interpolation) with the inverse transformation
matrix from epi_reg and a final threshold of 1 was used. All the
individual white matter masks were visually inspected and in
case of gross error the mask was recalculated and/or corrected
manually. These individual white matter masks were used as re-
gion of interests (ROIs) to evaluate parameters under the white
matter area. The mean and standard deviation of FA, MD, axial
diffusivity (first eigenvalue, AD), and radial diffusivity (mean of
the second and third eigenvalue, RD) within the white matter
(WM)-mask were calculated for each subject, that is, one value
was determined in every subsampled data set (10, 15, 20, 25, 30,
35, 40, 45, 50, 55, and 60 directions) for each subject. For every
subject, we calculated the bias from its original 60-direction im-
age for each subsampled dataset, that is, the 60 directions image
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was considered as a reference. We also tested for the statistical
significance of the effect of directions on the mean and standard
deviation for each derived parameters. Repeated measures of
analysis of variance with the random effect of subjects were
used within R studio'” as implemented in the Ime4, emmeans,
and car packages.?’?? The FA, MD, RD, and AD bias was also
calculated within different white matter regions, by dividing the
white matter mask into separate bins, namely, areas with .2-.4,
.4-.6, .6-.8, and .8-1 FA values in the reference (60-direction)
image.

To evaluate the effects of the number of diffusion directions
on TBSS results, we performed a TBSS analysis separately on
each DTI parameter as proposed in the FSL guideline.'® Briefly,
subjects’ FA images were aligned into a common space, using
the nonlinear registration tool (FNIRT). A mean FA image was
created and the threshold set at FA = .3, deriving a mean FA
skeleton that represented the centers of all tracts common to
the group. Each subject’s aligned FA data were then projected
onto this skeleton and the resulting data fed into voxel-wise
statistics. We performed statistical analysis with the use of a
general linear model with nonparametric permutation test for
inference (5,000 permutations) with age and sex as covariates
in our model. Thresholding was performed by threshold-free
cluster-enhancement approach and results were corrected for
multiple comparisons by controlling for the family-wise error
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rate. The analysis was performed in the following four sub-
groups of reduced directions: FA images of 15, 30, 45, and 60
directions comparing the two groups (126 HC and 78 MS). In
a second analysis, the threshold in the last step of the TBSS
pipeline was chosen to keep skeleton size similar (voxel count
difference within .1%), therefore FA thresholds of .3225, .307,
.3028, and .3 were used for the 15, 30, 45, and 60 directions,
respectively. The number of voxels in the skeleton and the num-
ber of significant voxels were calculated. Also, the mean and
standard deviation of the FA, MD, RD, and AD values in the
significant voxels were investigated. Mean group differences
were calculated in the significant voxels.

Results

The participants’ demographical and clinical data are in
Table 1. We considered the value of the “60 directions” group as
the reference value. The mean DTI parameters and the NDED-
related bias are listed in Tables 2 and 3 and bias is depicted in
Figure 1. A decreasing trend of AD and FA could be observed
with increasing NDED (Tables 2 and 3). The RD had an in-
creasing trend and the MD was constant (Table 3 and Fig 1).
Statistical analysis revealed significant main effect of directions
in FA (F(10,1250) = 2,191.8, P < .0001), MD (£10,1250) =
114.4, P < .0001), AD (£10,1250) = 1,472.6, P < .0001), and
RD (F10,1250) = 602.1, P < .0001). Moreover, the 40, 35,
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Fig 3. Standard deviation of DTI parameters. The standard deviation of the DTI parameters in separate bins of the white matter (WM) in

healthy controls.

35, and 20 directions did not significantly differ from the 60
directions based on post hoc analysis (Tukey method) in AD,
FA, MD, and RD, respectively (Fig 1). The asterisk in Figure 1
depicts NDED groups that differ significantly from the 60 di-
rections group (Fig 1). Mean values of DTI parameters under
different bins of the white matter were evaluated (Fig 2). Lower
FA bins had a greater overestimation with decreasing directions
but other parameters did not differ substantially.

The standard deviation of DTI parameters in the white mat-
ter mask increased slightly with decreasing directions, which
was more visible for FA and AD parameters (Fig 3). For the
different intensity bins, the FA value had the lowest standard
deviation in the highest bin compared to other bins. In RD
and MD parameters, the three upper bins had similar but lower
standard deviation compared to the lowest bin. In contrary,
the highest bin had the highest standard deviation compared to
other bins in AD (Fig 3). As a function of NDED, the standard
deviation of the whole white matter did not change significantly
from the 60 directions at 55, 20, 35, and 20 directions in AD,
FA, MD, and RD respectively as revealed with post hoc analysis
(Tukey method).

The TBSS analysis between 78 MS patients and 126 HCs
revealed slightly different results as a function of NDED when
threshold values were kept constant. The qualitative analysis
revealed minimal differences in the skeleton size and the num-
ber of significant voxels (Fig 4, right side). The total size of the
skeleton was reduced with increasing number of diffusion di-

rections. Similarly, the number of significantly different voxels
was reduced. However, when the FA threshold was changed
to keep the skeleton size constant, the number of significant
voxels was similar in FA and RD but there was a drop at 15
directions in MD and AD (Fig 4, left side). Regarding the group
differences, the mean FA value within the significant voxels of
the skeleton showed a decreasing trend with the elevation of
the encoding directions. This was more pronounced in AD but
absent in MD and RD (Figs 5-7). In addition, the MS group
had smaller values in any number of diffusion directions for
FA and higher values for AD, MD, and RD on a group level
(Fig 5). There was a statistical significant interaction between
the effect of disease group and NDED in the equal skeleton size
condition for all parameters (AD: H3,606) = 10.2, P < .0001;
FA: F3,606) = 8.4, P < .001; MD: F3,606) = 2.9, P < .05);
and RD: F(3,606) = 4.2, P < .01). In the unequal skeleton size
condition, interaction could be observed for AD, FA, MD, and
RD as well (AD: F3,606) = 10.2, P < .0001; FA: H3,606)
= 8.8, P < .0001; MD: F3,606) = 2.7, P < .05); and RD:
F(3,606) = 4.8, P < .01). This means that the mean differences of
the groups change differently as a function of directions (Fig 6)
in both skeleton sizes. The result of the TBSS analysis of the FA
in unequal skeleton size condition is depicted in Figure 7.

Discussion
In the present study, we investigated the effect of the number of
diffusion directions on the estimated diffusion parameters, with
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and RD as a function of NDED and the trend of AD and MD parameter were the same.

a special emphasis on detecting differences in a patient popu-
lation with the commonly used TBSS approach. We found an
overestimation of FA and AD with .01 and 10~°, respectively, if
the NDED was below 30 directions. Areas with low FA values
seemed to be more prone to the overestimation. For RD, under-
estimation was found and MD was not affected by the NDED.
When considering the TBSS analysis, the overestimation of FA

6 Journal of Neuroimaging Vol 00 No 0 March 2020

leads to an enlarged skeleton and within that skeleton more
significantly different voxels can be found at low NDED.
Atleast six noncollinear encoding directions are necessary to
estimate the diffusion tensor.”> Moreover, previous studies with
real-life data®3%2* investigated the effects on NDED on accurate
and precise FA estimation in ROI analysis. The decrease of the
encoding directions leads to an overestimation of the FA and
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skeleton size was varying with NDED.

AD and an underestimation of RD but does not affect MD.
The overestimation seems to be more severe if the uniform
spherical distribution of directions has not been kept.?* As it
was emphasized, the relationship of the fiber orientation and the
encoding direction has a major effect on the tensor, especially
in low NDED. Simulation studies found that the relationship
of diffusion scheme and the underlying fiber orientation has a
profound effect on the accuracy and precision of the estimated
anisotropy.” However, the investigation of the performance of
different schemes on real-life data is more complicated because
of the spatial and tissue-dependent SNR and other imaging-

related artifacts such as chemical shift, distortion, and eddy
currents.

The optimal NDED has been investigated in previous
studies.>®*?! In a ROI-based approach, no difference was found
in FA and MD between 6 and 30 directions when scanning time
was held constant at 1.5 T.” Moreover, they found an over-
estimation of the main eigenvalue (AD) in the six directions
scheme in most of the ROIs. Another ROI approach found
minimal but significant FA and MD changes between the 6
and 30 directions scheme at 1.5 T.® However, they concluded
that the test-retest variability is higher than this difference. In
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addition, an upward bias of FA could be detected in the gray for the different schemes. Moreover, an increment in NDED
matter as SNR decreased but no change was found in white was reported to lead to an elevation in SNR and to reach its
matter ROIs.?” Therefore, the total number of scans was held plateau at 53 directions for FA and 51 directions for MD in
constant for these studies, which resulted in a comparable SNR the white matter.” Random rejection of directions leads to an
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NDED=60

Fig 7. Visualization of significant voxels within the skeleton. The skeleton is showed in green. The statistical images are overlaid in yellow-to-
red and thickened with the tbss_fill function for visualization as recommended in FSL. The yellow-to-red colors represent P-values thresholded
at P < .05 corrected. Red ovals show areas where significant voxels differ as a function of NDED.
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overestimation of FA and AD and an underestimation of RD
but does not affect MD; these effects are more apparent in
areas with low FA.?* The uniform rejection has the same ef-
fects on low FA areas, but the overestimation is much lower.
Lower SNR could be in the background of the overestima-
tion with lower NDED. Moreover, FA and AD seem to be
affected more profoundly by NDED in general than “isotropic
indices” (MD and RD), which averages information from more
directions. The previously investigated ROIs mostly contain
main tracts in which axons run in one direction. Neverthe-
less, the relative orientation of tracts and diffusion directions
has an impact on the parameter estimation at low number of
directions.”® However, the analyses of DTI data mostly use the
full brain and TBSS is one popular method to do this.!* There-
fore, to understand the effects of NDED on TBSS, analysis is
crucial.

Diffusion parameters have a high spatial variability (eg, FA
in the middle of the fiber bundle is much higher than at the
periphery or, eg, over the anteroposterior aspect of the corpus
callosum,”® FA changes together with the underlying histolog-
ical features). This high spatial variability warrants voxel-wise
statistics. However, registration in the white matter is not trivial.
One possible solution is applied in the TBSS approach, namely,
only the most structured parts of the white matter are investi-
gated in the white matter skeleton. The skeleton is defined by
the relatively high FA values (usually higher than .2-.3), which
by itself reduces the bias, because areas with low FA values are
more prone to the overestimation of FA.

MS is an inflammatory and neurodegenerative disease with
various clinical symptoms in which white and gray matter are
affected diffusely.'®?”?® The disease causes local lesions in the
brain and alterations in the normal appearing white matter.?*
Many studies found wide-spread changes in DTI parameters in
MS.21:%6 Here, we found extensive alteration of DTI parame-
ters in the white matter in MS patients compared to HCs. The
reason of this broad difference could be the high number of
participants in the study, which may lead to the detection of
smaller differences. Furthermore, the higher number of MS pa-
tients may also contribute because their inclusion leads to an
increased percent of focal demyelinating lesions in the skele-
ton, which have reduced FA and increased MD.*® However,
only a small proportion of the skeleton contains lesions (7.5%
of the total volume of the skeleton in a subpopulation of 40
MS patients from the current sample of whom manually seg-
mented lesion mask were available). The mean difference in
the significant voxels of FA and AD decreased with the NDED,
that is, the two groups mean values depended on NDED in
different way. In the lowest NDED, the group difference was
the highest. One possible explanation could be the underly-
ing pathology in MS. The white matter FA value is decreased
throughout the brain, which is in turn, more prone to over-
estimation. Moreover, voxels included in the skeleton in the
TBSS approach are more ambiguous. However, the significant
change of group differences between the directions is still very
low. Regarding the two skeleton sizes, the group differences of
the parameters followed a similar trend. Moreover, the number
of significant voxels and the skeleton size was different between
different schemes and decreased with the NDED as well. The
overestimation of skeleton size could be the consequence of the
overestimation of FA within the small FA areas. In addition,
the elevated number of significant voxels of FA simply resulted
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from the higher number of voxels. This effect could be reversed
because correcting for skeleton size, the number of significant
voxels of FA was equal as well. Conversely, the number of
significant voxels of MD and AD was smaller at 15 directions
compared to higher directions.

As we worked with fixed encoding directions and their sub-
sets, the distribution of directions could differ from the optimal
distribution. According to Zhan et al, this difference was in
the range of 5-6% in terms of distribution energy in 10 and 15
directions’ and as Zhan et al acknowledged that this “subop-
timal sampling may play a minor role in the SNR gains.” We
repeated their calculation and the ratio of distribution energy
in our study was less than 1%, which is a negligible difference
(Fig. S1). The difference between the two studies stems from
the different number of encoding direction used in the original
dataset, that is, 94 compared to 60 in our case.

One of the limitations of our study is that the results are
only applicable to differences between MS and healthy patients;
other diseases might show different pattern of TBSS’ change as
the function of NDED. Other parameters that have an effect on
signal-to-noise should also be considered such as voxel size and
field strength.

In conclusion, the bias caused by directions is more pro-
nounced for areas with small FA values and seems to be con-
stant above 30 directions. Moreover, NDED has a slight effect
on TBSS, which makes it reasonable to cautiously compare
results from different TBSS studies with different NDED. Re-
garding all the derived DTI parameters, 30 directions might be
enough to compare healthy and MS patients with TBSS anal-
ysis. Importantly, our results indicate that higher FA threshold
of the skeleton should be used with lower NDED to avoid false
positive result.
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