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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder with pathological involvement of upper and lower motoneurons,
subsequently leading to progressive loss of motor and speech abilities. In addition, cognitive functions are impaired in a subset of patients. To
evaluate these potential deficits in severely physically impaired ALS patients, eye-tracking is a promising means to conduct cognitive tests. The
present article focuses on how eye movements, an indirect means of communication for physically disabled patients, can be utilized to allow for
detailed neuropsychological assessment. The requirements, in terms of oculomotor parameters that have to be met for sufficient eye-tracking

in ALS patients are presented. The properties of stimuli, including type of neuropsychological tests and style of presentation, best suited to
successfully assess cognitive functioning, are also described. Furthermore, recommendations regarding procedural requirements are provided.
Overall, this methodology provides a reliable, easy to administer and fast approach for assessing cognitive deficits in patients who are unable to
speak or write such as patients with severe ALS. The only confounding factor might be deficits in voluntary eye movement control in a subset of
ALS patients.

Video Link

The video component of this article can be found at http://www.jove.com/video/54634/

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder usually leading to death within 3 to 5 years. In the course of the
pathology, patients present with progressive loss of respiratory and bulbar funct|on|ng as well as impairments in movement abilities. It shares
some clinical, pathologlcal and genetic features with frontotemporal dementia® and it is well documented that about 30% of ALS patients exhibit
cognitive def|C|ts These deficits are most promlnent in the domains of executive function, verbal fluency and Ianguage and have an influence
on survival®, compllance6 and carer burden’. Thus, reliable neuropsychological assessment is crucial in this disease.

Advancing |mpa|rments in motor and speech abilities are, however, a limiting factor for thorough evaluation of cognitive abilities in later stages of
the disease®. Here, oculomotor based approaches seem to be very promising, as basic eye movement control remains intact for a comparably
long time during the course of ALS for the majority of patlents Eye-tracking parameters itself have been used to gain information about the
cognitive status of patients with ALS'" and also correlate with the sequential spreading pattern of ALS" . Eye movement as a means to control
cognitive tests in the context of ALS has also been studied in prewous works. One study has successfully demonstrated its usability in healthy
controls using an oculomotor based version of the Trail-Making Test'? whereas another found it suitable to distinguish between healthy controls
and ALS patients based on cognitive performance and to discriminate between cognitively more and less impaired patlents

The research described here used an oculomotor based methodology to study cognitive impairments in ALS patients, specifically in the domain
of executive functioning. Two well valldated and commonly used neuropsychological tests were adapted to eye movement control: the Raven's
coloured progressive matrices (CPM) * and the D2-test'®. The CPM is a non-verbal instrument used to measure executive and visuospatial
abilities as well as fluid intelligence. The D2-test is also a non-verbal tool used to uncover executive dysfunction in the domains of selective and
sustained attention and visual processing speed. Both are widely used cllnlcal tools which have been successfully employed in previous studies
assessmg potential cognitive decline during the course of the disease'® and the neuropsychological status of ALS patients compared to healthy
controls’

The goal of this work was to show the requirements for successful evaluation of cognitive deficits in ALS independent of movement and speech
disabilities using a reliable, eye-tracking based version of the CPM and the D2-test. Importantly, the method described here has the potential to
be expanded to study other populations of patients with severe motor impairments.
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The study was approved by the Ethics Committee of the University of Ulm (Statement No. 19/12) and the protocol described therefore follows
their guidelines. All participants gave written informed consent.

1. Stimuli and Testing Environment

o o

To keep distractions to a minimum perform the research in a dark or a very dimly lit and quiet room.

Use an appropriate eye tracking device.

NOTE: There are a wide variety of devices available to perform eye movement studies. In the present research a portable eye movement

recording device with goggles was used, which synchronously measure binocular eye positions, using two integrated cameras with an

infrared light emitting diode (IR LEDs), one for each eye18.

1. To ensure optimal eye-tracking, adjust the cameras manually by tilting them in all 6 degrees of freedom (3 translational, 3 rotational)

until eye movement detection is optimal.
NOTE: The measurements of the system are displayed in real-time on an experimenter's screen to monitor recording quality and
participants' response behavior. The key features of the system are described below and detailed specifications are given in Table 1.

Implement a standardized oculomotor testing paradigm, which is able to detect deficits in eye movement control.

NOTE: This can be a series of tasks like smooth pursuit or saccade tasks, in which participants with impaired eye movement control perform
badly (e.g., the methods described by Gorges et al. 201511). These participants have to be excluded from further testing.

Present tasks using appropriate software that projects the stimuli on a hemi-cylindrical screen via a projector mounted above the subject's
head"". Additionally, ensure that a red laser spot (diameter: 0.3°, position: 10° vertical) is present for the D2-test.

Seat the participants on an elevated chair with an adjustable chin rest, so that eye-to-screen distance is approximately 150 cm.

Use set A and B of the CPM (12 stimuli for each set) for the first part of the experiment. Show these stimuli as 22° long/15° high matrices with
six possible alternatives depicted below, which might fit in a 6° wide and 5° high blank space cut out from the matrix.

For the D2-test, use the five blocks with 47 stimuli, corresponding to line 2 - 6 of the standard D2-test15, and depict them one stimulus after
another in the middle of the screen with a height of 11° and a width of 2.5°. Make sure each stimulus lasts for 2,000 msec.

2. Running the Experiment

10.

1.

Before the experiment starts, ask participants to fill out a written informed consent form to ensure the study is in accordance with ethical
standards.

Give general instructions concerning the purpose and procedure of the experiment and control for CNS-active drugs, i.e., ask the participant if
he/she is currently taking any medication which affects alertness and therefore cognitive performance.

Turn off all devices which might be a potential disturbance, such as mobile phones or pagers.

Seat participants comfortably with the chin rest in optimal position. Ensure that the whole screen is visible and ask the participant to maintain
posture during the whole experiment.

Ask participants to place their head on the chin rest and place the videooculography goggles onto their head. Adjust them to individual head
size/shape.

NOTE: Thereby, the best possible compromise between comfort for the participant and minimal risk of unwanted slipping during
measurement must be made.

Make sure that both eyes are visible on the experimenter's screen, where the images of the two eye movement recording cameras within the
goggles are displayed and then focus the cameras to center the images on the screen.

NOTE: This is important for optimal detection and tracking of the pupil as an improper acuity can lead to a disturbed signal.

To ensure continuous recording of eye movements at all times, start calibration of the system by instructing the participant to look in each
corner of the hemi-cylindrical screen. In case the signal is lost, change the angle of the camera tracking the respective pupil of the eye to
resolve the problem.

Start the standardized oculomotor testing paradigm described above and exclude all patients with substantial visual impairments as these will
cause corrupted task performance.

Instruct the participant to track a single spot on the screen, oscillating horizontally (+ 20°) and then vertically (+ 15°) with a frequency of 0.125
Hz to map the non-calibrated orthogonalized 'raw' data from the eye movement recording device with respect to the 'true' orthogonalized eye
position for calibration of the system.

Check if calibration is acceptable, i.e., if the 'true' eye movement and the 'raw' data are spatially and temporally synchronized and then
instruct the participant to not move the head as this might result in bad data quality.

NOTE: Position of the videooculography device and the subject is expected to be stationary during the course of the experiment, so that there
is no need for re-calibration.

Explain the procedure of the training session for the CPM:

1. Instruct the subjects to identify the missing pieces below the upcoming matrices displayed on the hemi-cylindrical screen for which they
have infinite time. After making a choice, have the subject close their eyes for at least 250 msec to start off a green frame outlining all
of the possible alternatives of missing pieces for 1,500 msec each.

2. Have the participant choose the alternative they think is correct by closing their eyes for at least 250 msec while their choice is
enframed.

3. Project the choice separately on the hemi-cylindrical screen. Ask the participants to confirm. If the participant confirms, instruct them to
close their eyes again for at least 250 msec.

4. |Instruct the participants that the next stimulus (matrix with 6 alternatives of missing pieces) will automatically (again, presented by the
software described in step 2) appear and that this will be done four times with training stimuli taken from set AB of the cPm™,
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12. Answer any questions subjects might have about the procedure. Then, instruct the participants to choose the missing piece of the matrix, as
they have learned during the training session and start the CPM (Figure 1).
13. Explain the procedure of the training session for the D2-test:
1. Instruct participants to direct their gaze to the center of the screen and observe 47 stimuli separately (47 d's corresponding to line 1 of
the standard D2-test).
2. Instruct the participants to look at the red laser spot positioned above the stimuli whenever a "d" with two dashes is presented until the
next stimulus appears. NOTE: If no target stimulus is presented the gaze needs to be focused at the center of the screen where the
next stimulus will be presented.

14. Answer any questions subjects might have about the procedure. Then, instruct the participant to proceed for the following five blocks of 47
stimuli, similar to the training session and start the D2-test.

15. For quality control, inspect the data obtained from each session for each subject carefully (visually by a trained experimenter). Check if data
quality is corrupted, for example due to technical difficulties, corrupted eye movements or misunderstandings.

16. Thank subjects for their participation and answer all questions during the experiment.

Representative Results

For the purpose of the research presented here, i.e., the development of a reliable oculomotor based neuropsychological assessment for

ALS patients, in-house developed software stores the subject's choices of the CPM in a separate file, allowing for manual computation of the
percentage of correct answers. For the D2-test, a record of the vertical eye movements is manually analyzed using a threshold of + 5° for
detection of a relevant response. Recordings are assigned to each stimulus presentation and percentage of correct answers can subsequently
be computed. There are many options available of how data can be analyzed, either based on visual inspection of the eye movements or fully
computerized, depending on the neuropsychological tasks used.

Figure 2 shows the good congruency between the oculomotor and the standard version (i.e., applied according to standard protocol using
paper versions to be marked with a pencil) of the CPM, in a sample of ALS patients (R*=0.712; p = 0.001). Figure 3 depicts the results from a
comparison between cognitively more and less impaired ALS patients, indicating statistically significant group differences in the CPM (p < 0.001)
and the D2-test (p = 0.024)13. This further confirms the usability of this technique as it reliably distinguishes between more and less cognitively
impaired ALS patients.
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Figure 1. lllustration of Eye-tracking Based CPM. Example of the CPM selection procedure as displayed on the participants screen (upper
panel) with its corresponding traces of horizontal (upper line) and vertical (lower line) eye positions (lower panel); a scale bar indicating time

is given on the bottom of the Figure. When the subject has mentally decided for a choice, movement of a green frame along the presented
alternatives of missing pieces which is triggered by a prolonged blink of the subject (A). Selection of one alternative of a missing piece is
performed by another prolonged blink of the subject (B). Subsequently, presentation of subject's choice apPears separately and confirmation of
the choice is done via closing the subject's eyes for at least 250 msec (C). Modified from Keller et al. 2015 3. Please click here to view a larger
version of this figure.
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Figure 2:. Congruency between Oculomotor and Standard Version of the CPM. Correlation between results from the standard and the
oculomotor condition of the CPM. Given is the percentage of correct answers in the oculomotor (x-axis) and the standard paper-pencil (y-axis)
condition of the CPM in ALS patients (R? = 0.712; p = 0.001). Please click here to view a larger version of this figure.
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Figure 3. Comparison Between More and Less Cognitively Impaired Patients. Subjects were divided into more and less cognitively
impaired according to a median split on their results in the Edinburgh Cognitive and Behavioural ALS Screen (ECAS) a standard tool for
neuropsychological assessment in ALS patients. Shown are boxplots depicting the percentage of correct answers in the eye-tracking verS|ons of
the CPM and the D2-test for both groups. The error bars indicate the highest and lowest percentage scored. Modified from Keller et al. 2015"
Please click here to view a larger version of this figure.
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PARAMETER VALUE
Cameras 2

IR LED Wavelength > 850 nm
Total Head Mount Weight 60 g
Sampling Rate 220 Hz
Spatial Resolution 0.05°- 0.1°
Noise Level 0.015°
Accuracy 1°

Distance Camera-Eye ~50 mm

Table 1: Specifications of the Videooculography System. Important parameters and their respective values of the system used.

It is a challenging task to successfully assess the cognitive status of patients with ALS who are unable to speak and write. The use of
videooculography systems provides a promising approach. The herebgl presented technique is reliable in detecting cognitive deficits, which play
a pivotal role in the context of carer burden and disease management %in ALS patients. Also, the oculomotor versions of the CPM and the D2-
test correlate significantly with their respective standard paper-pencil versions, but further support is needed to claim the usefulness in a clinical
context.

The researcher needs to make sure that eye movement recordings are as noise free as possible to allow for sufficient data quality. Therefore,

it is important for researchers to select an eye movement recording device with an appropriate sampling rate. Usually, sampling rates range
between 50 Hz and 1,000 Hz. In general, the more subtle oculomotor measurements are required for the task, the higher temporal resolution
needs to be used. It needs to be yielded that higher sampling rates usually require a larger restriction of head movement. Also, to allow for

a higher sampling rate, researchers may record the movement of just one eye. Another important parameter is spatial accuracy, which is
expressed in degrees of visual angle and in this work is 0.05° - 0.1°, depending on pupil size. Again, the higher the demands on visual accuracy
in the task the better spatial resolution needs to be. Furthermore, a major issue in quality of the obtained oculomotor data is head movement,
which has to be restricted to a tolerable minimum. Most eye-tracking studies use a chin rest and/or a head mounted device. If possible, combine
both options as this restricts head movement and its accompanying confounds most. However, this is not possible in all patients, e.g., patients
with very serious physical impairments, and might then be altered according to the subject's capacities. It should also be noted that newer
devices, which calculate the eye position via a small stationary camera placed in front of the subject underneath the screen on which stimuli are
presented, do not require goggles or a chin rest, while also sufficiently correcting for head movements.

The cognitive tests are interchangeable with other standard neuropsychological tests, depending on the cognitive domain one is interested in. To
use other tests in ALS patients, they just need to be adapted to a format in which answers can be given using eye movements. Especially given
the rapid technological advance in the field of eye-tracking, further increasing acuity, flexibility and handiness, this methodology might also be
suited for a large variety of cognitive research questions in different clinical samples.

Some patients might be too impaired in their cognitive abilities to correctly understand the instructions of the tasks used in this study. One other
serious limitation for the use of eye-tracking technologies in ALS patients are potential oculomotor abnormalities, or even complete loss of eye
movement control, previously reported in patients with the disease?"?2. These abnormalities are very subtle in early stages of the disease and
sequentially impact more basic oculomotor functions in the progress of ALS pathology'".

The protocol presented here is therefore only suited for those ALS patients unable to speak and write but still able to control their esye
movements. This however encompasses a comparably large group, for which reliable information about cognitive status is crucial®. For patients
with no satisfactory eye movement control or ability to blink, this protocol is not suited. However, another hand and speech-motor free way to
assess coghnitive function in these cases is brain-computer interface control, as has been done in recent work?*.

The technique presented here is fast, easy to administer, user-friendly and potentially allows clinicians and researchers to perform
neuropsychological assessments with patients who are severely physically impaired and therefore not able to undergo paper-pencil based
testing anymore, such as - but not necessarily limited to - patients with ALS, using an eye-tracking device.

It provides an opportunity to gain information about potential cognitive deficits in patients with complete paralysis, i.e., information which then
plays a critical role in the context of life prolonging therapeutic treatments and end-of-life decision making in ALS®%,

In the future, mobile devices with high acuity and head movement tolerability which can be handled more flexibly might be used to comfortably
assess cognition in immobile patients at their bedside, eliminating the need for a special testing environment. Also, the use of other, possibly
more sophisticated eye-tracking controlled experimental procedures is needed to assess more subtle cognitive deficits in severely impaired
patients.
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