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Abstract Amyotrophic lateral sclerosis (ALS) primarily
affects motor and speech abilities. In addition, cognitive
functions are impaired in a subset of patients. There is a
need to establish an eye movement-based method of neu-
ropsychological assessment suitable for severely physically
impaired patients with ALS. Forty-eight ALS patients and
thirty-two healthy controls matched for age, sex and
education performed a hand and speech motor-free version
of the Raven’s coloured progressive matrices (CPM) and
the D2-test which had been especially adapted for eye-
tracking control. Data were compared to a classical motor-
dependent paper—pencil version. The association of pa-
rameters of the eye-tracking and the paper—pencil version
of the tests and the differences between and within groups
were studied. Subjects presented similar results in the eye-
tracking and the corresponding paper—pencil versions of
the CPM and D2-test: a correlation between performance
accuracy for the CPM was observed for ALS patients
(p < 0.001) and controls (p < 0.001) and in the D2-test for
controls (p = 0.048), whereas this correlation did not reach
statistical significance for ALS patients (p = 0.096). ALS
patients performed worse in the CPM than controls in the
eye-tracking (p = 0.053) and the paper—pencil version
(p = 0.042). Most importantly, eye-tracking versions of
the CPM (p < 0.001) and the D2-test (p = 0.024) reliably
distinguished between more and less cognitively impaired
patients. Eye-tracking-based neuropsychological testing is
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a promising approach for assessing cognitive deficits in
patients who are unable to speak or write such as patients
with severe ALS.

Keywords Amyotrophic lateral sclerosis -
Neuropsychology - Executive function - Motor neuron
disease - Cognition

Introduction

Amyotrophic lateral sclerosis (ALS) is a multi-system neu-
rodegenerative disorder characterized by a progressive de-
cline of physical mobility and respiratory functioning, which
may lead to loss of both verbal and written communication
capacities in some patients [1]. Recent studies suggest a dis-
tinct pattern of stages in which ALS pathology progresses in
the brain [2] and reveal a substantial clinical, pathological,
and genetic overlap with frontotemporal dementia [3]. About
30 % of patients with ALS exhibit cognitive impairments
most prominently characterized by deficits in executive
functioning, language abilities and verbal fluency [4-6]. The
relevance of these symptoms for clinical practice in the do-
mains of compliance with medical interventions [7], survival
[8] and carer burden [9, 10] highlights the importance of
reliable neuropsychological assessment.

Progressing motor impairments are a major obstacle in
neuropsychological assessments of patients in an advanced
state of the disease [11]. Although some aspects of ocu-
lomotor control might be impaired in patients with ALS
[12], eye tracking is still a very promising way to study
executive functioning in ALS, which has already been used
in healthy subjects: One study has implemented an oculo-
motor version of the trail-making test and found a strong
correlation between the paper—pencil and the eye-tracking-
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based performance of healthy subjects in one subtest [13]
whereas another has demonstrated the usability of an eye-
tracking-based verbal fluency task [14].

The aim of the current study was therefore to establish a
method by which cognitive functions of ALS patients can
reliably be determined in a motor-free test, based on eye
movements only.

For proof of principle, we utilized two well-validated
measures of executive functioning, easy to implement in a
hand and speech motor-free version: the Raven’s coloured
progressive matrices (CPM) [15] and the D2-test [16], both
applicable in ALS [17, 18] and other neurological condi-
tions [19, 20]. The CPM is a non-verbal test of fluid in-
telligence,  visuospatial reasoning and executive
functioning whose paper—pencil version has shown to be
effective in revealing cognitive deficits among non-de-
mented ALS patients [21, 22]. The D2-test is a non-verbal
test for executive dysfunction in the domains of selective
and sustained attention and visual processing speed.

We hypothesized that differences in cognitive abilities
can be reproduced between and within patients and healthy
controls and that performance scores in both settings show
an intimate correlation.

Materials and methods
Participants

Forty-eight patients (n = 20 females), all diagnosed with
sporadic ALS by a board-certified neurologist according to

Fig. 1 Pseudo-randomized
study design. Both cohorts, ALS
patients (upper left panel) and
healthy controls (upper right
panel) were pseudo-randomly
separated into two matched
subgroups to control for
possible learning effects.

subjects

ALS patients
N =48
Age: 58+13 years
Education: 1343 years

Group 1 _matched  Groyp 2

the Revised El Escorial criteria, [23] were recruited from
the Department of Neurology at the Universititsklinikum
Ulm, Germany. Additionally, thirty-two healthy, age-, sex-,
and education-matched controls (HC; n = 17 females)
were recruited. None of the participants had any signs of
neurological or psychiatric illness (other than ALS), major
cognitive impairments, substantial behavioral alterations or
visual impairments which might alter task performance.

The study was approved by the Ethics Committee of
the University of Ulm (Statement No. 19/12) and was
performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later
amendments. All participants gave informed consent to
the study.

Design

The ALS Functional Rating Scale revised version (ALS-
FRS) [24] was used to get a measure of patients’ physical
impairments. For general cognitive screening, the German
version of the Edinburgh cognitive and behavioral ALS
screen (ECAS) [25], assessing memory, visuospatial per-
ception, language, verbal fluency and executive function-
ing, was administered. Subsequently, all participants
completed both, the original and the motor-free version of
the CPM and D2-test. To avoid sequence effects, controls
and patients were subdivided into two groups matched for
age, sex, education and if applicable disease duration. One
group completed the oculomotor before the paper—pencil
version of the neuropsychological tests, the other did the
paper—pencil versions first (Fig. 1).

Healthy controls
N=32
Age: 57112 years
Education: 1443 years

Group 1 _Matched  Groyp 2
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Motor-dependent classical versions
Paper—pencil CPM

The CPM was administered according to standard protocol
[15], using only set A and set B. In each set, participants
had to choose 12 times between 6 possibilities to logically
complete a given “matrix” in which a part was missing.
We recorded each choice and subsequently computed the
percentage of correct answers.

Paper—pencil D2-test

We used the 8th revised version of the D2-test according to
standard procedures [16]. The participant had 20 s to tick as
many targets (a “d” with two dashes) as possible in each line
(47 stimuli of “d” or “p” with 1-4 dashes) before being in-
structed to move to the next line. Lines 2—6 were considered for
analysis only (corresponding to oculomotor version, see be-
low). “KL-value” as the number of correctly identified targets
minus the number of incorrect ticks per line was used to get an
estimate of performance accuracy ranging from 0 to 100 %.

Hands- and speech-free oculomotor versions

Oculomotor testing took place in an acoustically shielded,
darkened room with participants comfortably seated in the
center of a hemi-cylindrical screen (for details see [26,
27]). The distance between subjects’ eyes and screen was
approximately 150 cm. A chin rest was used to stabilize
head position and to avoid artificial movements. Stimuli
were presented with a TOSHIBA® TDP-EX20 projector
mounted above the subjects head and with a lens-to-screen
distance of 150 cm. Eye movements were recorded using
the portable video-oculography EyeSeeCam® device
(EyeSeeTec GmbH, Fiirstenfeldbruck, Germany) that
measures binocular eye positions synchronously with 0.02°
spatial resolution at a temporal sampling rate of 220 Hz
[28]. An interactive MATLAB® (The Mathworks Inc.,
Natick, MA, USA)-based in-house software package
OculoMotor Analysis [26, 27, 29] was used for analysis of
eye movement recordings. The calibration procedures re-
quire the subject to track a ‘slow’ sinusoidal single-spot
target oscillation (horizontal range £20°; vertical range
+15°, f=0.125Hz) to map the non-calibrated
orthogonalized ‘raw’ data from the EyeSeeCam® device
with respect to the ‘true’ orthogonalized eye position.
Neither the patient group nor the control group exhibited
systematic differences between the right and the left eye,
hence, the binocular recording was merged into a cyclo-
pean signal [30]. After calibration procedure, the CPM
followed by the D2-test were performed. Since all tasks
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were subsequently conducted with the subject and video-
oculography device being in the same position, no re-
calibration was required.

Oculomotor CPM

Corresponding to the paper—pencil version, set A and B
was used (each 12 stimuli). For training purpose, par-
ticipants completed trials 1 through 4 from set AB to get
used to the procedure. All stimuli depicted a 22° long/15°
high “matrix” of which a piece of approximately 6° in
width and 5° in height was cut-out as well as the six pos-
sible alternatives which all had the same dimension as the
cut-out piece of the matrix (Fig. 2). In-house developed
real-time software recorded the participants’ choices and
stored them in a separate text file to allow for computation
of the percentage of correct answers.

Oculomotor D2-test

Technical setup was identical to the oculomotor CPM testing
with an additional red laser spot (0.3° in diameter) at +10°
vertical, being constantly present. Subjects were presented 5
blocks of 47 stimuli, each corresponding to line 2—6 of the
paper—pencil version. The first line of the paper—pencil ver-
sion was used as a training-block before the recording started.
Each stimulus was presented for 2000 ms in the center of the
screen and measured 11° in height and 2.5° in width. Par-
ticipants were instructed to direct their gaze to the red spot
each time they saw one of the target stimuli (a “d” with two
dashes), whilst remaining their gaze focused on the middle of
the screen during any other stimulus. The recorded eye
movements were offline analyzed using an empiric threshold
for vertical eye movements exceeding of 5° indicating that the
subject recognized a target stimulus. All records were visually
inspected by a trained person to minimize false detection. Eye
movement parameters were manually assigned to each sti-
mulus presentation to determine performance accuracy.

Quality control

The learning sessions for each subject performed before both
the CPM and D2-test were carefully inspected by a trained
oculomotor specialist (M.G.) to control for possible con-
founding factors comprising corrupted eye movement
recordings, misunderstanding, or any considerable ‘genuine’
oculomotor deficits such as markedly slowed saccades or
prolonged reaction times. Oculomotor data of one patient in
the CPM and two patients in the D2-test were discarded from
further analyses due to technical artifacts. Also, data of one
control subject in the paper—pencil D2-test was discarded
due to misunderstanding of the task instructions.
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voluntary prolonged blink
(as trigger)

vertical eye position
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Fig. 2 Illustration of eye-tracking-based CPM. Example of the CPM
selection procedure as displayed on the screen (upper panel) with its
corresponding traces of horizontal (upper line) and vertical (lower
line) eye positions (lower panel). Subjects had infinite time to look at
the matrix and choose the missing part of each one (a). When they
had internally decided for a choice, start off of a green frame was
triggered by subjects closing their eyes for at least 250 ms (b). The

Statistical analysis

All analyses were performed using IBM® SPSS Version 21.0.
Non-parametric Mann—Whitney U tests were used to detect
group differences in performance accuracy between patients
and HC. This procedure was also performed for comparisons
in the CPM and D2-test of more and less cognitively impaired
patients who were below and above the ECAS-median of all
patients. Within patients and controls, Spearman-Rho corre-
lation analyses were conducted to determine correlation co-
efficients between the paper—pencil and the oculomotor
version of the CPM and D2. All analyses were two-sided and
the significance level was set at p < 0.050.

Results
General cognitive screening
When compared to healthy controls, patients scored sig-

nificantly worse in the language (p = 0.006), the executive
function (p = 0.001) and the visuospatial (p = 0.049)

horizontal eye
position

voluntary prolonged blink
(as trigger)

/N
cy’jd

green frame consecutively outlined each of the six possible patterns
for 1500 ms. When a subject thought that it was around the correct
pattern, he/she closed his/her eyes for minimum 250 ms to choose it
(c). The selection was presented separately and if the subject agreed
on the selection, he/she had to close their eyes again for at least
250 ms (d). Then, the next stimulus was presented

domain of the ECAS and with regards to the overall ECAS-
score (p = 0.012). Scores of the other domains (memory
and verbal fluency) demonstrated no significant differences
between groups. For detailed results and sample charac-
teristics see Table 1.

Congruence of oculomotor and paper—pencil CPM

To determine whether performance accuracy of the oculo-
motor CPM could predict performance accuracy of the written
version, a Spearman-Rho correlation analysis was performed,
showing a significant correlation between the percentage of
correct answers in the motor and motor-free version of patients
(Spearman-Rho-R* = 0.712; p < 0.001), and HC (Spearman-
Rho-R*> = 0.610; p < 0.001) (Fig. 3), as well as for both
groups together (Spearman-Rho-R* = 0.680; p < 0.001).

Congruence of oculomotor and paper—pencil D2-test
The Spearman-Rho correlation analysis showed a sig-

nificant association between performance accuracy in the
paper—pencil and oculomotor condition for HC (Spearman-
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;?Izlceallin]?gg;%irsg hic and Variable ALS patients (N = 48) Healthy controls (N = 32) p value
Sex 20 females 17 females 0.364%
Age 58.4 + 13.0 56.5 + 11.8 0.432°
Years of education 13.1 £ 2.8 13.8 £ 2.5 0.126°
Months since disease onset 149 £ 12.6 - -
ALS-FRS 40.7 + 4.1 - -
Region of disease onset 12 bulbar, 36 spinal - -
Overall ECAS-score 110.0 (17.5), 78.2 % 114.5 (14.25), 83.7 % 0.012"
ECAS-subscore memory 16.0 (5.0), 63.8 % 15.5 (5.0), 67.9 % 0.380°
ECAS-subscore visuospatial 12.0 (1.0), 95.8 % 12.0 (0.0), 99.2 % 0.049"
ECAS-subscore language 26.0 (4.0), 87.1 % 27.0 (2.25), 93.9 % 0.006°
ECAS-subscore verbal fluency 20.0 (4.0), 74.6 % 19.0 (2.0), 77.1 % 0.848°
ECAS-subscore executive function 38.0 (8.0), 76.9 % 41.0 (4.0), 84.2 % 0.001°

Values are given as mean =+ standard deviations or median (interquartile range), performance percentage,

respectively

For statistical comparison, Pearson Chi-Square test* or Mann-Whitney U test” was used, with bold lettering
indicating a significant difference with p < 0.05

ALS amyotrophic lateral sclerosis, ALS-FRS ALS functional rating scale revised form, ECAS Edinburgh
cognitive and behavioral ALS screen
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Fig. 3 Correlation between results from paper—pencil and oculomo-
tor condition of the CPM. Shown is the percentage of correct answers
in the oculomotor (x-axis) and the paper—pencil (y-axis) condition of
the CPM in ALS patients (a) and healthy controls (b)

@ Springer

Rho-R* = 0.128; p = 0.048) and both groups together
(Spearman-Rho-R* = 0.078; p = 0.014). For ALS patients
there was a trend which did not reach the threshold for
significance (Spearman-Rho-R* = 0.062; p = 0.096).

Between group analyses CPM

In the paper—pencil condition, the median of correct an-
swers of the control group was at 91.7 % as compared to
87.5 % in the oculomotor condition. The median of ALS
patients’ performance accuracy was 83.3 % in the paper—
pencil as well as in the oculomotor condition. A Mann—
Whitney U test revealed significant differences between
HC and patients in the paper—pencil (p = 0.042) and a
trend bordering the level of statistical significance in the
oculomotor condition (p = 0.053).

Between group analyses D2-test

The median of HC performance accuracy was 91.1 % in the
motor and 98.1 % in the motor-free condition. ALS patients’
median was 87.8 % in the paper—pencil as compared to
98.1 % in the oculomotor condition of the D2-test. Mann—
Whitney U test demonstrated no significant group differences
in the oculomotor condition (p = 0.676), whereas a trend was
observed in the paper—pencil condition (p = 0.082).

Patients ECAS-median-split

In the patient sample, a median-split on the ECAS-Score
was performed to differentiate between more and less
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Fig. 4 Comparison of results of
patients below and above the
ECAS-median in CPM and D2- 120
test. Shown are box plots of
performance accuracy among
ALS patients above the ECAS-
median in the oculomotor and
the paper—pencil condition as
well as of those below the
ECAS-median, accordingly.
Mann—Whitney U test revealed
significant group differences in
the CPM in both conditions and
the oculomotor condition of the
D2-test. All patients were within
the whisker range
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cognitively impaired patients. Using a Mann—Whitney
U test, substantial differences in the percentage of correct
answers in the paper—pencil (p < 0.001) and oculomotor
(p < 0.001) version of the CPM between those patients with
an ECAS-Score below the median and those with an ECAS-
Score above it were discovered. When performing the same
analysis in the D2-test, a significant difference in perfor-
mance was found in the oculomotor condition (p = 0.024)
but not in the paper—pencil condition (p = 0.322) (Fig. 4).

Congruence of executive function as measured
by the ECAS and oculomotor performance

Further analyses between the overall ECAS-score and the
oculomotor performance accuracy of ALS patients re-
vealed significant correlations between the ECAS total
score and the CPM (Spearman—Rho—R2 = 0.294;
p <0.001) as well as the D2-test (Spearman-Rho-
R? = 0.128:; p = 0.015). The executive function-subscore
of the ECAS and oculomotor performance accuracy sig-
nificantly correlated in both oculomotor tasks (CPM:
Spearman-Rho-R2 = 0.205; p = 0.001; D2-test: Spear-
man-Rho-R? = 0.097; p = 0.035).
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Sensitivity and specificity of the oculomotor tasks

When using a cut-off score for cognitive impairment, de-
fined as two standard deviations below the mean of our
healthy control sample [6] in the oculomotor CPM and D2-
test and patients’ ECAS total score as a reference, a
specificity of 92 % was found for both tasks. The sensi-
tivity was 44 % for the oculomotor CPM and 38 % for the
oculomotor D2-test.

Influence of physical impairment on cognitive
performance

Correlating patients’ ALS-FRS-Score as a measure of
physical function decline with their performance in the
CPM yielded non-significant results for the oculomotor
(Spearman-Rho-R* = 0.028; p = 0.262) and for the pa-
per—pencil condition (Spearman-Rho-R* = 0.017;
p = 0.380) Similarly, no correlation between patients
physical function decline and percentage of correct an-
swers in the D2-test was observed (oculomotor: Spearman-
Rho-R? = 0.007; p = 0.571 and paper—pencil: Spearman-
Rho-R? = 0.028; p = 0.267).

@ Springer



1924

J Neurol (2015) 262:1918-1926

Discussion

This study provides evidence that a ‘speech-free and mo-
tor-free’ eye-tracking version of the CPM and the D2-test
can reliably assess cognitive functions in patients with
ALS. By comparing classical paper—pencil and hand and
speech motor-free oculomotor methods of neuropsycho-
logical tests, executive functions were determined using
eye-tracking devices in ALS patients. Previous studies
have shown the potential of oculomotor-based neuropsy-
chological testing in healthy subjects [13, 14]. We suc-
cessfully demonstrated the usability of such approaches in
a clinical context. The strong link between paper—pencil
and eye-tracking-based performance in neuropsychological
tests, which has been reported by Hicks et al. [13], was also
found in our sample and further supports previous state-
ments that eye-tracking-based neuropsychological tests can
substitute standard paper and pencil tests in highly
physically impaired patients.

As expected, ALS patients performed significantly
worse than HC on the overall ECAS-score, the language
subscore and the executive function-subscore. There was,
however, no significant group difference in the verbal flu-
ency domain. Although verbal fluency deficits are usually
common in ALS patients [4], it may vary between different
subpopulations. Therefore, this finding is in accordance
with recent studies in different ALS populations, where
language abilities and attention were most prominently
impaired, whereas verbal fluency was impaired in a smaller
number of patients [25, 31].

The advantages of the CPM for motor-free cognitive
screening are apparent: easy to understand, convenient to
implement in an eye-tracking controlled setting, well-
validated and widely used to assess executive abilities
[32]. Even though some studies have used the CPM as an
indicator for visuospatial dysfunctions and found impair-
ment in only very few cases [22], ALS patients performed
worse in the CPM than HC in this study. This is also in
accordance with other studies using this test as a tool for
non-verbal executive reasoning in ALS patients [21]. The
main advantage of the CPM seems to be its robustness
among different approaches of application, as a strong
correlation between performance in the motor and motor-
free variants could be observed in both groups. Most
importantly, we also found significant group differences
in the CPM between more and less cognitively impaired
patients as determined by a median-split of their ECAS-
score, implying the oculomotor version to be a good
marker for general cognitive deficits in ALS. Overall,
oculomotor CPM seems to be a very practical and reliable
screening tool for executive deficits in physically im-
paired ALS patients.
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Contrary to our hypothesis, there were no robust group
differences between HC and ALS patients in the D2-test
performance. This is in accordance with a previous study
[18] and might be explained by the fact that the D2-test is
relatively easy [33]. It might therefore not reliably distin-
guish between HC and our patient sample with no severe
cognitive impairment on the group level. Also, a sig-
nificant correlation between performance accuracy in the
motor-dependent and motor-free variant was observed only
for HC and both groups combined. The lack of a linear
association between both versions in the patient group is
most likely due to the fact that the oculomotor version of
the D2-test is best suited to detect impairments in overall
cognitive performance. In the patient group a subgroup of
cognitively impaired patients accounted for a skewed dis-
tribution in this group which may have confounded the
results of the linear correlation analysis. However, the eye-
tracking version of the D2-test still proves to be very
successful in what should be considered its main task, i.e.,
distinguishing between patients with more and less cogni-
tive dysfunctions. Accordingly, the motor-free version of
the D2-test requires additional cognitive resources apart
from attention. For severely impaired patients, this oculo-
motor version of the D2-test might provide a simple and
fast means for general cognitive screening, whereas the
oculomotor version of the CPM is a dependable and fast
method for detecting more specific cognitive changes in
patients in an advanced stage of the disease with regards to
executive functioning.

As an additional validation measure, a correlation ana-
lysis between the overall ECAS-score and the executive
functioning-subscore of the ECAS and the performance
accuracies in both oculomotor tasks revealed statistically
significant correlations in our patient sample. Also, a very
satisfying specificity of 92 % was found for both oculo-
motor tasks. This further supports our point that our eye-
tracking paradigms are suited to detect executive deficits in
severely impaired ALS patients.

Physical function decline was not associated with cog-
nitive performance as measured with the oculomotor test
versions and therefore, possible effects of physical im-
pairment on test performance can be excluded. This is in
accordance with our hypothesis and further supported by
previous studies [34]. It also implies that physical function
decline does not necessarily indicate impairment of cog-
nitive functioning; however, for far advanced patients with
long disease duration only sparse data on cognitive state is
available, further highlighting the need for a reliable
method of investigating cognitive profiles of severely im-
paired ALS patients.

Limitations of this study include the relatively ho-
mogenous sample of ALS patients lacking patients in a late
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stage of the disease. This is a method immanent limitation
in a proof-of-principle study to secure reliable measures
both in the paper—pencil and the eye-tracking domain. Yet,
as Mioshi et al. have already described, neuropsychological
abnormalities also occur in a very early stage of the disease
and may even precede physical impairments [35]. More-
over, for completely locked-in state of ALS, the current
study lacks the proof of applicability as correct eye
movement control and the ability to blink in this state is not
given by definition [14]. Then, additional Brain—-Computer
Interface technology is needed, which has recently been
shown to be an effective means of communication in
completely locked-in ALS patients [36]. A further limita-
tion of our study is the possible impact of some oculomotor
abnormalities in patients with ALS on our results that were
not controlled for. Several studies [12, 37] reported im-
pairment of eye movement control in patients with ALS.
However, any deficits that might impact the performance of
the study tasks were excluded by analyzing the data of the
training session.

Moreover, we did not perform test-retest reliability
analyses on the eye-tracking domain which should be ad-
dressed in future investigations to provide evidence for
consistency. The usability of portable eye-tracking devices
for severely impaired ALS patients, as has already been
done in other neurological disorders [38] is another inter-
esting aspect requiring further investigation. Additionally,
more sophisticated eye-tracking controlled experimental
procedures are warranted to investigate more subtle cog-
nitive deficits in the physically impaired as well as indi-
vidual distributions among patients.

As the detection of neuropsychological symptoms plays
a pivotal role in clinical decisions and alleviating carer
burden [39], the current approach provides the possibility
for neuropsychological assessment in patients with major
physical impairments—not necessarily limited to ALS
patients—using a reliable, fast, easy to administer and very
user-friendly method.

Acknowledgments The authors would like to thank Ralf Kiihne for
technical support. This work was funded by the Deutsche
Forschungsgemeinschaft (DFG) and the Bundesministerium fiir Bil-
dung und Forschung (BMBF #01GM1103A). This is an EU Joint
Programme—Neurodegenerative Disease Research (JPND) project.
The project is supported through the following organizations under
the aegis of JPND—e.g. Germany, Bundesministerium fiir Bildung
und Forschung (BMBF, FKZ), Sweden, Vetenskapradet Sverige,
Poland, Narodowe Centrum Badan i Rozwoju (NCBR).

Conflicts of interest
of interest.

The authors declare that they have no conflict

Ethical standard The study was approved by the Ethics Committee
of the University of Ulm (Statement No. 19/12) and was performed in
accordance with the ethical standards laid down in the 1964 Decla-
ration of Helsinki and its later amendments.

Informed consent All participants gave informed consent to the
study.

References

1. Kiernan MC, Vucic S, Cheah BC et al (2011) Amyotrophic lat-
eral sclerosis. Lancet 377:942-955
2. Brettschneider J, Del Tredici K, Toledo JB et al (2013) Stages of
pTDP-43 pathology in amyotrophic lateral sclerosis. Ann Neurol
74:20-38
3. Neumann M, Sampathu DM, Kwong LK et al (2006) Ubiquiti-
nated TDP-43 in frontotemporal lobar degeneration and amy-
otrophic lateral sclerosis. Science 314:130-133
4. Phukan J, Elamin M, Bede P et al (2012) The syndrome of
cognitive impairment in amyotrophic lateral sclerosis: a popula-
tion-based study. J Neurol Neurosurg Psychiatry 83:102—-108
5. Ringholz GM, Appel SH, Bradshaw M, Cooke NA, Mosnik DM,
Schulz PE (2005) Prevalence and patterns of cognitive impair-
ment in sporadic ALS. Neurology 65:586-590
6. Abrahams S, Newton J, Niven E, Foley J, Bak TH (2014)
Screening for cognition and behaviour changes in ALS. Amy-
otroph Lateral Scler Frontotemporal Degener 15:9-14
7. Olney RK, Murphy J, Forshew D et al (2005) The effects of
executive and behavioral dysfunction in the course of ALS.
Neurology 65:1774-1777
8. Elamin M, Phukan J, Bede P et al (2011) Executive dysfunction
is a negative prognostic indicator in patients with ALS without
dementia. Neurology 76:1263-1269
9. Chio A, Vignola A, Mastro E et al (2010) Neurobehavioral
symptoms in ALS are negatively related to caregivers’ burden
and quality of life. Eur J Neurol 17:1298-1303
10. Lillo P, Mioshi E, Hodges JR (2012) Caregiver burden in amy-
otrophic lateral sclerosis is more dependent on patients’ behav-
ioral changes than physical disability: a comparative study. BMC
Neurol 12:156
11. Lakerveld J, Kotchoubey B, Kiibler A (2008) Cognitive function
in patients with late stage amyotrophic lateral sclerosis. J Neurol
Neurosurg Psychiatry 79:25-29
12. Sharma R, Hicks S, Berna CM, Kennard C, Talbot K, Turner MR
(2011) Oculomotor dysfunction in amyotrophic lateral sclerosis:
a comprehensive review. Arch Neurol 68:857-861
13. Hicks SL, Sharma R, Khan AN et al (2013) An eye-tracking
version of the trail-making test. PLoS One 8:e84061
14. Cipresso P, Meriggi P, Carelli L et al (2013) Cognitive assess-
ment of executive functions using brain computer interface and
eye-tracking. EAI Endors Trans Ambient Syst 4:e4
15. Raven JC, Court JH, Raven J (1998) Manual for Raven’s pro-
gressive matrices and vocabulary scales. Section 2, the coloured
progressive matrices. Oxford Psychologists Press, Oxford
16. Brickenkamp R (1994) Aufmerksamkeits-Belastungs-test (Test
d2), 8th edn. Hogrefe, Gottingen
17. Elamin M, Bede P, Byrmin S et al (2013) Cognitive changes
predict functional decline in ALS. Neurology 80:1590-1597
18. Ludolph AC, Langen KJ, Regard M et al (1992) Frontal lobe
function in amyotrophic lateral sclerosis: a neuropsychologic and
positron emission tomography study. Acta Neurol Scand
85:81-89
19. Leeds L, Meara RJ, Woods R, Hobson JP (2001) A comparison of
the new executive functioning domains of the CAMCOG-R with
existing tests of executive function in elderly stroke survivors.
Age Ageing 30:251-254
20. Sammer G, Reuter I, Hullmann K, Kaps M, Vaitl D (2006)
Training of executive functions in Parkinson’s disease. J Neurol
Sci 248:115-119

@ Springer



1926

J Neurol (2015) 262:1918-1926

21.

22.

23.

24.

25.

26.

27.

28.

29.

Palmieri A, Mento G, Calvo V et al (2014) Female gender dou-
bles executive dysfunction risk in ALS: a case-control study in
165 patients. J Neurol Neurosurg Psychiatry. doi:10.1136/jnnp-
2014-307654

Yoshizawa K, Yasuda N, Fukuda M et al (2014) Syntactic
comprehension in patients with amyotrophic lateral sclerosis.
Behav Neurol. doi:10.1155/2014/230578

Brooks B, Miller R, Swash M, Munsat TL (2000) El Escorial
revisited: revised criteria for the diagnosis of amyotrophic lateral
sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord
1:293-299

Cedarbaum JM, Stambler N, Malta E et al (1999) The ALSFRS-
R: a revised ALS functional rating scale that incorporates
assessments of respiratory function. J Neurol Sci 169:13-21
Lulé D, Burkhardt C, Abdulla S et al (2014) The edinburgh
cognitive and behavioural amyotrophic lateral sclerosis screen: a
cross-sectional comparison of established screening tools in a
German-Swiss population. Amyotroph Lateral Scler Frontotem-
poral Degener 8:1-8

Gorges M, Miiller H-P, Lulé D, Ludolph AC, Pinkhardt EH,
Kassubek J (2013) Functional connectivity within the default
mode network is associated with saccadic accuracy in Parkin-
son’s Disease: a resting-state fMRI and videooculographic study.
Brain Connect 3:265-272

Pinkhardt EH, Issa H, Gorges M et al (2014) Do eye movement
impairments in patients with small vessel cerebrovascular disease
depend on lesion load or on cognitive deficits? A videooculo-
graphic and MRI study. J Neurol 261:791-803

Schneider E, Villgrattner T, Vockeroth J et al (2009) Eye-
SeeCam: an eye movement-driven head camera for the ex-
amination of natural visual exploration. Ann N Y Acad Sci
1164:461-467

Pinkhardt EH, Jiirgens R, Becker W, Valdarno F, Ludolph AC,
Kassubek J (2008) Differential diagnostic value of eye movement
recording in PSP-parkinsonism, Richardson’s syndrome, and id-
iopathic Parkinson’s disease. J Neurol 255:1916-1925

@ Springer

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gorges M, Miiller H-P, Lulé D et al (2015) The association be-
tween alterations of eye movement control and cerebral intrinsic
functional connectivity in Parkinson’s disease. Brain Imaging
Behav. doi:10.1007/s11682-015-9367-7

Wei Q, Chen X, Zheng Z et al (2014) Screening for cognitive
impairment in a Chinese ALS population. Amyotroph Lateral
Scler Frontotemporal Degener 13:1-6

Facon B, Magis D, Nuchadee ML, De Boeck P (2011) Do
Raven’s Colored Progressive Matrices function in the same way
in typical and clinical populations? Insights from the intellectual
disability field. Intelligence 39:281-291

Bates ME, Lemay EP Jr (2004) The d2 test of attention: construct
validity and extensions in scoring techniques. J Int Neuropsychol
Soc 10:392-400

Jelsone-Swain L, Persad C, Votruba KL et al (2012) The rela-
tionship between depressive symptoms, disease state, and cog-
nition in amyotrophic lateral sclerosis. Front Psychol 3:542
Mioshi E, Caga J, Lillo P et al (2014) Neuropsychiatric changes
precede classic motor symptoms in ALS and do not affect sur-
vival. Neurology 82:149-155

Gallegos-Ayala G, Furdea A, Takano K, Ruf CA, Flor H, Bir-
baumer N (2014) Brain communication in a completely locked-in
patient using bedside near-infrared spectroscopy. Neurology
82:1930-1932

Donaghy C, Thurtell MJ, Pioro EP, Gibson JM, Leigh RJ (2011)
Eye movements in amyotrophic lateral sclerosis and its mimics: a
review with illustrative cases. J Neurol Neurosurg Psychiatry
82:110-116

Antoniades CA, Xu Z, Mason SL, Carpenter RH, Barker RA
(2010) Huntington’s disease: changes in saccades and hand-tap-
ping over 3 years. J Neurol 257:1890-1898

Martin NA, Landau S, Janssen A, Lyall R, Higginson I, Burman R
et al (2014) Psychological as well as illness factors influence ac-
ceptance of non-invasive ventilation (NIV) and gastrostomy in
amyotrophic lateral sclerosis (ALS): a prospective population study.
Amyotroph Lateral Scler Frontotemporal Degener 15:376-387


http://dx.doi.org/10.1136/jnnp-2014-307654
http://dx.doi.org/10.1136/jnnp-2014-307654
http://dx.doi.org/10.1155/2014/230578
http://dx.doi.org/10.1007/s11682-015-9367-7

	Eye-tracking controlled cognitive function tests in patients with amyotrophic lateral sclerosis: a controlled proof-of-principle study
	Abstract
	Introduction
	Materials and methods
	Participants
	Design
	Motor-dependent classical versions
	Paper--pencil CPM
	Paper--pencil D2-test

	Hands- and speech-free oculomotor versions
	Oculomotor CPM
	Oculomotor D2-test

	Quality control
	Statistical analysis

	Results
	General cognitive screening
	Congruence of oculomotor and paper--pencil CPM
	Congruence of oculomotor and paper--pencil D2-test
	Between group analyses CPM
	Between group analyses D2-test
	Patients ECAS-median-split
	Congruence of executive function as measured by the ECAS and oculomotor performance
	Sensitivity and specificity of the oculomotor tasks
	Influence of physical impairment on cognitive performance

	Discussion
	Acknowledgments
	References




